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Investigation of nonlinear absorption processes with femtosecond light pulses
in lithium niobate crystals
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The propagation of high-power femtosecond light pulses in lithium niobate cryktBlsO,) is investigated
experimentally and theoretically in collinear pump-probe transmission experiments. It is found within a wide
intensity range that a strong decrease of the pump transmission coefficient at wavelength 388 nm fully com-
plies with the model of two-photon absorption; the corresponding nonlinear absorption coefficigpt is
=3.5 cm/GW. Furthermore, strong pump pulses induce a considerable absorption for the probe at 776 nm.
The dependence of the probe transmission coefficient on the time Alelagtween probe and pump pulses is
characterized by a narrow d{pt At=0) and a long(on the picosecond time scallasting plateau. The dip is
due to direct two-photon transitions involving pump and probe photons; the corresponding nonlinear absorp-
tion coefficient isB,=0.9 cm/GW. The plateau absorption is caused by the presence of pump-excited charge
carriers; the effective absorption cross section at 776 nm-s8 X 10718 cm. The above nonlinear absorption
parameters are not strongly polarization sensitive. No specific manifestations of the relaxation of hot carriers
are found for a pulse duration e£0.24 ps.
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[. INTRODUCTION The data on electron transitions and charge transport, accu-
mulated in continuous-wave and long-pulse holographic ex-

Femtosecond high-power light pulses have become iNyeiments(see, e.g[6-11]), form a background for femto-
creasingly important in the physics of light-matter interac-gecond studies.

tions. A crucial advantage of such pulses is the possibility to | this paper we present the results of our experimental
deposit rapidly and precisely light energy in solids. A direc-and theoretical studies of the light-induced processes in
tion of femtosecond studies is the characterization of carriefithjum niobate (LiNbO;) crystals on the subpicosecond
and phonon dynamics isemiconductor$1-3]. The funda-  (=~1013s) time scale. The choice of this material is not ac-
mental items include here momentum and energy relaxationigental. It is of prime importance for various nonlinear and
t_he carrier-carrier scattering, intervalley transitions, and Carphotorefractive applications including frequency conversion,
rier diffusion. Various experimental methods have been d%ptical parametric oscillation, holographic data storage, and
veloped for probing ultrafast dynamidd]. They include  §omain engineeringsee, e.g.[12-18).
pump-and-probe techniques_, streak cameras, and optical Kerr |nformation about the response of LiNpQrystals to
gates. Numerous publicationgsee [4,5] and references pigh-power light pulses, available in the literature, is scarce.
therein) deal with the determination of Kerr and two-photon The |iterature values of the two-photon absorption coefficient
absorption coefficients imide-gap optical materials 3 range over more than one order of magnitude at the same
Ferroelectric crystals such as LiNb@, BaTiOs;, and  \avelength(=530 nm [19]. These results were obtained
KNbO;, hold an intermediate position between wide-9apilizing nanosecond and subnanosecond light pulses. Most
materials(glassep and semiconductors with respect to the honaply the large scatter of the data is caused by systematic
value of the forbidden gap. They are transparent in the ViSgros resulting from additional absorption effects from ex-
ible and an interplay between nonlinear effects of a different,jiaq charge carriers that are unavoidable for long high-
nature should take place with increasing light intensity.power pulse$5]. These processes are known to be very im-

i i ) (3 i iti e . . .
These include the instantaneoy$’ and x® nonlinearities, o rtan for lithium niobaté20]. The only available literature
two-photon absorption, and inertial free-carrier and photoregsia of the Kerr coefficienn®? refer to the wavelength

fractive nonlinearities. A physical picture of nonlinear phe-_g35 nm[4]; it was also obtained with the use of long
nomena in the femtosecond pulse range is practically abseerses. ’

Il. EXPERIMENTAL ARRANGEMENT

*Electronic  address:  beyer@physik.uni-bonn.de;  URL: In our experiments we use a pump-and-probe technique.
www.physik.uni-bonn.de/hertz An axially symmetric pulse at the wavelengtp=776 nm is
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FIG. 1. Schematic diagram of a collinear pump-probe experi- FIG. 2. Transmission coefficient, versus peak pump pulse
ment; M is a dichroic mirror, L is a long-focu&00 mm lens, F is intensity I,. The squares, tr_langles, and crosses correspond to
a band edge filter for the pump light, D is a photodetector, DS is &2Mples 1, 2, and 3, respectively.
probe delay stage, and R are reflectors.

