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Abstract

Ultrashort optical pulses are widely and incredsinged in many diverse fields of
science and technology. By providing high temporakolution they enable
investigation and measurement of fundamental phlsichemical and biological
phenomena that occur on picosecond time scaletates. In addition ultrashort
pulses are an essential enabling tool for high dpgtical communications and data
processing technologies, as well as in advancedufaeturing and photomedicine
applications. In all of these areas precise measeme and control of ultrashort
optical pulses is vital - advances in ever shomelse generation must be

accompanied by new methods to characterise andoolate them.

This thesis presents work on the ongoing developnoénan ultrashort pulse

measurement and manipulation technique known as-tilmspace conversion. Time-
to-space conversion uses sum-frequency generatatwebn spectrally resolved
ultrashort pulses to transfer information from timee domain to the space domain; in
other words to create the real-time spatial imafganoultrashort pulse. Mapping the
pulse temporal intensity envelope and phase ormoaai-static spatial image allows
high resolution measurement of these quantitiegramming the difficulty of

optoelectronic detection of ultrashort pulses diyeo the time domain. Furthermore,
the spectrally resolved nature of time-to-spacevemion results in a large time
window of operation. This enables a series of sktoat pulses to be simultaneously
transferred to spatially separated locations vi@raction with a single reference

pulse, thereby performing an all-optical demultquhg) operation.

The two main developments introduced in this thases a) greater feasibility of time-
to-space conversion for all-optical demultiplexingf a high speed optical
communications channel by demonstrating the tecteniqp a planar nonlinear
waveguide and b) the demonstration of full-fielduacterisation of ultrashort pulses
by using interferometric detection after the timespace conversion. The practicality
of time-to-space conversion for all-optical denpléking depends on minimising its
optical power consumption. This can be achieved ifmplementation of the
conversion process in the guided-wave regime, pesgal to the free-space regime in
which it has previously been demonstrated. The fitreee papers presented in this

thesis describe the preliminary steps towardsdgba, namely the demonstration of



non wavelength-degenerate and background-freenealliy phase-matched time-to-
space conversion and the demonstration of timgdmes conversion in a planar
nonlinear waveguide. Full-field characterisationutifashort pulses by time-to-space
conversion is enabled by the quasi-monochromatiityhe output sum-frequency
signal, a feature which follows from the unique metry of the oppositely dispersed
waves of the pulse to be measured and the refepaise. The quasi-monochromatic
converted signal can be mixed with a narrow lingwidocal oscillator for

interferometric measurement of the ultrashort pdiskel amplitude and phase. The
final two papers included here describe the finstet demonstration of full-field

measurement of bandwidth-limited and chirped pulsggime-to-space conversion
and of single-shot coherent detection of a phasduhated ultrashort pulse train.
Taken together, the work presented in this thesssdthieved an increase in the utility
of time-to-space conversion as an ultrashort optjgalse measurement and
manipulation technique, with potential applicatiansoptical communications and

data processing and in the field of ultrashort @ugeasurement.

Vi
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Chapter 1: Introduction

1.1 Ultrafast optical signals:
Enabling fundamental science and technology

Since the generation of the first sub-picosecors] ¢ptical pulses in the 1970's [1]
the field of ultrafast optics has developed cordllyy with ever shorter pulse
durations being attained including the recent destration of sub-100 attosecond
pulses [2]. Today ultrashort pulses are an essemtiestigative and enabling tool in a
wide variety of scientific disciplines and techngyo platforms. As the shortest
controllable events that mankind has produced,ethmdses offer unprecedented
temporal resolution for time domain measurementslivfast physical phenomena
and also for data processing and communicatiofmstdagies. A number of advances
in fundamental science have been made possible Itvgshort optical pulse

technology, for example time-resolved studies oflemdar interactions [3, 4],

advanced microscopy techniques in biophotonicaff] optical frequency combs for
metrology applications [6]. At the same time mamgas of technology utilise

ultrashort pulses, for example optical communicei¢7], photonically-assisted data

processing [8] and the increasingly significankfief photomedicine [9].

With ever shorter optical pulse durations beingiestd, new manipulation and
measurement techniques must be developed. Thecphysechanism on which these
techniques are based must have a response tinmeakeahort as the pulse itself;
otherwise the necessary temporal resolution isifgckFor 100 femtosecond (fs)
pulses this implies that the control mechanism Ehbave an operating bandwidth of
greater than 10 THz. State of the art electronicudis are limited to bandwidths of
~100 GHz and so lack the temporal resolution neddedirectly control sub-ps
duration pulses. In the absence of readily availaddternatives, the mechanisms
generally used to manipulate sub-ps pulses arellmasaonlinear optical interactions
between the pulses themselves.

Nonlinear optics serves as a means to control lghtising light, providing the
key to ultrashort pulse control and measurementtufously, but not surprisingly,
the fields of ultrafast optics and nonlinear opties’e developed hand in hand. The

high peak powers of fs pulses enable strong naalimgeractions, and in turn these



interactions can be used to generate, charactandecontrol these pulses. We can
understand how nonlinear optics comes into play lbgking at the induced
polarisationP(t) due to the electric field of an optical wave prggéng inside a

medium:
P(t) = & (YE([) + yPE?(t) + yPE3(t) +..) (1.1)

wheregg is the permittivity of free spacé&(t) is the time-varying electric field and
9, /@ and »® are the linear susceptibility and second and toirder nonlinear
susceptibilities respectively. Thegeterms determine the strength of the induced
linear and nonlinear polarisation by the electigddf Since the magnitude of the
susceptibilities decreases rapidly with each swieeshigher order, the nonlinear
terms are negligible as long as the electric fetténgth (or in other words the optical
intensity) is low. In this linear regime light pragates inside a medium subject to the
familiar laws of refraction, scattering and absmpt However when the light
intensity is such that the higher order terms bexaignificant, nonlinear optical
effects can be observed. For this reason the rearliphenomenon of frequency
doubling was first observed [10] just in one yetfierathe invention of the laser in
1960, with the whole field of nonlinear optics ungl@ng a period of rapid growth in

the following years.

One of the most widely used nonlinear optics phesrmanis wavelength
conversion. In the linear optics regime the indugeldrisation of atoms or molecules
results in a dipole oscillation at the same freqyeas the impinging electric field.
The light radiated by this dipole is then alsoh&t $ame frequency as the original light
wave. However, when the higher order terms of Edrate taken into account we can
see that the radiated light includes new frequetmyponents. Writing the time-
varying (optical frequency) electric field as:

E(t) = Aexp(- jat) +cc. (1.2)

whereA is the field amplitudey is the angular frequency and. stands for complex
conjugate, and looking only at th& 2rder term from Eqn 1.2 we have [11]:

PE(t) = 25, yP A% + £, P A2 expl- j2at) +cc. (1.3)

The first term is DC and represents optical remifon, which is the induction of a

static electric field in the propagation medium arficho particular interest to us here.



What is immediately noticeable in the second tesnthiat the induced dipole is
oscillating at 2 i.e. twice the original optical frequency. Themefdight at doubled

frequency is radiated and we now have the phenomefosecond harmonic
generation (SHG). In the example above we assusireggée optical wave entering the
nonlinear medium, however the general case is diyetine interaction of two waves

at different frequencies:

E(t)= A expl- jagt) + A exg- jawt) +cc (1.4)

The waves at frequencies; and w, could be two different beams of light
propagating together inside a nonlinear mediumintakhe 29 order term from Eqgn

1.1 we now have:

PO(t) = 26,y (A7 + AZ)+ £,x? (A? expl- j2aat) + A? expl- j2ayt)
+2A A, ext- j(@ + w, )t)+ 2A A expl- (@ - w, )t)+co)

In addition to the DC term and the two SHG ternmrireach wave individually,

(1.5)

we also have two cross terms at the sum and diiderérequencies of the two waves
representing sum-frequency generation (SFG) aniérdifce-frequency generation
(DFG). Here we can see a significant aspect ofineat optics generally, and the
most important one for the work presented heres Thithe interaction of different
light waves inside the nonlinear medium, which flyirgenerate a new light wave

whose complex amplitude and frequency depends atnofithe original waves. This

] o Bandpass
(a) Switch ‘off filter @ g
Signal @ o, Signal
blocked

(b) Switch ‘on’

. Signal

|

Signal @ o, through

-+
Control @ o,

Fig. 1.1. Generic all-optical switch based on SHt@l apectral filtering. (a) A signal beam at
frequencyw; passes through the (transparent) nonlinear mediutinisa blocked by a bandpass
filter, in this case the switch is 'off'. (b) To@pthe switch a control beam at frequengyis sent
into the nonlinear medium together with the sigfide SFG light generated at frequeneys =
w1 + w; is now transmitted by the bandpass filter, sosthigch is ‘on'.



is the nonlinear optics mechanism which enablesctrgrol of light with light. An

example of a generic all-optical switch is showrrigure 1.1.

By examining the 8 order term from Eqn 1.1 we could also see thirdnioaic
generation and four wave mixing (FWM). Another impat 3 order nonlinear
phenomenon is the Kerr effect, which is a nonlinrefractive index responsible for a
number of phenomena including self-phase moduld&®M) in the temporal domain
and self-focusing in the spatial domé&ikligh harmonic generation {harmonic and
upwards) is also possible, however this requireeemely high optical intensities in
order to achieve reasonable conversion efficiemuy i@ not relevant to the work

presented here.

2 Although the term 'nonlinear optics' specificalfars to the higher order nonlinear terms in the
induced dipole (Eqn 1), it also elucidates the &mdntal principle of this field which is: light
propagating through a medium is not only alteredhigymedium but also alters the medium itself. The
example of self-focusing due to the nonlinear itfve index is instructive. An intense beam of tigh
propagating through a nonlinear medium (note th#t @nough optical power any medium, including
air, is 'nonlinear’) will cause an increase inaefive index via the'3order Kerr effect. This nonlinear
refractive index will be largest on the optical saxvhere the optical intensity is highest and wét g
progressively smaller at greater radial distancayawom the axis. In fact the nonlinear refractive
index spatial profile will match the intensity pitef of the beam. Since most laser beams have a
Gaussian spatial profile, the induced refractivaeinprofile will approximate a parabola (at ledste

to the optical axis). In other words the beam wikkate a 'lens' in the medium through which it is
propagating. This lens will tend to focus the beawards, resulting in higher intensity on-axis, oHi
will cause a larger induced nonlinear refractivdex Further focusing will follow and so on. The
result is a positive feedback loop which will ordnd either when enough of the light is absorbed,
causing a drop in optical power and weakening @f dffect, or when the electric field strength
increases to the point where it causes dialectéakmlown of the medium. This accelerating dynamic
behaviour is characteristic of nonlinear systems.



An alternative approach to pulse manipulation isvtwk in the spectral domain,
taking advantage of the extremely large bandwidthdtrashort pulses. The temporal
pulse duration and spectral bandwidth of a lighs@ware Fourier transform related;
the shorter the pulse, the broader the bandwiddin. Sab-picosecond bandwidth-
limited pulses, the spectral bandwidth is of thdeorof a few THz (equivalent to
some 10's of nanometres in wavelength space).dardo modulate the individual
frequency components which comprise this bandwititd,pulse's spectrum must be
dispersed in space and this is achieved as foll@2}s

Fourier plane

Input \

unshaped pulse

Output
shaped pulse

Fig. 1.2: Spectral processor used for pulse shapiig input ultrashort pulse is angularly

dispersed by a diffraction grating. A Fourier lezenverts this angular dispersion to a linear
spatial dispersion at the Fourier plane, so thelh é@quency component of the pulse is focused
to a different position along the plane. This akogirect amplitude and / or phase modulation of
each spectral component individually, usually bgtatic mask or liquid crystal based spatial

modulator. The spatial dispersion is then revensgda second Fourier lens — grating pair,

resulting in a shaped pulse at the output. Arbjittamporal waveforms can be generated in this
way, limited by the spectral resolution of the mssor.

The pulse is first incident onto a diffraction gngtwhich separates the frequencies
into different angles (see Fig. 1.2). A lens plaeg¢d distance of one focal length
from the grating then performs a spatial Fouri@ansform on this dispersed light,
converting the angular dispersion into a lineatigpdispersion at the focal plane. At
this plane each spectral component is focusedulicue position in space allowing
amplitude and phase modulation of each frequendgpendently. The modulation is
typically performed using an amplitude or phasekmashy a spatial light modulator.
The modulated light then undergoes a reverse psaxfespatial Fourier transform and
is incident on a second diffraction grating, renmgvihe spatial and angular dispersion
and resulting in a collimated output beam. Thisigeas shown in Fig. 1.2, is known
as a 4f 'spectral processor' or 'pulse shaperesine total distance between the

gratings is 4 times the lenses' focal length. Stheetime and frequency domains are



linked by a Fourier transform (a corollary to thené-energy uncertainty principle

mentioned above), various temporal waveform shajaes be generated by such
spectral domain manipulations. A significant adeget of the spectral processor is
that the modulation occurs in the spatial domaitiaifar higher resolution than that

which can be achieved in the temporal domain.

An intriguing possibility is to combine nonlineaptacs and spectral processing in
order to achieve new ultrashort pulse manipulasiod measurement capabilities. The
two fields have complementary characteristics wheeh mutually compensate for
each other's deficiencies. On the one hand speuiwakssing allows high resolution
amplitude and phase modulation in the frequencyadonby providing access to the
individual spectral components of light dispersegpace. However the liquid crystal
based spatial modulators typically used for pulsgpsg have a maximum frame rate
of around 100 Hz, making them unsuitable for preitegs non-repetitive temporal
waveforms such as are used, for example, in optiatd transmission (see Chapter
1.3) . On the other hand nonlinear optics can piehe fast gating mechanism,
effectively instantaneous compared with sub-picosdcpulse durations, needed to
obtain high temporal resolution control. Howevemintear interactions between
broadband ultrashort pulses often suffer from ffeces of chromatic dispersion (CD)
and group velocity mismatch (GVM) in the nonlin@aedium. This causes temporal
walkoff between the fundamental and generated StH&ep, which may have widely
separated central wavelengths, resulting in a Igtical power and temporally
distorted SHG pulse. By performing the nonlineateniaction inside a spectral
processor the interacting pulses' bandwidth at @aaht in space is narrowed. This
effectively transforms the interaction from onevien ultrashort pulses into one
between multiple quasi-monochromatic beamletsgift]ieach centred at a different
frequency, which experience negligible chromatispdrsion. An example of this
combination of nonlinear optics with spectral piggiag is time-to-space conversion

by spectrally-resolved SFG, which is introducedection 1.2 below.



