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The light induced change of refraction is studied in pure and Mg doped LiNGth congruent and
stoichiometric compositions by th&-scan method using all-lines visible argonion laser, up to
MW/cm? intensity level. In Mg-doped congruent and stoichiometric crystals with Mg concentrations
above threshold a positive change in the refractive index was found, in contrast to all other cases
where beam fanning and negative change of the refractive index were observed. The beam distortion
in the samples doped above threshold was related to thermal lensing, while below it to the
photorefractive effects. It was also shown that for thermal lensing nonlinear absorption plays a
dominant role. TheZ-scan method was found to be an alternative technique to decide whether the
Mg dopant level is above or below the photorefractive threshold. The damage resistance of the Mg
doped samples above threshold was higher for the stoichiometric crystal than for the congruent one
and increased with the amount of the built-in Mg concentration.2@4 American Institute of
Physics. [DOI: 10.1063/1.1635993

I. INTRODUCTION propagation path around the focal plane. Information about
the basic nonlinear characteristics of materials, namely the

Lithium niobate, LiNbQ (LN) is one of the most fre- . q itude of th i fracti d th
quently used nonlinear-optical materials, with various appli-Slgn and magnitude of the nonlinear refraction) and the

cations. Large crystals with congruent compositi@i/Nb coefficient of nonlinear gbsorptidm.?),.are Qeduced from the
ratio ~0.945 have been readily available in excellent optical d€pendence of the far field on axis irradiance versus the po-
qua“ty for several decades. Congruent lithium niobate Cryssition Of the Samp|e relative to the focal plane. |n|t|a”y, th|S
tals (cLN) possess photorefractiv®R) properties, which is method was developed for “thin” nonlinear samplé®er
a drawback in many fields of optics, since for device appli-much shorter crystal length than the Rayleigh range of the
cations long-term stability of the beam is required. The unfocused laser beamLater, it was completed for the case of
wanted PR damage of LN may be suppressed by certaithick samples. The theoretical fitting formula of Ref. 9 con-
dopants(like Mg, Zn, or In) added in concentrations exceed- tains n, and 8 as independent fitting parameters. For thin
ing a characteristic threshold leved. samplespB can be determined by the open-apertidrecan
Nowadays, by the preparation of bulk stoichiometric method as welf.For samples having thickness with the same
crystals with Li/Nb ratio of~0.98-1, LN has a renaissance. grder of magnitude as the Rayleigh range, the fitting formu-

Improvements of the material properties have opened g of Ref. 8 can be used only as an approximation, since the
field .for further investigations and apphca_ttlons. In St‘?'Ch'o'variations in the beam size are not taken into account.
metric LN (sLN) crystals the electro-optic and nonlinear- In recent articled®! we examined the light induced

o_ptlc eﬁects_arg .reported to be more marde and the CoerC'Vcﬁwange of refraction in LN by th&-scan method and com-
field to be significantly lower than in cLR® However, un-

0,
doped sLN crystals exhibit weak optical damage resistanc ared 5'0 mol ﬁ:lMg dOP‘?SI CcLN anq SLIN crystals. VI\\//le\Af/(?)und
when irradiated with a high-power laser be&m. that using an all-lines visible argon ion laser, up to MWrcm
So far. various methods have been used to characteriJAtensity level, the stoichiometric crystals behave differently
the optical damage resistance of LN crystals. Almost allcompared to congruent ones, namely the sLN sample shows
monitor the light induced change in the refractive index. OngPositive (defocusing and the cLN sample shows negative
of the most suitable experimental tools for this purpose is théfocusing change in the extraordinary refractive index. Such
Z-scan method.Here a focusedGaussianbeam illuminates beam distortions can be the result of several effects. Besides
the nonlinear material and the sample is scanned along thghotorefraction, the thermo-optical effect and at high beam
intensity Kerr nonlinearity may lead to changes of the refrac-
dAuthor to whom correspondence should be addressed; electronic maillVe index. While the light induced refractive index Cha:nges
hebling@fizika.ttk.pte.hu of Mg doped cLN crystal were related to the PR effect, in the

0021-8979/2004/95(3)/902/7/$22.00 902 © 2004 American Institute of Physics

Downloaded 13 Jul 2004 to 148.6.28.2. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1635993

J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Palfalvi et al. 903

case of Mg doped sLN crystals the thermal effect was foundABLE I. Data for the congruent and stochiometric LiNpQ@rystal
to be dominant! samples.

