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Two-photon absorption and blue-light-induced
red absorption in LiTaO3 waveguides
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Two-photon absorption and blue-light-induced red absorption (BLIRA) is demonstrated in lithium tantalate
�LiTaO3� waveguides with ultrashort laser pulses. The blue transmission is modeled for hyperbolic-secant-
squared pulses of blue light and is shown to be heavily attenuated by two-photon absorption. The blue light
also generates traps for red light, which are absorbed through single-photon interactions. Over 50% red ab-
sorption is observed. The blue pulse energy dependence of BLIRA is shown to follow recent theoretical models
that rely on two different physical mechanisms depending on the temporal overlap of the pump and probe
pulses. The time dependence of BLIRA is explored experimentally and is shown to fit well to a stretched-
exponential model. Finally, we investigate the effects of pulse shaping and find that, over our range of pulse
durations, the amount of BLIRA is relatively insensitive to pulse shape. © 2006 Optical Society of America
OCIS codes: 190.7110, 230.7380, 320.7130.

s
p
i

w
o
m
e
w

2
A
T
t
4
3
b
T
e
p
p

w

t
�
E
a
N
l

. INTRODUCTION
emtosecond lasers have become the workhorse of the
onlinear optical community.1 With their exceedingly
igh peak intensities, ultrashort laser pulses are respon-
ible for illuminating various multiphoton processes,
ome by design, others by accident. Two such nonlinear
rocesses that have recently garnered attention in the ul-
rafast regime are two-photon absorption2,3 (TPA) and
lue-light-induced red absorption4 (BLIRA). TPA occurs
n crystals when two photons have sufficient energy to
pan the bandgap of the material. Crystals that are es-
entially transparent to certain wavelengths can nonethe-
ess absorb much of the incident light, provided that the
eam is sufficiently intense. The higher the intensity and
ntegrated optical path length, the greater the amount of
PA.
BLIRA, also known as blue-light-induced infrared

bsorption5 or simply light-induced absorption,6 is the ab-
orption of a red probe beam in the presence of short-
avelength pump light. Although initially thought solely
etrimental, it has recently been shown to be a valuable
eans for nonvolatile holographic storage.7,8 The process

rises owing to fundamental traps inherent in the band-
ap. The traps can become populated via charge transfer
rom a strong blue pump beam and subsequently absorb
ed light. Since the charge transfer often occurs from the
forementioned TPA, this process is also nonlinear and
herefore prevalent in short-pulse laser experiments.

Concurrent with the study of femtosecond nonlinear in-
eractions has been the development of novel waveguide
tructures.9,10 Specifically, quasi-phase-matched
aveguides have been studied as a source of high-
fficiency second-harmonic generators,11 parametric
mplifiers,12 squeezers,4,12–14 couplers,15 and single-
hoton generators.16 The small cross section and long in-
eraction lengths make these devices ideal for nonlinear
0740-3224/06/061129-8/$15.00 © 2
tudies. When coupled with ultrashort laser pulses, they
rovide a unique and powerful tool to study high-
ntensity interactions with modest pulse energies.

In this article we present TPA and BLIRA in LiTaO3
aveguides using femtosecond laser pulses. On the basis
f new theoretical models by Beyer et al.,17,18 we first re-
odel data that were not fully explained in this journal

ight years ago4 and then present new data consistent
ith these theoretical predictions.

. THEORY
. Two-Photon Absorption
PA occurs in crystals for photons with energy greater

han the half-bandgap. For LiTaO3, the bandgap is
.5–4.7 eV.19 Blue photons at 400 nm correspond to
.1 eV, which means that two blue photons have a com-
ined energy well above the bandgap and will suffer from
PA. The formula for determining the transmitted blue
nergy for short hyperbolic-secant-squared pulses was
resented in Ref. 4 and is presented here in slightly sim-
ler form:

T =
exp�− �bL�

�u�u + 1�
ln��u + �u + 1�, �1�

here

u =
1.76Ein�b

Awg��b
�1 − exp�− �bL��, �2�

he blue single-photon and TPA coefficients are given by
b and �b, respectively, L is the length of the waveguide,
in is the input blue energy, Awg is the cross-sectional
rea of the waveguide, and � is the blue pulse duration.
ote that in the limit that the TPA is negligible, by using

ow-energy pulses �E →0�, long pulses ��→ � �, or a low
in

006 Optical Society of America
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PA coefficient ��b→0�, the blue energy transmission re-
urns to the single-photon absorption result �T→exp�
�bL��, as expected.