1.2 Time-to-space conversion

Time-to-space (T-S) conversion is a technique desigto transfer time domain

information to the space domain; or in other wotdsgenerate the spatial image of a
temporal waveform. It is based on sum-frequencyeg®ion between a spatially
dispersed signal waveform and reference pulseersidpectral processor, producing
a narrow bandwidth SFG wave which then forms aispanage of the signal

waveform.

Signal waveform ]
Fourier transform

Diffraction
gratings

Waveform
imie/
Nonlinear %
() crystal .
[Reference f ~——
pulse f ~—_
f /

Fig. 1.3: Time-to-space conversion concept. Timengio information is converted to a spatial
image with the temporal coordinatemapped linearly to a spatial coordinateNote that in the
experimental setups described in this thesis tpeasiand reference beams propagate collinearly in
the nonlinear crystal, whereas here they are stadwrossed angles for clarity.

The principle of operation of T-S conversion [13-18 summarised here with the
main stages described mathematically. The physactedngement of the optical
elements and the beam paths in a time-to-spacesdenvs shown schematically in
Fig. 1.3. The signal and reference pulses bothr éh&etime-to-space converter and
are incident on diffraction gratings from opposteles. This causes each pulse to be
angularly dispersed in mutually opposite directiofise signal and reference fields
immediately after the gratings are (assuming a Sansbeam spatial profile and

Gaussian pulse envelope):

ol vt = A ot - e =Y ond - 2 P oxd 121
EX(x yit)=Asexp—— lexq -2 |exp - | t—t, = x| |exd jawst] (1.2.1)
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L oWl | oWy | r c

whereAgr are the signal and reference field amplitudgg,are the (¥ radius) beam

sizes projected on to the gratings (the beam siaesbe different in the andy



directions and are assumed here to be identicaifmal and reference beams),i2

the pulse duration full-width measured a¢’lihtensity points (assumed here to be
identical for signal and reference pulsdsg)is the relative time delay between the
signal and reference pulsesis the speed of lightysg are the signal and reference
pulses' central angular frequencies angk are the signal and reference pulse
dispersion parameters. Note thatepresents the temporal information which must be
transferred to the spatial domain by time-to-spameversion. The angularly dispersed
signal and reference pulses then pass through aeFdens, resulting in equal but
opposite linear spatial dispersions at the focahel(Fourier plane). The dispersed
signal pulse field at the Fourier plane is found fmwrforming a spatial Fourier

transform on Eqgn. 1.2.1:
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wherels is the signal pulse central wavelength &nid the Fourier lens focal length.

Here a factolN, known as the serial-to-parallel resolution factoas been used to
collect various constants in order to simplify gouation. TheN factor is defined as

prS
Cr

N = and determines the number of signal pulses thatbeasimultaneously

time-to-space converted by a single reference pllseking at the first exponential
term in Eqn. 1.2.3 above, it can be seen thatehgoral duration of the pulse has
increased by a factor (Nf) and of course the field amplitude has decreasethé
same factor. This is due to the pulse being sdictesolved at the Fourier plane, so
that its spectral bandwidth at each point in space 1/(14°?) fraction of the total
bandwidth. The dispersed reference field has tineesform except that the spatio-
temporal phase term (in the fourth exponential tehown in Eqn. 1.2.3) is positive,
to is zero and the central frequency and wavelength eqjual towg and Ar

respectively.

A temporal Fourier transform is now performed a@mEL.2.3 in order to represent

the linearly dispersed signal pulse in the freqyetamain:
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where EE” represents the dispersed signal pulse field infriguency domain. We

can now see that the temporal informatigns carried on the spectral phase term
given by the last exponential in Eqn. 1.2.4 abdveucially, this spectral phase is
distributed throughout space on the dispersed &ecy components of the signal
pulse, thus providing the spatial-temporal link @¥his the central working principle
of the time-to-space converter. The dispersed eéatay wave equation is identical to
Eqgn. 1.2.4 expect that the spatial dispersion t@émmthe first exponential) has a
negative sign and the last exponential vanishee i+ 0 for the reference pulse. At
the Fourier plane the signal and reference pulsetspoverlap each other in space,
with equal magnitude but opposite direction ling@persions.

By placing ay® nonlinear crystal at the Fourier plane an SFGraution occurs
between each pair of overlapping signal and reterenequency components. The
second order nonlinear polarisatiBf excited in the crystal is given in the frequency
domain by the convolution of the dispersed signase shown in Eqn. 1.2.4 and the

corresponding dispersed reference pulse frequenimyach representation [11]:

P, (U,Vv, z w) = 2¢,d ngP (u,v;@E (u,v; w-w)

—00

(1.2.5)
xext] j(ks (@) + ke (0~ @))z]dew

where ¢y is the permittivity of free spaced, is the effective second order

nonlinearity, w is an integration variable ankkg are the signal and reference
wavevectors. Due to the frequency dependence of diigeal and reference
wavevectors (via chromatic dispersion), GVM canultei;m temporal walkoff between
the signal and reference pulses inside the nomlicegstal resulting in spectral
distortion of the output SFG wave. However, botinal and reference pulses have
increased temporal durations inside the time-t@spgarocessor (as noted above in
relation to Egn. 1.2.3). In addition the signal aaterence pulse wavelengths can be
close together if we choose, for example both amlkithe near IR. Considering the

time-to-space converter optical arrangement usetianexperiments detailed in this



thesis, the temporal walkoff was estimated to kss lthan 1% of the signal or
reference stretched pulse duration. Therefore temhpwalkoff over the signal and

reference beam interaction length in the nonling@gstal is neglected here. This
assumption holds as long as the signal and referbaams are propagating in free-
space and the nonlinear medium is a bulk crysiaceStemporal walkoff increases
with the SFG interaction length, this assumptiory mat be valid for time-to-space

conversion in long waveguides. The SFG wave geeérby the induced nonlinear
polarisation is:

0 ~ j b .
> Eee(UVv,Zw) = % Py (U,V, Z w)exd- jkeg ()] (1.2.6)

where wy; = ws + wyis the SFG wave angular frequengy,is the permeability of

free space ankis is the SFG wavevector. Due to the equal magnihwdeopposite
direction dispersions, each pair of frequency comepts adds up to the same sum-
frequency. Therefore the SFG wave generated hasatihe frequency at each spatial
location on the crystal aperture. In other wordgiasi-monochromaticand spatially
coherent SFG wave is generated all along the neanliorystal. The SFG field at the
output of the crystal is found by integrating E4n2.6 over the crystal lengthc,
assuming that the SFG field at the crystal inpgefés zero. Substituting in Egns.
1.2.4 (and the corresponding dispersed referenkse papresentation) and 1.2.5 and

performing the integration and convolution resuits

% The extent to which the generated SFG wave isyreatsi-mononchromatic (i.e. has a bandwidth
much narrower than that of the incoming signal @uéepends on the spectral resolution of the time-
to-space processor. See the discussion on thenindow of operation below.
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where ngg Is the refractive index of the nonlinear crystaltlee SFG wavelength,

L= SlFG S is the is the inverse GVM between the SFG waveh(gibup velocity
v vV,
g g

¥¢) and the signal and reference waves (each withséimee group velocity,

according to the assumption of zero GVM betweerstgeal and reference pulses as
mentioned earlier). Since the fundamental (signad aeference) waves and the
generated (SFG) wave have widely spaced wavelerigdis mutual GVM can no
longer be neglected and will influence the gener&@EG wave for sufficiently long

interaction lengths.

Equation 1.2.7 shows the field of the SFG wavédatdutput face of the nonlinear
crystal. By looking at the various terms we carcelia several relevant facts about the
SFG wave. The first two Gaussian exponential teshrswv the spatial extent of the
field at the crystal output face. The third expdrenshows the decrease in SFG
output power with increasing time delay betweensigeal and reference pulses. The
fourth exponential is a linear spatial phase teamying the time delay informatiag;
this is the important part of the above equatidrovsng the time-to-space converted
information. The fifth exponential shows the Gaassshaped spectrum centred at the
SFG frequency, with however an additional spatpesral coupling term which
drops out in the wavelength degenerate case (wherewg). The sinc term shows
the spectral filtering effect of GVM between thendiamental (signal and reference)

and generated (SFG) waves.
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As can be seen in Eqn. 1.2.7 the generated lightsaa spatial phase which varies
linearly across the SFG beam aperture. Another ¢ténfeocal lengthf, performs a
spatial Fourier transform on the SFG beam, focugitgthe output image plane and
converting the spatial phase into a transverse shihe focused image:

- 2%27%%d . L W, W
Ea (XY @) = o e ALY,
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xexp -2 gy
f, w

2 2
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For the sake of simplicity this final step assurtiest ws ~ wr i.e. the wavelength
degenerate case where both signal and referencesplilave the same central
wavelength. Equation 1.2.8 gives the output fidlthe SFG light at the image plane
showing a spatial image of the signal temporal i@ve. The extent of the focused
image in the vertical and horizontal directionsgisen in the first and second
exponentials respectively. It can be seen thatvirtical extent of the image is
determined by the input beam size and by the w@tithe input and output Fourier
lens focal length§ andf,; in other words the time-to-space processor siropBrates
as a telescope in the vertical direction and nosfex of information from the
temporal to spatial domains occurs (since thereispatial dispersion in the vertical
direction). The horizontal width of the focused smlimage is also determined by
these same factors and in addition by bhdactor which represents the spectral

resolution of the time-to-space processor.

The essential point in Eqn. 1.2.8 is that the warse position of the focused image

on the output image plane is proportional to timeetidelay between the signal and
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reference pulses, as can be seen in the secontemtf@. Therefore a one-to-one
mapping of the temporal coordindtéo one spatial dimensianis obtained; that is
‘time-to-space conversion'. This spatial imagetban be detected by a camera or by
an array of optoelectronic photodetectors, thussunéag the original temporal pulse

envelope.

A significant feature of T-S conversion is that nmly the time-dependent
intensity envelope but also the time-dependant ehafsthe signal waveform is
converted to spatial phase on the output SFG wkee. example if the signal
waveform has a linear frequency chirp (in other dgola quadratic phase) the
generated SFG light will also have a quadraticiapphase, causing a defocus of the
output spatial image [13, 14]. As mentioned abohe SFG light is quasi-
monochromatic, a fact which can enable measurewfetite phase information by
interferometric detection using a narrow linewiddtal oscillator (LO). This has
important implications for the two main proposedplagations of time-to-space
conversion, namely optical communications and sittoat waveform measurement

(see sections 1.3 and 1.4 below).

Since time-to-space conversion is proposed asgdoohanipulating and measuring
ultrashort pulses, it is important to considenigsious performance parameters. The
two principle ones are the time window of operatand time-to-space conversion
efficiency. These two parameters are determinethbyspatial characteristics of the
input signal and reference beams, the type of neatimedium used and the spectral
processor geometry. Furthermore they are interdepena fact which has had an
impact on the previous development of the T-S cmioa technique and also on the
research goals of this project.

The time window determines the maximum temporalation of the signal
waveform that can be spatially imaged. It is liditey the decrease in strength of the
SFG interaction with greater signal pulse-to-refeee pulse time delay. Maximum
SFG power is obtained when there is complete teatpmrerlap between the two
pulses at the nonlinear crystal, whereas for lalgjays the generated SFG power is
negligible and no T-S conversion takes place (sgelf4). The typical time window
obtained in the T-S experiments presented in thesis is around 35 ps to 50 ps
FWHM. The time window can be widened by increasimg spectral resolution of the

dispersed light at the Fourier plane inside thectspk processor; this increased
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spectral resolution can be obtained by increasimg ihput beam size on the
diffraction gratings (note that the spectral reolu is represented in the above
equations by thal factor). Increased spectral resolution at the ieoylane also leads

to the SFG wave being generated with a narrowedwalth, since each signal and
reference frequency component pair will interacrencompletely with itself and less
with adjacent frequency components (which causestsy broadening of the SFG
light). In fact the time window duration and thendavidth of the SFG output light are
inversely linked; another example of the Fouriangform relation of the time and

frequency domains.

The time-to-space conversion efficiency is defiresl the SFG output power
divided by the input signal power. Clearly this glibbe as high as possible in order
to achieve a good signal-to-noise ratio (SNR) at photodetector array or camera
located at the output image plane. Since the SR@&p proportional to the signal
and reference pulse energies, one immediate wiagtease the conversion efficiency
Is to use a more intense reference pulse. Howeveeél-world applications this may
not be possible or desirable. Generally speakingweald like the time-to-space
converter to consume the minimum possible opticalgr. Therefore a more useful
measure of T-S power consumption is the convergificiency slope, which is

defined as the conversion efficiency per watt éénence beam power.

The conversion efficiency slope depends on thecehof nonlinear crystal since
different nonlinear materials have stronger or veegl®’ coefficients. Also, the SFG

power generated depends on the interaction lerfgtilecfrequency component pairs

Time window

Signal waveform

Ref pulse

Increasing time delay = decreasing SFG power

Fig. 1.4: Time window of operation. As the temparakrlap between the reference pulse and any
part of the signal waveform increases, the insteetdas SFG power decreases resulting in a weaker
output signal. For large time delays the SFG powearegligible and no time-to-space conversion
occurs. The blue indicates the part of the signaveform which falls within the FWHM time
window (FWHM is used as an arbitrary limit for ttime window; other definitions can be used, for
example 1¢ intensity points).
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within the nonlinear crystal; longer interactiomdgh results in higher SFG power.
The interaction length can be increased by leskt tigcusing of the spectral
components at the Fourier plane, in other wordgdacing the resolution of the
spectral processor. Here we can already see the design problem of a time-to-
space processor — in order to increase the couwveesficiency we must settle for a
smaller time window and vice versa. This trade-bitween the two main
performance parameters is inherent in free-spaBeconversion as described above
and as shown in Fig. 1.3; part of the work preskmiere is an effort to break this

invariance by performing guided wave T-S converggae Chapter 3).