In this article we report some results on the light induced Dopant concentration ~ Rise time of the optical
change of refraction also measured by Fascan method on  sample Li/Nb in the crystal damage measured with
a series of LN samples. The object of the following investi-No. ratio (mol %) laser 17 (s)
gations is the characterization of the nature of the dominanf ¢ 0.999 _ 4.3at 44 Wicrd)
effects resulting in different index changes for pure and ciLn 0.945 103 Fe 17.8(at 44 Wicnf)
doped stoichiometric and congruent LN crystals. 3 cLN 0.945 10°Fe 5.6(at 44 Wicnd)

4 cLN 0.945 — 12.6(at 44 Wicn)
5cLN: Mg 0.945 5.0 Mg 38.6at 0.15 MW/cn?)
Il. EXPERIMENT 6 sLN: Mg 0.992 0.67 Mg ~102 (at 0.17 MW/crd)
7 sLN: Mg  0.996 5.0 Mg ~1073 (at 0.17 MW/crd)
Our experimental setup was the standard single bearcLN: Mg 0.945 6.1 Mg ~10°° (at 0.17 MW/cr)

Z-scan setup described in Ref. 10. The Gaussian-beam
source was an all-lines visible Ar-ion laser. In the experi-
ments two lasers were used, labeled further as laser 1 and
laser 2. Laser 1 was used in the whole power range: belowure, Fg0.001-0.01 mol %and Mg(5.0—6.1 mol % doped
50 mW the dominant line was 488 nm, in the range of wattcrystals were prepared. The stoichiomet(&.N) crystals
it worked with the 488 and 514 nm lines. Laser 2 was usedvere grown by the top seeded solution growth method from
only at 1.85 W power, working at 488 and 514 nm too. At flux containing 12—13 mol % KO. Pure and Mg doped sLN
1.85 W power the relative weights of the 514 and 488 nmcrystals were prepared with dopant levels of 0.67 and 5.0
lines for laser 1 and laser 2 were 1.3 and 6, respectively. Famol %, respectively? The Li/Nb ratio in the undoped crys-
the measurements three different lenses were used with tals was determined from the position of the UV absorption
focal length off=80, 91, and 100 mm, respectively. The edge®® For doped crystals we assumed the ratio being iden-
beam waist, depending on the focal length of the lens, watical with the value obtained for the undoped crystals grown
between 15 and 1&m. The samples were scanned in theunder the same conditions. The built-in concentration of the
vicinity of the lens focus =0) starting from a position dopants was determined by atomic absorption spectroscopy
ahead of focus {z) and moving toward a position behind and is given in Table I. For all Mg doped crystals the level of
the focus (z). The scanning range was about 25 mm in allcompensation of Li vacancies in the lattice was checked by
cases. We recorded the laser power transmitted through raeasuring the frequency of the OHibration in the infrared
circular aperture located in the far field. The diameter of theIR) spectra.
aperture was much smaller than the beam size in the far field Experiments were performed on 2 mm thickcut
zone. To control the occurring temporal variation of the laseisamples, except for crystal No. 6 from which botfand Z
power, the total beam power was continually measured usinguts were tested. The samples were x-ray oriented with a
a beam splitter placed in front of the lens. Thscan traces precision better than 0.5°. The surfaces were polished with
were obtained by plotting the normalized ratio of the powerstandard methods using 04m diamond suspension. The
passing through the aperture and the total beam power. Thexamined samples were monodomain, crack, and inclusion
coefficients of nonlinear refraction and absorption were defree. In the measurements of tiecut samples the laser po-
termined from the fitting of the measured traces by the thelarization was parallel to the optical axis) of the crystal.
oretical curve’ During the scanning charge coupled device
(CCD) recordings of the beam cross sections were also done.
The recordings were taken in the far field at distinct crystal; rResuLTS AND DISCUSSION
positions: far from the focus, at the focus, at the minimum,
and at the maximum of th& scan. The analysis of the CCD Optical properties of the LN crystals are improved by
recordings along two perpendicular directions was perMg doping. The characteristic threshold concentration to
formed in detail. We used th&-scan method for a quantita- suppress the optical damage is reported to be above 4.6
tive characterization of the samples only in cases where &ol% in cLN crystals:* This value is much lower in sLN
symmetric circular beam distortion was observed. For casesince the threshold concentration is related to the way of the
with elliptical distortion (fanning on the transmitted beam Mg incorporation. For concentrations below that critical
spot, we also used théscan arrangement for characteriza- threshold, Mg replaces Npantisite, while above itwhere
tion of crystal properties, but instead of scanning theall antisites are already eliminabeblg starts to replace Li.
samples, we recorded the temporal evolution of the transmiffhis difference in the defect structure is manifested in abrupt
ted intensity in a fixedpostfocal crystal position. For sev- changes of some physical properttés.
eral samples the time evolution of the transmittance was in  In the present study, the position of the IR absorption
the us—ms range and the observation was possible by osciband of the OH stretch mode was used to decide whether
loscope. The nonlinear absorption of the samples was exanthe Mg concentration of doped samples was above or below
ined by open-aperture measurements as well. the threshold® For samples Nos. 1-%pure: Nos. 1, 4;
The investigated samples are listed in Table | and labeledominally pure: Nos. 2, 3; and cLN doped with 5.0 mol %
as Nos. 1-8. The congruent crystétsN) were prepared by Mg: No. 5) the OH™ vibrational band at 3482 cnt clearly
the Czochralski technique. For the measurements nominallgstablishes that these samples are below the threshold. For
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in Ref. 17 states, that the time constant is inversely propor-
tional to the light intensity, and depends on the concentration

