RL-TR-96-283
Final Technical Report
April 1997

HOLOGRAPHIC PROCESSING OF
HIGH-SPEED LIGHTWAVE SIGNALS FOR
THE TIME-DIVISION MULTIPLEXING

Purdue University

Andrew M. Weiner, David D. Nolte, and M.R. Melloch

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

DTIC QUALITY INSPECTED 4

¢ho G1L0L66!

Rome Laboratory
Air Force Materiel Command
Rome, New York



This report has been reviewed by the Rome Laboratory Public Affairs Office
(PA) and is releasable to the National Technical Information Service (NTIS). At NTIS
it will be releasable to the general public, including foreign nations.

RL-TR-96-283 has been reviewed and is approved for publication.

A

N 7= ot
APPROVED: - O :

GEORGE A. BROST
Project Engineer

.4

2
P ,)4(73 A G
FOR THE COMMANDER: "‘“\7
GARY D. BARMORE, Major, USAF

Deputy Director
Surveillance & Photonics Directorate

If your address has changed or if you wish to be removed from the Rome Laboratory
mailing list, or if the addressee is no longer employed by your organization, please
notify RL/OCPA, 25 Electronic Pky, Rome, NY 13441-4514. This will assist us in
maintaining a current mailing list.

Do not return copies of this report unless contractual obligations or notices on a specific
document require that it be returned.




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE
April 1997

FINAL, Jul 95 - Jul 96

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE

HOLOGRAPHIC PROCESSING OF HIGH-SPEED LIGHTWAVE SIGNALS

FOR THE TIME-DIVISION MULTIPLEXING C -
PE -
PR -

6. AUTHOR(S) TA -

Andrew M. Weiner, David D. Nolte, M.R. Melloch WU -

5. FUNDING NUMBERS

F30602-95-C-0137
62702F

4600

P4

PU

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Purdue University

West Lafayette IN 47907-1396

School of Electrical and Computer Engineering and Department of Physics

N/A

8. PERFORMING ORGANIZATION
REPORT NUMBER

Rome Laboratory/OCPA
25 Electronic Pky
Rome NY 13441-4515

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

RL-TR-96~283

11. SUPPLEMENTARY NOTES

Rome Laboratory Project Engineer: George A. Brost, OCPA, (315) 330-7669

12a. DISTRIBUTION AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

diffracted pulse remained essentially flat.

Photorefractive quantum well devices were evaluated for use in holographic processing of high-speed
lightwave signals by measuring the shape of a diffracted femtosecond pulse. Pulses diffracted from
photorefractive quantum wells were broadened, but remained nearly transform limited. The phase of the

14, SUBJECT TERMS

| photorefraction, multiple quantum wells, short pulse, holographic processing

15. NUMBER OF PAGES
36

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
; OF REPORT OF THIS PAGE OF ABSTRACT
1 UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UNLIMITED

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANS! Std. Z39-18
298-102




II.
III.
Iv.

VL

TABLE OF CONTENTS

INtrOAUCHION ...ettce e e 1
Femtosecond Pulses and Photorefractive Multiple Quantum Wells ............................. 2
Pulse Shape Measurements........ccooiiiiiiiiiiiiiiiie i 6
EXPEIIMEnt ...t 10
Data and AnalySiS.........ooiiiiiiiii 14
RETEIEINCES . ... ettt 26



Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

AU

=

10.
1.
12.
13,
14.

LIST OF FIGURES

Experimental geometry for diffracting pulses from the photorefractive

QUANTUM WEILS. .. oun ittt 6
Optical properties of the photorefractive quantum Wells.........oooiiiiiiniinnnns 12
Calculated diffraction spectra of the photorefractive quantum wells. ....................... 13
Reference pulse auto-correlation vs. delay............ooooiiiiii 15
Gaussian fits to reference Pulse. .......ocovvviiiiriiiiiiiii 16
Electric field autocorrelation of reference pulse and inverse Fourier transform

of reference pulse POWETr SPECIIUIML....coiiririieimiiiiiiiiiiiniiiiiseitre st 17
Cross-correlation of transmitted pulse with reference pulse. ..., 18
Spectrum of transSmitted PUISE. .....e.uuveriurriiiiii i 19
Spectrum of transmitted pulse and calculéted SPECLIUIL . evvinitiireenaeeaieneeens 20
Electric field cross-correlation of transmitted pulse. ..........oooviieniiiiiii. 20
Electric field cross-correlation of the diffracted pulse and the reference pulse............. 22
Spectra of the diffracted PUISE. .........verriuiiiiiiii 23
Spectrum of the diffracted pulse compared with calculation. ..............covvinieinniieny 24
Electric-field cross correlation of diffracted pulse with reference pulse. ................... 25