Time-to-space conversion using a parametric (i.@n-mesonant) optical
nonlinearity was first demonstrated using SHG betwsignal and reference pulses at
1.06 um in a lithium niobate nonlinear crystal [13]. Aegtly increased conversion
efficiency of 58% was then achieved using a potmssiiobate nonlinear crystal in a
different spectral processor geometry, however witiather small time window of 4
ps [15]. Finally time-to-space conversion was desti@ted using signal and reference
pulses at 1560 nm in periodically-poled lithium lmade (PPLN) nonlinear crystal
[18]; this wavelength is significant for optical mmunications applications of T-S

conversion (see section 1.3 below).
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1.3 Applications of time-to-space conversion I:

Optical communications

The current reach and scale of global communicatrmtworks would not be possible
without fibre optics data transmission, which forthe backbone of modern long
distance communications. Optical communicationsirietogy must keep pace with
the trend for ever increasing data capacity demaamdiend which shows no sign of
slowing [19]. As an example, Figure 1.5 shows apoeential growth in global data
traffic on mobile networks from 2007-2012. Instadji new fibre is costly and
inefficient, so a variety of multiplexing and modtibn degrees of freedom are
typically exploited to increase the data capacitgxisting links. Among the optical
multiplexing techniques available are wavelengthsitbn multiplexing (WDM) with
each wavelength comprising a separate data chgpwlakisation multiplexing (PM)
where data is encoded on two orthogonal polarisatper wavelength, space division
multiplexing (SDM) with multi-core or few-mode fies carrying spatially orthogonal
(i.e. separable) channels and finally optical toihasion multiplexing (OTDM) where
multiple low bit rate tributaries are temporallyterleaved into a single high bit rate
serial channel. Advanced modulation schemes offaeans to transmit more bits of
data on each symbol, for example quadrature phafiekeying (QPSK) in which
information is encoded on the phase of the elefigld [20]. In order to reach high
bit rates a number of these techniques are typicalmbined. For example current

industry standard 100 Gbit/s links employ polar@atmultiplexing and 2 bits-per-
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Fig. 1.5: Global total traffic in mobile network9@7-2012. As an example of the trend for
increasing communications network data capacityat&ts, an exponential growth rate can be
seen for data traffic on mobile network$rdffic and Market Report, Ericsson (June 2012))
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symbol modulation of an electronically generated @3 ud/s serial channel on a
single wavelength. A record single source 43 Thitemismission rate has been
demonstrated by combining five multiplexing and miation spaces (WDM, SDM,
PM, OTDM and QPSK), showing the potential of uss®yeral multiplexing and
modulation techniques simultaneously [21].

Optical time division multiplexing offers a meamsincrease the data capacity on a
fibre optics network whilst lowering the number whvelength channels; in other
words to increase the spectral efficiency, defiagdbits transmitted per second per Hz
of bandwidth. This is significant since each addil WDM channel requires a
separate and highly stable laser source, increasiagpower requirements and
complexity of the network. OTDM works by combinimgultiple low symbol rate
tributaries, all at the same wavelength, into glsimigh symbol rate serial channel. In
addition to optical communications, OTDM has apgtilens in other areas such as
photonically-assisted analogue-to-digital converdi22, 23]. By combining OTDM
with polarisation multiplexing and advanced modolat formats high spectral
efficiencies of ~6 bits/s/Hz have been attained (¢nerating an OTDM channel is
relatively straightforward; passive optical delayebk are used to interleave the pulses
from each tributary into their respective time slan a frame-by-frame basis, as
shown in Fig. 1.6. The time slot in which each puksplaced therefore identifies the
tributary to which it belongs. The necessity feing picosecond or sub-picosecond
pulses in a high bit rate OTDM channel is problamdtie to linear distortions, such
as chromatic dispersion and polarisation mode dsgp® and nonlinear distortions,
such as SPM, XPM and FWM, which occur during traissman in the optical fibre.
However these distortions can, at least partiadycompensated for electronically by

using coherent detection combined with digital aigsrocessing [24].

“ Baud/s is the single wavelength symbol rate, wiidihe case of optical communications is
equivalent to the repetition rate of the opticdbpa. For on-off keying modulation (i.e. 'zerodd an
‘'ones’) the bit rate is simply equal to the bauel. ieor advanced modulation formats such as QPSK,
several bits are modulated onto each symbol regyilti a bit rate which is a multiple of the bautera
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Multiple tributaries ——» Single OTDM channel

Frame B Frame A D_elay
line

Frame B Frame A
Tributary 1 ‘ ‘

Tributary 2 ‘ ‘
° N
° A

. Y
A A
Tributary 5 ‘ ‘

Fig. 1.6: Optical time division multiplexing. Sep#e low symbol rate tributaries are temporally
interleaved by applying successively larger timéage into a single high symbol rate serial
channel. In the example shown here five tributages multiplexed into an OTDM channel,
resulting in a factor five increase in symbol ratee empty dashed lines represent the absence
of a pulse in a particular time slot, i.e. a 'zéit'

Receiving and detecting an OTDM channel is challempgince a >100 Gb/s
OTDM pulse stream cannot be detected by an optefec receiver, which is
limited by device physics to a maximum bandwidthacdund 100 GHz. In order to
convert the lightwave data to an electrical sigmalemultiplexing operation must be
performed, in which the tributaries comprising @&DM channel are separated back
out into their original low symbol rates. This ddtiplexing cannot be done
optoelectronically, for this same reason of limiteléctrical bandwidth. Therefore
demultiplexing is generally performed all-opticallfaking advantage of the

effectively instantaneous (attosecond) timescaleoolinear optical phenomena.

Through (still need to extract...) —9»

Frame B Frame A 5 4 2 1 5 4 2 1
o
| | I | ' ,’l\ l ' | ' . I
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'\ an nonlinear Drop (extracted data) ——>
/ process 3 3
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data stream l 1
Locally generated reference pulse

Fig. 1.7: Single-bit extraction OTDM demultiplexin@ne frame of the transmitted OTDM bit
stream and a single locally generated referenceepwhdergo an nonlinear interaction, such as
XPM or FWM, resulting in a single bit being extradtand separated out from the OTDM
channel (bit number 3 in the example above). Theeifip tributary which is extracted depends
on the time delay between the OTDM frame and tHiereace pulse. The remaining pulses
continue to propagate in the OTDM serial channel must be demultiplexed by further copies
of the same device downstream.

A variety of nonlinear optics based techniques hasen investigated for OTDM
demultiplexing, among them the nonlinear opticalplanirror (NOLM) [25, 26], the
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cross-phase modulation Mach-Zehnder interferoméd?M-MZI) [27, 28] and
FWM-based spectral filtering extraction [29, 30k 8hown conceptually in Fig. 1.7
these techniques use a locally generated referpalse to provide the temporal
gating necessary to extract a signal pulse fromGm®M bit stream. Each of these
methods has been successfully demonstrated fordiighte OTDM demultiplexing,
with both the NOLM [31] and FWM-based extraction0J3being used for 1.28
Tbaud/s demultiplexing. However they are all lirditéo single bit extraction,
necessitating multiple cascaded devices in ordercdmpletely demultiplex the
OTDM bit stream. Since power consumption and oVeramplexity increase with
each additional device, the scalability of thesehmégues to higher baud rates is
limited. In addition the task of inter-device dkosynchronisation, necessary in order
to extract the correct tributary at each device&obges very challenging for high bit

rates.

Frame B Frame A Frame B Frame A
I 1 T 1 ‘ ‘ Tributary 1
5 5 4 .
Z(z) o 2(3) ‘ ‘“ Tributary 2
/ nonlinear ‘ I o
_ process i Y :
Incoming Ref (SFG, XPM, A A
OTDM data FWM... . i
stream ‘ l ) ‘ Tributary i
All bits extracted simultaneously

Fig. 1.8: Serial-to-parallel OTDM demultiplexing. single reference pulse simultaneously
extracts all tributaries from an OTDM channel, perniing the inverse of the multiplexing
operation shown in Fig. 1.6. Since only a singleickis needed, power consumption, system
complexity and clock synchronisation demands areealuced, allowing scalability to higher
OTDM bit rates.

Serial-to-parallel demultiplexing can overcome thesoblems by simultaneously
extracting all the bits in an OTDM frame (Fig. 1.8Yith a single reference pulse
performing the entire demultiplexing operation theblem of inter-device clock
synchronisation, as for single-bit extraction, baes one of synchronising the
reference pulse to the OTDM frame, a less onerasis. tOne example of serial-to-
parallel demultiplexing is time-to-frequency corsien, where the temporal pulse
pattern is imprinted on the spectrum of a gener&@&iM wave [32, 33]. However,
with the demultiplexed data being carried on a sp#¢ broad FWM wave spanning
many nanometers of bandwidth, coherent detectiorphafse information is less
practical. Without the option of coherent detectibme-to-frequency conversion is

less attractive for OTDM demultiplexing applicatson
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By transferring time domain information to the salatdomain, time-to-space
conversion is able to perform the serial-to-pataémultiplexing required to detect a
high bit rate OTDM channel. Since the time delayween each signal pulse in the
OTDM frame and a reference pulse is mapped to rdresvterse spatial position of
each pulse image at the output plane, each OTDBEepsaldemultiplexed to a unique
position in space (see Fig. 1.9). An array of ojgicteonic photodetectors placed at
the output image plane can then detect each tripurdividually. The spatial image
refresh rate is equal to the inverse of the T-® tmmndow duration and so is typically
on the order of a few 10's of GHz, within the bardiiv of state of the art
photodetectors. Alternatively the SFG light canrbed with a narrowband local
oscillator (LO) for coherent detection of phaseomiation, enabling compatibility of
time-to-space demultiplexing with advanced modalatormats.

Time-to-space conversion can satisfy many OTDM dephexing requirements,
for example serial-to-parallel demultiplexing bygiagle device, a wide time window
enabling scalability to high bit rate OTDM, cohereietection of phase information
for compatibility with advanced modulation formaisd operation at 1550 nm (in the
optical communications c-band). Previously howetimere-to-space conversion has
only been demonstrated using bulk optics elememtt s lenses and diffraction
gratings in a free-space setup. This arrangementeasonable for laboratory
experiments, but not for real-world applicationstiaie-to-space conversion. One of
the main goals of the research presented hereimplement guided wave time-to-

space conversion using components such as nonlinmaaeguides, eventually

OTDM pulse
streams

Diffraction Fourier transform

gratings
1

!!1lllﬂu Demultiplexed
tributaries

o

eference

f

Fig. 1.9: OTDM demultiplexing by time-to-space cersion. The time-serial OTDM channel is
demultiplexed to multiple space-parallel tributarieAn array of photodetectors (represented
here by dashed boxes) can be placed at the outpagei plane to detect each tributary
individually. Whilst direct intensity measuremenf the pulse images discards phase
information, coherent detection with a narrow lingtlv local oscillator (not shown here) can
instead be used to measure the field amplitudephade.

20

R




integrating all the optical functionalities of tieS convertor into a single planar
lightwave circuit on a chip (see Chapter 3). Thil ivave the additional effect of

significantly lowering the optical power consumptiof the time-to-space conversion
process, another important requirement for OTDMiagpfions.
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1.4 Applications of time-to-space conversion Il:
Ultrashort pulse measurement

Accurate time domain measurements are essentialnfderstanding the dynamics of
ultrashort optical pulse generation and also feirtsuccessful utilisation in various
scientific and technology fields, for example carrcontrol of atomic and molecular
states by shaped femtosecond pulses [34] and haghdmic generation of x-rays
[35]. Whereas some measurement techniques recergulse intensity envelope,
important information is also contained in the temgb phase. For example, phase
measurements can be used to determine whethesa igubandwidth-limited or has
undergone chromatic dispersion or nonlinear phesgertions. Whereas a bandwidth-
limited pulse has a flat phase, a chirped pulsiefsied by a quadratic phase in time
(see Fig. 1.10). Full-field (amplitude and phaseasurement enables complete
temporal characterisation of the pulse. Commonédysulse measurement techniques
such as autocorrelation give an estimate of thgoeah duration of a pulse (without,
however, being able to resolve fine temporal detailthe pulse envelope structure),

but are unable to make phase measurements.
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Fig. 1.10: Bandwidth-limited and chirped pulsesbandwidth-limited pulse has the shortest
possible temporal duration for a given spectraldvdadth and is characterised by a flat phase
(shown in red). A chirped pulse has a longer tempduration since the various frequency
components have different group delays. This lifiessquency chirp is equivalent to a quadratic
phase across the pulse and arises from chromapermion of the pulse during propagation in a
dispersive medium.

There a number of requirements for a successfuHi@l characterisation
technique for complex waveforms. Unambiguous measant of the intensity
envelope is necessary for accurate representafiacoraplex and non-symmetric
pulses. Single-shot operation (i.e. without thedné® repetitive sampling) is also
desirable in order to enable measurement of noetitee waveforms. A high record

length-to-resolution ratio allows characterisatioh long waveforms which also
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include sharp temporal features (in other word#h aihigh time-bandwidth product).
Algorithm-free phase recovery is advantageous ideworto minimise off-line

processing and eliminate the problem of algoritton-nonvergence.

Among the full-field measurement techniques thawvehdeen investigated,
spectrally resolved measurements such as frequesofwed optical gating (FROG)
and its variants such as polarisation gating FR@& second-harmonic generation
FROG [36-39] are popular, simultaneously yieldihg pulse intensity and spectrum
as functions of time. An iterative algorithm caerhbe applied to the spectrograms of
many repeated measurements to determine the fiefditade and spectral phase.
However this requirement for an iterative algorithemrecover amplitude and phase
information means that FROG is not generally slatafor continual real-time
measurements of non-repetitive waveforms. Anothdely used class of techniques
for ultrashort pulse measurement is spectral iaterhetry [40-42] where the signal
pulse to be measured is interfered with a timeydelareference pulse, with the
resulting spectral interference pattern vyieldinge tispectral phase. Spectral
interferometry has the advantage of being very iBeasdue to the absence of

nonlinear gating, but the record length is limisdspectrometer resolution.

The temporal magnification or time lens approactptiitse measurement, which
relies on the analogy between short pulse propawgaind free-space diffraction [43],
has been used to stretch optical waveforms to erdit#ct detection by conventional
photodetectors [44, 45]. Additionally, phase recgvay heterodyne detection of the
stretched signal pulse has been demonstrated Hé6}ever this technique is limited
to a time window set by the stretched referencegduration. A recently developed
technigue know as optical arbitrary waveform measueant uses spectral slicing and
digital coherent detection to achieve an extrentegh record length-to-resolution
ratio (>300,000) [47]. However the rather compkcharrangement requires a stable

optical frequency comb as a reference and higHutso spectral filters.