M of the donors and acceptors. It was found that among the Fe

1.00

doped crystalgNos. 2—3 sample No. 3 with higher built-in

Fe concentration has lowdy; and 7, and is more sensitive
than the sampléNo. 2) having lower Fe doping concentra-
tion. In nominally pure LN crystals Fe may be present in

; residual concentrations thus increasing the PR damage. The
) Mg doped congruent sampl@No. 5 seems to be signifi-
)

0.75

0.50 - 44 Wicm

#1 ( 5
#2 (44 Wiem®
#3 (44 Wiem®
#4 (44 Wicm’
#5 (0.15 MW/

025 - cantly less sensitive than the other PR sampss. 1-4.
For this sample the value af and the stationary transmit-

. tance value is the largest even for beam intensities more than
0.00 L ! L L 1 L 1

0 25 50 75 w00 125 3 orders of magnitude larger.

Normalized transmittance

+ o » mn @

mz)

FIG. 1. The time dependence of the normalized transmittance at a fixed
postfocal position for LN samples below threshgMos. 1-5 measured
with laser 1. B. Z-scan study of samples doped above threshold

The beam shape of Mg-doped sampldi®s. 5—-8 does
not show any changes for low light power. To observe any
all others(Mg doped sLN samples: Nos. 6—7 and No. 8: cLN effect, application oF~1 W power level(MW/cm? intensity
doped with 6.1 mol % Mythe OH™ peak is near 3535 crl,  level) was necessary. For both the Mg-doped slNbs.
thus they are doped above threshold. 6—7 samples and the heavily Mg-doped cL{No. 8
sample, the saturation times were on tl&e-ms scale and the
observation of the evolution of the transmittances was pos-
In the course of th&@-scan measurements of pure and Fesible only by an oscilloscope. In postfocal positions the tem-
doped cLN sample$Nos. 1-4, in postfocal positions the poral behavior of the transmittance is increasing, while in
beam cross sections were strongly elongated along the optprefocal positions it is decreasing. Using 2 W power the
cal axis of the crystal even for beam power lower than 1 mWsaturation time was slightly shorter than 1 ms. Thus the time
(~100 W/cnt intensity. For 5.0 mol% Mg-doped cLN constant of Mg-doped sLXNo. 6) is 4 orders of magnitude
crystal(No. 5) such beam distortion becames significant onlyshorter than that of the photorefractive samplss. 1-35.
at power levels of WattéMW/cm? intensity level. This fan-  Beside this significant difference, the transmittance in time
ning effect made impossible the use of fiscan technique evolves oppositely for samples above threshold Nos. 6—8 in
in a quantitative way to determine the nonlinear refractionthe sameée.g., postfocalposition. This is in accordance with
coefficient (,) of these samples. In the standafescan the previously reported observation on the congruent and
theory it is supposed that the local change of refraction istoichiometric cLN crystals doped with 5.0 mol % of NfYy.
proportional to the local intensity of the Gaussian beamCCD recordings of the beam cross section of samples Nos.
An(r,z)=n,-1(r,z). This cylindrical symmetric variation of 6—8 also show that the beam distortion is circularly symmet-
the refraction must result in a circular-symmetric beam shapéc. Thus the analysis of the CCD recordings justifies the use
variation in the far field. The observed elliptical beam distor-of the Z-scan method for the quantitative characterization of
tion suggests the PR origin of the efféétThe An(r,z) these samples.
change of the refractive index due to the photorefraction is  TheZ-scan traces of Mg doped cLN samp{&®s. 5 and
