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Adaptive femtosecond optical pulse combining
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We combine two nominal 100 fs pulses into a pulse train using an adaptive holographic
quantum-well film as an adaptive pulse combiner in a two-wave mixing geometry. The two pulses
in the combined pulse train are phase-locked and are immune to drifting optical path differences or
delay times between the two input pulses. The phase is controlled by the choice of center
wavelength. The spectrum of the pulse train is equivalent to the spectral interferogram between two
ultrafast pulses. €2000 American Institute of PhysidsS0003-695(00)02249-X]

Adaptive interferometers that self-compensate for me- 2mng(w,Fo)L  ax(w,Fo)L
chanical vibrations and laser speckle can contribute to many k(@)=
applications. These include adaptive beam combihiager-
based ultrasound detectiéf Jaser communication, imaging WhereF, is the applied electric fieldny is the refractive
through turbid medi4;® etc. Adaptive beam combining is index grating, andxy is the absorption grating. The holo-
performed through two-wave mixing in dynamic holographic graphicgrating has a phase,r that arises from the refer-
media, such as in photorefractive quantum wellst per- €nce pulse delay, wher@, is the center frequency of the
form as adaptive holographic films. We previously demon-pulse. This phase can be understood as a spatial shift of the
strated adaptive laser-based megahertz ultrasound detectitriensity fringes caused by the change in path length of the
in photorefractive quantum wells, approaching within a fac-reference beam. In Eq1) the diffracted pulse has a phase
tor of three of ideal shot-noise-limited detecffomsing cw w7 arising from the delay of the reference pulse. It is impor-
light. In that application the excitonic nonlinearity in the tant to note that the delay-dependent phase of the holo-
multiple quantum wel(MQW) device induces an excitonic graphic grating depends only on the center frequency of the
spectral phase that guarantees the appropriate condition BflIs€wg, while the delay-dependent phase of the diffracted
quadrature for maximum homodyne sensitivity. The linearamplitude is a continuous function of frequeney Further-
frequency dependence of the excitonic spectral phase fufnore, the diffracted amplitude acquires a phasefrom the
thermore allows nearly transform-limited diffraction of fem- photorefractive phase shift, and an additional excitonic spec-
tosecond pulses from the quantum wélishich have been tral phase relative to the signal beam, which is givef by
used in numerous demonstratidfg! Nty ()

In this letter we demonstrate adaptive femtosecond pulse  y(w)=tan ! —
combining in photorefractive quantum wells. The relative 4mn(w)
phase between the two pulses is set by the choice of thEhis phase varies nearly linearly with frequency, represent-
center wavelength of the pulse, and is self-adaptively phaseng a group delay of the diffracted pulse given by
locked by the dynamic gratings, independent of relative path
differences(time delay$ between the coupled pulses. :dl/’(“’) ~

e . Tgroup Ta, (4)

In a two-wave mixing geometry, the reference pulse is do
diffracted into the direction of the signal pulse. The ampli-
tude of a spectral component of the signal fi@&ld w,L)
after passing through the dielectric film of thickndssand
mixing with the diffracted amplitude of the reference fi&d
is given by

: 2

\ cosf’ ! 2 cosb’

: ()

whereT, is the dephasing time of the quantum-confined ex-
citons. In the transverse-field photorefractive quantum well
the group delay is approximately 200 fs. All contributions to
the spatial phase in Eq(1), including distorted wave fronts
(speckle, are included in the complex wave amplitudes and
Es(w,L)=€%[EY o) are compensated by the dynamic grating. The important fea-
ture of Eq. (1), when it is transformed from the spectral
+(36¢(w)e 1 (@ort ¢pt 2V EO(y))efem] (1)  domain to the time domain, is that the diffracted pulse is
) i delayed by a timery,;+ 7, but the optical phase of the
where_ the _term_ in rounded brackets_descrlbes the hologiffracted pulse is locked at the valug(wg) + dp+ 7/2),
graphic gratingr is an adjustable delay time of the reference,hich is independent of the adjustable detajThis absolute
pulse relative to the signal pulse, and the zero superscripi$yase can be externally controlled by the choice of center

refer to the incident amplitudes. The complex holographicequencyw, and by the field dependence of the photorefrac-
grating with spatial Fourier indeK is given by tive phase shifep .

The samples used in our experiments were photorefrac-
3Electronic mail: nolte@physics.purdue.edu tive multiple quantum wells grown by molecular beam epi-
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FIG. 1. Showing the cross correlations
(a) and(b), and the spectréc) and(d),