Time-to-space conversion can achieve full-field sueament of ultrashort optical
pulses by transferring the pulse's amplitude arab@hnformation from the temporal
domain to the spatial domain on a quasi-monochnom@EG output wave. By
performing the waveform measurement in the spdbahain much higher resolution
can be obtained than is possible with a direct tdamain measurement. The SFG

wave can then be interfered with a narrow linewidléine wave at the same centre
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wavelength to generate an interferogram, from whilh time-dependant field
amplitude and phase of the original pulse can leaebed. Time-to-space conversion
has a number of attractive features for ultraspolte measurement, including single-
shot operation, unambiguous and algorithm-free angd and phase measurement
and a high record length to resolution ratio. ldesrto demonstrate the viability of
time-to-space conversion for ultrashort pulse mesmsant, full-field measurement

experiments performed on ultrashort pulses arespted in Chapter 4.
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1.5 Laboratory apparatus and measurement techniques

The research conducted in this project involved sueament and manipulation of
light in the time, frequency and spatial domainke Tmethods and equipment that

were used can therefore be divided into three graggollows.

1.5.1 Time domain

Implementation of time-to-space conversion expenitaléy required measurement of
the relative time delay between the signal andreefee pulses (100 fs duration)
arriving at the spectral processor. This was donensure sufficient temporal overlap
between the pulses at the nonlinear crystal inrai@generate a detectable level of
SFG power. A 125 MHz bandwidth InGaAs photodete¢sansitive to IR light)
connected to a 12 GHz bandwidth oscilloscope wasl &3 view the signal pulse to

reference pulse separation and to optimise thedeathpverlap.

In the full-field measurment experiments the Skghtlicarrying the time-to-space
converted signal was mixed with a narrowband logstillator (LO) to allow
interferometric phase detection. Since the LO udiddnot come from a CW laser
source, but instead was generated by spectralgrifi of the MLL residual pump
pulses, it was necessary to achieve temporal qvbeaveen the SFG and LO pulses
at the camera or balanced photodetector in ordesbtain intereference between
them. A 9 GHz bandwidth GaAs photodetector (seresito near-IR light) was used
together with the 12 GHz oscilloscope for this e

For the real-time coherent detection experimentea-§pace electro-optic phase
modulator based on a KTP crystal was used to pmagkHate the signal pulses at
1550 nm with a sine wave at approximately 550 kBigz.homodyne mixing of the
SFG light at 810 nm with the LO, this phase modaolatvas converted to a time-
varying intensity incident on a 350 MHz bandwiditb&lanced photodetector. The 12

GHz oscilloscope was used view the phase-demodiusigeal.

1.5.2 Frequency domain

The main instrument used for frequency domain nreasents was an optical
spectrum analyser (OSA), which displays the spepwmaver at each wavelength of
the light under measurement. This is based onfiadiifon grating and Fourier lens to
spatially disperse the input light and a narrowt slhich allows one spectral

component to pass. Behind the slit is a photodiwbeh responds to light over the
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entire working range of the OSA. By continuousliatong the diffraction grating, one
wavelength at a time passes through the slit andcident on the photodiode. The
photocurrent generated is proportional to the eppower incident on the photodiode
and so the spectral power at each wavelength mitumeasured. In this way the

spectrum of the input light is obtained.

Spectral measurements were made of the dispeigeal sind reference light at
the Fourier plane of the time-to-space spectralcgssor, in order to align the
frequency components and ensure equal and oppaegé#tial dispersions, a
prerequisite for time-to-space conversion. This d@se by positioning the connecter
end of a single mode fibre mounted on a micromsti@ge at the Fourier plane and
scanning transversely. The light entering the fiwes coupled into the OSA and so
the spatial location of each frequency componens watermined. The spectral
resolution of the time-to-space processor (and énehe Rayleigh length of the

focused spectral components) was also measurédsinay.

The OSA was also used to record the spectrum ofidnew linewidth SFG light
exiting the time-to-space convertor, as well as dfdhe local oscillator generated by
spectral filtering of the MLL residual pump pul$enally the OSA was used to check
for spatio-temporal coupling (angular dispersiod apatial chirp) of the signal pulses

exiting the 4-pass pulse stretcher in the chirpddgomeasurement experiment.

1.5.3 Spatial domain

For both the free-space and planar waveguide toygace conversion experiments,
measurement and manipulation of the spatial motldsecsignal, reference, SFG and
LO beams were important in order to control theetito-space conversion system

parameters (i.e. time window and conversion efficig and to optimise performance.

Since the signal and reference beams were at wagthke of 1550 nm and 1697
nm respectively an InGaAs camera was used for measunt of their spatial profiles.
These were altered as necessary by beam expande@ndensers to obtain the
required beam size at the input to the spectratgasor. A CMOS camera was used
for imaging the SFG light (and in particular thedsed pulse images which are the
output of the time-to-space conversion process) asd the LO light. In the slow
phase detection experiments it was important tecméite SFG and LO spatial modes

at the camera in order to attain the best possitéeference fringe contrast.
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Finally, coupling of the dispersed signal and refee light into the planar PPLN
waveguide required high numerical aperture (NA) gmg of their spatial modes
which were tightly focused in the vertical directiolThis was to obtain good mode

matching to the guided modes in the planar waveguidus minimising insertion
loss.
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Chapter 2: High resolution and
background-free time-to-space
conversion

During this research project different time-to-spaonversion experimental setups
were investigated. These setups can be dividedtiwocategories: free-space time-
to-space conversion in bulk nonlinear crystal angdided-wave time-to-space
conversion in a planar nonlinear waveguide. Expeni® belonging to the first
category are described in two papers presentdasrchapter. Section 2.1 and paper
2A describe the demonstration of collinearly phasgehed and background-free
time-to-space conversion in a beta barium boraBOBnonlinear crystal. Section 2.2
and paper 2B describe quasi phase-matched timgatmesconversion in periodically-

poled lithium niobate crystal, resulting in an ieased conversion efficiency slope.

2.1 Collinearly phase-matched, background-free time-to-space
conversion in BBO nonlinear crystal

The first research task of this project was to destrate background-free time-to-
space conversion with collinearly propagating sigaad reference pulses in the
nonlinear medium. Demonstration of collinearly phasatched background-free
time-to-space conversion in a bulk nonlinear medigna necessary step prior to
performing T-S conversion in nonlinear waveguidés; reason for this will be made
clear in Chapter 3.1. Here the origin of backgrodight in the time-to-space

conversion process is explained and possible solsitare discussed.

Time-to-space conversion relies on the SFG intemacbetween signal and
reference pulses inside a spectral processor naferminformation from the time to
the space domains. However, in addition to therméion-carrying SFG light
produced due to the signal and reference pulseattten, SHG light is also generated
independently by the signal and reference beantiseimonlinear medium. This light
does not contain any useful information on the terapwaveform envelopes or
phase. However, it co-propagates with the SFG lggid reaches the output image
plane, where it forms a background to the focusdsepimages and reduces the image
quality at the camera or SNR at the photodetectaydsee Fig. 2.1).
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Fig. 2.1: Background SHG light. Whilst the SFG tigh generated as a result of the interaction
of the signal and reference pulses in the nonlimezdium, the SHG light is generated by each
beam independently and so does not carry any utafydoral information. Instead it forms a
background at the image plane and degrades the poésgge quality.

In order to eliminate the background SHG, non-pebirly propagating signal and
reference beams have been used [13-15]. Theseadent on the nonlinear crystal at
crossed angles and so, due to phase-matching eoashs which will be discussed
below, the SFG light generated propagates alongigector angle (i.e. the optical
axis). The SHG light generated by the signal aridreeace beams propagates at an
angle to the optical axis and so spatial filteragagn be used to block this background
light (see Fig. 2.2).

The disadvantage with this method is that the augon length in the nonlinear
crystal is limited by the non-collinear propagatwinthe signal and reference beams,
resulting in lower conversion efficiency to SFG hiig Moreover, this option is
precluded by implementation of time-to-space cosieer in nonlinear waveguides

Signal Background SHG Spatial

filter

Reference

SFG

Background-free
waveform image

Fig. 2.2: Spatial filtering of background SHG lighthe signal and reference beams enter the
nonlinear crystal at crossed angles and so the B¢#Es generated by each of them propagate
in the same direction as the fundamental beamsteabehe SFG light generated by the signal
and reference beam interaction propagates alongptie axis. A spatial filter then blocks the
SHG and allows the SFG light through, resultingribackground-free time-to-space converted
output image.
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since the fundamental and generated beams nedgssarpropagate in the
waveguides and also on emerging from them, makpagia filtering impossible.
Therefore the solution chosen for this project waectral filtering of the SHG
background. In this case the signal and referentsep are at non-degenerate central
wavelengths and so the SHG light is generatedftdreint wavelengths to the SFG
light, enabling spectral filtering of the backgrauwith a band pass filter (see Fig.
2.3).

@ a Background SHG
)

<A
signal reference

%

Collinear (b) SFG _bandpass fitter

propagation

Asee™hsue SFG

Waveform image

Fig. 2.3: Spectral filtering of background SHG ligifa) Co-propagating signal and reference
beams at non-degenerate wavelengths enter thenmanlicrystal and generate SFG and
background SHG light. The SFG light is generatedmintermediate wavelength with respect to
the SHG wavelengths and so a band pass filter blthek SHG background whilst passing the SFG
light through to the image plane. Collinear propageof the signal and reference beams results in
a longer interaction length in the bulk nonlineaystal. Since all beams (fundamental and

generated) are co-propagating this solution is applicable to guided wave time-to-space

conversion. (b) A band pass filter centred at thé& Svavelength allows the SFG light through

while blocking the SHG background light.

Implementation of this scheme in the laboratory essitates two sources of
ultrashort pulses at non-degenerate wavelengttibelnontext of this research project
the 'signal’ pulses were chosen to be at 1550 nvelesagth. This wavelength is in the
centre of the optical communications c-band (1580ta 1570 nm). This is the main
transmission band used in long-haul optical comeations, since absorption loss in
optical fibre is relatively low at these wavelergtfihe standard laboratory source for
sub-ps pulses is the mode-locked titanium-sapgfireaph) solid-state laser, which
emits ~100 fs pulses in the region of 800 nm. bheotto convert these pulses to 1550
nm wavelength, an optical parametric oscillator Qs used. This device is based
on the optical nonlinear process of difference-fieEtcy generation (see Chapter 1.1),
which converts a short wavelength input beam to tamger wavelength output
beams. By putting the nonlinear crystal (in thisechBO) in a resonant cavity, the
conversion efficiency of the process is greatly@ased. Since the OPO generates two
beams (consisting of sub-ps pulse trains) at ngelerate wavelengths, this can

serve as the source for time-to-space conversiesadban collinearly phase-matched
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SFG. By choosing 1550 nm wavelength for the sidresm, the reference beam is
automatically generated at 1697 nm. SFG betweesettveo wavelengths in the time-
to-space converter results in an output wave atr8h0This is not surprising since
SFG is the inverse of the DFG interaction whichussdn the OPO and converts the
Ti:saph laser 810 nm pulses to 1550 nm and 169puises. The 810 nm wavelength
of the output SFG light can be conveniently detdd¢tg CMOS cameras and silicon-

based photodiodes.

Efficient SFG, like all 2 order nonlinear optics effects, relies on achigujiood
phase matching between the fundamental (in this tessignal and reference) waves
and the generated wave. This means that the fundah@nd generated waves should
maintain a fixed phase relationship during propagathrough the nonlinear medium.
This is equivalent to fulfilling the conservatioi momentum condition, since the

product of the wavevector with propagation distaegeals accumulated phase:

DK = Kgg —Kgg —Kig =0 (2.1)

Sl

whereAk is the wavevector mismatch akglc sg, rer are the SFG, signal and reference
wavevectors respectively. If this condition is satisfied energy flows continuously
back and forth between the fundamental waves am&HEG, preventing the SFG field
from building up to an appreciable value. In a dispre medium (which is generally
the case), the wavevectkrvaries nonlinearly with frequency due to the frexcy
dependent refractive index

k = n(ew) (2.2)

c
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where @ is the optical frequency and is the speed of light in a vacuum. This
chromatic dispersion means that the phase-matduandition in Eqn. 2.1 is generally
not fulfilled (see Fig. 2.4) unless some particutegasures are taken to satisfy it. One
option is to use non-collinear phase matching whiie signal and reference
wavevectors are angled with respect to each oslieh that their vector sum is equal

to the SFG wavevector (as shown in Fig. 2.2).

@
@,

>

(Dref OJsig 0)SFG Q)

Fig. 2.4: Refractive index variation with frequenity a dispersive medium. The sum of the
signal and reference refractive indices will getigrbe less than the SFG refractive index,
resulting in a no-zero wavevector mismatAk#0.

Another widely used technique is birefringent phasatching, which takes
advantage of the polarisation dependant refradtiizes of a birefringent nonlinear
crystal. For a uniaxial birefringent crystal thdraetive index experienced by light
polarised parallel to the ordinary crystal axisinslependent of the propagation
direction, whereas light polarised parallel to éxraordinary axis will experience a
different refractive index which also varies witftopagation direction. By choosing a

nA

(Dref 0‘)sig (DS FG Q

Fig. 2.5: Birefringent phase-matching. The sigrnad aeference waves are polarised parallel to
the ordinary axis of the birefringent crystal amdexperience the ordinary refractive indax
(the red line). The SFG light is generated polarigearallel to the extraordinary axis,
experiencing refractive index, (the blue line), and in a directighwhich satisfies the phase-
matching condition. This is known as type | bineffgnt phase-matching (in type Il phase-
matching one of the fundamental beams is pola@eag the ordinary axis and the other along
the extraordinary axis).
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suitable crystal and propagation direction the phaatching condition in Eqn. 2.1
can be met (see Fig. 2.5). The angle between tbpagation direction and the
extraordinary axis of the crystal which satisfiége tphase-matching condition is
known as the phase-matching angle. Note that skftactive index is temperature
dependent (via the thermo-optic effect), the phraagching angle will vary with

crystal temperature. The sensitivity of the phasgeting angle to fluctuations in

temperature for a particular crystal is expressetha thermal acceptance bandwidth.

A disadvantage of birefringent phase matching steora spatial walkoff of the
SFG beam with respect to the fundamental beams.i$tdue to the Poynting vector
of light in an anisotropic medium, which gives ttieection of energy flow, being
generally non-parallel to the wavevector. This eoscior light polarised along the
extraordinary axis and so causes the generatedi§iftGo propagate at an angle with
respect to the fundamental beams (see Fig. 2.@®.r@ulting spatial walkoff limits
the effective SFG interaction length between theracting waves, thus reducing
conversion efficiency. The spatial walkoff angler filhe experiment using BBO

described in paper 2A below was approximately 58dnr

‘0’ polarised

~—
sig / ref beams  —)>
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walkoff

Fig. 2.6: Spatial walkoff. The anisotropy of theystal results in an angje between the SFG
wavevector and its direction of energy flow. Thisises spatial walkoff of the SFG beam from
the fundamental beams, effectively limiting theenatction length.

