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Self-focusing of a single laser pulse in a photorefractive medium
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An original experimental and theoretical time-resolved study of a single laser pulse self-focusing in a
nonlinear photorefractive medium is reported. The behavior of the self-focusing process is experimentally
observed in a photorefractive BTiO,, crystal during the 5 ns pulse duration of a doubled Nd:YA@rium
aluminum garnegtlaser. A theoretical interpretation is provided, based on a simple model of photorefraction on
the nanosecond time scale.

PACS numbes): 42.65.Tg, 42.65.Hw, 42.65.Jx, 42.65.Sf

[. INTRODUCTION rection, perpendicular to the laser beam.
The beam diameter in the direction parallel to the field is

Beam self-focusing and self-trapping in photorefractivemonitored using a real time experimental observation
media are today deeply studied subjects, at least as far as theethod based on a far field spatial filtering technique. A 1
photorefractive steady state is concerned. Indeed, photoream wide vertical slit, in the direction orthogonal to the ex-
fractive materials are known to allow beam self-focusingternal applied electric field, is set 140 mm away from the
[1,2] or defocusing 3], leading to the possible predictipd]  crystal output face: in this configuration, the overall light
and observatior]5] of spatial solitons. These phenomenapower passing through the slit and collected by the photodi-
arise mainly on biasing the photorefractive sample througtode can be considered as proportional to the output beam
the application of an electric field,7] or by the mere pres- waist. It thus yields an instantaneous time-resolved measure-
ence of a photovoltaic or photogalvarig] effect. Insight ment of the output beam diameter, provided the beam is not
into the process of their buildup has also been obtained thedsent in the photorefractive propagation medium and thus re-
retically [9,10] and experimentallyf11]. The outcome of mains globally centered on the same spot. More details of the
these few time-resolved studies is the knowledge that onsmeasurement method are given in the following as well as in
may expect significant photorefractive self-focusing at timesRefs.[10,11].
as short as desired, provided the incident light intensity can As a preliminary, before systematic measurements of self-
be raised enough or the dark or background irradiance can Becusing could be undertaken, the requirement that the beam
lowered enoughi2]. does not bend had to be verified carefully since Agielaal.

Although most of the work reported in the literature deals[15] have reported transient self-bending due to drift nonlin-
with continuous wave laser beams at low power level, theearity (i.e., applied electric field although on time scales
recent literature reports that self-focusing leading to spatia(seconds very different from ours. The check was done by
solitons occurs in photorefractive media under repetitivemaging the crystal output face on a fast position detector
pulsed illumination[13], in accordance with previously de-

veloped theoretical predictiorig4]. Rotating Polarization

We have conductetime-resolvedexperiments in order to BeaILSP&IS
investigate the temporal behavior of a single pulse self- Nd:YAG 532nm| [ ][\ ]
focusing in photorefractive BjTiO,, and we have devel- — [\
oped a (1 1)-dimensional theoretical model to explain our
observations. Field Off Zoom

2

Il. EXPERIMENTAL EVIDENCE OF SELF-FOCUSING % l

The experimental setup is shown in Fig. 1. The 532 nm g Field On High
output from a potassium triphosphatéKTP) doubled ' Time BT_O Voltage
Nd:YAG (yttrium aluminum garnetiaser emitting an energy )
equal to 17 mJ is strongly attenuated and focused on a 6.4 To cmnpu%—
mm long Bi,TiO5 crystal, the light propagation direction
being along[110]. The circular 20um beam waist is care- Detector

fully moqitored and set on t'he entrance face of the crystal - | Experimental setup. The inset gives a typical time-
sample, its peak fluence being around 5 m3/éon a 5 ns resolved scheme of the light intensity, proportional in real time to

laser p-ulse. A strong ele.ctric field on the order of a fewy,o output beam waist, with the electric field off and on. Real mea-
kV/cm is applied to the BLTiO,q sample in thg110] di-  surements are reported in Figa®
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consisting of two side by side photodiodes several microme- = Pulse temporal profile with field off — Pulse temporal profile with field on

