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Abstract. We report the results of the first measurements Theoretical framework

of the non-linear Kerr refractive index,,, for LiBaF; and

LiLuF 4 crystal hosts, known as prospective UV-emitting tun-j, oyr measurements, we used the so-called trimmed Airy
able laser meollﬁi when dopecjlgwth Ceions. Thesenz  peam. This beam structure is not only easier to realize than
values (27> 10*® and 15x 10~*°cn?/W at 532nm, re- 5 Gaussian beam, but it also provides higher sensitivity,
spectively), obtained using the well-establisfidcan tech-  pecause the transmission variation for a given intensity in
nique, are important for the characterization of new opticalhe \waist is 15 times larger. The theory for the trimmed
materials particularly in relation to their potential uItrafastAiry beam, as applied to thin samples, has already been re-

applications. ported [5]. To correctly process our measurements, we ex-
. tended this theory to the case of thick samples, because some
PACS: 42.65.-k; 42.70.Hj; 42.65.An of our crystals did not fulfil the condition. < zg, where
L is the sample length arnzk is the Rayleigh range of the
. . L beam [4].
Laser crystals doped with Cerium (€4 for emission in the This extension considers that, at the lowest order of ap-

ultraviolet (UV) region are receiving increasing attention [1_proximation, a purely refracting sample of small thickness
3], because they offer an alternative way of developing ary; placed at a distancefrom the focus, determines a vari-

all-solid-state, tunable and efficient source of subnanosecongion, in the transmission through the on-axis aperture in the
laser pulses, in contrast with efficient but rather complicate@eam far field that is given by:

and expensive excimer lasers and very complicated sources
based on nonlinear frequency up-conversion of tunable laser, _ —
in the red and near-infrared wavelength domains. GATiin(2) = knzlodzFy (2/2) &)
In this paper we report on the first (to the best of our
knowledge) measurements of the nonlinear refractive index in the f s th i fractive ind ;
532 nm of two host crystals suitable for@edoping: LiBak, ', Il the focusn, is the nonlinear refractive indexy is
a diffraction length depending on the incident beam struc-

and LiLuF. In many respects, knowledge of this parameter '}Are, andFy is a function of the crystal position. The overall

herek is the vacuum wavenumbely is the beam inten-

imperative for the development of new laser devices, since th Fansmission variation determined by a sample of lerigth

intensity-dependent changes of the optical parameters of t '€ determined by properly integrating (1) over the sample

active material can strongly affect the performance of hlgh'Iength, measured in units of the beam diffraction length in the

power laser systems. The refractive part of the nonIinearit;gam lenaz. wheren. is the linear refractive index:
gives rise to self-lensing, which can lead to catastrophic opti=2 P ¢/0%d: 0 '

cal damage. Furthermore, self-phase modulation is becoming

increasingly relevant in the design of ultrafast laser systems | XL/ oz
(although this possibility has yet to be demonstrated for the Ttick(X) = kn;loZano / Fy (y)dy 2
materials tested here). 4

To measure the nonlinear refractive index of these mate-
rials, we employed the sensitive and relatively simple stanwhere x = z/z4, and z here is the distance of the sample
dard Z-scan technique [4]. This method is based on thenput face from the focal plane of the unperturbed beam.
self-focusing, or defocusing, of an optical beam induced byThis expression is a first-order approximation, because it neg-
a nonlinear sample, which is moved along the propagation diects both the higher-order effects in the phase modulation
rection (£ axis) of a focused beam of known spatial structure.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 réB.Skn'zlozdno. Figure 2 shows the behavior of the peak-to-
fraction in the first portion of the sample, which affects thevalley swing and the spatial separation between the maximum
beam that crosses the remaining parts of the sample.