The uniaxial birefringent nonlinear crystal BBO welsosen for the experiment
presented in paper 2A due to the combination ofsaeably high effective
nonlinearity, wide phase matching bandwidth (emaplphase-matching of non-
degenerate signal and reference light at widelyegpavavelengths), large thermal
acceptance bandwidth (i.e. relative insensitivityttee phase-matching condition to
temperature fluctuations) and high optical damégeshold. In addition, use of BBO
allowed birefringent type | phase matching for theevant wavelength range (from
1697 nm to 810 nm) at room temperature, obviatiyrteed for a crystal oven. The
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BBO crystal used was supplied by CASTECH, cut aamagle of 19.8° to the crystal
z-axis (the extraordinary axis) for phase-matchimigh an aperture of 8 mm 8 mm
and thickness of 1 mm in the light propagation aion. It was broadband anti-
reflection (AR) coated from 1500 nm to 1750 nm e input face and at 810 nm on
the output face. The BBO crystal effective nonlnitgacorresponding to the phase-
matching angle of 19.8° used in the experiment gasulated asly = 1.94 pm/V
[48].
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2.2 Time-to-space conversion in periodically-poled lithium
niobate

Birefringent phase matching, as used for the timsgiace conversion experiment in
BBO, suffers from the problem of spatial walkoffedto the orthogonally polarised
fundamental and SFG waves in the birefringent mes@li crystal. In addition, the use
of orthogonally polarised light restricts the pbsichoices of nonlinear susceptibility
tensor elements which can be exploited in the actesn. The strongest nonlinear
susceptibility element of a given material may bet accessible, thus limiting the
achievable conversion efficiency. This problem t@novercome by using a phase
matching technique in which all interacting waves parallel polarised along one of
the crystal axes; the particular crystal axis tacltthe polarisation is aligned can
then be chosen in order to obtain the highest plessonlinearity. This arrangement
is known as non-critical or temperature-tuned phma&ching, since the phase-
matching condition must be satisfied via tempertuning of the crystal refractive
indices. However for a given set of interaction elemgths the phase-matching
temperature may be inconveniently high or in fabbge-matching may not be

possible at all.

To overcome this difficulty a method known as qualsase-matching (QPM) is
often employed. Prior to use in a nonlinear inteoac the crystal structure is altered
by the technique of periodic poling. In this caBe spontaneous polarisation along
one of the crystal axes is periodically invertedng the length of the crystal,
successively reversing the sign of the nonlineaffaient associated with that axis.
The periodicity is chosen such that the phaseioeldietween the fundamental and
generated waves is reset each time they becomeol8@Tf phase after propagating a
distanceLc known as the coherence length, as shown in Figufe The periodic
poling creates a grating structure in the nonlirergstal, whose grating wavevector

ks can then satisfy the phase-matching condition fEmm 2.1:

Sl

DK = kg —Kgg — Ky +kg =0 (2.3)

where k; =277/A andA =2L¢ is the domain length. As can be seen in Fig. QAM

allows a continual increase in SFG power alongctiystal length (limited eventually
by fundamental beam power depletion), although itiisease is slower than would

be the case for perfect phase-matching since feetie nonlinearity is reduced by a
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factor 2ft. However, correct choice of poling periodicityaalls reasonably efficient
SFG interactions between arbitrary wavelengthsjestitho technological limitations
on the poling procedure (for instance obtainingyvemall periodicity is difficult).
Typically the direction of the nonlinear coefficteis reversed by applying a high
electric field across the crystal. This causes ranpaent reversal of the crystal axis
and, by fabricating a series of electrodes on thistal surface, a high voltage can be

applied to pole the crystal with the desired peaibygl
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% LC Perfect phase
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No phase-matching

Propagation length in crystal

Fig. 2.7: Quasi phase-matching in a periodicallledaonlinear crystal. Conversion efficiencies
of phase-matched, quasi phase-matched and non-pteisked SFG are compared as a function
of propagation length in the nonlinear crystal. Tduherence lengthc is the distance over
which the fundamental and generated waves becoBfedl8 of phase and the domain lendth

= 2Lc. The shaded background indicates individual domaimd the arrows indicate the poling
direction of the nonlinear coefficient.

One of the most widespread nonlinear crystals diee@PM is lithium niobate.
Lithium niobate has a high nonlinear coefficientdgf = 25 pm/V for light at 1550
nm polarised along the crystal z-azis [49]. Thislimearity is reduced to 16 pm/V by
the 2f factor due to periodic poling; however it is s8lgnificantly higher than the
BBO effective nonlinearity of 1.94 pm/V. Since t88G power generated depends on
the square of 4, the use of PPLN resulted in a large increasemversion efficiency
slope (see paper 2B below). The periodically-pdiiilim niobate (PPLN) chip used
in the experiment had a domain length of 2018 (due to the specific wavelengths of
the signal and reference beams used and accoaliggrt. 2.3) and dimensions of 10
mm x 6 mm x 0.5 mm in the spatial dispersion, light propagatend vertical
directions respectively (see Fig. 2.8). In addittbe input face had broadband AR-
coating in the range 1500 nm to 1750 nm and thpubdaice was AR-coated at 810
nm. This was in order to minimise back-reflectiaighe input signal and reference
beams from the front face of the crystal and badlection of the generated SFG
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Fig. 2.8: Periodically-poled lithium niobate (PPLNQnlinear crystal. The physical dimensions
of the PPLN chip used in time-to-space conversigeament are shown (not to scale).

light from the back face of the crystal (lithiunobate has a relatively high refractive
index of 2.2). This PPLN chip was fabricated by &ddrHerrmann and co-workers
from the Integrated Quantum Optics group at theddepent of Applied Physics,

University of Paderborn in Germany. In addition o chip was fabricated with the
same dimensions but with a periodicity of 2(rB, to allow testing of different QPM

periods for optimisation of the conversion effitgn A home-made oven was used
for control and stabilisation of the PPLN temperefuihe temperature for optimum
phase-matching was determined experimentally to16& °C for the 20.3um

periodicity chip.

The time-to-space experiment in bulk PPLN (preskmeChapter 2B) resulted in a
large increase (by a factor 60) of the conversificiency slope compared with that
obtained using BBO (as detailed in Chapter 2A)sTihcrease was due to the higher
effective nonlinearity of PPLN. At the same time thigh resolution of the time-to-
space converted image was maintained, with a seraarallel resolution factax of

95 and a time window of 42 ps. Figure 2.9 shows$@tqgraph of the central part of
the bulk PPLN crystal time-to-space setup; the Bi&fup and also the experimental
setups presented in later chapters were broadlifasjmvith some changes in the

optical elements used.
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Fig. 2.9: Bulk PPLN time-to-space conversion sef[ipls photograph shows the central part of the
time-to-space conversion setup in the laboratotye Signal, reference and SFG beam paths are
marked in green, red and blue respectively. Theasignd reference beams enter from the top left
and left of the picture and are directed onto spadiffraction gratings, with the signal beamtfirs
passing through an optical delay line (DL). Thepdised beams then pass through half-waveplates
(4/2) to align their polarisations to the PPLN z-aXike spectral components of each dispersed beam
are then focused by Fourier lenses and made capabipg by a dichroic mirror (DM), which
transmits the reference beam (long wavelength)rafidcts the signal beam (shorter wavelength).
The signal and reference spatially resolved speuteafocused into a bulk PPLN nonlinear crystal
which is located inside the white temperature ainoven. The SFG beam that is generated is
focused by another Fourier lens onto the outputgenplane, where the focused pulse image is
recorded by a CMOS camera. Neutral density (N®natation filters are used to avoid saturation of
the camera.
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We report the first demonstration, to our knowledge, of time-to-space conversion of 1.55 um femtosecond optical
pulses using nondegenerate, collinearly phase-matched sum-frequency generation. A quasi-monochromatic and
background-free output signal spanning a time window of 35 ps and with a pulse image width of 350 fs was achieved.
The resulting serial-to-parallel resolution factor of 100 demonstrates the potential for all-optical complete frame
demultiplexing of a 1Tbit/s optical time-division multiplexing bit stream. © 2011 Optical Society of America

OCIS codes: 320.7085, 190.4223, 060.4230.

The use of optical time-division multiplexing (OTDM) in
high-speed optical communications is a possible solution
to the challenge of supporting ever-increasing capacity re-
quirements while avoiding the overhead costs associated
with high channel-count wavelength-division multiplexed
systems. A recent demonstration of 5.1 Tbit/s data trans-
mission achieved at 1.28 Tbaud/s signaling with phase-
shift keying (PSK) [l] demonstrates the bandwidth
efficiency potential of coherent detection OTDM. How-
ever, signal recovery at Tbit/s bit rates poses a serious
challenge, because available optoelectronic receivers
are limited to electrical bandwidths of 50-100 GHz. A
solution that has attracted much attention is all-optical
demultiplexing using fast optical nonlinearities.

Time-to-space conversion [2-8] is a real-time optical
demultiplexing technique that utilizes sum-frequency
generation (SFG) between a frame of signal pulses and
a reference pulse to convert a fast serial OTDM pulse
stream to a number of slower spatially parallel channels,
which can then be directly detected by an array of optoe-
lectronic receivers. Key advantages of this technique are
the strong y® nonlinearity of certain nonlinear crystals
and the preservation of phase information for compatibil-
ity with advanced modulation formats such as PSK.
Time-to-space conversion has been demonstrated in the
optical communications band [8], but with relatively low
conversion efficiency. A limiting factor on the conversion
efficiency is the short interaction length of two crossed
beams in noncollinear phase-matching, which is required
to provide a background-free output signal. One way to
improve the conversion efficiency is to use birefringent
phase-matching with copropagating beams, thus increas-
ing the interaction length up to the focused beams’ con-
focal length. However, in the collinear configuration, the
information-bearing SFG signal is superimposed over the
second harmonic generation (SHG) background light
from the signal and reference pulses independently
and will coherently interfere with it.

In this Letter, we report the first (to our knowledge)
demonstration of time-to-space conversion by means of
collinear nondegenerate wave mixing with a back-
ground-free output image. By employing nondegenerate
wavelength mixing, the SFG product is generated at a dif-
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ferent wavelength from the two SHG background compo-
nents. Spectral filtering of the generated light then
provides a background-free output signal. Detailed ana-
lyses of the operation of a time-to-space conversion pro-
cessor are provided in [2,3,7] and briefly summarized
here. A sequence of input signal pulses (a “frame”) and
the locally generated reference pulse both enter the pro-
cessor. Each of these waveforms is then spatially dis-
persed in opposite directions with a grating and lens
combination, so that the high-frequency components of
the signal waveform spatially overlap the low-frequency
components of the reference pulse, and vice versa. A
nonlinear crystal is located at the Fourier plane where
the dispersed light is spatially resolved. SFG between the
spectral components at every spatial location results in a
quasi-monochromatic upconverted wave. This generated
wave contains a linear phase tilt across the beam that is
proportional to the time delay between each signal pulse
in the frame and the reference pulse. A spatial Fourier
transform by an output lens converts this phase tilt to
a spatial translation at the image plane, resulting in a
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Fig. 1. (Color online) Experimental setup (MLL, mode-locked

laser; OPO, optical parametric oscillator; G1/G2, grating; f,
Fourier lens; DM, dichroic mirror; BBO, beta barium borate
nonlinear crystal; BPF, bandpass filter. Inset: collinear, oppo-
sitely dispersed signal and reference beams at the nonlinear
crystal.
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Table 1. Input Beam Characteristics of Time-to-Space Converter®
Aop(nm) Jy (Ip/mm) a(®) dx/do (um/GHz) wy (pm) Py /Prax(mW/kW)
Signal 1550 1100 70.0 -0.16 13 215/27
Ref. 1697 1000 79.8 0.16 14 85/11

“J9, central wavelength; f > grating frequency; a, angle of incidence on grating; dx/dw, spatial dispersion; w, focused spot radius of single spectral
component; P,,/Pp..x, average beam power/peak power at crystal. Ideally the reference beam power would be higher than the signal power.

transverse spatial pattern that is the direct image of the
input signal waveform.

Figure 1 shows our experimental setup. The signal
(at 1550 nm) and idler (at 1697 nm) outputs of a Spectra-
Physics Opal (Newport Corporation, USA) optical para-
metric oscillator (with FWHM pulse duration of 100 fs
and repetition rate of 80.2 MHz) are expanded to appro-
priate collimated beam sizes and undergo equal but op-
posite linear spatial dispersions by diffraction gratings
G1 and G2 and 75 mm Fourier lenses. The two dispersed
beams are superimposed by a long-pass dichroic mirror
(DM) and are incident on a 1 mm-thick beta barium bo-
rate (BBO) nonlinear crystal located at the focal plane.
The confocal length of the focused signal and reference
beams in the plane of dispersion was calculated as
1.1mm (per spectral component). The relevant beam
characteristics are listed in Table 1.

Because of the matched yet flipped spatial dispersions
of the signal and reference beams at the BBO crystal,
Type I phase-matched SFG at each point in space results
in a quasi-monochromatic output beam at 810nm. An
output lens of focal length 75mm coherently focuses
the light to a narrow line at the Fourier plane, where a
CMOS camera records the output spatial image. The SFG
-3 dB bandwidth was measured as 0.22 nm (= 100 GHz)
centered at 810 nm by coupling focused output light into
a multimode fiber connected to an optical spectrum ana-
lyzer (Fig. 2). This narrow signal bandwidth demon-
strates compatibility with optoelectronic receivers and
also the possibility of mixing the SFG signal with a CW
local oscillator at the same wavelength to extract phase
information. Background second harmonic light at
775nm and 849 nm is blocked by a bandpass filter (cen-
tral wavelength 810 nm, -3 dB bandwidth 10 nm) placed
between the lens and the camera.

The key performance parameters of the time-to-space
converter are the serial-to-parallel resolution factor N
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Fig. 2. (Color online) SFG narrowband spectrum centered at
810nm with a -3 dB bandwidth of 0.22nm (= 100 GHz).

and the conversion efficiency 7. The serial-to-parallel
resolution factor N is defined as the ratio of the time
window, AT (which limits the maximum extent of the
output spatial pattern), to the width of an individual pulse
image, 7, and determines the maximum number of pulses
that can be simultaneously demultiplexed to separate
spatial channels. The conversion efficiency 7 is defined
as the SFG output power divided by the signal beam
power incident on the nonlinear crystal. The resolution—
conversion efficiency product is invariant to the spot
size, w,, of a spectral component focused at the crystal,
so that one can be improved at the expense of the other.
However, N is dictated by the application and, for demul-
tiplexing a 1 Tbit/s OTDM signal down to electrical band-
widths, should be between 40 and 100.