ters apart, allowing us to evidence potential bending of the —OutPut voltage
beam during the pulse duration. This technique allowed us tc ™V %12
ascertain that, for fluences on the order of 5 m3/omaists 01 / \\
around 20um, and electric fields of a few kV/cm, no sig- 008 / \
nificant transient self-bending of a single pulse can be ob- (a) ) / \
served in our Bj,TiO,q sample. This observation was con- 006 |
firmed by the model developed and presented in the nex 004 /
section: a significant self-bending can only be achieved in ) _% E _T_\\
simulation with an unrealistic applied electric field of a few 002 Tp <
MV/cm. 0 | |
The influence of the polarization of the beam on the en- 0 2 4 6 8 10
trance face of the crystal and its behavior during propagatior Time (ns)
have also been studied carefully;HiiO, is a crystal of the o o o o
sillenite family which exhibits a gyratory power of 11°/mm T D ction coeflckent with feld on % Faction cosffcient with field

at 532 nm, giving an overall gyration of 70.4° in our sample. npiffraction

1.2

Earlier studies on BiTiO,o [11,16 have approximated the coefficient !\\l :
role of the polarization by prerotating the input polarization 11 \;f :
plane so as to compensate for half the crystal-induced gyra @ - TESC \\  SELF-FOCUSING
tion and thus minimize the maximum angle between the po-() a2 | 1 | Ny !
larization and the electric field directions. 0.9 : N\ !
In our case, taking into account the crystal length, this 08 | \ !
minimum is still 35.2°. Therefore, rather than neglecting the ’ | \ .
polarization gyration, we chose to conduct our studies with a atp) 07 [ _}_ A~ E '
beam polarized so as to get the strongest self-focusing effec 06 - ol
For that, several measurements were done with various inpu 0 | 2 4 6 ' 8 10
=0 4T g2 YW'P  Time (s)

polarizations. The maximum self-focusing power under ap-
plied field was found to occur for an output polarization
parallel to the electric field, namely, an input polarization Ofsample whose length equals 3.17 nf@. The pulse temporal pro-
—70.4°. L . . file at the output face of the crystal with field dthick line) and on
Once it is ascertained that the beam remains globally cengnin ling). (b) The corresponding measured diffraction coefficient
tered and the polarization is carefully set, the experimentalinder applied electric fieldx(t) represents the measured diffrac-
setup described in Fig. 1 yields a time-resolved measuremegibn coefficient during one pulse when the crystal is under an ex-
of the light intensity passing through the slit proportional in ternal applied electric fieldy, corresponds to the diffraction coef-
real time to the output beam waist. In order to study theficient when the crystal can be considered as lingwar applied
behavior of the self-focusing process during one pulse, thelectric field. The pulse half width at half maximum is notex},,
temporal profile of the overall power is then acquired twice,and is around 5 nsty=0, ty=7,/2, andty=7, represent times
as shown on the inset in Fig. 1 and in more detail in Fig.corresponding to the beginning, the maximum, and the end of the
2(a): a first time with no electric field in order to set a refer- pulse for analysis.
ence, the Bi,TiO,, (BTO) sample being considered linear,
and a second time with the proper electric field on, the nonduring one pulse is presented in FigbR, corresponding to
linearity being activated. Figure 2 shows such typical timethe average of 20 measurements in the same conditions. Ow-
resolved measurements in another BTO sample whose lengihg to measurement noise issues, the measurement time win-
equals 3.17 mm. Figure(® shows that the intensity col- dow was centered on the pulse maximum and its width was
lected with the electric field or(t), is less than that with the  set to the pulse half width at half maximurg (around 5 n
field off, 14(t). When the output beam waist becomesWe note a decrease of the diffraction coefficient during the
smaller, the diffraction from the output face of the crystal ispulse, showing self-focusing of the beam when it passes
more important and thus the intensity passing through the slihrough the crystal. For analyzing the results, we ngte
is less important. As described [10,11, in our case, the =0, ty=r,/2, andty=r7,, the times corresponding, respec-
intensity passing through the slit is proportional to the outputively, to the beginning, the maximum, and the end of the
beam diameter. In other words, the decrease of the intensifyulse [Fig. 2@)]. All values of o betweenty=0 andty
is evidence of beam self-focusing. The point to point ratio of= r, are then given as shown in Fig(k.
these two sets of valudgt)/14(t) is a time-resolved result Figure 3 reports various time dependencies of experimen-
proportional to the output beam waist normalized to the inputal and theoretical diffraction coefficients as will be detailed
beam waist. We have called it thiffraction coefficiente.  in the following. The solid line in Fig. 3 shows one typical
The exact value of the diffraction coefficient(t) can be measurement of the diffraction coefficient evolution of a
deduced from the relatioa(t) = I (t)/14(t), «, being the light pulse during its duration for an applied field of 6.25
diffraction coefficient when no electric field is applieg. is  kV/cm, a 5 mJ/cr fluence, and an input beam waist of 20
evaluated theoretically by considering the propagation of aum, the diffraction coefficient being measured in the direc-
Gaussian beam in a linear medium. A typical measuremertion parallel to the fieldthe slit is perpendicular to)it
of the temporal evolution of the diffraction coefficiea{t) The particular example shown in Fig. 3 is representative