With a Gaussian beam, from the gaussian beam decommalized crystal lengtlh. /(zgng). We found (2) to be in good
position we have [4Fy () = 4x/ [(x? + 1)(x2+9)], where
X = z/z4, andzq = zR, the Rayleigh range. When applied to thick samples, as described in this paper.
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 functioRy can be cal-
culated numerically using the method described by Rhee
etal. [5]. In this casezq = (A f2)/(nr%), where f is the fo-
cal length of the focusing lens, angl is the radius of the first oscillatoamplifier, mode locked and frequency doubled
zero of the Airy intensity distribution at the lens plane.

Figure 1 shows the results obtained from (2) in the casémum pulse energy impinging on the samples wag.d0
of a trimmed Airy beam and for samples of different nor- with a fluctuation< 5% (3 times the standard deviation over
malized lengthd. /(z4no). At this order of approximation,
the curves are anti-symmetric with respeckte —L (2zy4nop).
The separation of the maximum and the minimum,_,
is about 53z4 for short crystals, and it increases monoton-a sech pulse shape). The trimmed Airy beam was obtained
ically with the normalized crystal length, approaching theby first selecting the central part of the beam with a 400-
asymptotic valueAx,_y = L/(zqno). For very long crystals,
the peak-to-valley swinghTy_, saturates at a value of about lecting the central lobe of the resulting Airy pattern with

and the minimum as calculated from (2), for increasing nor-

agreement with the measurements which we performed on

2 Experimental set-up and data analysis

The laser that we employed to test the samples was a 10 Hz
(532nm) Nd:YAG (EKSPLA model PL2143A). The max-
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 1& 1 ps FWHM (assuming
diameter pinhole, then, after 200-cm free propagation, se-

a 64-mm-diameter iris, closely followed by a lens which fo-
cused the beam at a distance of 350 mm. We measured the

0.2 iz =1 : beam structure by means of the knife-edge technique [7]. The
0%/~ beam radius in the focus was, = 31um, with a Rayleigh
"""" Lin,z,)=3 range of 49 mm, and a beam quality factd? = 1.15. The
0.1 Un,z,)=5 1 latter parameter is quite similar to the value resulting from the

- L/n,z,)=10 ;
LAn,z,)=15_.",
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numerical simulation of a trimmed Airy beam with the same
radius on the lens front pland€ = 1.06). The peak power
density in the focus was up to 145 G\nv.

After the focus, the beam propagated for about 2m
and impinged on an aperture with transmissibrr 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

Fig. 1. Z-scan traces for increasing sample lengths, calculated from (2) fawere then stored and processed on a PC. The crystal was

a trimmed Airy beam WitH(n|2|oZ.dno =0.1. The peak-to-valley amplitude mounted on a motorized Stage Wltl’ﬂ.QLm reso'ution1 con-
ATp_y and the peak-to-valley distaneey,_y are also shown for the curve

with L/(npzg) = 15
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Fig.2. Peak-to-valley swing amplitudeAT, , (left axis) and peak-to-

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) = Eaperturd Etota. 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 to8%

for the worst ones. Figure 3 shows two typicZlscan
traces, obtained with a LiBaFsample and with the sapphire
sample used for calibration, after subtraction of the linear
transmission.

We determined ther, coefficient by means of relative
measurements with respect to a 5-mm-long sapphirgJAl
sample, because thg of sapphire has been accurately de-
termined by means of several methods, includingZhecan

valley distanceAx,_y (right axis) for increasing normalized crystal length
L /(npzg). The dashed straight line shows the asymptotic behavior of the
peak-to-valley separation

at 532 nm [8]. Relative measurements are convenient when
using a laser source, the spatial and, particularly, the tempo-
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1.24 using C(E;)) = bE;) and, lastly, then'2 value of the sample

given by
119 NY sam= [bsanho Ref} Rei] /[Preio san] %)

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
Fy (X) valid for the trimmed Airy beam. This was necessary
because the dependence of the functiediick(X)) on the