HOLOGRAPHIC PROCESSING OF HIGH-SPEED LIGHTWAVE SIGNALS FOR THE TIME-
DIVISION MULTIPLEXING

1. Introduction

Ultrafast pulses contain a wide bandwidth, with 4 THz for a typical 100 fs pulse duration,
or 10 nm at a center wavelength of 850 nm (~20 nm at a center wavelength of 1550 nm). The
successful use of this bandwidth is desirable for high throughput of coded data in fiber optic
communications channels. One method to achieve this is to combine N parallel channel$ each with
bandwidth B into one channel with bandwidth NB, such as through wavelength division
multiplexing, with the total bandwidth divided into N frequency intervals that are each modulated
independently over the bandwidth B. Another method is time division multiplexing, with the
modulation over the entire bandwidth using N time intervals, one for each input channel.
Unfortunately, no modulator is available that can operate at 4 THz. One technique to shape
ultrafast pulses over their full bandwidth is to use a Fourier-domain pulse shaper to manipulate the
pulse in the frequency domain to obtain the desired pulse characteristics [1]. This technique has
been extensively demonstrated for fixed Fourier masks [2] and programmable liquid crystal
modulator Fourier masks with phase control [3] and amplitude and phase control [4]. Placement
of a holographic material in the Fourier plane enables more complex and nonlinear operations, such
as reversal of a pulse in time [5]. For dynamic pulse shaping, an ideal diffraction material has flat
amplitude and phase response over the bandwidth of the pulses, and a fast response time for high
repetition rates. Photorefractive quantum wells are a candidate for the dynamic holographic
medium in a pulse shaper [6, 7]. Diffraction from quantum wells relies on absorption and index
gratings with strong wavelength dependence. The chief question investigated in this research is
whether these strong dispersion effects significantly distort the ultrafast pulse. Photorefractive
quantum wells are evaluated for use in a pulse shaper by measuring the shape of a diffracted
femtosecond pulse.

Previous work in bulk photorefractive crystals with two-wave mixing of femtosecond
pulses includes pulse characterization [8, 9] and pulse shaping [10, 11]. Bulk ferroelectric
materials have the advantage of large photorefractive response, but the disadvantage of long grating
formation times. Also, two-wave mixing is trivially phase-matched, but four-wave mixing
requires tedious Bragg matching of a third beam in bulk materials. Short pulses can also suffer
from broadening by dispersion when traversing a long interaction length in a bulk crystal. In
contrast, photorefractive multiple quantum wells have a short grating formation time, and thin film
diffraction allows four-wave mixing without a Bragg condition. Quantum wells can also be
engineered in several material systems.

In the nondegenerate four-wave mixing geometry described here, femtosecond pulses
diffract from a grating written by an above-gap CW diode laser. This is in contrast to previous
work with photorefractive quantum wells where a near gap CW diode laser beam diffracts from a
grating written by above-gap femtosecond pulses to find the electric-field correlation function.
This was accomplished both with direct interference [12], and interference in a Fourier-transform
joint correlator geometry (time-to-space mapping) [13]. In both cases, photorefractive quantum
wells are used to characterize the shape of femtosecond pulses, but not change their shape, by
obtaining the square of the electric-field correlation envelope. The conceptual power of time-to-
space mapping is the correspondence to spatial image processing techniques. These techniques are
exploited in spectral holography.



In the following section II presents the theory of diffraction of femtosecond pulses from
photorefractive quantum wells and section III describes measurement of pulse shapes by two
different interferometric techniques, electric-field cross correlation and spectral interferometry.
Section IV describes the photorefractive quantum well optical properties and the experimental
procedures, and Section V, data and analysis.

II. Femtosecond Pulses and Photorefractive Multiple Quantum Wells

In this section, the temporal shape of a femtosecond pulse will be theoretically calculated
for pulses transmitted through and diffracted from a photorefractive quantum well. The most
convenient method is to Fourier transform the input pulse into the frequency domain. The
transmission or diffraction of a pulse is represented by a filter function, which is multiplied by the
input electric field and then inverse Fourier transformed to obtain the temporal shape of the output

pulse.

Femtosecond pulses are emitted from a modelocked laser in a train with repetition time
Trep, and a pulse duration is given as the full-width half-maximum (FWHM) #,. The center

frequency is @, the center wavelength is A = 2mc/w,, the propagation vector is k and the unit
propagation vector is k. The electric field for one pulse is

3(i,1) = Eof (1 F - % fc)exp (z(k F- (oct)) 1y

where & is the polarization vector, E, is the electric field amplitude, and f(¢) is the pulse shape
function. Note the sign convention in the exponential. In what follows, the polarization and
position are known and fixed, so the polarization vector is dropped, and X is set to 0. The electric
field simplifies to

e(t) = Eof (Nexp (~ioo ) )
and the intensity 1s
10) = 5 e) [* = LayTrerl SO 3)

where Z is the wave impedance, and the normalization of the pulse shape function is chosen to be

| Irwpar=1 @)
so that
T;Ep f : I(0)dt = Lyyg )

The function f(¢) is typically a hyperbolic secant or a gaussian function for modelocked pulses. A
For a gaussian,




f(£) o< exp (— 21n2(é)2) (6)

where [ is the FWHM duration.