. BLIRA: Direct Band–Band Transitions
iTaO3 is a relatively transparent crystal in the red and
ear-infrared spectral region. A red probe pulse will pass
hrough the crystal unimpeded. However, should an in-
ense blue pulse precede the red pulse, or indeed overlap
ith it in time, the red pulse will be strongly attenuated;

he stronger the blue pulse, the greater the red attenua-
ion. This BLIRA is strongest during temporal overlap
ith the blue pump pulse and gets progressively weaker
s the red probe pulse arrives at subsequently later times.
he dependence of BLIRA on the blue pump power was
ot well understood until recently, when Beyer et al.17

resented a new physical model for its behavior.
In their model, the physical process is separated into

wo distinct components. Probe pulses that temporally
verlap with the pump pulse can generate direct band–
and transitions by absorbing a single blue photon and a
ingle probe photon simultaneously, provided that their
dded energies are sufficient to span the gap. The amount
f absorption is then governed by a product of the pump
ntensity, the probe intensity, and a new two-photon pa-
ameter �r. In the moving frame, the red intensity is gov-
rned by

�Ir

�x�
= − �rIrIp. �3�

With an input pump pulse and a probe pulse that are
ssumed to be Gaussian in both space and time, Beyer et
l. show that this equation may be solved explicitly. In the
ase of a long crystal and short pulses, both broadening
nd dispersion need to be considered. Indeed, the pump
ill dramatically change its shape as it progresses

hrough the crystal and suffers from TPA. Also, because
he probe travels faster through the crystal than the
ump, one would not expect the maximum BLIRA to oc-
ur when the pump and probe arrive at the crystal face
imultaneously because the probe will quickly advance
head of the pump and therefore not suffer any attenua-
ion. With these effects, the amount of BLIRA correspond-
ng to the immediate dip in transmission is given in Ref.
7 by the equation

Ar
dip = 1 − Tr

dip

=1 −
1

��
�

−�

�

exp�− �s − �t/tp�2�

��
0

1

exp�−
�r

�b
�

0

1 qpfdu

qpfu + exp��s − �0u�2��dfds,

�4�

here �t is the arrival time of the probe relative to the
ump, tp is the pump duration, qp is a pumping param-
ter, and �0 is a phase-mismatch parameter. In our case,

p has the value qp= �	�bdEin� / ���tpAwg�, where 	 is a
aveguide coupling efficiency, d is the length of the wave-
uide, Ein is the input blue energy, and Awg is the cross-
ectional area of the waveguide. In Eq. (4), u , f, and s are
ummy integration variables. This equation describes the
ttenuation of the probe versus blue pump energy. In the
imit Ein=0 or �, the absorption becomes Ar

dip=0 or 1, re-
pectively, as expected. The absorption shows a rapid rise
ith pump energy, followed by a strongly nonlinear satu-

ation. We will show that this theory is adequate at mod-
ling previously unexplained results from Refs. 4 and 20.

. BLIRA: Traps
different physical mechanism is at work for probe

ulses that arrive after the pump pulse. In this case,
here is no longer a simultaneous band–band transition,
ut, instead, absorption of the probe beam takes place by
hotoexcited free carriers or shallow trap states or both.
ndeed, Beyer et al.17 argue that, for probe delays on pi-
osecond time scales, the carriers that were excited by the
ump are the dominant absorption process for the probe
eam. For probe delays longer than a few picoseconds,
hallow traps are the dominant absorber.