not directly proportional to the local intensity. Thus the light 8) are shown in Fig. Zmeasured with laser)1A lens with a
induced changes of refraction in the PR LN samples. focal length off=80mm was used in each case, and the
1-5 cannot be studied by the single-bea scan method. laser power was 400 and 1850 mW for Nos. 5 and 8, respec-
This is possible only under homogeneous illuminafidi®  tively. Although samples Nos. 5 and 8 differ only slightly in
Therefore, for the characterization of these samghss. the level of the incorporated amount of Mdable |), the
1-5 the temporal evolution of the transmittance was re-peak—valley configuratiofsign of the traces are different.
corded in a fixed postfocal position of the samples. The timéThe Z-scan trace of sample No. 8 is similar to that of the Mg
dependence of the normalized transmittances is shown idoped sLN samples Nos. 6+3ee Fig. 3 for measurements
Fig. 1 as measured with laser 1. The powietensity) was  on No. 6 with laser 1 and Ref. 10 for No). The sign of the
0.3 mW (44 Wi/cn?) in the case of samples Nos. 1-4 and 1Z-scan trace of sample No. 5 refers to photorefractiof.
W (0.15 MW/cn?) for No. 5. The time constants given in From this fact we can conclude that although for the cLN
Table | were determined from the fitting of the curves to thecrystal with 5.0 mol % Mg dopant level photorefraction was
function of T(t)=A;+(1—A;)-exp(-t/7). Comparing the significantly reducedat 400 mW power the beam distortion
transmittance in the stationary statd;J we can state that was much lower than for the pure LNut still present.
the pure sLN(No. 1) is much more sensitive than the pure The trace of the cLN sample No. 8 having a higk@il
cLN (No. 4). The rise time(7) of the PR damage is shorter mol %) Mg dopant levelFig. 3) and those of the Mg-doped
for No. 1 than for No. 4 as well. These results are in goodsLN samplegNos. 6—7 show that in these samples PR may
agreement with Ref. 6, but are in contrast with Ref. 7. Bianbe absent or compensated for by some other effect.

A. Z-scan study of samples doped below threshold
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20 . . . . . . . crystals having different Mg doping level, since the peak—
valley configuration distinguishes samples above and below
the PR threshold.

“é 15 - - In order to compare quantitatively the nonlinear refrac-
£ tion of the Mg doped samples above threshold, we per-
£ formed Z-scan measurements under the same circumstances
& 10f . using laser 1 with 1850 mW beam power and a focusing lens
5 with focal length of 80 mm. The cLN crystal doped by 6.1
N mol % Mg (No. 8) was found to be the most sensitive with
g osp i n,=1.4x10 Ycm?/W and B=2.8x10°cm/GW values.
S For the 0.67 mol% Mg doped sLN sampldo. 6) we ob-
T oo SOman: Mg tained n,=1.3x10 °cnm?W and B=2.4x10 °cm/GW
0.0 ! ! ! L ! A . and for the 5.0 mol% doped sLKNo. 7) samplen,=9.7
20 A5 A0 S 0 5 fo 152 X 10" em?/W and B=1.7X10° cm/GW. Thus for the in-
z (mm) vestigated Mg doped stoichiometric crystals both the nonlin-

FIG. 2. Z-scan trace of congruent LN crystals doped with Mg in concentra-ear refractive index and the nonlinear absorptlon coefficient
tion below (squares and above(circles threshold, samples Nos. 5 and 8 Of the samples were smaller than for of the overthreshold
measured with laser 1. The intensities were 60 and 270 kdfensample congruent one and decreased with the amount of the built-in
Nos. 5 and 8, respectively. Mg concentration.