Transformations between the time and frequency domains are accomplished with the
Fourier transforms

E(w) = F{e(n)} = f "~ e(exp (ior)dr

e(t)= F{E(w)} = f E(w)exp (~iot)dw (7)

e(1) Fogzer E(w)

which, for gaussian pulses, yields the relationships

2
I(2) o< exp (— 41n2(é) ) |E((,)) ’2 o< eXp ( yim 2(1‘ (- )) )
1T T . (8)

e(t) o< exp (- 21n2(%)2— icoct) Fogier E(®) o< exp ( 811 2(t (- )) )
P

The time bandwidth product for a gaussian is t,AvV =1 ,4In2 / 2mt , =2In2 / m= 0.441. If a

varying phase is added to the pulse, the pulse may become distorted. Generally, the phase can be
expanded in a power series of the frequency. The constant term is trivial. The linear term is also
trivial, since it only causes a shift in the conjugate variable. The lowest nontrivial term is the
quadratic term, which causes chirp. There may also be higher order terms. Chirp may be caused
by dispersion of a pulse transmitted through a material. In this case, the relationships are

I1(t) = | E@) | e
2 1|t (0—m,) 2
exp (- 4ln2(é) ) exp| - 41n2( :/W )
it %)
e(t) o Fourier  p(w) o ©)

2
exp (— 2n2(1 + iﬁ)(é){ iwct) exp —811?(1 - iB)(t—f/(%;—g;—))



where P is a parameter characterizing the amount of chirp. The sign of B is chosen so that B>0
corresponds to positive chirp (low frequencies ahead of high frequencies), and normal dispersion

(dn/dw > 0). If the chirp is caused by dispersion, then the bandwidth remains constant, that is

1,/ N1+ BZ is constant, so larger dispersion results in a longer pulse duration. The time

bandwidth product for a chirped gaussian pulse is ¢ JAV = 2In2 N1+ [32/ n. Transform limited

pulses are the shortest possible pulse for a given power spectrum. Therefore, increasing
dispersion causes longer pulses.

The transmission or diffraction of a pulse can be represented by a complex filter function
H(®) in the frequency domain. For transmission,

ET((D) = EIN((J))HT((D) . (10)

Neglecting Fresnel reflection at the surfaces of the thin film and the associated Fabry-Perot effects,
the filter function for transmission is

H (o) = exp (ifi(e) kL) (11)

where 7i(®) = n(®) + ioc(w) / 2k is the complex refractive index, k is the propagation constant in
free space, and L is the sample thickness. The transmission spectrum is

T(0) = |H(@) = exp (- () L), (12)

which can be measured.

In nondegenerate four-wave mixing, femtosecond pulses diffract from a grating written in
the semiconductor thin-film by a CW laser with a photon energy above the bandgap of the
semiconductor, as shown in Fig. 1. Photorefractive quantum wells operate by the
photogeneration, transport and trapping of charge at deep level defects, and an electro-optic effect.
The interference of the two writing beams creates a periodic intensity pattern /(x) which induces a
refractive index pattern

7i(x,) = Ai(o) + Ad(®)f(Kx + ¢) (13)

through the photorefractive effect, where Afi(®) = An(®) + iAo(®) / 2k is the complex change in
refractive index caused by the electro-optic effect, which implicitly depends on the applied electric
field as well as beam ratio, fringe spacing, and material parameters involving transport. The
grating vector is K, and ¢ is the phase offset between the intensity pattern and the index pattern.
The function fKx + ) is a periodic function with period 27, and is generally not a sinusoid due to
the nonlinearities in the transport and the electro-optic effect. The writing beams completely
determine the refractive index in Eq. 13, where the frequency ® is for the probe beam. The
spectral dependence in Eq 13 is determined by the transmission and electro-optic spectra of the
thin-film structure. The photon energy of the writing beams is implicitly included in K.