intensity Ig. It is obvious that the pulses are strongly ab-
obtained from a Ti:sapphire amplified laser system CPA=sorbed for high incident intensities. In the following we will
2010, Clark-MXR, Inc. The temporal full width at half maxi- S€e whether these data can be explained assuming that two-
mum (FWHM) of the pulse intensity is=0.24 ps. About 4% Photon absorption is the dominating process.
of the pulse energy is tapped and serves as the incident The relevant light absorption coefficient is,= /Byl
probe. The rest of the pulse is passed through a 1-mm-thickherelp is the pump intensity ang; is the quadratic ab-
BBO (B-BaB,0O,) crystal to generate a pump pulse at theSorption coefficient at the pump wavelength; linear ab-
wavelength\ ,=388 nm. The remaining 776 nm light in the SOrPtion is supposed to be negligible.

pump beam is blocked with the help of dielectric filters. In the actual casésee Fig. ], the pump intensity obeys
The experimental setup is shown schematically in Fig. 1the one-dimensional nonlinear wave equation

Pump and probe pulses are incident normally and collinearly 0 19

onto theY Zface of a LiNbQ sample. The arrival time of the (_ + __>|p =- ,3p|2, (1)

probe pulse can be tuned by a variable-delay stage. The polar 2y P

¢ axis of the sample is parallel to thé axis. The input wherex is the propagation coordinate ang=c/n, is the

polarization vector of the pump pulse is either parallel or . . . p =,
perpendicular to the axis. The spatial FWHM of the pulses pu[se vequty withn, being the relevant ref_ract|ve index.
: This equation follows from Maxwell's equations under the

at the input face is about 0.6 mm. The peak intensity of theassum tions of negligible diffraction divergence and fre-
pump pulselg ranges from=1 to =276 GW/cri. The uencpdis ersion g\]/vﬁich are well 'ustifiedgfor our experi-
maximum pump pulse fluence is about 59 mJ?cihe out- q y disp ' ) P

put energy of the pump and probe pulses can be measurerndental conditions. It has to be supplemented by a boundary
separately by a photodetector condition at the input facx=0. Here we use a Gaussian

The difference in the wavelengths and\, enables us to input profile
separate easily the transmitted pump and probe signals. On | (x=0)=1° — (W2 = (r/r )2 2
the other hand, the collinear propagation of the pump and px=0) =lp exl = (tty)" =~ (r/rp)°], @
probe pulses simplifies the modelling procedures. wherel? is the input peak intensity and=(y2+22)Y2 is the

Four different samples of LiNb§labeled as 1, 2, 3, and radial coordinate while, andt, characterize the pump beam
4, are used in our experiments. The values of the thickdess radius and the temporal half-width.
for them are 1, 0.5, 0.07, and 0.07 mm, respectively. One can check straightforwardly that the solution of Eq.

Samples 1, 2, and 3 are nominally undoped and possess very) meeting the boundary conditid®) is given by
small (ap=<0.1 cnT?) linear absorption coefficients at 388

and 776 nm. Sample 4 is iron doped; the iron concentration 12 (t-xvh? r?
. S . ) pP_g7 0 > Mpl oL

Cre is about 5.6< 10'° cm™ and the linear absorption coeffi- I, Bplpx+ ex 2 2| 3
p p

cientag at 388 nm is about 15 cth For all the samples and

wavelengths used, the linear absorption is negligibly small—This relation describes the propagation of the pump pulse
L.e., apd<1. with the velocityv,, the decrease of the peak intensity, and
the change of the spatiotemporal profile. The combination
X—vt that enters this relation can be considered as the spa-
tial variable in the coordinate frame moving with the pulse
velocity vy, By settingr=0 andvt=x one finds that the peak

Figure 2 shows the pump transmission coefficientintensity decreases a$+/3plgx)‘1 with increasing propaga-
T,—i.e., the fraction of the fs pulse that is transmitted. In thistion distancex. By settinguvt=x we find out how the trans-
experiment just single pulses of 388 nm wavelength are emverse beam profile is changing with increas'mggx product
ployed. TheT,, values are plotted versus the peak pump pulsésee Fig. 3.