The equations that govern the production of free carri-
rs are functionally equivalent to the equations that gov-
rn the production of traps, save for an extra factor that
ictates the probability that a photoexcited electron will
e caught in a trapping site. The production of traps were
resented in Ref. 4 as

dNx

dt
=

1

q

�bIb +

�

2q

�bIb

2, �5�

here � is the trapping probability factor. For Gaussian
ulses, and in the absence of single-photon blue absorp-
ion ��b=0�, this equation is functionally equivalent to
q. (12) in Ref. 17; thus we may make use of their elegant
nalytic solution to arrive at the absorption of the red
robe beam due to the traps

Ar
trap = 1 − Tr

trap

=1 −�
0

�

exp�− f − bqp	��

2
exp�− f�

−�
0

� ds

qp + exp�f + s2�
�df, �6�

here b= �2��Xtp� / �q
�bd� is a dimensionless parameter
nd �X is the red absorption cross section of the traps. In
his model, the independent fitting parameters are there-
ore coupling parameter 	 and product ��X. Again, this
quation has the proper limits. As Ein=0 or �, the absorp-
ion becomes Ar

trap=0 or 1, respectively. In this model the
ed absorption as a function of pump energy is nearly lin-
ar for moderate pump energies, and we will show that it
dequately models our new experimental results.

. BLIRA: Temporal Decay
any studies of LiNbO3 and LiTaO3

6,21–23 have explained
hese induced absorption effects in terms of deep and
hallow traps (relative to the conduction band). The
eeper traps are presumably Fe2+ ions, either specifically
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oped into the crystal or unintentionally present in the
rowth process, and the shallow traps are predominantly
tructural defects in the crystal whereby a Nb5+ or Ta5+

on is located at a Li+ site. Electrons can populate the
hallow sites by either direct transition from the deep
raps or relaxation from the conduction band. When an
lectron gets trapped at this site, it forms a bound po-
aron, NbLi

4+ or TaLi
4+, which is then capable of being re-

xcited by infrared wavelengths. At room temperature,
hese polarons eventually relax but can still be observed
n millisecond time scales.

The temporal decay of these polaron states follows a
tretched-exponential behavior, the Kohlrausch–
illiams–Watts function.24 The physical reasoning be-

ind this functional form is presented by Wevering et al.,6

here they detail the role of the deep and shallow traps.
o summarize their description, the rate of polaron decay
epends on the distance between polarons and deep traps.
y assuming this decay rate is inversely proportional
ith physical distance between them and that their sepa-

ation is statistically distributed throughout the crystal,
evering et al. are able to recover a probability for the

lectron to still be trapped at the shallow level and show
hat this probability decays as a stretched exponential.
he equation that describes the induced absorption coef-
cient � versus time is then

� =
1

d
ln	 Er

min

Er�t�

 = �max exp�− �t/����, �7�

here Er
min is the minimum recorded probe energy trans-

itted through the crystal (which occurs when the pump
nd probe overlap temporally), Er�t� is the probe energy
t a delay time t , �max is the maximum absorption, � is
he polaron lifetime, and � is the stretching factor. The
bsorption is maximum at t=0 and returns to zero at t
�. We will use this model to explain our temporal data.

. EXPERIMENT
. Waveguides
he lithium tantalate waveguides used in this study were

abricated by Mool Gupta at Kodak (presently at Old Do-
inion). They are 7 mm long LiTaO3 waveguides that em-

loy quasi-phase matching (QPM). The waveguides were
onstructed by ion exchange, and QPM was fabricated by
lectric field poling. The waveguides are single mode at
40 nm and multimode in the blue. More detailed descrip-
ions of these waveguides may be found in Refs. 4, 25, and
6.

. Laser System
he pump pulse originates from a femtosecond Ti:sap-
hire laser. The laser system consists of a homebuilt Ti-

sapphire oscillator generating pulses of 20–100 fs in du-
ation. The oscillator pulses are amplified in an eight-
ass chirped-pulse amplifier system (Del Mar Photonics
edge-M) at a repetition rate of 250 Hz (picked to give
ms between pulses, suitable for temporal decay studies).
ypical pulse widths after the amplifier are 50 fs, with en-
rgies of near 400 
J and a center wavelength of 800 nm.
. Two-Photon Absorption Apparatus
he experimental arrangement to measure TPA was

airly straightforward and is shown in Fig. 1. The laser
ulses are loosely focused into a 0.5 mm type-II �-barium
orate (BBO) crystal to generate second-harmonic light
ith an energy of approximately 10 
J. Blue output from

he BBO crystal was collimated by a lens (30 cm blue
oated) and passed through a blue filter (Newport BG40)
o remove unconverted red light from the amplifier. Fur-
her attenuation of this blue pulse was attained with a
eutral-density (ND) filter wheel. The blue light was re-
ected off two steering mirrors before passing through a
eam splitter (Newport 20RQ00UB.2), also shown in Fig.
. Even though this beam splitter was not dichroic, reflec-
ive losses from the beam splitter were not a problem,
ince we had excess blue energy. The blue energy reflected
rom the beam splitter was monitored with a silicon pho-
odiode as the ND filter wheel is rotated.