In the thin grating limit, the spatially varying phase shift diffracts the incident pulse into
many orders without requiring phase-matching. The strongest diffraction is from the lowest




harmonic (fundamental) grating, so f{Kx + ¢) is taken to be cos(Kx + ¢) [14]. The total electric-
field at the exit face of the material is

E 411(®) = Epy(@)exp (ifi(w) kL)exp (Aﬁ(m) KLcos (Kx + ¢)) : (14)

Using the relation

exp (izcos (8)) = 2 _ ime(z)exp (imS) (15)

and the previous definition for H{®),

[

Epi(@) = En@Hr(0) X i"],(Aii(w) KLjexp (im(Kx 4 ¢)) (16)
which contains all diffracted orders. The first-order diffracted electric-field is for m = 1,
Ep() = Ejy(@)H (o) iJ ,{ Afi() kL)exp (z(Kx + q))) . (17)

Using the approximation J m(z) =z™/2"m! for small z, and neglecting the phases, which are
unimportant, the electric field is written in terms of a filter function Ep(w) = E jy(0)H p(®) , where

H () = H {o)( Ai(w) kL)

(18)
= HT(co)%(An((o) kL + iAo(w) %)
and the power spectrum for the diffracted pulse is
2 2 2
| Ep@)|=| Ep(@) [ ]Hp(w) |
2 21 . L 2
= |En(@) || Hy(@)| 4| An(@) KL + ida(w) & (19)

=|Ew@)| T 1

An(®) kL) + | Ao(w) =
2 % 2

and the input diffraction efficiency is 1 () = ‘ Ep(w) |2 / ‘ E (o) |2 = | H p(w) 12 and the output

diffraction efficiency is 0 gy7(®) =| Ep(@|*/ | Ex)|" = | Hp(@) [/ | Hrw)|-

In the time domain, the electric field is ep(¢) = F UE p(®)} . The shape of the pulse is

InH)=IE D(co)l2 /2Z . Unfortunately, it is difficult to directly measure the temporal profile of an

ultrashort pulse. Therefore, several indirect techniques must be used, including linear electric-field
interference of the signal pulse with a reference pulse, and nonlinear correlation of the intensity




profile with a reference pulse. With a known reference pulse, the signal pulse can be fully
characterized.

Modelocked Jau
Ti-Sapphire  P» E g Translation
Laser Stage
Near Gap > MQW :

Si
CW Photodetector
Diode >4
Laser v Electric-Field
Above Gap Correlation
Spectrometer
Spectra and
Spectral Interference

Fig. 1. Experimental geometry for diffracting pulses from the photorefractive quantum wells. The
shape of the diffracted pulses is inferred from electric-field cross-correlation as well as spectral and
spectral interferometry methods. An above-gap CW diode laser writes the grating for
nondegenerate four-wave mixing. The CW beam is shown as the dashed line.

II1. Pulse Shape Measurements

Three linear techniques can be used to determine the shape of the diffracted pulse, as
shown in Fig. 1. These techniques include finding the electric-field cross-correlation of the
diffracted pulses with the reference pulse, finding the spectra of the diffracted and reference pulses,
and finding the spectral interference of the diffracted pulse and the reference pulse. The
interference of the signal pulse (the transmitted pulse or the diffracted pulse) and the reference
pulse (the input pulse) result in a total electric field

ETOTAL(t’T) = Es(t) -+ ER(t - T) (20)
= Egfs(Dyexp (- iorgt) + Epfilt — Dyexp (~ ig(t - 7))

where 1 is the delay of the reference pulse relative to the signal pulse. The reference pulse is the
input pulse, and the intensity of the interference is

2
Iroral(tT) = ilz_l Erorar(t:) ‘
2 2 . |
= 35l s+ 2] Bxtr- [ +4Re (Est0E70 ) @

= I4(t) + In(t — ) + 24/ I g Re ( FOf pt — Dexp (~ idot)exp (- iu)c'c))




—

where A® = wg - wr. In the following, the frequency difference is incorporated into f, and

Aw =0. A standard silicon photodetector cannot respond faster than 10 ns, which is much longer
than 100 fs. Therefore, the detected intensity is averaged

Iroma® = | Tronu(tods
= Ig+Ip+2y/TolgRe (exp (- i) f : FOF ot - T)dt)
=I'1or b( 1+mRe (exp (- iw )y R(r))) ' (22)
=Irorarf 1+m ’YS,R(T) \COS (arg(Ys,R(T)) - OJCT)
where m = 2@ / (Is+1Ip) is the modulation depth of the interference, and

Ysa(® = [ 077~ 23)

- is the correlation function, which contains all the useful information about the interference. For a
gaussian signal and a gaussian reference pulse, when both are transform limited,

2
|75 &(7)] o< exp (- 41n22—(t§"+“t%)) (24)

which has a width 1 SR=A/ 2(:% + t,z\)) , and reduces to Trr =2ty for an autocorrelation. The

correlation function can also be found for the case where the signal pulse is a chirped gaussian, but
the analytic expression is complicated, and therefore not directly useful. Generally, the width of
the correlation will be smaller than expected for a transform limited pulse of the same duration, due
to the reduced coherence between the signal and reference pulses. In the special case where signal
is a chirped gaussian with the same power spectrum as the reference, the duration of the signal -

pulse is fg=1z0/1 + B2 and the correlation width is Tspr=2tgy 1+ (B/2)% . This is the case

where the pulse is transmitted through a transparent material with dispersion.