Ill. PUMP-PULSE PROPAGATION UNDER STRONG
TWO-PHOTON ABSORPTION
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2 10 ° ' ' - ' ' " rameterq,=100, about 8% of the incident energy is passing
5 through.

g 0.8y Now we turn back to the experimental results shown in
2 0.6l Fig. 2. In Fig. 4 they are shown again, but now plotted versus
é the dime_nsionless pump absqrption paramqggrgplgd. The _

€ 04} only variable parameter to fit the characteristic theoretical
£ curve to all experimental data is the two-photon absorption
3 0.2 coefficient 5,. An excellent agreement between theory and
€ 00 . . . experiment for all three samples within the large intensity
[=) . . . . .

z 3 -2 4 0 1 2 3 range is evident. This proves unambiguously that two-photon

Normalized radial coordinate rir, absorption is the reason for the pump attenuation.

FIG. 3. Transverse beam profilrormalized intensitigsor dif- The value of the two-photon absorption coefficient at

ferent values of the produqﬁplgx. Lines 1, 2, and 3 are plotted for 388 nm (_jEduced from our EXpe”me%tﬁ%:&S cm/GW.
Bplgx:O (the input shape 10, and 100. The maximum value of the produgl d is about 96, 48,

and 7 for samples 1, 2, and 3, respectively; the pump pulse is
subjected to a strong nonlinear absorption even in the rela-

d by th f ial liaht ab . he b tively thin samples.
caused by the preferential light absorption at the beam cen- ., e general case, the nonlinear absorption coefficient

n
ter. The same flattening takes place for the temporal shape %fp is expected to be different for th& and Y-polarized

theNpuIé;e at:?' late th . ble ch teristi ump beam. Our experiments have shown, however, that the
ext we calculate the main measurablé characterstic o orresponding difference is fairly small, less than 15%.

the pump transmission—the normalized transmission coeffi- By varying the pump wavelength, it is possible to mea-

cientT,. Itis defined as the ratio of_ the output .pulse energy. re the dependengg,(\,). The corresponding data for the
measured by the photodetectsee Fig. ], to the input pulse range(388—776 nmare Eresented elsewhdz1]. As might

energy(reflections fror_n the input anc_i output_faces can, Wherbe expected, the absorption coefficigfi is strongly de-
necessary, be taken into accoury integrating the output creasing with increasing pump wavelength; it tends to zero

intensity I ,(d,r,t) over the time and the transverse coordi- .
P A . : when approaching the upper boundary of the above spectral
natesy,z and dividing the quantity calculated by its value at interval
d=0, we obtain Having understood the nonlinear pump propagation, we
can now turn to studies of the influence of the pump on the
fm probe pulse propagation.

A strong flattening of the top of the pulse is evident; it is

2
T,=——

b J In(1+ qpe'sz)ds. (4)
QpV 7™

0 IV. PROBE TRANSMISSION VERSUS PUMP-PROBE
DELAY TIME

The transmission coefficient depends only on a single non-
linear absorption parameth:,Bplgd; for q,=0 and«~, we ] o
haveT,=1 and 0, respectively. The solid line in Fig. 4 shows _Figure 5 shows the dependence of the probe transmission
the calculated dependendg(qy). After a rapid initial fall, ~ CoefficientT, atA,=776 nm on the time delat between

the further decrease df, occurs very slowly; this is indeed readout(probg and pump pulses on the picosecond time
due to the relatively weak energy absorption at the puls§c@le for sample 4d=0.07 mm and four different values of

wings. Even for an extremely high nonlinear absorption pathe pump intensity; both pulses aké polarized (ordinary
waves. In all experimental curvedt is defined to be zero

whenT, reaches the smallest value.