C. The thermal effect and nonlinear absorption

For both of the investigated Mg doped cLN samples The opposite signs of the extraordinary index changes of

(Nos. 5 and B the incorporated amount of M¢given in .
Table )) is above the 4.6 mol % threshold concentration, re—the Mg-doped samples below and above threshold suggests

different origins of the effects. In the present experiments we
go(réi?\lt%ssggra?;tgeopﬁo?anﬁg tﬁ];ésgf(t)rir?atrr?g%ﬁo. can exclude the Kerr origin of the observed light induced

. . . refractive index change. The cw laser cannot induce measur-
frequency clearly established that this sample is still belowable Kerr-type nonlinear refractive index chardsecause
the critical threshold, while No. LN doped with 6.1 P

mol % Mg) is above the threshold. That difference betweenOf the modest peak power. .
The peak-valley configuration of théscan curves of

samples Nos. 5 and 8 explains the different s_ign of the[he samples doped above thresh@itbs. 6—8 means posi-
Z-scan tracestaken at the pre- and postfocal positipasd tive value ofn,. The positive value of the temperature co-

also the 4 orders of magnitude difference in the saturation .. . oo
: . . efficient of the refractive indexdn/dT) suggests a thermal
time constants. Thus there is a correlation between the posi-. . ) . )

rigin of the change of refraction. Light absorption of a

tion of the IR absorption band of the different samples andg . T
aussian beam causes a temperature distribution in the me-

Ejhoe eséig:to?;hEESne;?ig?_Sh? c;r;dsl?gt—gg;n’\ltgzc%sénl;c;; ttr?:“g/l 9 dium, which can be approximatédlose to the optical axis
P Y i by a parabolic temperature profile. This causes a parabolic

absorption spectra in accordance with #hacan measure- . :
ments showed that they are above the threshold. Accordinglg:/hange In the refractiofsee Eq(4.2) of Ref. 19
the Z-scan measurement can be used as well to characterize N=ny+An=ng+n,l =ny—0.06xlo(dn/dT)r?/ .
1)
Supposing the intensity profile to be also parabolic, that is
—— Nol ~n,lo- (1—2r%/w?) one obtains

#6 SLN:0.67mol% Mg i n,=0.03x(dn/d T)w?/ «, @

where « is the linear absorption coefficienk is the heat
conductivity, andw is the beam radius. According to E@)
. beside the material parametems depends on the actual
beam size too and during scanning the valua.pthanges.
Thus constanh, cannot be defined for a medium in which
J the nonlinearity originates from thermal effeétspore pre-
cisely, if only linear absorption is responsible for the effect.
Such position-dependent, cannot be taken into account in
the analytical fitting formula of Ref. 9. Furthermore our ex-
T T T T perimental results cannot be explained by linear absorption
15 -10 -5 0 5 10 alone, as we have shown in previous wbtlsince using Eq.

z (mm) (2) we would obtain fom, a value nearly ten times smaller

FIG. 3. Z-scan traces of stoichiometric LN crystal doped with 0.67 mol % than measured.

Mg (sample No. $ measured with laser 1 at different incident light powers Recently, by open apert_ure measure_n’?eme have _
(P=0.6, 1, 1.85 Wf=100 mm). shown that the effect of nonlinear absorption is not negli-

12

10} mha

08 -

Normalized transmittance
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TABLE |l. Extraordinary nonlinear refractive index for sLN:0.67 Mg TABLE lll. Nonlinear refraction characteristics for sLN: 0.67 Mg sample
sample(No. 6) measured with laser 1 and lens with focal length of 100 mm. (No. 6) measured with laser 2 at 1.85 W and lens with focal length of 91
mm. Weight of the dominant lines 514 nm/488 nn®.