A connection between the time domain and the frequency domain can be made through the
Fourier transform of the correlation function

Ysx@ O Ew)F o) (25)

and in the case of autocorrelation reduces to

Yra® O | Py | () (26)




—

which is just the power spectrum. This is useful for checking consistency between time domain
electric-field autocorrelation and the power spectrum.

In the frequency domain, there is interference of the spectra [15, 16]. Following Ref.
[16], the electric-field in the frequency domain is

Eorar(®7) = Eg(@) + Eg(®)exp (i)

27)
= EgFg(® — @) + EgFR(®— Op)exp (ior)
and the detected intensity from spectral inteferometry is
2 2 ] 2
ETOTAL((D,T) , = lEs((D) l + ’ ER((O)exp (IOYC) ‘
+2Re (E S(@)E (@)exp (—im)) (28)

=|Eg(@) 2+ Ex(@)[* + 2| Es(@) | Ex(@) lcos (Aq)S,R((o) - (m:)

where Adg p(®) = arg (E S(u))) —arg (E R(o))) = arg (F (- (DR)) —arg (F (@ - (DR)) is the phase
of the signal spectrum relative to the phase of the reference spectrum. The interference may seem
counterintuitive, because there is interference even when the pulses are separated by a delay much
greater than the pulse length. However, since the maximum delay is inversely proportional to the
resolution of the spectrometer, a particular wavelength interval is effectively spread in time to a
shape that is the inverse Fourier transform of the spectrometer bandpass function. Therefore, a
resolution that is ten times smaller than the pulse bandwidth will allow spectral interference when
the pulses are separated by as much as 107,. An equivalent viewpoint is that the delay must be
short enough for the spectrometer to resolve the interference fringes. If the maximum delay is
exceeded, the fringes are washed out so that the measured quantity is the sum of the individual
power spectra.

The spectral interference contains both individual spectra as well as the interference. The
individual spectra are each measured separately and subtracted from the interference to obtain the

interference spectrum

S(@.7) =| Erorar(@) "~ Es@) P~ |Ex@|’
=2Re (E S(@E g(@)exp (— i(m:)) (29)

=2EgERRe (FS((D - (oR)F;(co — WRIEXP (— iu)'c))

which has a functional form similar to the correlation function, i.e., a pulse function on a carrier or
an envelope with oscillations. Also, both the correlation and the spectral interferometry data are
real parts of a complex function. To calculate the envelope magnitude and the phase of the
oscillations, one can recover the complex function from the real function. For a function x(?) (such
as the electric field correlation),




() = 2Re ()”c(r) exp (—iwcr))
= (1) exp (-io,T) + £ (1) exp (ieo,7)
Fx(n} =X(©-0)+X -0-0) (30)
B(@F{x(1)} = X(0- )

F- l{e(m)F{x(r)}} = 5(1) exp (i)

where 0(w) is the step function that selects the positive frequency values. For a function X(®)
(such as the spectral interference),

X(w) =2Re (}?(m) exp (i(m:))
= X() exp (i) + X (@) exp (~io1)
F-YX(@)}=5t-1+%(~1-7) 31)
0F {X(w)} =%t~ 1)

F{G(r)F* 1{X(co)}} = X(w) exp (io)

In both cases, the transform of the real function is the sum of the desired function shifted to the
right and its complex conjugate shifted to the left. The overall operation is valid when the function
and its conjugate do not overlap at the origin, so that the step function selects all of the desired
function and none of its conjugate. For the electric-field cross-correlation using Eq. 30, the
condition is that the bandwidth of the pulse is much smaller than the center frequency. This is
equivalent to a slowly varying envelope approximation where there are many oscillations under the
envelope of the function. This is true for 100 fs pulses in the infrared, but breaks down for 10 fs
pulses. Similarly, for the spectral interference using Eq. 31, the condition is that the delay must be
much larger than the pulse width, again so that there are many oscillations under the envelope. In
this case, the delay can be chosen to satisfy this condition.

Both interferometric techniques depend on the characteristics of the reference pulse.
Spectral interference of two pulses provides the relative phase of the pulses. If the reference pulse
is close to transform limited, the phase difference is the phase of the signal pulse. The combination
of second-harmonic autocorrelation and measurement of the spectrum of the reference pulse can be
used to estimate how close the pulse is to transform limited. When the reference pulse is not
transform limited, a technique such as frequency resolved optical gating (FROG) [17] must be
used to fully characterize the reference pulse. Standard techniques are sufficient for this work
because the reference pulses are assumed to be well behaved and the frequency difference between
the signal pulse and the reference pulse is the quantity of interest.