The waveguide coupling system consisted of two diode
enses (Thor Labs C240TM-A) placed at either end of the
aveguide. The first diode lens was used to focus light

nto the waveguide, and the exit lens collected the trans-
itted light. Both lenses were mounted on x–y–z stages to

id in focusing and alignment. A standard inexpensive
CD camera (Supercircuits PC100XS) proved invaluable

or looking at the transmitted light and identifying when
oupling was optimum. When the focusing lens of the
CD camera was removed, the face of the waveguide

ig. 1. Optical element layout for the TPA and BLIRA experi-
ents. SHG, second-harmonic generation; NG; neutral-density;
MT, photomultiplier tube.
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ould be imaged directly on the CCD array. This gave a
ood picture of the face of the QPM crystal and the
aveguides.
After blue pulses were coupled into the waveguide,

oth the input energy and the output energy were mea-
ured for a series of ND wheel settings. As the blue energy
s increased, the blue transmitted energy increases in a
onlinear fashion. In fact, the blue transmission falls off
uickly, making it difficult to adequately gauge the
mount of blue light that is coupled into the waveguide.
ur best coupling efficiency was approximately 20%, al-

hough individual runs varied greatly. Furthermore, since
he blue pulses have traveled through several dispersive
lements before reaching the waveguide, they are consid-
rably lengthened in time. We estimate the duration of
he pulses at the waveguide face to be nearly 1 ps.

. BLIRA Apparatus
he experimental arrangement for BLIRA is also shown

n Fig. 1. It simply requires the addition of a probe beam
eflecting from the beam splitter and propagating col-
inearly with the blue pump pulse. The probe consists of a
45 nm pulsed diode laser (Thor Labs, Sanyo DL3147-
21), with a pulse width of roughly 4 ns, and an arbitrary
emporal delay set electronically by a digital delay box
ynched to the laser system (Stanford DG535). This sys-
em is versatile and allows the probe pulse to arrive be-
ore the pump, simultaneous with the pump, or at a delay
f up to 4 ms following the pump (set by the 250 Hz rep-
tition rate of the laser).

To get the initial alignment of the probe beam, we used
standard helium–neon �He–Ne� gas laser instead, since

he average power was considerably greater. By carefully
djusting the steering mirrors and input x–y–z stage, it
as possible to observe on the CCD camera when light
as being coupled into a waveguide. Using the steering
irrors and horizontal translation of the crystal mount, it
as possible to scan across the face of the crystal to select
waveguide that showed good coupling and mode quality.
he mode was easily seen with the CCD camera. Once the
iode lenses and waveguide were properly oriented and a
easonable amount of light from the He–Ne laser was be-
ng coupled into the waveguide, the He–Ne laser was re-
laced by the pulsed diode laser.
For performing the pump–probe experiments necessary

or measuring the BLIRA effect, the blue and red light
eeded to be simultaneously coupled into the waveguide.
lue light that was transmitted through the beam splitter
ombined with the red light reflected off the front face of
he beam splitter, as shown in Fig. 1. By observing the red
nd blue spots on a distant screen, we could adjust the
teering mirrors so that the two beams were collinear en-
ering the diode lens. One problem was that the diode fo-
using lens was not achromatic. Thus the red and blue
ight had slightly different focal points. This was offset
omewhat by adjustment of the collimating lens after the
econd-harmonic-generation (SHG) crystal so that the
lue light was slightly diverging when it entered the di-
de focusing lens before the waveguide. By careful adjust-
ent, it was possible to have near-maximum blue cou-

ling while still coupling in a significant amount of the
ed light. Because the value of interest was not the
mount of red light but the relative strength of the red
ransmission with and without the blue pumping pulse
resent, maximizing the red coupling was not critical.
Light transmitted through the waveguide was collected

nd collimated with the second diode lens before passing
hrough a pinhole aperture. The aperture served to cut
own any light scattered around the waveguide crystal.
fter the pinhole the remaining light was focused and
easured with either a standard photodetector (Thor
abs, DET210) or photomultiplier tube (PMT)