The time-to-space conversion factor and the time win-
dow were measured by varying the time delay between
the signal and reference pulses (Fig. 3). A linear fit to the
time-delay-dependent pulse image position data results
in a time-to-space conversion factor of 60um/ps. A
Gaussian curve was fitted to the time-delay-dependent
pulse image intensity data giving a FWHM time window
of 35ps. The conversion efficiency was calculated by
measuring the SFG output power with a power meter
placed after the bandpass filter and dividing by the signal
beam power incident on the BBO crystal at zero time de-
lay (peak efficiency). The linear conversion efficiency
slope was measured as 11.2 x 10~® per watt of reference
beam power and the maximum conversion efficiency ob-
tained was 0.9 x 10 at 85mW reference beam power.
This low conversion efficiency is primarily due to the
low reference beam power available in our setup and
is also due to the spatial walkoff (48.9 mrad) limited in-
teraction length in the BBO crystal. Note that the spatial
walkoff limitation can be overcome by using noncritical
phase-matching [3] or quasi-phase-matching [8]. Because
we are operating in the linear conversion regime (i.e.,
with nondepleting pump power), we would benefit from
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Fig. 3. (Color online) Variation of pulse image position and
intensity as a function of time delay, showing linear and
Gaussian fits, respectively.



Table 2. Calculated and Measured Time-to-Space
Conversion Parameters”

Ax/At (um/ps) AT (ps) 7 (ps) N n (%)
Predicted 57 34 0.15 227 1.7x1073
Measured 60 35 0.35 100 0.9x 103

“Ax/At, time-to-space conversion factor; AT, FWHM time window; z,
FWHM pulse image width; N, serial-to-parallel resolution factor; #,
conversion efficiency.

a more intense reference pulse. The results are summar-
ized and compared with the theoretically calculated
parameters in Table 2.

The time-to-space converted pulse image width r was
estimated by fitting a Lorentzian curve to a pulse image
at the center of the time window, with the resulting FWHM
corresponding to 350 fs. Note that because the signal and
reference pulses are of the same duration, an autocorrela-
tion factor of 1.5 has been included in the values of the
theoretical time window and pulse image width. It can
be seen that the measured pulse image width is more than
twice as long as the predicted value. We attribute this loss
of resolution to a narrowing of the phase-matched band-
width due to distortions in the dispersed reference beam
spectrum, which result from the asymmetric spatial
profile of the reference beam incident on the diffraction
grating. This reduction in the SFG interaction bandwidth
results in a less spectrally resolved SFG output beam and
therefore a less tightly focused pulse image.

Despite this, the high time-to-space conversion resolu-
tion of N = 100 demonstrates the potential for 1-to-50
demultiplexing of subpicosecond pulses with low inter-
channel cross talk. As a demonstration, a series of 35 pulse
images equally spaced throughout the 35 ps time window
(equivalent to 1THz OTDM baud rate) was recorded
[Figs. 4(a) and 4(b)]. In addition to the time-delay-
dependent intensity of the output image, it is noted that
there is a defocusing effect toward one side of the time
window [the right-hand side in Figs. 4(a) and 4(b)]. We
attribute this again to an asymmetry in the spectral profile
of the dispersed reference beam. This spectral asymmetry
results in a more limited range of phase-matched signal
and reference frequency components toward one side
of the time window, giving a less tightly focused output
image. It may be possible to correct this distortion by spa-
tially filtering the reference beam before it reaches the dif-
fraction grating, at the expense of reference beam power.

The important innovation of our work is the implemen-
tation of background-free, high-resolution time-to-space
conversion using nondegenerate, collinearly phase-
matched SFG. This opens the way to a further advance
by employing quasi-phase-matching in a periodically
poled lithium niobate crystal, thus overcoming the spatial
walkoff limitation on the interaction length and increas-
ing the conversion efficiency.
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Abstract: We demonstrate high resolution and increased efficiency
background-free time-to-space conversion using spectrally resolved non-
degenerate and collinear SFG in a bulk PPLN crystal. A serial-to-parallel
resolution factor of 95 and a time window of 42 ps were achieved. A 60-
fold increase in conversion efficiency slope compared with our previous
work using a BBO crystal [D. Shayovitz and D. M. Marom, Opt. Lett. 36,
1957 (2011)] was recorded. Finally the measured 40 GHz narrow linewidth
of the output SFG signal implies the possibility to extract phase
information by employing coherent detection techniques.
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1. Introduction

Optical communications networks are subject to ever increasing capacity demands due to the
rapid growth in internet traffic. Two principle approaches in support of these demands are
increasing parallelism using wavelength division multiplexing (WDM), filling the gain
bandwidth of optical amplifiers, and increasing bandwidth efficiency using advanced
modulation formats such as phase-shift keying (PSK). WDM channel reduction is desirable
and may be enabled by boosting the serial transmission rate to higher baud rates. This can be
achieved by optical time division multiplexing (OTDM) where short pulses are
electrooptically modulated at relatively low bandwidths (10°s of GHz) and then interleaved
into a single high speed serial channel using passive optical delay lines. A recent
demonstration of 10.2 Tbit/s data transmission achieved by 1.28 Tbaud/s multiplexing
together with 16-QAM (quadrature amplitude modulation) [1] underlines the potential of
OTDM for maximizing single wavelength channel data capacity by combining a high symbol
rate and multiple bits-per-symbol modulation.

Whilst generating the OTDM channel is relatively straightforward, detection after
transmission is more challenging. Direct or coherent optoelectronic detection of terabaud
OTDM is not possible due to electric circuit bandwidth limitations. Generally all-optical
demultiplexing using a fast nonlinear optical interaction is required; examples include the
nonlinear optical loop mirror switch [2—4], the semiconductor optical amplifier based Mach-
Zehnder switch [5-7], cross-absorption modulation [8,9] and four-wave mixing in silicon,
silicon-organic hybrid or chalcogenide y nonlinear waveguides [10-13]. While each
technique has its own advantages and disadvantages, their operation principles limit them to
single sub-channel (tributary) extraction from the OTDM channel. The result is that the
number of devices required to fully demultipex the incoming data stream, and hence also

#175578 - $15.00 USD  Received 5 Sep 2012; revised 27 Oct 2012; accepted 28 Oct 2012; published 19 Nov 2012
(C) 2012 OSA 19 November 2012 / Vol. 20, No. 24 / OPTICS EXPRESS 27389



power consumption, scales with the OTDM channel baud rate. The need for multiple devices
leads to the even more serious problem of inter-device timing synchronization, which
becomes critical at rates of 100’s Gbaud/s and higher.

These problems can be overcome using serial-to-parallel conversion where a single
device simultaneously demultiplexes all tributaries out of the OTDM channel, resulting in
parallel lower bandwidth output channels which can then be detected optoelectronically.
Examples include multiple quantum well based time-to-space conversion [14, 15], angle
phase-matched time-and-frequency-to-two-dimensional-space conversion [16, 17], time-to-
frequency conversion based on four-wave mixing [ 18—20] or semiconductor optical amplifier
based cross-phase modulaton [21] and spectrally resolved sum-frequency generation (SFQG)
time-to-space conversion [22-27]. Serial-to-parallel demultiplexing avoids the problem of
inter-device clock synchronization and is robust against detection errors due to timing jitter
in the transmitted pulse stream.

In this paper we present spectrally resolved SFG time-to-space (T-S) conversion for
serial-to-parallel demultiplexing using a bulk periodically-poled lithium niobate (PPLN)
crystal. This technique converts a fast temporal data stream to a quasi-static spatial image
which can then be detected by an array of photodetectors. In addition to relief from precise
timing synchronization, an advantage of T-S conversion is the preservation of phase
information during the conversion process and the generation of a narrowband output signal.
This characteristic makes T-S conversion especially attractive when compared to time-to-
frequency conversion, which generates a wideband output signal making coherent detection
inaccessible. Other serial-to-parallel conversion techniques mentioned above (multiple
quantum well based T-S conversion and angle phase-matched time-and-frequency-to-two-
dimensional-space conversion) are limited, respectively, in speed by the picosecond scale
charge carrier lifetime and in conversion efficiency by the non-collinearly phase-matched
interaction and requirement for one gating pulse per demultiplexed signal pulse.

Spectrally resolved T-S conversion using second harmonic generation (SHG) was first
demonstrated in a lithium triborate crystal at 920 nm [22]. Collinear non-critically phase-
matched degenerate SHG at 860 nm in potassium niobate [23] resulted in improved
conversion efficiency, but without the possibility of filtering out the background light. T-S
conversion at 1560 nm (i.e. in the optical communications C-band) in PPLN was
demonstrated [25]. However a limited time window of 25 ps was obtained due to the large
spectral component focused spot size necessary for the long interaction length required to
obtain the reported conversion efficiency of 0.6%. Non-degenerate, collinearly phase-
matched SFG for background-free T-S conversion in the telecom window using a beta
barium borate (BBO) crystal was recently demonstrated, with high resolution but low
conversion efficiency due to the relatively small nonlinear coefficient of BBO [26]. Here we
provide an updated summary of our research on T-S conversion with PPLN presented at the
OSA Topical Meeting on Nonlinear Photonics (Colorado Springs, 17-21 June 2012) [27]. In
particular, we employ a custom made wide aperture PPLN chip to achieve increased
conversion efficiency whilst preserving high resolution and background-free operation.
Additionally, the effect of T-S conversion with non-degenerate SFG on the time-to-space
mapping factor is determined and experimentally verified, and an approach to achieve higher
conversion efficiency by means of a PPLN planar waveguide is proposed.

2. Non-degenerate time-to-space conversion

Time-to-space conversion is based on SFG between the dispersed frequency components of a
signal pulse stream and a single reference pulse in a nonlinear medium [22, 24] (see Fig. 1).
The signal and reference beams, at central frequencies w, and w, respectively, are incident on
different diffraction gratings and then pass through a Fourier lens, such that their resolved
spectra are superimposed at the focal ?lane with equal magnitude and opposite direction
linear spatial dispersions. By placing a y” nonlinear crystal at this plane SFG occurs between
the overlapping frequency components at each point in space. Due to the matched yet flipped
spatial dispersions a quasi-monochromatic SFG wave is generated at each location along the
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crystal aperture, with automatic phase-matching across the whole bandwidth of the dispersed
pulses. In addition the problem of temporal walkoff associated with short pulse harmonic
generation is avoided, since the spectrally resolved pulses are stretched in time.

The generated SFG light carries an instantaneous linear spatial phase which is directly
dependant on the time delay between the interacting signal and reference pulses. A second
Fourier lens placed after the crystal converts this spatial phase into a transverse spatial shift
of the focused pulse image at the output plane. The result is a slowly varying spatial image of
the input waveform with one-to-one mapping of the time delay, 4¢, of the incoming pulses to
a spatial shift, 4x, of the output image. Each spatial pulse image corresponds to a single
OTDM bit slot and so may be directly detected by a photodetector or mixed with a narrow
linewidth local oscillator for coherent detection.

1 Tbit/s OTDM i
Diffraction channel Fourier transform  Bandpass

grating lenses filter

Waveform
image

Nonlinear

f %@ crystal
Ref ‘f\.b \
pulse f ~——

Fig. 1. Time-to-space conversion concept. The time domain information carried by an OTDM
channel is transferred to a space domain image via dispersed wave SFG, enabling direct or
coherent detection. Note that a non-collinear phase-matching configuration is shown here for
clarity, whereas the current experiment utilizes collinear phase-matching for an extended
interaction length, necessitating the use of a bandpass filter for separating the SFG light from
the background SHG of the signal and reference beams.

The time-to-space mapping factor is given by the product of the linear spatial dispersion
and a scaling factor incorporating the new carrier frequency due to the second spatial Fourier
transform [25]; taking into account the non-degenerate wavelengths of our signal and
reference pulses results in:

[t Ml s (1)
At ﬁ fg,sﬂfs‘ ﬂ's +ﬂ’;

where f; and f; are the focal lengths of the first and second Fourier lenses respectively, ¢ is
the speed of light, § is the angle of diffraction of the central wavelength component of the
dispersed signal pulse, f; is the signal pulse diffraction grating frequency and 4, and A, are
the signal and reference pulse central wavelengths respectively. Equation (1) reduces to the
same scaling factor presented in [25] for the degenerate case.

In addition to the information carrying SFG signal at w; + w,, the signal and reference
pulses each independently produce SHG light centered about 2w, and 2w,. This light carries
no useful information, yet propagates to the output spatial image plane and there forms an
unwanted background to the pulse image. However, since the interacting pulses are at non-
degenerate wavelengths the SHG background light is spectrally offset from the SFG signal
(ie. 2w, > w; + w, > 2w,), and so a background-free output image can be obtained by placing
a bandpass spectral filter centered about w; + ®,. This also allows the use of collinearly
propagating signal and reference beams, thus maximizing their interaction length inside the
nonlinear medium.
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The key performance metrics of the T-S converter are the serial-to-parallel resolution
factor, NV, and the conversion efficiency, #. The resolution factor N determines the maximum
number of signal pulses that can be simultaneously demultiplexed by a single reference pulse
and is dependent on the time window of operation. The limited time window stems from the
decrease in output image intensity due to less temporal overlap with increasing time delay
between the reference pulse and a signal pulse at the ¥ nonlinear crystal.

The conversion efficiency # is defined as the SFG output power divided by the signal
beam power incident on the nonlinear crystal. The resolution-efficiency product is invariant
to the spot size of a spectral component focused at the crystal, so that one parameter can be
improved at the expense of the other [24]. In other words, decreasing the spectral component
spot size results in an enhanced resolution, but this is achieved at the expense of conversion
efficiency due to the shorter interaction length. However the larger y” nonlinearity of PPLN
compared with BBO allows an increase in conversion efficiency without loss of resolution.

3. Experiment

Our experimental setup is shown in Fig. 2. The signal and idler (reference) outputs of a
Spectra-Physics Opal OPO (with signal pulse duration 100 fs and repetition rate 80.2 MHz)
are expanded to appropriate collimated beam sizes and undergo equal and opposite linear
spatial dispersions of approximately 5 mm over a 40 nm (FWHM) bandwidth by diffraction
gratings and 75 mm lenses. The dispersed beams are superimposed by a dichroic mirror and
are incident on a PPLN crystal located at the focal plane. The main characteristics of the
input beams are given in Table 1. Noncritically phase-matched SFG results in a quasi-
monochromatic output beam at 810 nm, which another lens of focal length 75 mm coherently
focuses to a tight spot at the pulse image plane. A CMOS camera records the output spatial
image, with background second harmonic light from the signal and reference beams being
blocked by a bandpass filter between the lens and the camera.