Second harmonic generation correlation depends on the intensity of the pulse. For
background free second harmonic correlation, the second harmonic output intensity is



1501 = (L)

= (IR - ) G2

where <> denotes time average over a repetition period. The interferometric second harmonic
generation correlation depends on the relative phase of the two pulses. If the amplitudes are taken
to be equal, the second harmonic intensity (using the total electric field from Eq. 20) is

171 = (Ly(t,1))
o (| Eq(8,7) ’2>

o< <‘ EZoratD) ’2>

o <| o+ -0 [ + 4 s P o=

+ FH0f Rt - Dexp (- 2io7) : (33)
+ 2150 f S f rt — Dexp (— io,T)

F2f(O et =) fr (= Dexp (- icoct)>

The measured intensity at the peak is eight times the value for large pulse separations. When the
interferometric intensity is averaged over one interference fringe,

O)CJ;"’E IéIYDT(T—T,de,z<|f5(t)’4+’fR(I—T)\4+4‘fS(t)|2IfR(t——’E)’2>

34
=12+ 1% +4155(7) (3

which is the background free result with a background due to the second harmonic of each pulse.
For gaussian pulses,

2
180(1) o exp (— 4ln2;%t—2) (35)
S R

- which has a width of ’l:?fe =4/ t% + t,% , and reduces to 1:1135; =2t r for autocorrelation.

IV. Experiment

The multiple quantum well structure used in our experiment was grown by molecular beam
epitaxy in a Varian Gen II chamber. The growth began with 0.5 pm GaAs on a semi-insulating
GaAs substrate, followed by 500 nm of Alg 5Gag sAs, 20 nm of AlAs, and 10 nm of GaAs was
grown for substrate removal etches. After 250 nm of Alg 1Gag 9As, 85 periods of 7.5 nm GaAs
wells and 10 nm of Alg 1Gag 9As barriers were deposited, followed by 150 nm of Alg.1Gag 9As.

10




After growth, the samples were proton implanted with a dose of 1012 cm-2 at 160 keV and 5 x
1011 cm-2 at 80 keV to create deep level defects and render the material semi-insulating [18, 19]
and photorefractive [6, 20]. The implanted wafer was cleaved into 3 mm x 3 mm pieces. To
remove the substrate for transmission experiments, the substrate was lapped to 100 pwm, and then
etched with a 1:19 ammonium hydroxide/hydrogen peroxide etch to the 50% Al stop etch layer
[21]. Then an HF acid etch removed the 50% Al layer and the AlAs layer [22]. Gold contacts are
evaporated directly onto the low bandgap GaAs layer with a 1 mm aperture across which a field is
applied in the plane of the quantum wells, perpendicular to the growth direction.

The transmission and electro-optic effect of the photorefractive quantum wells are shown in
Fig. 2. The data are measured using a 1000 W halogen source filtered by a 0.85 m double
spectrometer. There is a peak absorption due to the quantum-confined heavy-hole exciton of
approximately 104 cm-! for the 1.9 um thickness of the quantum well region. The change in
absorption and the change in the refractive index spectra due to the electro-optic effect are shown in
Fig. 2(b). The electro-optic effect with a field applied in the plane of the quantum wells is due to
the field ionization of the excitons, which broadens both the light-hole exciton absorption feature
and the heavy-hole absorption feature, resulting in a characteristic double dip. The differential
transmission is measured by applying a sinusoid that varies between 0 V and 400 V with a
frequency of 277 Hz. The change in absorption is calculated using .

AC(F\) = — %m (Ag((i’)x) + 1) (36)

where L is the thickness and F is the applied field. The change in refractive index was calculated
using the Kramers-Kronig transformation

= Aos)
0 S2—(D2

An(®) = £P ds (37)

with a maximum absorption change of 1000 cm ! and a maximum refractive index change of
0.005. The CW input diffraction efficiency spectrum shown in Fig. 3(a) is calculated directly from
the transmission and electro-optic spectra using Eq. 19. Since the heavy-hole exciton oscillator
strength is much larger than light-hole exciton oscillator strength, the peak is almost entirely due to
the heavy hole exciton, with a maximum input diffraction efficiency of 10-4. The spectrum of the
diffracted phase shown in Fig. 3(b) is calculated only from the changes in absorption and refractive
index, and not from the background index spectrum, which is not known in detail. Despite the
oscillation in the electro-optic spectrum, the phase is relatively flat. That is, the change in refractive
index spectrum is approximately the same as for the change in absorption, but shifted by a constant
phase, because of the relationship through the Kramers-Kronig transform.
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The femtosecond pulse is diffracted from the photorefractive quantum well using non-
degenerate four-wave mixing, as shown in Fig. 1. The femtosecond pulse source is a Clark NJA-
4 modelocked Ti-Sapphire laser (with 100 MHz repetition rate), pumped by a Coherent Innova-
310 Argon Ion laser. A 685 nm diode laser is the source for the writing beams, with a photon
energy above the bandgap of the quantum well barriers. The fringe spacing of the interference
pattern is 10 pm, which is far above the resolution limit of 3 um and below the limit where
scattered light from the transmitted beam overlaps with the diffraction. The incident intensity from
the writing beams is 2 mW total with a beam ratio of unity, while there is 2 mW in the probe
pulsed beamn, which results in a total intensity of approximately 40 mW/cm?. To obtain the largest
diffraction efficiency, the writing beams should be much stronger than the probe, but diffracted
power is maximized when the ratio of the writing beam power to the probe power is near unity.
An advantage of photorefractive quantum wells is their ultra-low sensitivity, where the gratings are