Hamamatsu 6199). The PMT allowed short and thus low-
nergy red probe pulses to be used. To reduce the back-
round light level reaching the PMT, we used a set of two
lters to create a bandpass notch at 645 nm, the wave-

ength of the diode laser. The first filter (Newport BG49)
locked residual infrared light from the amplified pulse
nd scattered fluorescence from the Ti:sapphire crystals.
second filter (Newport RG610) was used to block wave-

engths shorter than 600 nm, effectively removing any re-
aining blue light from the BLIRA experiment and any

cattered green light from the amplifier pump laser.
Measurements were sent via a Tektronix oscilloscope

nd general-purpose interface bus to a computer running
ABVIEW, in which the data were displayed and stored.
ABVIEW programs referred to as VIs were used to control
ost aspects of the experiment. Programs were written to

ontrol timing channels of the delay box and thus adjust
he width of the red probe pulse and its temporal delay
elative to the blue pumping pulse. Once working prop-
rly, the combination of laser optics, timing electronics,
nd controlling software allowed for the quick and rela-
ively easy acquisition of data with little adjustment of
he physical setup.

The laser system also contains a liquid-crystal pulse
haper (Cambridge Research SLM-256), capable of modu-
ating both the amplitude and the phase of our pulses.
his is done prior to amplification, and, since our ampli-
cation process does not reach saturation, good phase and
mplitude shaping are maintained. The shaper was pri-
arily used to add arbitrary phase profiles to the femto-

econd pulse, to look for any dependence on the BLIRA
evel.

. RESULTS AND DISCUSSION
. Two-Photon Absorption Results
he experimental results for TPA are shown in Fig. 2. The
ata are shown with circles, and the theory is given by the
olid curve. In all experiments, the fits were done using
he Levenberg–Marquadt algorithm27,28 (Igor Pro by
aveMetrics). The fit is excellent with a TPA coefficient

iven by �2�10−9 cm/W. Since our lowest-energy blue
ulse was higher than previous studies, we scaled our
oupling to match the results of Ref. 4. It is interesting to
ote that the amount of absorption is substantial. This is,
f course, a testament to the high powers in ultrashort
ulses but also results from the high intensity in the con-
ned spatial modes of the waveguide. Short-pulse, high-

ntensity light, traveling through a long waveguide, is
eavily absorbed through TPA, despite our use of rela-
ively low-energy nanojoule pulses, compared with previ-
us studies that used pulses in the 100 mJ range.6
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. BLIRA Results: Band–Band Transitions
LIRA data previously reported in Refs. 4 and 20 are
hown in Fig. 3, together with the theory from Eq. (4).
here are two BLIRA experiments presented here. The
rst experiment uses a 1 ps pump and a 1 ps probe,
hown with the open circles. The other uses a 4.4 ps pump
nd a 4.4 ps probe, shown with the filled circles. The the-
retical fits from Eq. (4) are shown by the solid curves. In
oth of these experiments, the probe temporal delay was
ptically set to maximize the induced absorption. The val-
es for the free parameters are as follows. For the tp
1 ps data, we set the temporal delay to �t=1.3tp (the
aximum absorption) and found �r=0.79�b and 	=0.18.
or the tp=4.4 ps data, we set the temporal delay to �t
0.33tp (the maximum absorption for this pump duration)
nd found � =7.0� and 	=0.02. Several comments about

ig. 2. TPA of the blue light. Blue transmission is plotted for
ncreasing blue input pulse energy (circles) and compared with
he TPA theory (solid curve) given by Eq. (1).

ig. 3. BLIRA due to direct band–band transitions versus in-
reasing blue pump energy. Markers show data for tp=1 ps (open
ircles) and tp=4.4 ps (filled circles). Solid curves, theoretical fits
rom Eq. (4).
r b
hese parameters are warranted. The first is that the new
heory of Beyer et al.17 obviously does an excellent job at
xplaining the behavior of BLIRA versus pump energy, as
hown by the high-quality fits. Second, the behavior of
heir theory is exactly as one would expect: short blue
ulses generate more BLIRA than long blue pulses do. An
bvious question arises, however. Why are the fit param-
ters different for the two experiments? For 	, the likely
ifference is that the two experiments were vastly sepa-
ated in time and optical layout. Thus, coupling efficiency
ould have changed dramatically (although it is a stretch
o imagine a coupling coefficient of only 2%). For �r, the
ikely culprit is carrier relaxation. As postulated in Ref.
7, there should be a change in absorption as hot carriers
elax to the bottom of the conduction band, and this
hould happen on short time scales ��250 fs�. Since both
f the pulses (1 and 4.4 ps) are longer than this time, the
bsorption process is likely a combination of direct band–
and transitions and trap-state absorption, and thus we
ould expect different parameters for their behavior. In