CMOS =—
diomtenl ||| Li-sFe Delay 2 Q camera___ gpf
P PPLN line 4 >! >

Spectral
component
spot size

Signal
beam

- —
Dispersion Ref
——- heam

Fert " Beam
emtosecond expanders

MLL 0 il

1550nm U

810nm 0\ 0

1697nm T

Fig. 2. Experimental setup (MLL, mode-locked laser; OPO, optical parametric oscillator;
G1/G2, grating; f, Fourier lens; DM, dichroic mirror; PPLN, periodically-poled lithium
niobate; BPF, bandpass filter. Inset: dispersed signal and reference beams at the PPLN chip.

Table 1. Input Beam Characteristics of Time-to-Space Converter”

° ° dx/dv Poy/Pax
Signal 1550 1100 70 50 1.03 13 240/30
Reference 1697 1000 80 45 —-1.03 14 64/8

Mo, central wavelength; f,, grating frequency; a, incidence angle on grating; B, diffraction angle of central
wavelength component; dx/dv, spatial dispersion; w,, focused spot radius of single spectral component in the
horizontal direction; Pav/Pmax; average beam power/peak power at the PPLN. Ideally the reference beam power
would be higher than the signal power.
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PPLN was chosen as the nonlinear medium due to its high d.4 coefficient of 16 pm/V
(taking into account the reduction by a factor 2/x due to periodic poling) and the absence of
spatial walkoff between the extraordinary polarized interacting beams. The PPLN chip used
in this experiment was fabricated and anti-reflection coated, with a domain length of 20.3 pm
(for a phase-matching temperature of 165 °C) and dimensions of 6 mm in the light
propagation direction and 10 mm in the spatial dispersion direction. The extra wide crystal
aperture is necessary in order to accommodate the full spatial extent of the dispersed beams
and avoid limiting the interaction bandwidth. The confocal length of the focused spectral
components of the signal and reference beams in the plane of dispersion was 1.5 mm, thus
only a short section of the crystal length is utilized in practice.

4. Results

An example pulse image with a sech squared fit to its horizontal cross-section is shown in
Fig. 3(a); we placed a neutral density filter in front of the camera in order to suppress
saturation. By varying the delay line in the signal beam path the temporal offset between the
signal and reference pulses arriving at the PPLN is controlled. This temporal offset is
translated by the T-S conversion process into a transverse spatial shift of the pulse image.
Inserting the experimental setup parameters (see Table 1) into Eq. (1) gives a T-S conversion
factor of 59.1 um/ps, in excellent agreement with the measured conversion factor of 58.8
pum/ps. In order to demonstrate the potential for demultiplexing a 1 Tbit/s OTDM channel we
recorded 42 individual pulse images at 1 ps separation throughout the FWHM time window
(Figs. 3(b) and 3(c)).

The time window was determined by measuring the variation in output pulse image
intensity with time delay and the conversion efficiency was measured using a power meter
placed after the bandpass filter (at zero time delay); the results are summarized in Table 2.

Time (ps)
0

Ml o
||'|| I I|||!'|.‘|,

| '|||Is

T

15 0

Space (mm)

Fig. 3. (a) T-S converted signal pulse image with 440 fs FWHM, (b) pulse image intensity
profiles showing shift in spatial position and intensity fall-off with varying time delay and (c)
42 pulse images distributed throughout the T-S processor time window (composite image).

Table 2. PPLN-based T-S Conversion Performance Parameters®

AT (ps) T (f5) N (=AT/1) 1 (%) Conversion efficiency slope (%/W) Bandwidth (nm)

42 440 95 0.03 0.6 0.09

AT, FWHM time window; t, FWHM pulse image width; N, serial-to-parallel resolution factor; n, conversion
efficiency.

Note that the pulse image width at 440 fs is approximately three times longer than the
expected width for the 100 fs signal pulse (including the autocorrelation factor of ~1.5). This
is mainly due to the fact that our reference pulse duration is 210 fs. Of course the reference
pulse should ideally be short and intense compared to the signal pulse, enabling high T-S
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fidelity and conversion efficiency. A factor 30 increase in conversion efficiency and factor 60
increase in conversion efficiency slope compared with our previous work using BBO [26]
were achieved (see Fig. 4(a)). This compares well with the predicted increase in conversion
efficiency slope due to the larger nonlinear coefficient of PPLN:

2
NsrG-prLy — [(2/7[) ’ de_[/,LiNb(B J —64

7 @)

Nsr6-ss0 eff .BBO

where 7 is conversion efficiency and d, is the effective nonlinear coefficient of the crystal.

Finally, the SFG bandwidth was measured as 0.09 nm using light coupled by a single
mode fiber into an optical spectrum analyzer (Fig. 4(b)). This two order-of-magnitude
reduction from the input signal bandwidth (5 THz to 40 GHz) brings the ultrafast input
waveform to within the detection bandwidth of a fast optoelectronic receiver. In addition, the
relatively narrow linewidth of the converted signal shows the potential for extraction of
phase information using coherent detection.
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Fig. 4. (a) T-S conversion efficiency slope with PPLN (red diamonds) and BBO (pink
squares) and (b) SFG narrowband spectrum centered at 810 nm with a —3 dB bandwidth of
0.09 nm ( =40 GHz).

5. Discussion and conclusion

The obtained T-S conversion efficiency of 0.03% in our current setup is clearly too low to be
considered as a viable solution for OTDM demultiplexing. In order to boost the conversion
efficiency we propose to implement the SFG interaction in a PPLN planar waveguide, with
the interacting waves confined in the vertical direction. The non-degenerate configuration
utilized here and in [26] is ideally suited for this task, as it is impossible to use a non-
collinear arrangement with vertical confinement in a planar waveguide. The advantages of
performing the T-S conversion in a planar waveguide are twofold; the vertical mode height
can be focused independently and more tightly thereby increasing the interaction intensity
and the tight vertical mode does not impose any diffraction limitation as the mode is confined
within the waveguide structure.

The estimated vertical mode size in a planar waveguide defined by titanium diffusion at
the reference wavelength (1697 nm) is approximately 5.5um (1/¢” intensity points diameter).
Compared to our current bulk PPLN crystal setup, where the vertical mode size of the
reference beam is approximately 100 um, this represents an intensity increase factor of 18,
which should translate directly to a conversion efficiency improvement from the signal light
to the generated SFG light. In addition, whereas the interaction length will still be limited by
diffractive spreading in the non-confined horizontal direction, preservation of the beams'
intensity in the vertical direction along the interaction length should result in a further
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increase in conversion efficiency by a factor of \2. Thus a total increase by factor 25 in
conversion efficiency as compared to the bulk PPLN T-S conversion reported here is
expected due to these combined effects, bringing the overall conversion efficiency close to
1%.

In conclusion we have demonstrated high resolution and increased -efficiency
background-free time-to-space conversion using non-critically phase-matched SFG in a
PPLN crystal. The quasi-monochromatic SFG output signal implies the potential for recovery
of phase encoded information by coherent detection, allowing compatibility with advanced
modulation formats such as n-QAM which are necessary for high spectral efficiency. We are
currently planning a phase extraction experiment using a narrow linewidth local oscillator in
order to demonstrate this possibility. The PPLN slab waveguide currently under fabrication
will allow tight confinement of the light intensity in the vertical direction and thus further
increase the conversion efficiency, en route towards practical time-to-space detection of
optical waveforms in the lightwave telecommunication band.

Finally, the conversion of amplitude and, potentially, phase information from the time
domain to the spatial domain by means of spectrally resolved SFG is a very general
technique which can find applications in a number of fields in addition to optical
communications. For example the ability to perform single-shot imaging of non-repetitive
ultrafast temporal waveforms with high resolution would be useful for investigating
femtosecond time scale molecular dynamics. T-S conversion may also be interesting for
single wavelength channel real-time photonic analog-to-digital conversion due to the
possibility for oversampling of the converted signal in the spatial domain, thus reducing
detection errors.
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Chapter 3: Increased efficiency
time-to-space conversion in a
nonlinear planar waveguide

3.1 Time-to-space conversion in a nonlinear planar waveguide

By employing PPLN as the nonlinear medium for titoespace conversion, a factor
60 increase in conversion efficiency slope was iobth compared with the use of
BBO. This increase was due to the strondeémonlinearity of PPLN and the fact that
QPM allowed the use of parallel polarised fundamleand SFG waves, thus enabling
access to the highests; coefficient of the lithium niobate nonlinear susiteility

tensor. However the scope for further increasesoinversion efficiency slope by
using different nonlinear crystals is limited; ieatl a change in the optical

arrangement is required.

As mentioned in Chapter 1.2, there is an inhenemtetoff between the two main
time-to-space conversion performance parameters: ttme window and the
conversion efficiency. In order to widen the timedow, the spectral resolution of
the dispersed signal and reference pulses at thieeF@lane of the spectral processor
must be increased. This can be accomplished bynekmathe collimated beam size
of the signal and reference beams arriving at tfiadtion gratings. Note that the use
of shorter focal length Fourier lenses will notrg&se the spectral resolution, since as
well as decreasing the focused spot size at theidfoplane the linear spatial
dispersion extent will also decrease. The spepn@tessor resolution is independent
of the Fourier lens focal length. However, illunting a larger area of the diffraction
grating results in tighter focusing of the spectamponents at the Fourier plane
whilst leaving the spatial dispersion extent umalle resulting in higher spectral

resolution.

The Rayleigh lengtlx is the distance along the optical axis over whidbcused
beam stays relatively focused; at a distance of Rageigh length from the focal
plane the beam radius has increased by a fact:of

52



(3.1)

where Wy is the focused spot radius andis the wavelength in vacuum. The
efficiency of the SFG process depends on the dphtansity present at each point
along the crystal length. Since it is inverselygodional to the square of the beam
radius, the intensity of a diverging beam falls qdiickly for increasing distance from
the focal plane. At the Rayleigh length the intgnkias decreased by a factor of two
and further along the optical axis the intensitycrdases as the square of the
propagation distance. Therefore tighter focusinthefdispersed signal and reference
beams, whilst giving a larger time window, resitslecreased conversion efficiency
(see Fig. 3.1).

(a) High resolution... (b) High efficiency...
\ Rayleigh length
Rayleigh == | ) | — Spatial
length 22 . dispersion - SFG

SFG

1
Spectral component ! Spectral component
spot size Fourier plane spot size
...but low efficiency ...but low resolution

Fig. 3.1: Time window vs conversion efficiency. (digh spectral resolution of the signal and
reference frequency components at the Fourier plagelts in a wider time window for the
output time-to-space converted pulse image. Howtheereduced Rayleigh length due to tighter
focusing (and hence faster beam divergence) offrdguency components means a shorter
interaction length inside the nonlinear crystalisthimiting the conversion efficiency. (b) Loose
focusing of the signal and reference pulse spectaiponents increases their Rayleigh length,
giving a longer interaction length inside the noalir crystal and resulting in higher conversion
efficiency. However the low spectral resolutionitisrthe time window.

This time window — conversion efficiency invariar[@®] is an intrinsic feature of
time-to-space conversion by spectrally resolved $5Gas been presented so far. It
stems from free-space diffraction of the focuseghali and reference frequency
components within the spectral processor. In orterattain high conversion
efficiency whilst preserving a large time window, is necessary to break this
invariance. This can be achieved by stopping tliteadtion of the focused spectral
components via implementation of guided-wave timsgace conversion. By

confining the SFG interaction between the spatidigpersed signal and reference
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waves in nonlinear waveguides, diffraction is efiated and the interaction length
can be made much longer, subject to waveguidedation limitations and temporal
walkoff effects. At the same time the high spectesdolution necessary for a large
time window is maintained, since each waveguidetaina a single pair of phase-
matched signal and reference frequency compones® (Subject to waveguide

design restraints).

It can now be appreciated why the demonstratidmaokground-free time-to-space
conversion with collinearly propagating signal aredlerence beams, described in
Chapter 2, is significant with respect to guidedve&véime-to-space conversion. The
signal and reference spectral components confinesingle mode waveguides are
necessarily co-propagating. Background SHG rembyapatial filtering would not
be possible since there is no angular or spatmra¢éion between the SHG light and
the SFG (signal-carrying) light at the waveguidésxTherefore spectral filtering of
the SHG background enabled by wavelength non-degeneignal and reference
beams co-propagating in the time-to-space convevéey a necessary step towards

implementation of guided wave time-to-space congars

Realisation of guided wave time-to-space conversioran array of nonlinear
waveguides is a complex technical challenge. Theeefthe intermediate stage of
time-to-space conversion in a one-dimensional plamaveguide in PPLN was
demonstrated. In this case the interacting spectvaiponents are confined in the
vertical direction inside the planar waveguide, hwitee-space diffraction in the
horizontal plane (see Fig. 3.2). By eliminatingfrdi€tion in the vertical direction the
overall intensity over the length of the PPLN clgfpigher than when compared with
the completely unguided case in bulk PPLN. HowelkrerRayleigh length of the free-

Light propagation
direction

Waveguide
Vertical plane
confinement

Dispersed signal and
S — reference beams

Horizontal plane
free space propagation

Fig. 3.2: Planar waveguide in PPLN. The signal efdrence dispersed waves are confined in
the vertical direction by a slab waveguide at tbe surface of the PPLN chip. There is no
confinement in the horizontal plane and so difi@attof the focused spectral components
occurs. The effective interaction length deterngnthe conversion efficiency is therefore the
Rayleigh length of the focused spectral componintke horizontal plane. The diagram is not
to scale.
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space diffracting frequency components in the loorial plane still determines the

effective interaction length, thus limiting conviers efficiency.

The planar waveguide in PPLN was also fabricatati@tniversity of Paderborn
with physical dimensions of 10 mm4 mmx 0.5 mm in the spatial dispersion, light
propagation and vertical directions respectivelg @oling periodicity of 18.7um.
This was smaller than that of the bulk PPLN becanfs¢he increased effective
refractive index due to the waveguide. Detailshaf fabrication process are given in
Chapter 3A. The optical arrangement used to foleeslispersed signal and reference
beams into the planar waveguide is also detailedhapter 3A. However, in order to
achieve efficient coupling into the planar wavegupteliminary measurements were

performed and these are now described.