fully developed for a saturation intensity of 10 uW/cmz. There is a trade-off between response
time and intensity, with shorter response times for higher intensities. At an intensity of
40 mW/cm?2, the response time is about 10 pus. Over the duration of one 100 fs pulse, the
photorefractive grating remains essentially static. To obtain diffraction, a field is applied by
applying 400V DC over a 1 mm gap for an average field of 4 kV/cm, and the writing beams are
chopped at 1.0 kHz.

The shape of the pulse is measured using the linear techniques described above, which use
an undistorted reference pulse. The delay line for the reference pulse uses a hollow retroreflector
mounted on a stepper-motor driven translation stage with a 0.1 um step size. A biased p-i-n
silicon photodetector is used for electric-field correlation. Spectra are measured with a 0.275 m
spectrometer with a CCD for capture. Nonlinear correlation is accomplished with 0.5 mm thick
BBO with a photomultiplier tube to detect the second harmonic. Both field and second-harmonic
correlation scans are performed by chopping the writing beams and measuring the signal with a
lockin amplifier. For correlation scans, the envelope function can be used to estimate the signal
pulse shape, given the properties of the reference pulse. However, the combination of the
uncertainty of the translation stage and drift of the relative path lengths as the translation stage is
scanned makes phase information unreliable for correlation scans. There is no drift between
adjacent points in the spectra because the CCD captures all points simultaneously.

V. Data and Analysis

The characteristics of the reference pulse are important for interferometric and correlation
techniques. Pulses from the laser used in this experiment are typically 100 fs in duration and are
nearly transform limited gaussian pulses. The reference pulse electric field autocorrelation is
shown in Fig. 4(a), and the interferometric second harmonic autocorrelation is shown in Fig. 4(b).
The sign convention is that positive delays correspond to the reference pulse arriving after the
signal pulse at the detector. Therefore, the leading edge of the pulse is on the left, so the pulse
appears to be moving from right to left. With a 100 nm step size for the translation stage and
approximately 850 nm center frequency, there are over four points per interference fringe. The
heavy line in Fig. 4(a) is the envelope of the correlation function Yg r(T) calculated using Eq. 30,
which has a width of 213 fs. The power spectrum is shown in Fig. 5(a) with a width of 8.8 nm,
and the average of the second harmonic autocorrelation is shown in Fig. 5(b) with a width 158 fs.
Both curves in Fig. 5 are fitted with gaussian functions to show that the pulse is approximately a
gaussian shape. Electric field autocorrelation of the reference and the Fourier transform of the
spectrum match well, as shown in Fig. 6. These curves should match according to Eq. 26, which
verifies that the spectral data is consistent with the correlation data. The time-bandwidth product is
calculated directly from the spectrum
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using ¢ V= tpcAk/ A2, where ¢ = 300 nm/fs, and Iy is calculated from the second harmonic

autocorrelation width using Eq. 30. The time-bandwidth product for the reference pulse is 0.41,
which is consistent with a transform limited gaussian pulse.

The absorption and refractive index spectra distort the transmitted pulse. The electric field
cross-correlation of the transmitted and reference pulses is shown in Fig. 7(a), and the
interferometric cross-correlation is shown in Fig. 7(b). The transmitted pulse has a tail on the
following edge of the pulse. The power spectrum in is shown in Fig. 8(a) and the phase spectrum
is shown in Fig.8(b), calculated from the spectral interference of the transmitted pulse with the
reference pulse. The tail is due to either the amplitude or phase of the transmission function
Hp(w). InFig. 9, the power spectrum data is compared with the power spectrum calculated from
the product of the transmission in Fig. 2(a) and from the power spectrum of the reference pulse.
In Fig. 10, the electric-field cross-correlation data is compared with calculations from spectral
measurements. The calculation using both the amplitude and the phase nearly matches the data,
while the calculation without the phase fails to produce a tail. Therefore, photorefractive quantum
wells distort transmitted pulses due to both absorption and refractive index variation over the
bandwidth of the pulse.

17



Electric Field Correlation (norm)

2™ Harmonic Correlation (norm)

1 I s |
Transmitted
Pulse
0.5
0 e e (a)
-0.5 “ - ‘o - Data
RS Calculated Envelope
-1 | | | i ! | |
-800 -600 -400 -200 0 200 400 600 800
Delay (fs) 960514 thru xc
6 I I I
Transmitted .
5 Pulse 7
4 - L -
- - )
2
1
0 I | | By | | |
-800 -600 -400 -200 0 200 400 600 800
Delay (fs) 960514n thru nlxc

Fig. 7. Cross-correlation of transmitted pulse with reference pulse vs. reference pulse delay: (a)
electric field cross-correlation; (b) interferometric second harmonic cross-correlation. The

transmitted pulse shape has gained a tail on the following edge of the pulse.