FIG. 2. Typical time-resolved measurements on g BO,
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FIG. 3. Diffraction coefficient vs time. The black solid line e experiment
shows the experimental data whereas the dashed lines show ther . - theory
retically predicted curves corresponding to mobilities pf= Diffraction coefficient natural diffraction coefficient
3%X10°2 cn?/Vs, u=0.1, ©=0.3, andu=0.5 cnt/V s (from top
to bottorn). The horizontal dotted line is the rest diffraction coeffi-
cient, when the crystal is considered to be linear.

of our global measurement series in the way that it shows ¢
progressive continuous decrease of the diffraction coefficient
during the laser pulse. Indeed, in spite of the fact that the
beam intensity is less at the end of the pulse than at its
maximum, the beam is more self-focused at the end of the
time window. As our theoretical analysis points out, this is

due to the fact that the self-focusing process stems from ¢ 0.7 0o 1' — é — é - ""' — é — (I;
progressive electric field screening at the spot. of the beam Applied electric field (kV/cm)

This has been observed for all applied electric fields between

0 and 6.25 kV/cm, and for fluences between 1 and 5 nfl/lcm  FIG. 4. Diffraction coefficient vs applied electric fieltd) and
The beam was observed to be more self-focused as the fl{P) show the measured diffraction coefficient in the middle and at

ence or the electric field is increased, as shown in the inset df€ end of the time window, the two solid lines showing the corre-
Fig. 4. sponding theoretical predictions far=0.5 cnf/V's. The inset in

As presented above, these self-focusing features under a| ) shows the measured diffraction coefficient in the middle of the

. o . . ime window vs applied electric field for various incident fluences
plied electric field are attributed to the photorefractive ProP-y i+ on another sample of B0, of a shorter length, equal to
erties of Bi,TiOy. This assumption is checked in the next 3 17 ym. ’
section against a simple model of photorefraction in the

nanosecond regime.
808r(
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Il. INTERPRETATION JE

x[l—expn(—slemt)]&+e,us(ND—NA)t
The simplest description of photorefraction is with a

model derived from the general set of equations developed Alem

by Kukhtarevet al. [17]. In the case of illumination by a XeXp(_Slemt)WE:O' @

single powerful nanosecond laser pulse, the thermal genera-

tion of charge carriers can be neglected. Furthermore, sinGghere the internal electric fiell and the beam local inten-
we attempt to describe phenomena occurring iy BO2, sty 1, are functions of space and tinte The material-
we will consider, in the Kukhtarev equations, the naturalgependent parameters are the photoionization cross section
carrier diffusion and the photovoltaic effect to be negligiblethe donor and acceptor densitid, and N, the electron
with respect to the drift transport mechanism due to the apmobility ., and the static dielectric constast. The stan-
plied electric field of a few kv/cm. dard physical constants are thus definee,aie elementary
Under these assumptions, considering times shorter thatharge, and:, the vacuum electric permeability.

the charge carrier recombination time, and reducing the Equation(1) can be solved numerically for the electric
charge transport model to one dimensigra partial differ-  field E provided that a spatial distribution of light intensity
ential equation linking the scalar internal electric fi@ldnd |, is input. This latter is obtained by solving the general
the beam intensity,,, can be derived: (1+1)-dimensional[(1+1)D] wave propagation equation
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(2) in a medium with a small refractive index variation by cn?/V's, the rest of the parameters being set to those of the
using standard beam propagation methBBM) techniques,  experiment described in the previous section. The value of
k being the wave vector in the mediumand én the refrac-  the mobility x was varied to optimize the fit between the

tive index and its variation, anél the wave electric field: experimental data and the simulated curves. For
o, . 3x10 2 cn?/V's andu=0.1 cn?/Vs, the diffraction coef-
(i_ L a_ = Kéne 2) ficient versus time decreases slightly indicating a small self-
gz 2k ox* n ' focusing effect not as large as the experimental one. Match-