A. Experimental data

1.0 T T
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o 08 A Sample 2 = 1ok 5 T T T T ]
5 X Sample 3 = FER AR % % X
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FIG. 4. Dependence of the transmission coefficignon ,Bplgd.
The solid line(characteristic curveis calculated from Eq4). The FIG. 5. Normalized transmission coefficielt for the probe
squares, triangles, and crosses represent the experimental data mrise versus the time delayt for sample 4 and four different val-
Tp(lgd), scaled by a factor g8,=3.5 cm/GW, for samples 1, 2, and ues of the pump intensity. The stars, crosses, circles, and squares
3, respectively. correspond tdg:43, 68, 93, and 139 GW/chrespectively.
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FIG. 6. Transmission coefficief} versusAt for different pump FIG. 8. Dependence of the dip and plateau amplitudes on the

and probe polarizations; the first and second characters of each pauroduct,Bplgd for sample 3 and two different pump-probe polariza-
in the inset(e.g., Y2 specify the orientation of the polarization tion states. The points are experimental data and the solid lines are
vector of the pump and probe pulses, respectively. theoretical fits.

This dependence is highly remarkable. It is characterize . . .
by a narrof/)v dip(its tempogralywidth is comparable with that (?t was dqne for th'|r(70 um) samples \{vhere the dip Shape IS
of the pulses followed by a quasipermanent sectigpla- symmetnlc. The dip and plateau amplitudes are determined as
teay. Both the minimum and plateau values BiAt) de- 1-T7 —3[1-T,(At=2 pg] and 1-T,(At=2 p9, respec-
crease nonlinearly with increasing pump intensity. One carively.
see also that the decrease of the plafB4ti with increasing The points in Fig. 8 show the corresponding experimental
19 occurs faster than that of the minimum valGg". data for two different polarization cas¥¥ andZZ. One sees

The influence of the pump and probe polarizations on théhat the dip amplitude tends to saturate with increagisidd
probe transmission is illustrated by Fig. 6. It shows the deWwhile the plateau amplitude shows no saturation. The solid
pendenceTr(At) for sample 4,|g: 105 GW/CI’T?, and four lines in Fig. 8 show a theoretical fisee the next two sub-
different combinations of beam polarizations, including thesections for details
cases of orthogonal polarizations.

The dip is more pronounced for parallel polarization of _ o
the pump and probe puls€dZ andY); the influence of the B. Modeling of probe transmission
orientation of the polarization plane is fairly weak. The pla- L
teau value ofT,(At) is determined by the probe polarization; The plateau section in the dependefiGeAt) can be at-
it is slightly larger for theZ-polarized probe beam. trlbuted to the absorption of the probe _pulse_by charge car-

In relatively thick samples the dependeréAt) experi- riers (electrons and/or holgghat are excned.wa_the pump-
ences distortionésee Fig. 7. The dip is noticeably asymmet- induced . two—phpton. process. Recombination Of. the
ric in this case and its temporal width is larger than that inphotqexcned carriers Is not expeqted. to occur on the picosec-
Fig. 5. Despite the fact that the maximum value pf is ond time scale_{l,22]. S_ome polarization dep_endence of the
about 60 in Fig. 7, the valu&""=0.66 is not much smaller plateau value is explained by the crystal anisotropy.
than that in the case af,=4 (T{“i”z 0.74 (see the data of The dip in the T,(AD) curve repr_esents anew gffect. .It
Fig. 6). contrasts with the effgct of increasing probe_lntensny owing

Last, we have measured the dependences of the dip ar% coherent(parametri¢ pump-probe interactions which is

. ; 2 |8 known for a number of semiconductof23—-25. The de-
plateau amplitudes on the pump absorption para d crease of the probe pulse intensity in the presence of the

Fiob g2 ' ' ' ' pump pulse is obviously of a different origin. We attribute it
3 %‘& WK X K X to direct band-band transitions involving simultaneously
%09 u;" et IR pump and probe photons; their total enefgy4.8 e\V) ex-
8 T 1 ceeds the width of the forbidden gap of LINpG=3.9 e\).
= o &t . .. . . . .
s 7 0oo0o It is not surprising that identical polarizations of the pump
808} o 000(,moooooc><>°°"00 1 and probe facilitate this two-photon process.
£ e] ool 0 oo . . . . ..
@ & _popoacPane Since the dip and plateau are of different physical origins,
Eo7l o & Polarization: ZZ | we model them separately.
3 ] Sample 1
£ 2 4 0 1 2 3 4 i
Time delay At [ps] 1. Shape of the dip
FIG. 7. Normalized transmission coefficiefif for the probe The instantaneous contribution to the pump-induced ab-