18




1.2 |

T
Transmitted

1 - Pulse =
g 0.8 - Reference -
) Pulse \'
g 06 ' 1 (a)
[
2 0.4 —
=
]

0.2 - |

0 | 1 | [

835 840 845 850 855 860

Wavelength (nm) 960514klm fs thru
=
&
=
2
&
=
a Transmitted
0.5 ¢ Pulse b
-1 | j ( I
835 840 845 850 855 860

Wavelength (nm)

960514klm fs thru

Fig. 8. Spectrum of transmitted pulse: (a) transmitted and reference pulse spectra; (b) transmitted
pulse phase measured by spectral interference. There is a notch in the transmitted pulse spectrum

due to the heavy hole exciton absorption feature.

19



1.2 T T
Transmitted
1= Pulse I
0.8 Data _

--------- Calculation

04 -

Intensity (norm)
o
o
I

835 840 845 850 855 860
Wavelength (nm) 960514klm fs thru

Fig. 9. Spectrum of transmitted pulse and calculated spectrum.

s 1.2 | T I
s
= { Transmitted .
B Pul ata
g et A N p— Calulation
= 08 — = = Calculation w/o phase
)
E
= 0.6 _
&)
<
i 04 —
=
g 0.2 —
& et
§ 0 ! - 7 | | \T‘ T o
= -800 -600 -400 -200 0 200 400 600 800

Delay (fs) 960514j thru xc

Fig. 10. Electric field cross-correlation of transmitted pulse. The first calculation uses the
amplitude and phase from the spectral measurements, while the second calculation uses only the
amplitude, with the phase set to zero. The phase is necessary to describe the tail on the correlation.

20




The peak of the diffraction efficiency spectrum in Fig. 3(a) broadens the diffracted pulse by
reducing its bandwidth. The electric-field cross-correlation of the diffracted and reference pulses is
shown in Fig. 11. The calculated envelope has a width of 433 fs, more than twice as long as the
reference field autocorrelation width of 213 fs. Assuming the diffracted pulse is a transform
limited gaussian, Eq. 24 can be used to estimate that the diffracted pulse duration is

ts=\ 5 -I& (38)

which is 285 fs, where the reference pulse duration is the same as used above. The increased
duration of the diffracted pulse compared to the reference pulse is in general due to a combination
of the decreased bandwidth of the pulse, and the variation of the refractive index over the
bandwidth, that is, chirping (or higher order) changes in the phase. In Fig. 12(a), the spectra of
the reference and diffracted pulse are shown. The diffraction spectrum appears to also be nearly
gaussian, and the spectrum and the estimate of the pulse length are used to calculate a time-
bandwidth product of 0.43, also very close the that for a gaussian. The phase in Fig. 12(b) is
nearly flat, confirming that the pulse is nearly transform limited.

The spectrum of the diffracted pulse is calculated from the electro-optic data and compared
with the data in Fig. 13. The difference between the data and the calculation is likely due to the
difference between the modulation depth of the space-charge field during photorefractive mixing
and the modulation of the field used for differential transmission. Even with a beam ratio of unity

‘in the writing beams, the effective modulation of the space-charge field will be limited by the
transport. If the effective space-charge modulation were known, then a precise comparison could
be made. Some error may also be due to nonuniform distribution of the field between the contacts
[23] , but this effect should be small since the incident intensity is high.

The electric-field correlation of the diffracted and reference pulses is calculated from the
spectral data using Eq. 18 and compared with the data in Fig. 14. The calculation with and without
the phase are nearly identical, indicating that the phase variation of the diffracted pulse is small, so
the pulse is nearly transform limited.

In conclusion, pulses diffracted from photorefractive quantum wells are broadened, but
remain nearly transform limited. The broadening is. due to the bandwidth of the diffraction
efficiency spectrum, which is determined by the electro-optic properties of the quantum wells.
Since the phase of the diffracted pulses remain essentially flat, therefore, the chief limitation to the
diffracted pulsewidth is the photorefractive bandwidth, not the dispersion of the index gratings.
This indicates that photorefractive quantum well devices will be useful for pulse shaping. Future
work includes the design of structures with wider bandwidth through bandgap engineering of the
quantum well structure [24] . To obtain more diffracted power, asymmetric Fabry-Perot structures
[25], and perpendicular geometry p-i-n structures [26].are being explored. Finally, photorefractive
materials that operate at a wavelength of 1.5 um [27] are required for pulse shaping compatible
with fiber-optic communications technology.
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