— T T T T T crystal length is a characteristic of the actual beam struc-
25 20 -15 '102 (_r?wm) 0 5 10 15 ture. The use of an improper beam structure (i.e. a Gaussian

beam instead of the trimmed Airy beam) would therefore
Fig.3. Z‘ﬂscin Teasur_ethme”é Ob‘a‘I”ed Eﬁer;“btrla“‘lom?Egg‘ej"”ef“ tranfitroduce a systematic error when comparing reference and
g]rlnse?g;n(ri:ﬁglfgogrs]dwvlvithaa srj]mmm-(ljgr?g fay%pﬁirpepsémpleo@igj %T,;ee sample crystals of different optical lengths. The th|ck-sample
energy équares), used for calibration. Theolid and dashed lines are the ~theory was also used to process the measurements obtained
best fits of (3), withC = 0.272+0.004 andC = 0.202+0.007, respectively ~ with the thin LiLuF, sample, because they were calibrated
with a thick sapphire reference.

— 1.0

0.94

ral parameters of which are difficult to determine accurately, )
as happens in the picosecond or femtosecond pulse regimes. Resultsand conclusions
The accurate method for relativ&-scan measurements ) ]
with arbitrary beam structure and pulse shape described bable 1 reports the values obtained as described above. In
Bridges et al. [9], which is based on a careful matching beaddltlon to the previously uncharacterized materials, i.e.
tween the lengths of test and reference samples, is not usefdl-UF4 and LiBaks, we also report the measurements ob-
in our situation, because of the reduced number of availabliined on a LICAF sample and on a fused-silica sample. The
samples. We therefore used the following method, which reD value for LICAF was measured because, although this host
quires knowledge of the beam structure. appearsin the Ilte;ra_ture as a suitable material f&r*(tb_plng _
Each series of measurements on an unknown sample wi UV laser emission, only the value at 1064 nm is avail-
closely preceded or followed by a calibration scan with theable [10]. It is reasonable to expect that this valueptill
sapphire sample, to minimize the effects of possible drifts ifncrease at shorter wavelengths. The fused silica is a fairly
the laser emission parameters. After correction for the lineaiell-characterized material, and the good agreement between
transmission, we fitted each-scan profile using (2), modi- the value reported here and the existing references [8] pro-

fied for the time-averaged transmission, in the form: vides good validation for the measurement set-up and the
data-processing technique that we adopted. The error re-
x+L/(nozg) ported in then'z(sample/n'z(AI203) ratio depends on the
AT (X)) = C F d 3 statistical error of the fits and on the determination of the
(A Titick(X)) v(Ndy &) energy slopes, whereas the errors in the absolute values of
x n) also account for the error in the reported value of sap-
whereC corresponds to phiren). According to Table 1, all the materials exhibihg

value smaller than that of AD3. We did not observe any two-
| 2 2 / hotons absorption effects within our sinsitivity limits of 1%
C = knonzza(2/mw") |:/ fo7dt // 'O dt} B “) ipnthe variationpof the transmission. ’

In conclusion, this paper reports the first (to the best of
where: E;), pulse energy (corrected for the Fresnel losses)our knowledge) measurements ofermonIinearity obtained
f(t) pulse temporal shape [such thigt) E; = P(t), instanta- by using theZ-scan technique for important UV host crys-
neous power]; and, effective beam radius in the focus [such tals such as LiBafand LiLuF. Our interest in this work
that the focal power density igt) = P(t)2/7w?]. For each was stimulated by previous LiBgFand LiLuF; investiga-
series of measurements taken on a given sample at differetidons, which were aimed at the characterization of these crys-
energy levels, we then calculated the energy slbpdsfined  tals with Cé*+-doping for an all-solid-state UV laser. Ting

Tablel. Experimental results |

n2

Sample L Mo | Measuredn) Reportedn) Ref.
(mm) n2(A1203) 10 8cm?/W) (108 cn?/W)

Al203 5.0 176 - - 33+0.7 8

LiBaFs 9.0 1544 082+0.14 27+0.9 -

LiLuF4 1.0 147 045+0.04 15+0.5 -

SiO; 7.6 148 064+0.07 21+0.6 22+0.45 8

LICAF 12.6 1398 Q016+0.02 073+0.25 04 (1064 nm 10
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