pulse versus the time delayt for sample 1(d=1 mm) and four ~ Sorption at the probe wavelengih can be characterized by
different values of the pump intensity. The stars, crosses, circleghe absorption coefficient,=g;1,, whereg; is a new two-
and squares correspond t§:24, 49, 101, and 147 GW/d&n photon coefficient. The relevant linear evolution equation for
respectively. the probe intensity, has the form{compare to Eq(1)]
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wherev,=c/n, is the probe pulse velocity ang is the re-
fractive index af;. Sincel, <I, the probe cannot influence
the pump intensity distributioiy(x,r,t); the latter is given
by Eqg. (3).

To solve Eq(5), it is useful to transfer fromx andt to the
independent variables' =x andt’ =t-xv;*; this means the
transition into a coordinate frame moving with the probe

pulse velocity. In the new variables E¢) simplifies to

o
®

NN

e
3

Probe transmission coefficient T,

]
W

-2 -1 0 1 2 3
Normalized time delay At/t,

. FIG. 9. The normalized transmission coefficidiptversusAt/t,
afox" == Bllp. C B:/B,=0.2 andq,=1, 2, 4, 8, and 1Gcurves 1, 2, 3, 4, and 5,

After simple calculations we obtain from here the following respectively.

explicit relation for the output intensity of the probe pulse

d_ i . 12d At)?
19=1,(d,t,r) (in the x, t termg: T—1- Br 5 xp{— ( ; } (10)
22 2ty

d
I‘rj =1,(0,t- to,r)exp{— ,G‘rf [p(X,t— to,r)dx] , (7

0 Thus we have a Gaussian-shaped dipTigAt). Its temporal

width is larger than that of the input pulses by a factor of

wherety=d/v, is the probe pulse traveling time ahd0,t,r) V2. The amplitude of the dip, 1F(0), grows linearly

is the input intensity for the probe. with increasing pump intensit}fg and probe absorption co-
Let the input profile of the probe beam be given by efficient g,.

. Unfortunately, the field of applicability of the approxima-
1.(0,t.r) = 1° expl (t-AY) o ) tion of weak pump absorption is rather narrowgjf= 1, the
ne r tf) f;Z) ' dip amplitude depends nonlinearly én Figure 9 shows the

dependence of, on the normalized delay tim&t/t, plotted

whereAt is the delay time between probe and pump pulseson the basis of Eq9) for q,=1, 2, 4, 8, and 16; the ratio
It is assumed, in accordance with the experimental condiB;/ 3, is set to be equal 0.2. One can see that the width of the
tions, that the probe pulse duration and transverse width atip gradually becomes larger with increasi,ﬁggd product.
the input are the same as those of the pump, compare withhe shape of the dip is not Gaussian in the general case.
Eq. (2). The dependence of the dip amplitude on the pump absorp-

Using Eq.(3) and integratind,(d,t,r) over the timet and  tion parameter, is shown in Fig. 10 for four representative
the transverse coordinatgsz, one can calculate the normal- values of the ratigs,/ 8,. This dependence is linear only for
ized transmission coefficient of the probe pulseThe shape g,=1; outside this range the dip amplitude experiences a
of the functionT,(At) is controlled by three dimensionless strong saturation. The amplitude of the dip grows noticeably
parameters: the known pump absorption parameggr With increasing 5,/8, ratio. Since the coefficienis, is
:,Bplgd, the ratio /B, and 50:(Ugl_vr—l)d/tp known from the pump absorption experiments, it is pOSS|bIe
=(n,—n,)d/ct,. The last parameter is responsible for theto estimate the value g from the pump-probe experiments
broadening and asymmetric distortions of the dip. In(See below _ o
LiNbO3, the differencen,—n; is =0.2 for the ordinary waves Consider last the effects of broadening and distortion of
(the YY case and=0.17 for the extraordinary waveéthezz ~ the dip caused by the difference in the pump and probe ve-
case [26]. In both polarization cases, the paramefgrcan  locities; these effects are expected to be significant for our
be estimated as 1/3 for our thi@.07 mm) samples and 5 for

our thick (1 mm) sample. 0.6
We consider first the dip shape for the thin samples where 05
the effects of broadening and distortion can be neglected in © 4+
the leading approximation. By setting=v,, one can obtain E 0.4 *
from Eq. (7), after intermediate integrations, 203 5
2 2 02 / —
~(At/t)? [ 8 —
e P 1
T = g f ERU[(1+qe™)?-1lds,  (9) 0.1 // —
N TT —0
p o 0%