of transmitted signal and diffracted
reference pulses, respectively. The
guantum well sample was under an ap-
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taxy (MBE). The structures consisted of MBE and spectrum of the diffracted reference beam. The dif-
Alg Ga ;As/GaAs MQWs grown on semi-insulating GaAs fracted pulse is slightly broadened due to the limited band-
substrates. Capping and stop-etch layers were grown onwidth of the quantum-well electroabsorptidrBecause the
semi-insulating GaAs substrate at 600 °C, followed by aexcitonic phase shift for this device varies nearly linearly
MQW layer grown at 600 °C consisting of a 100 period su-with wavelength, the diffracted pulse undergoes no phase
perlattice of 70 A GaAs wells and 60 A MGa,-As barri-  distortion on diffraction but it acquires a group delay of
ers. The samples were proton implanted at a flux of 2~200 fs. The shapes of these cross correlations were sym-
X102 cm2 at 160 keV and then at a flux of 1 metric with respect to a change in the sign of the applied
X 102 cm™2 at 80 keV to make them semi-insulating with field.
uniform defect densities. The substrate is opaque and is re- Figure 2 shows the cross correlations and spectra of the
moved for transmission studies. Two coplanar gold contactsombined pulse train under mixing with applied fields of
are evaporated on the top layer with a device aperturelof +10 and —10 kV/cm. The cross correlation of the signal
mm. beam under mixing in a negative field, shown in Figa)2

A Millennia (Coherent Ing. pumped Kerr-lens mode- exhibits an interference null on the trailing edge of the pulse.
locked Ti:sapphire(Clark MXR NJA-3) was used as the This null is caused by destructive interference of the trailing
source for these experiments which produced transformdiffracted pulse with the transmitted pulse. When the applied
limited pulses of 125 fs at the exciton wavelength of 830 nmfield sign is reversed the interference null disappears in Fig.
These pulses were input into a Mach—Zender interferomete2(b). The photorefractive phase shiff is dependent on the
and interfered at the MQW sample to produce an interferapplied field, and flips sign under change in sign of the
ence pattern with a fringe period of 3@0m, similar to the field.!>*3At the high fields used in the experiment, the phase
experimental setup in Ref. 1. In this letter the two pulses willchange upon flipping the field is nearly equal#tpconvert-
be identified as the signal and reference pulses. The signaig destructive interference into constructive interference be-
pulse is the pulse transmitted through the MQW, and thaween the diffracted and transmitted pulses when the direc-
reference pulse is the pulse that diffracts to combine with theion of the field is flipped.
transmitted signal pulse. The holographic space-charge grat- The spectra of the combined pulses in Figg) 2nd 2d)
ing in the photorefractive quantum well is a quasi-cw gratingalso change upon flipping the sign of the applied field. The
that is written by the time-average intensity of the twochange in the photorefractive phase shift changes the photo-
beams. The ratio of the intensities of the coupling beams waefractive gain spectrum, which is observed as a shift in the
set so the signal beam was half the intensity of the referencdip in the spectrum. However, in our experiment, recording
beam(0.36 and 0.8 mW/cihaverage intensity, respectively the spectrum of the combined pulse train is identical to the
to maximize the visibility of the coupling effects. Once the use of spectral interferometry to characterize the relative
coupling was optimized using four-wave mixing, both the phase of two ultrafast pulsé$Although in this experiment
spectrum and cross correlation of the coupled pulse werthe physical delay is set to zefe=0), the group delay time
recorded. The cross correlation was performed by recordingetween the two pulses in the diffracted pulse train deter-
the interference of the transmitted pulse with a transformimines the fringe density in the spectral interferogram. The
limited control pulse on a silicon photodiode. group delayryopis Not dependent on the sign of the electric

Figures 1a) and Xc) show the cross correlation and field, keeping the fringe density the same in both Figs) 2
spectrum of the transmitted signal pulse after traversing thand 2d). But the phase of the diffracted pulsesensitive to
MQW with an electric field of 10 kV/cm applied parallel to the sign of the field, which is seen in the shift of the inter-
the wells. Figures (b) and Xd) show the cross correlation ference fringe in the recorded spectrum.
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To demonstrate that the beam combiner compensatexdjusting either the center wavelength or the electric field to
changes in the optical path differentténe delays between achieve quadrature. But once the quadrature is set, it is im-
the two input pulses experiments were performed investi- mune to mechanical vibratiorithat alter delaysor speckle.
gating the sensitivity of the position of the interference null The photorefractive quantum wells therefore ensure quadra-
shown in Fig. 2a) on a changing physical deldthe param- ture even in the presence of low-frequency mechanical vibra-
eter 7 in Eq. (1)] between the coupling beams. Figure 3tions, thus opening up this technique for adaptive interfero-
shows no change in the position of the interference nulimetric applications using ultrafast pulses. In conclusion, the
when the adjustable delay was scanned through 12Zthés operation of an adaptive pulse combiner is demonstrated that
coherence length of the pulses being usekhis demon- combines pulses with a constant relative phase despite vari-
strates that the phase between the combined pulses is caable arrival times of the pulses. The adaptability of this de-
stant even though the diffracted pulse is delayed in the pulseice makes it suitable for high-bandwidth interferometric
train. In other words, the adaptive hologram compensates thiechniques(such as laser-based ultrasounehere low fre-
phase of the diffracted pulse, while having no effect on thequency noisde.g., mechanical vibrationss problematic.

delay itself. )
It is important to point out that in laser-based ultrasound 'S work was supported by Grant No. 9708230-ECS of

applications the requirement for maximum homodyne detecth® National Science Foundation.
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