Weight of the

dominant lines Measured, Calculatedn, n, B Maximal
P (W) 514 nm/488 nm (10 *cm?/W) (10" en?/W) Sample orientation (107 emXW)  (10° cm/GW) absorption
0.6 1.05 6 5.1 Y 13.4 1.7 39.7%
1 1.3 10.9 8.4 Zz 4.3 0.55 11.9%
1.85 1.3 17.3 155 Ratio of the valuesY/Z) 3.11 3.09 3.3
gible for Mg-doped LN sample¥:'! where 5-10% of the According to Eq/(3) for constant applied beam powes

beam power was absorbed in the vicinity of the focus. Thugs proportional tg3 as well. In order to verify this relation we
in the absorbance we may neglect the linear term beside thgerformedZ-scan measurements on two different samples.
nonlinear one at high intensities. According to this, in ).  Since thep values of samples Nos. 6, 7, and 8 were very
a has to be replaced by3= 2P g/w?, resulting in similar we used th& and theZ cut of sample No. 6. For this
examination a lens with a focal length of 91 mm, and a
n2=0.08PB(dndT)/ . ©) different type of Ar-ion laseflaser 2 with beam power of
Equation(3) in contrast with Eq(2) gives a position inde- 1.85 W was used. The results are depicted in Fig. 4. It is
pendent,, which makes the theoretical fittigossible. By  evident from the traces that for thecut sample, the ampli-
fitting the trace of sample No. 8 shown on Fig.r=1.4  tude of the curve is about three times larger than forZhe
x 10 %cm?/W, and 8=2.8x10°cm/GW was determined. cut. The ratio of the, values obtained from the fitting of the
Substituting thig8 value, the values adn/d T, the x material  curves of Fig. 4 is found to be almost the same as the ratio of
parameters, and the 1.85 W beam power applied in(8)g. the obtaineds values(see Table lll. As indicated also by
we obtainedn,=1.6x 10" °cm?/W. This is in good agree- this result, it is mainly the nonlinear absorption, which is
ment with the value, which was determined from the fittingresponsible for the formation of the thermal lens. While on
of theZ-scan trace. Equatio8) shows that, has to depend sample No. 6 the measurements of the coefficient of nonlin-
on the beam power. Therefore we performédcan mea- ear absorption gave 2610° cm/GW using laser 1, with la-
surements on sample No. 6 using an achromatic lens witBer 2 at the same powg=1.7x 10° cm/GW was obtained
100 mm focal length at three different laser pow&s$, 1,  (Table Ill). This difference between the measured values can
and 1.85 W. The Z-scan curves are shown in Fig. 3 and thebe explained by the diversity of the dominant lines of the
obtainedn, values are given in Table Il. These results showlasers and the wavelength dependencg.of
the quasilinear dependence 0§ on beam power as pre- To obtain independently the nonlinear absorption coeffi-
dicted by Eq.(3). The averaged value of nonlinear absorp-cient values of theZz and Y cuts of sample No. 6 we per-
tion coefficients obtained as a second fitting parameter of theormed open-aperture measurements as well. The results are
traces of Fig. 3 is 2.8 10° cm/GW. Substituting thig value  presented in Fig. 5. As shown, the maximally absorbed
and the applied powers into E(B) we obtain forn, (calcu-  power is about three times larger for tNecut than for the
lated very similar values to the directly fitte@measurefl  Z-cut sample. In Fig. 5, the trace of tivecut sample shows

ones as shown in Table II. the typical effect of the finite size of the apertuggmilarly
T T T T T T T T T T T T T T T T T T T T T T T
- #6 sLN: 0.67 mol% M -
14 s Mo e 1.00 -
8 I | 3
5 10§ ] % o 1
g g 0.95 .’
3 %
N . N n
g g oeof i
5 e Z-cutof #6 5
Z 06| ' Yecut of #6 - =z ] e Zcutof#6 |
= Y-cutof #6
0.4 L 1 N L L 1 L 1 " | 085 L " 1 " 1 " | " 1 . 1 . 1
-15 -10 -5 0 5 10 -15 -10 -5 0 5 10 15
z (mm) z (mm)

FIG. 4. Z-scan traces of stoichiometric LN crystal doped with 0.67 mol % FIG. 5. Open aperturg-scan trace of stoichiometric LN crystal doped with