0 5 10 15 20 25

wherea=(8,~-8;)/ Bp. As follows from here,T, is an even Pump absorption parameter g, = B,

function of At; i.e., the dip shape is symmetric.
In the limit of weak pump absorptiom,<1, Eg. (9) FIG. 10. Dependence of the dip amplitude gy lines 1, 2, 3,
transforms into the following simple relation: and 4 are plotted foB,/8,=0.1, 0.2, 0.3, and 0.4, respectively.

056603-5



BEYER et al. PHYSICAL REVIEW E 71, 056603(2005

ey 1.oow ; v 0.6
€ ——
é 0.95 \ _—_’/% © 0.5
e
@ 2 =1 5
8 0.00f \-’7 2 o4 4
(=}
2 085 Q/ 3 03 3
£ L 02
@ ©
S 0.80 4 a 2
@ ’ T T
8 075 00 1 1
a -2 o 2 4 6 -0 5 10 15 20 25
Normalized time delay Attp Pump absorption parameter q,, = fylod
FIG. 11. The normalized transmission coefficiéft versus FIG. 12. Dependence of the plateau amplitude on the pump
At/t, for d=1 mm, 5,/ 8,=0.2, andé=5. Curves 1, 2, 3, and 4 are  absorption parametay,; lines 1, 2, 3, 4, and 5 are plotted for
plotted forg,=1, 5, 10, and 20, respectively. =0.01, 0.03, 0.06, 0.09, and 0.12, respectively.
thick (1 mm) sample. By keeping, # v, in Eq. (7), one can In accordance with Eq12), the free-carrier contribution
obtain the general relation to the absorption coefficient for the prolaé can be repre-
1 (= sented as
To=—| exd-(s-At/ty)?] o a (v
v al(x' t')=—-—" —,f [p(X',t")dt”, (13
N 1 fiwp X' J
xf exp| - &J Goldu dfds. : : : -
o BoJo Gpfu+exd(s- 5oU)2] whereg, is the effective absorption cross section of the pho-

toexcited carriers at the readout wavelength Since the

(1) function I,(x',t') is known [see Eq.(3)] it is possible to
In the limiting cases,=0 two of three integrations can be Calculate the above !ntegtall. _ ,
performed analytically and we return to E). The profbe intensityl,(x’,t’) obeys the equgtloﬂlr/ax

Figure 11 shows the shape of the dip =5 and several =~(Bilp+a) I, [compare to Eq(5)]. Its solution has the
values of the pump intensity. One sees that the dip experlform
ences a noticeable broadening and becomes asymmetric, its X’
right wing being considerably longer than the left one. Quali- I, = Ir(O,t’)exp[—f (Belp+ a{)d)('} . (19
tatively, these features are in good agreement with the ex- 0
perimental data for the 1-mm sample presented in Fig. It
Furthermore, the dip amplitude is noticeably smaller in theI
thick sample under the condition that the valueseghgd be
the same for the thin and thick crystals. This feature is also i?hr
line with our experimental datécompare Figs. 5 and)7
Note that according to Fig. 11 the minimum of the transmis-,
sion can occur afteAt/t,=0. This is not in contradiction to
our experimente.g., Fig. 7, because therat/t, was set to
be zero at the minimum of the transmission.

he time dependence gfcomes from the dependencecdf

p andl (x=0) ont’.