L _ ing theoretical results can be obtained, as shown in Fig. 3,
We consider in the above equation that the beam propagates, higher mobility values and especially for the valye

along thez direction and is allowed to diffract in only one =0.5 cn?/V's. The shape of the experimental curve is re-
d|rec_t|onx_[(17L_1)_D model. The beam propagation methqd trieved, in particular in the region of the maximum of the
consists in dividing the photorefractive crystal along |tspulse t=r./2=4.5 n3 with a slight gap between the simu-
length direct@or’) i.nto different transverse 1D incegsar- lation and pthe measurements at the beginning of the laser
allel to thex d'reth'Orj fOf egual thélgknesﬁ. ﬁssgjmllng'a ulse(between 1 and 3 nsThe discrepancy observed at the

omogeneous photorefractive medium at the beginning eginning of the pulse need not be interpreted as a mobility
fche laser pulse,.the first step in time for thg BPM CaflcuIat'onevolution. Indeed, at the pulse beginning, the measurement
is computed using a homogeneously null index variaion g6 is much larger because the absolute intensity measured
(6n=0) and propagating a given input bedeng., a Gauss- is much lower than at the pulse maximum.

lan profile. .Solving Eq.(l) in each §"°e of thickn(_asle._, we Our calculations were also performed as a function of the
can determine the evolution of the internal electric field andgyiarnal applied electric field for the value of the mobility

consequently, by way of the Pockels effect, the evolution Ofgetermined in Fig. 3.u=0.5 cn?/Vs. Figure 4 shows a
the index varlatlonén in the Iong!tud|na| sectiorxz. The comparison between the experimental diffraction coefficient
next steps are obtained by repeating the process of propagaliy oyr theoretical predictions, as a function of the applied
Ing }he same mput_beam alqng the new index profile an lectric field, both for the pulse mid-poifat ty= 7,/2) and
again solving Eq(1) in each slice. The gyratory power char- at its end(at ty=17,). Both experimental and theoretical
acteristic of the sillenite family is accounted for in the BPM curves show a quaspilinear behavior of the diffraction coeffi-
calculah_on, this parameter t_)emg crumal for sglf-foc_usmgciema versus the electric field at the two particular times
[18,19; it is done by considering thatis a vector field with ty=1,/2 andty= 7, for electric field values greater than 1
two complex transverse components. kV/cm: the phenomenon appears t6g,; above this value.

5 H(lnw(ejyer, . thel physical phenomedr?f(zn . s di Figure 4 show that good agreement is also retrieved for the
(2+1)-dimensional proces@wo transverse diffraction di- 5,6 of the mobility found theoretically for different applied

rec'upns and one propagat.|on directioiThe experimental electric fields: the theoretical curve is within the error margin
studies were performed using the measurement method de the experimental one

scribed before: the slit was positioned orthogonally to the
applied electric field, thus allowing us to measure the self-
focusing phenomenon parallel to ik @irection). This will
allow us to compare our measurements to numerical simula- |n summary, we have demonstrated experimentally and
tions performed by the BPM, although we are aware that outheoretically that a single 5 ns laser pulse can be self-focused
(1+1)D model might still be incomplete. in a photorefractive medium, namely, a;BiO,o sample in
These calculations involve very detailed parameters of thgr case. Furthermore, a simple one-donor-level band trans-
crystal, namely, the donor and acceptor densities, the statigort model introduced in a BPM calculation describes cor-

dielectric permeability, the photoionization cross section, thgectly the behavior of the self-focusing observed, both versus
carriers mobility, etc. Since the literature does not yield valtime and versus the applied electric field.

ues for all of them in Bj,TiO,y, we have chosen to use the
values given for Bj,SiO,g [20—23, which also belongs to
the sillenite family, assuming they are close to those of
Biy,TiO,o. For instanceNp=10" cm 3, No,=10' cm 3, The authors would like to thank Dr. D. Rytz, from the
& =56 from Ref[20], ands=2x10"° |m?/J from Ref[22]. Forschunginstitut fu mineralishe und metallische Werkst-
As pointed out by Roosert al. [21], there is, however, a offe Edelsteine/Edelmetalléidar-Oberstein, Germaiyfor
slight uncertainty on the value of the carrier mobiljy in useful discussions and for his BTO crystal on which our
the pulsed regime. We have thus chosen toudbe a free  experiments were conducted. The theoretical considerations
parameter in our simulations, betweer 30 2 cn?/V's and  of this paper, involving highly intensive computation, were
3 cnf/Vs. developed with the support of the Centre Charles Hermite
Figure 3 shows four examples of such simulations with(Nancy, Francg on their 64 processor Origin 2000. This
four distinct values ofx, namely, 3<102, 0.1, 0.3, and 0.5 work was supported in part by the Region Lorraine.

IV. CONCLUSION
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