Mg (sample No.  measured on samples cut perpendic(fcut, circleg 0.67 mol % Mg (sample No. § measured on samples cut perpendicular
and parallel(Y-cut, squaresto the optical axis. Measured with laser 2, (Z-cut, circles and parallel(Y-cut, squaresto the optical axis. Measured
=1.85W, f=91 mm. with laser 2,P=1.85W, f=91 mm.
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to that of Fig. 9 of Ref. 8 For theZ-cut sample this effect In order to check that there is no residual photorefraction

disappears, although the measurement setup was totally tfre this sampleg(No. 6) we performed a quick scanning and a

same. The maximally absorbed powers are indicated in Tablglow one, waiting 1 min in every position. The two traces

[ll. Their ratio is in very good agreement with the ones ob-totally overlapped each other, which means that all distortion

tained from the closed-apertu&scan fitting. These mea- passed off on the ms scale. This result demonstrates the ab-

surements further confirm that the nonlinear absorption playsence of photorefraction, since the typical time constant of

a dominant role in thermal lensing. Furthermore, they alsdhe transient is below 1 ms for the thermal effect and it is

demonstrate the anisotropy of the nonlinear absorption; e.ghetwea 1 s and 1 min for photorefraction.

it depends on the relative orientation of the pump light and

the crystal opticalc) axis. IV. CONCLUSIONS

The measured ms rise time of transmittance for sample ) ) ) ) ) -

No. 6 is also consistent with the estimated time of the warm- Thezllght induced beam distortion for intensities up to

ing up of Mg doped SLN. For that estimate we first deter-MW/cm” level was studied on a series of LN samples using

mined the spatial temperature distribution in the crystal. Us® combination of single-beard-scan measurements with

ing Eq.(A8) of Ref. 20 and taking into account the nonlinear CcCD recordmgs of the transmitted bea_m cross section "’_‘”d

absorption, the heat conduction equation is the opserva}tlon of the tempqral evolution of thg transmit-
tance in a fixed sample position. We found that in pure and

ﬁl§w227-r _4r2)A nominally pure(containing Fe as impurilycLN, sLN, and

z

T( 1—exp W2 Mg-doped cLN with the Mg concentration below the thresh-
old the PR effect is dominant and tlescan technique can-
not be used in a quantitative way to determine the nonlinear
=Kk gy 2rmlz, (4 refraction coefficient.

The Z-scan curves of crystals doped above the threshold
wherel, is the peak intensity and/ is the beam size at a show positive refractive index changes, opposite to those
given slice Az) of the material. Since the measurementsfound below the threshold. Thus, tiescan measurement
were performed in postfocal and in prefocal points the beantan also be used to distinguish crystals with Mg doping level
size was supposed to be=2w,. The steady state tem- above and below the photorefraction threshold.

perature distribution was determined by the For Mg doped sLN and cLN crystals, doped above the
2 5 threshold, the PR effect was practically absent. The threshold
_ loBw” (r1 4x concentration of the incorporated Mg was between 5.0 and
T(r)=To+ —| exp— ——1|dx (5)
8k Jox w2 6.1 mol% for cLN, and lower than 0.67 mol% for sSLN

crystals. The laser resistance of the Mg doped samples above
integral. This model has the weakness, that for points faghe threshold was higher for the stoichiometric crystal than
from the optical axis, the temperature does not converge to gy the congruent one and increased with the amount of the
finite value. Thus we interpret the temperature increase of thgyjit-in Mg concentration.
middle part of the medium as theT temperature difference The positive sign of the-scan traces and the order of
between the on axis point and a point far from the 4&ig.,  magnitude of the measured nonlinear refractive index values
a=10w). In order to determine the time constant of the (n,) indicate that the damage is of thermal origin. From the
warming up process we determined the time, which was remtensity dependence of, and from the results of combined
quired to increase the temperature of a volume of the illumi-z.scan and open aperture measurements, we can conclude

nated material. Since the small aperture measurement carrigigat the light absorption at the MW/&tevel is mainly non-
information about the region of the medium close to thejjnear.
optical axis, the radius of the warmed cylinder was supposed
to be\_/vll_O. Inside this region the W_arming l_J[Aﬂ'_) of the ACKNOWLEDGMENTS
material is nearly constant. The estimated time is
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