Consider the case when the pump pulse has passed
ough; i.e., the instantaneous processes are over. This cor-
responds to the plateau value of the probe transmission.
Mathematically, we have to sg=0 in Eq.(14) andt’ = in

Eq. (13); the value ofaI depends then only ox/ (andr) but

does not depend oti. Using Eq.(8) for 1,(0,t,r), it is not
difficult now to calculate the plateau value of the transmis-
2. Plateau amplitude sion coefficientTP,

Since the pump excites carriers via direct two-photon olat * Vi 4 [7 ds
transitions, it is able to induce an additional absorption for Tr =f exp| - f-bag, 79 'f e df,
the probe. This pump-induced absorption is expected to re- 0 0 Gp+e
main until recombination of the photoexcited carriers (15

occurs—i.e., at least on the picosecond scale. where b=20t,/%iw,B,d is a new dimensionless parameter.

We suppose that the two-photon absorption of the PUMB-He value ofT E'a‘ depends on two characteristic parameters

E;J;eczmrer:étsi;nlg/ezr;ieraﬂcl;nlg ;Zzlectrv(?/r;]ggl; pa}lsrstht;l' r;en_genc-]p andb; only the first of them depends on the pump inten-
erav of a sin Ig pumwp_ua%tpum ali)ip'andP ar;?he concen- sity Ig. Since the decrease df is relatively small in the

gy gie pump q : : experiments and the parametgy is definitely larger than
trations of photoexcited electrons and holes, respectively, wé

have, in terms ok’,t’ (in the moving coordinate fram Unity, it is reasonable to expect thiat< 1.
' ' 9 e Lines 1-5 in Fig. 12 show the dependence of the plateau

N 9P By 1 4, amplitude, 1772 on the pump absorption parametgy
= =R R (120 =p1% for five representative values df. This ampli-
o' A 2how 2hw, oX P p . .
P P tude grows quadratically fog,=<1 and almost linearly for
Recombination processes are neglected in these equationsl =q,=15. Its saturation with increasing, occurs rather
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slowly. The behavior of the dip amplitude within the same(in time and spadewith a strong pump pulse, an additional
interval (see Fig. 10 is different. Since the value df, is  instantaneous probe absorption, involving pump and probe
known from pump-absorption experiments, it is possible tophotons, takes place. This nonlinear absorption causes a pro-
estimateb and the cross sectiom, from the data of pump- nounced dip in the dependence of the probe transmission on
probe experiments. the delay time between pump and probe pulses. The relevant
nonlinear absorption coefficient is also pretty higf,
=0.88 cm/GW.

Carrier relaxation What happens with free carriers ex-
cited by pump pulses into the conduction and valence bands

In accordance with the theory, our experiment shows thaaind what is the nature of carriers responsible for the plateau
the dip profile is almost symmetric in the thifvO um) in the probe absorption?
samples(see Figs. 5 and)9According to the experiments, The energy of two pump quanta@,=6.4 eV, exceeds
the ratio FWHM of the dip / FWHM of pump pulse ranges noticeably the energy gap of LiNkCcrystals (=3.9 eV).
from =1.7 to=2.1 for the thin samples. The theory predicts Therefore the band energy of photoexcited hot carriers ex-
the range 1.4-1.6 for this ratio. The difference is not large. liceeds considerably the thermal enerigyT=0.026 eV. At
can be explained by an uncertainty of the measurements antle first steps of establishment of the thermal equilibrium,
some contribution originating from different pump and probeenergy relaxation and thermalization of hot carriers take
velocities. Considerable broadening of the dip and the noplace. The characteristic time of this process lies typically in
ticeable asymmetry of its shape in the 1-mm sample, obthe rangg10**-107'9 s[1,22]. When the energy relaxation
served experimentallysee Fig. 7, are in a good qualitative s over, the electronghole§ occupy energy levels at the
agreement with theorgFig. 11). bottom (top) of the conduction(valencg band and/or shal-