act, it is likely that the correct model for these pulse
engths would incorporate both absorption processes and
equire an extensive experimental search from ultrashort
o several picosecond pulses, although that is beyond the
cope of this article.

. BLIRA Results: Traps
o illuminate the trap behavior, our experimental en-
eavor used a 1 ps pump pulse and a 4 ns probe pulse,
nd the results are shown in Fig. 4. Since a long probe
ulse is used, the dynamics are substantially different
rom Eq. (4). Even though we temporally aligned the
robe pulse to maximize BLIRA, the probe is roughly
000 times longer than the pump pulse; thus we would
xpect extremely little contribution from direct band–
and transitions. Instead, we use the model describing
he absorption due to traps, given in Eq. (6). This is given
y the solid curve in Fig. 4, with fitting parameters 	
0.05 and product ��x=2.95�10−15 cm2. This second pa-
ameter warrants discussion, as previous studies have re-
ulted in cross sections in LiNbO3 of the order of
0−17 cm2 (Ref. 17). Thus, in our result, even if we let �
1, our traps are two orders of magnitude larger than
ulk LiNbO3. This could be an indication that in these

ig. 4. BLIRA due to traps versus increasing blue pump energy.
ircles, measured data; solid curve, a fit to Eq. (6).
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PM crystals, the ion-exchange process contributes to
uch larger trapping sites for red light. It is well known

hat, in LiNbO3 crystals, nonstoichiometric defects play a
articular role in interacting with trapped phonons to
odify the electro-optic coefficient.29,30 In the case of
PM waveguides,which possess higher structural disor-
er compared with single crystals, these effects may also
lay an important role. Systematically studying this be-
avior for waveguides with and without QPM would be
eneficial. We should also mention that the weighting
unction for this fit excluded the last two points, as we dis-
overed that the waveguide face was damaged at this blue
nergy level.

. BLIRA Results: Temporal Decay
he transmission of the red probe pulse may also be
onitored in time. This is shown in Fig. 5, where the red

ransmission is plotted versus temporal delay from the
witched laser pulse. The strong dip in red transmission
t t=56 ns is where the probe pulse aligns temporally

ig. 5. Probe transmission versus temporal delay. The pump ar-
ives at t=56 ns. The solid curve is simply a guide for the eye.

ig. 6. Plot of the induced absorption change (relative to maxi-
um) as a function of time. Circles, measured data; solid curve, a

t to Eq. (7).
ith the blue pump pulse (the 56 ns delay is, in fact, how
ong it takes the femtosecond pulse to travel through the
mplifier). The red transmission ultimately returns to
nity in a few milliseconds. Since nanosecond probe
ulses are used, the experiment is insensitive to the
trong dip behavior observed by Beyer et al.17,18 It is also
nteresting to note that the turn-on time is consistent
ith our probe duration. In fact, in all previous experi-
ents, even with ultrashort probes, the turn-on time is

ssentially instantaneous; that is, it is governed by the
robe duration.
We studied the temporal behavior of BLIRA’s relax-

tion in greater detail, as shown in Fig. 6 where we have
lotted absorption coefficient � versus probe delay time.
he markers indicate our data, and the solid curve is a fit

o Eq. (7), where we have normalized �max to unity; the
tting parameters are �=375 ns and �=0.28. Note that
he agreement is good except in the region t�5 ns. This is
ot unexpected, as this corresponds to our probe pulse du-
ation. Note that this data are completely inexplicable by
monoexponential function. Indeed, the good agreement