Figure 8 shows experimental data for the dependence abw levels in the close vicinity of these bands. The subse-
the dip and plateau amplitudes on the pump absorption pajuent recombination occurs much slower, typically during
rameterd, obtained for two different polarization cases, to- the time=10"? s. Details of the final relaxation stage depend
gether with the theoretical fit. The fit parameters are the I’ati@reatly on the concentration and position of the energy levels
B! By (for the dip amplitudgandb=20;t,/fiw,B,d (for the  in the forbidden energy gap. These levels can originate from
plateau amplitude The agreement between theory and ex-doping and from partial disorder of the crystal structure.
periment is pretty good. Whereas the dip amplitude experi- The dataTl,(At) obtained in the thin sampldsee Fig. 5
ences a remarkable saturation with increasjpghe plateau  show no indication of an energy relaxation of hot carriers.
a.mplitude shows no saturation within the experimental intenNo new tempora| features with a characteristic scale essen-
Sity range. tially different from the pulse duration can be seen. This

The ratio,/ B, deduced from the fit procedure4s0.245  means that either the probe absorption cross section does not
for the Y'Y case and=0.235 for theZZ case. Thus, with an  depend on the carrier energy or the time of energy relaxation
accuracy 0f(10-15%, the value ofg, can be estimated as s shorter than the pulse duration. The second possibility
=0.88 cm/GW. The values df can be estimated as0.237  |ooks most probable and it does not contradict the above
and =0.138 for theYY and ZZ cases, respectively. This general estimates. If it is the case, shorter pulses are needed
gives, for the excitation cross sectiom,,=9.2x 10 cm? o monitor the energy relaxation. The asymmetry of the dip
and 0,,~=6.0X 107'® cn?. With an accuracy 0f=10% the  shape in the thick sampleee Fig. 7, which might, by itself,
above estimates are applicable to sample 3. be interpreted as the effect of energy relaxation, is explained
by the difference in the pump and probe velocities.

Most probably the pump-excited carriers, which are re-
sponsible for the plateau section of the probe transmission,

Below we discuss two important issues that are closelypccupy shallow levels near the conduction band. The pres-
related to the results obtained. ence of such levels, attributed usually to the structurglNb

General physical pictureAccording to the data of our defects of LiNbQ (small polarony is known from pulse
collinear pump-probe experiments, the action of strong femexperiments on light-induced infrared absorpti20,27].
tosecond pulses at 388 nm on LiNp@eets the following Recombination of such excited localized electrons occurs on
physical picture. the time scale 16-10°s and follows the stretched-

(i) Initially, an instantaneous generation of free carriersexponential law typical for disordered materials.
takes place owing to direct two-photon processes. The cor-

C. Comparison with experimental results and determination
of probe absorption parameters

V. DISCUSSION

responding nonlinear absorption coefficient is pretty high, VI. CONCLUSIONS
Bp=3.5cm/GW, so that the pump pulse experiences a '
strong attenuation even in relatively thin samples. Two-photon absorption processes strongly affect the

(ii) The pump-excited carriers do not experience recompropagation of high-power femtosecond pump pulses in
bination to the levels where they originate from at least onLiNbO5 at 388 nm. The corresponding nonlinear absorption
the time scale of tens of picoseconds. These carriers are reeefficient,3,=3.5 cm/GW, does not show a strong depen-
sponsible for the quasipermanent probe absorpiitrsorp- dence on light polarization and crystal doping.
tion plateay at 776 nm. Strong pump pulses induce instantaneous and quasiper-

(i) When a weak probe pulse at 776 nm is overlappingnanent contributions to probe absorption at 776 nm. The
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instantaneous contribution is due to two-photon processefor femtosecond pulse recording of spatial gratings in

with participation of pump and probe photons; the corre-LiNbOs.

sponding nonlinear absorption coefficiggit=0.88 cm/GW

is not polarization sensitive. The quasipermanent contribu-

tion is due to probe absorption by pump-excited carriers; the

absorption cross section; is about 9.2¢107*®cn? and Financial support from the Deutsche Telekom AG, from

6.0 107*® cn?* for the light polarization vector perpendicu- the Deutsche Forschungsgemeinscltaitard No. BU 913/

lar and parallel to the polar axis, respectively. 13-1), and from the NSKEngineering Research Centers Pro-
The time of hot-carrier relaxation is expected to be shortegram for Neuromorphic Systems Engineering under Award

than 0.1 ps for the excitation wavelength 388 nm. No. EEC-9402726, NSF-Germany Cooperative Research
Strong nonlinear absorption effects will be important alsoGrant No. INT-023398Bis gratefully acknowledged.
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