o the stretched exponential lends weight to the argument
hat polarons are the dominant trapping mechanism and
hat their statistical spatial distribution is indeed a pri-
ary factor in their decay behavior.6 Our fit parameter
=0.28 is close to the range of values found by Wevering
t al.,6 but the parameter �=375 ns for our crystal was
arkedly different from their study, which revealed �
10 
s with iron-doped LiTaO3. Furthermore, in their
tudy they demonstrate that the lifetime � gets shorter
ith increasing iron concentration; thus it appears our
aveguides are either heavily doped with iron (uninten-

ionally) or that the QPM process leads to increased trap
ensity. If the lifetime depends not only on the deep trap
iron) density but also on the shallow polaron concentra-
ion, this could neatly explain this phenomenon, since the
PM process is likely responsible for creating the struc-

ural defects behind polaron formation. Again, it would be
seful to compare QPM and non-QPM waveguides to bet-
er observe this behavior.

ig. 7. Transmission of red pulses as a function of laser pulse
uration. The markers indicate positive chirp (triangles) and
egative chirp (inverse triangles).
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. BLIRA Results: Shaped Pulses
n an effort to determine if pulse duration or shape had
ny effect on the BLIRA signal, we also shaped the fem-
osecond pulses before the SHG crystal. To the limits of
ur pulse shaper, we were not able to uncover any depen-
ence, including simple shapes such as spectral phase
teps, changing bandwidths, and chirped pulses. An ex-
mple of our results is shown in Fig. 7 where BLIRA was
easured for varying amounts of chirp, both positive and
egative. In all tests, we were careful to keep the total
lue energy constant. As seen in Fig. 7, we were able to
mpart enough quadratic spectral phase to stretch our
undamental pulse by a factor of approximately 6, but no
ystematic effect on the BLIRA signal is seen. This is not
nexpected when we consider several points. First, since
he blue pulses are temporally dispersed by the optical el-
ments, including the waveguide itself, they would likely
ot lengthen the pulse significantly even with highly
hirped fundamental pulses. Thus, if a 50 fs fundamental
ulse corresponds to a 1 ps blue pulse (after dispersion), a
00 fs chirped fundamental pulse would roughly corre-
pond to a 1.3 ps blue pulse, a small fractional change in
ulse length. Second, our waveguides are long, and, as
een in Fig. 2, the amount of blue TPA is significant. We
uspect that a large amount of blue is absorbed whether
he pulse is 1 or 1.3 ps. Since BLIRA is concerned with in-
egrated trap density, which would be similar in the two
ases, the amount of BLIRA should not change. Finally,
ur tests with spectral phase steps (not shown here) also
ndicated no change in BLIRA, testament that the TPA
rocess is incoherent, as expected in broadband absorp-
ion processes. This is fundamentally different from TPA
rocesses in narrowband transitions, for instance, in
toms.31

. CONCLUSIONS
tudies of two-photon absorption and blue-light-induced
ed absorption in LiTaO3 waveguides were presented. Ul-
rashort blue pulses are heavily attenuated in moderate-
ength waveguides, and the experimental evidence for
PA is overwhelmingly convincing. There seems to be

ittle question that significant charge transfer is taking
lace owing to the presence of high-intensity light, espe-
ially when confined to a waveguide.

For BLIRA, the beautiful new theoretical work pre-
ented in Ref. 17 is compelling. With the inclusion of two
hysical mechanisms, direct band–band transitions and
onger-lived trap states, it adequately models data that
reviously eluded proper explanation,4,20 for pulses of 1
nd 4.4 ps duration. Furthermore, the model works well
or our new data using picosecond pump pulses and 4 ns
robe pulses.
The relaxation of the polaron states follows the

tretched-exponential model, presented in Ref. 6. It would
e interesting to shore up the discrepancy for short delay
imes by using an ultrashort probe throughout, although
t remains to be seen how one could delay this probe by a

illisecond or more.
Our initial foray into pulse shaping indicated that TPA

nd BLIRA were not sensitive to pulse duration, phase, or
hirp, at least with the system employed here. We suspect
hat a much shorter waveguide would be more sensitive
o pulse duration, provided that there exists a means of
elivering transform-limited pulses to the waveguide
ace, no small task. If one could, however, it would be ben-
ficial to perform these experiments with pulses in the
0–50 fs range. Then, one could not only study the subtle
ffects of different pulse durations in more detail but also
ook for absorption changes due to hot-carrier relaxation,
n area that has not yet been breached.
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