First the guided spatial mode sizes of the signdlraference light emerging from
the exit face of the waveguide were measured. She@urpose of this measurement
was simply to determine the guided mode size oktheal and reference light inside
the planar waveguide, it was not performed withia spectral processor setup (i.e.
the light coupled into the planar waveguide was first dispersed by diffraction
gratings). Furthermore, a CW source was used fsitnal light at 1550 nm instead
of the sub-ps pulses from the OPO. For the referdight measurement no CW
source was available at 1697 nm and so the OP@eauas used. In each case the
signal and reference light was coupled via a lerfded brought almost in contact
with the input face of the planar waveguide (seg Bi3). A 0.65 numerical aperture
(NA) microscope objective and a 1000 mm focal larighs were used to magnify by
a factor 180 the light exiting the planar waveguatel image it onto an InGaAs

Side-on view

CW source @ 1550nm /
fibre-coupled OPO source @ 1697nm

/ Planar i Lr;%a;:
Lensed fibre waveguide —3
; --I--I-I-I£ h
PPLN 0.65 NA

microscope objective  f1000mm lens

Fig. 3.3: High NA imaging of the guided mode siretihe PPLN planar waveguide. Light at
1550 nm or 1697 nm is alternately coupled intoRRLN planar waveguide via a lensed fibre.
The guided mode emerging from the end face of tistal is magnified and imaged onto the
InGaAs camera. The region of the planar waveguidéhé PPLN is shown by the red dashed
line (diagram is not to scale).
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camera. A visible light source reflected off theLRPcrystal exit face was used to
focus the exit face magnified image onto the cameeéore taking measurements of
the IR light. From Gaussian fits to the recordetémsity profiles the vertical mode
sizes were measured as 3 £ (2 and 3.5 + 0.2um (FWHM) for the signal light at

1550 nm and the reference light at 1697 nm respaygti These measurements
compare well with the theoretical values ofifd and 3.25um for 1550 nm and 1697

nm light respectively. An example image of the gaignode at 1550 nm is shown in

Figure 3.4.

Since only the optical power which is coupled ithe PPLN planar waveguide
contributes to the SFG interaction, it was necgssameasure the insertion loss (IL).
This is defined as the ratio of the optical powkthe guided mode emerging from the
waveguide exit face to the optical power of theuinpeam at the entrance face of the
waveguide (assuming that absorption is negligiblerothe 4 mm propagation
distance in the waveguide). In order to determhree IL of the signal and reference
beams, a power meter was first used to measuigetra power at the PPLN entrance
face. Note that the IL measurements were all peréor using the OPO sub-ps source
for the signal and reference light, but with nospdirsed light. The high NA imaging
system described above was then used to optimigaliog of the signal / reference
light into the planar waveguide, by viewing thehliggmerging from the waveguide
exit on the camera. An adjustable slit was thercqdain front of the camera,
vertically centred on the light exiting the planaaveguide and closed until the

emerging beam just began to become clipped. Inrotioeds the slit aperture was

1550nm guided mode
emerging from waveguide
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Fig. 3.4: Example guided mode image. InGaAs camaggpshot showing the upper part of the
exit face of the PPLN crystal with emerging ligharh the 1550 nm vertically guided mode. The
region of the planar waveguide is marked with a lied. The inset shows a vertical cross-
section of the recorded intensity profile, with arB FWHM.
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adjusted to block any non waveguide-coupled ligbinf the signal / reference beam
from reaching the camera. The camera was thencegplaith the power meter and
the optical power measured (see Fig. 3.5). Thertioseloss was given by the

difference (in dB) between this measurement anghtbeious measurement of optical
power at the PPLN entrance face. Losses in theostope objective and telescope

lens were assumed to be negligible.

The signal and reference beam insertion losses measured as 4.1 dB and 4.9
dB respectively. Possible causes for these quifle inisertion losses include imperfect
spatial mode matching of the focused signal andreece beams at the waveguide
entrance to the guided modes supported in the widegnd non lowest order spatial
mode and / or spatial frequency noise on the signdlreference beams exiting the
OPO. The higher IL for the reference beam is comsiswith the observed spatial
mode of this beam, which is not a lowest order Gamsmode on exiting the OPO.
Note that this measurement using the adjustablewsls less than ideal since the
measured IL depended sensitively on the slit aperideally all of the background
non-coupled light should be blocked whilst allowithgough all of the coupled light
emerging from the waveguide. However it is unlikéiat this ideal situation was

realised in the measurement.

Side-on view

OPO source adjustable slit ~ POWer
Planar J meter
@ 1550nm / 1697nm waveguide
_/ h-'-}-.-'-. <
f6.4mm PPLN  microscope
cylindrical lens objective relay lens

Fig. 3.5: Measurement of insertion loss into theLlIRPplanar waveguide. The signal and

reference beam powers after the cylindrical lensevedternately measured by the power meter
(not shown in this diagram). The beams were thended into the waveguide; coupling was
maximised by using the InGaAs camera to view thidepimode emerging from the waveguide
exit face (also not shown in the diagram). An atdjble slit was then used to block background
non-coupled light, whilst allowing light exiting¢hwaveguide to be incident on the power meter
for the insertion loss measurement (diagram is netate).
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We report the first demonstration, to our knowledge, of time-to-space conversion of subpicosecond pulses in a slab
nonlinear waveguide. By vertically confining the nondegenerate sum-frequency generation interaction between a
spatially dispersed 100 fs signal pulse at 1.55 pm and a reference pulse in a titanium indiffused planar periodically
poled lithium niobate crystal waveguide, we have attained a conversion efficiency of 0.1% and a conversion
efficiency slope of 4% per watt of reference beam power. This was achieved while maintaining high conversion
resolution, with a measured time window of operation of 48 ps resulting in a serial-to-parallel demultiplexing

factor of 90. © 2013 Optical Society of America
OCIS codes:

communications.
http://dx.doi.org/10.1364/0OL.38.004708

The continued rapid growth in Internet and data center
traffic stimulates research into optical communications
transmission techniques, in order to increase data capac-
ity and spectral efficiency and reduce energy consump-
tion. Optical time division multiplexing (OTDM) enables
generation of record multi-Tbaud symbol rates on a
single wavelength channel, and can be combined with
advanced modulation formats to achieve greater than
10 Tb/s data transmission [1]. Techniques for demulti-
plexing a Tb/s OTDM channel must exploit optical non-
linearities due to the limited bandwidth (up to around
100 GHz) of optoelectronic devices. Various types of
all-optical switching to extract a single bit from an OTDM
channel have been investigated, including the nonlinear
optical loop mirror [2,3], sum-frequency generation
(SFG) in periodically poled lithium niobate (PPLN) wave-
guides [4], and four-wave mixing (FWM) in silicon and
chalcogenide nonlinear waveguides [5,6]. However, the
number of switching devices required scales with the
OTDM symbol rate, increasing the total power consump-
tion and system complexity.

Serial-to-parallel demultiplexing methods overcome this
problem by using a single device to simultaneously demul-
tiplex an entire OTDM channel, on a frame-by-frame basis.
Examples include multiple quantum well based time-to-
space (T-S) conversion [7], time-to-frequency conversion
by FWM [8,9], and spectrally resolved SFG T-S conversion
[10-16]. T-S conversion transforms the OTDM serial pulse
stream into a quasi-static parallel spatial image, using SFG
between multiple signal pulses and a single reference
pulse. Each output spatial pulse image corresponds to a
single OTDM bit slot and so may be directly detected
by a photodetector or mixed with a narrow linewidth local
oscillator for coherent detection.

T-S conversion by degenerate SFG was first demon-
strated at 920 nm with an LBO nonlinear crystal [10]
and later at 1550 nm with bulk PPLN [13]. We have pre-
viously performed background-free T-S conversion using

0146-9592/13/224708-04$15.00/0
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nondegenerate and collinearly phase-matched SFG in a
BBO crystal [14] and in bulk PPLN [15]. However,
free-space diffraction of the signal and reference beams
in the bulk nonlinear crystal limits the SFG interaction
length, and therefore also limits the T-S conversion effi-
ciency. To achieve reasonable conversion efficiencies, a
high-peak-power (some hundreds of kilowatts) reference
pulse is needed, making the T-S conversion technique im-
practical for real system use. In order to overcome this
barrier, it is necessary to both increase the intensity of
the interacting beams by tight focusing and simultane-
ously increase the interaction length. In the free-space
regime, tighter focusing results in more rapid beam
spreading due to diffraction and therefore reduced inter-
action length. However, confinement of the SFG interac-
tion in a nonlinear planar waveguide prevents beam
spreading in one dimension and thus a greater effective
interaction length can be achieved.

In this Letter, we report the first demonstration, to our
knowledge, of T-S conversion in a planar nonlinear wave-
guide [16]. By confining the interacting signal and refer-
ence light within a PPLN slab waveguide, we have
significantly improved the T-S conversion efficiency com-
pared to our previous work in bulk PPLN [15], while main-
taining a high serial-to-parallel demultiplexing factor.

The operation of a T-S processor is described in detail
in [10-12] and briefly summarized here. The signal pulse
stream and a single reference pulse are incident on dif-
fraction gratings and pass through Fourier lenses, such
that their resolved frequency components are superim-
posed at the spectral plane with equal magnitudes but
opposite directions of the spatial dispersions. By placing
a @ nonlinear crystal at the spectral plane, SFG be-
tween the superimposed frequency components occurs
at each point in space. Due to the matched yet flipped
spatial dispersions, a quasi-monochromatic SFG wave
is generated across the crystal aperture. The SFG light
carries an instantaneous linear spatial phase, which is

© 2013 Optical Society of America
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Fig. 1. Experimental setup (MLL, mode-locked laser; OPO, op-
tical parametric oscillator; G1/G2, grating; f, Fourier lens; Cyl,
vertical cylindrical lens; DM, dichroic mirror; slab WG PPLN;
slab waveguide in PPLN). Inset: dispersed signal and reference
beams at the slab WG PPLN.

directly dependant on the time delay between the incom-
ing signal and reference pulses. A second Fourier lens
placed after the crystal converts this instantaneous linear
phase into a transverse spatial shift of the focused pulse
image at the output plane. The result is a slowly varying
spatial image of the input signal waveform with one-to-
one mapping of the temporal position of the incoming
pulses to the spatial position of the output image.

Figure 1 shows the slab waveguide PPLN T-S experi-
mental setup. The signal and idler (reference) pulses of a
spectra-physics opal optical parametric oscillator (OPO)
have central wavelengths of 1550 and 1697 nm, respec-
tively, FWHM pulse durations of 100 and 210 fs, respec-
tively, and an 80 MHz repetition rate. The two beams are
anamorphically expanded to appropriate collimated
beam sizes in the vertical and horizontal directions and
undergo equal and opposite linear spatial dispersions of
approximately 5 mm over a 40 nm (-3 dB) bandwidth by
diffraction gratings and 75 mm Fourier lenses. The dis-
persed beams are then superimposed by a dichroic mir-
ror and focused in the vertical direction with a 6.4 mm
cylindrical lens. This focal length was chosen to try to
obtain best mode matching between the free-space ver-
tically focused mode sizes at the input facet of the PPLN
slab waveguide to the guided mode size within the
waveguide.

The PPLN chip (with length 4 mm,; see Fig. 2) was posi-
tioned along the optical axis such that the dispersed sig-
nal and reference beams’ horizontal spectral planes were
located at its center, in order to best exploit the wave-
guide length for generation of SFG light. The cylindrical
focusing lens was then placed such that the signal and
reference beams’ vertical focal planes were displaced

10mm Titanium indiffused
4mm width /planar waveguide
length

SFG
Horizontal

Vertical plane
confinemen
=

Light propagationl -
direction

Vertical focal

- plane
Horizontal plane

free space diffraction

Dispersed signal

and reference beams

Fig. 2. Slab waveguide PPLN (not to scale) showing titanium
indiffusion defined waveguiding region, spatially dispersed sig-
nal and reference beams vertically focused to the waveguide
entrance facet and horizontally focused to the center of the
crystal, and SFG light at the output facet.
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by 2 mm ahead of the spectral plane, to the PPLN chip
input facet for optimal waveguide coupling.

The PPLN poling period of 18.7 ym was chosen to sup-
port quasi phase-matched SFG between the signal and
reference pulses’ central wavelengths at a crystal temper-
ature of 30°C, taking into account the increased effective
refractive index in the slab waveguide region compared
to that of bulk PPLN. The waveguide length of 4 mm in
the light propagation direction and aperture of 10 mm in
the spatial dispersion direction were chosen, respec-
tively, to fully contain the focused spectral components’
confocal length and the spatial extent of the dispersed
light at the spectral plane.

The slab waveguide was fabricated by indiffusion of an
88 nm thick Ti layer at 1060°C for 8.5 h into the upper
surface of the z-cut crystal. The intensity distribution
of the waveguide mode at 1~1550 nm is confined to ap-
proximately 3 pm FWHM in the vertical direction. This
tight vertical confinement of the signal and reference
beams results in increased intensity of the interacting
light throughout the propagation length, enabling more
efficient generation of SFG light. A broadband antireflec-
tion coating from 1500 to 1750 nm was deposited on the
PPLN entrance facet and an antireflection coating at
810 nm on the exit facet. The PPLN was held at a temper-
ature of 30°C (£0.1°C) for optimum phase matching.

The FWHM spot size of the focused spectral compo-
nents within the crystal was approximately 14 pm. While
the signal and reference beams coupled into the wave-
guide were confined in the vertical direction as single-
mode guided waves, free-space diffraction of the focused
spectral components in the nonguiding horizontal plane
still limits the SFG interaction length. The confocal
length in the horizontal direction was 1.2 mm,; thus the
full length of the chip is not exploited in practice; i.e.,
horizontal plane diffraction limits the maximum conver-
sion efficiency achievable in our current experiment.

Note that the use of nondegenerate wavelengths for
the interacting light is essential in order to avoid gener-
ation of strong background second-harmonic generation
(SHG) light by the signal and reference pulses individu-
ally in the slab waveguide PPLN. This background light
would propagate to the output plane and there degrade
the pulse image quality, reducing the signal-to-noise ratio
at the photodetector placed to receive the demultiplexed
bit. The PPLN poling periodicity required for quasi phase-
matched SFG between signal and reference beams with
widely spaced wavelengths (i.e., 1550 and 1697 nm) does
not allow for phase-matched SHG from the input wave-
lengths individually, and so the SHG background is neg-
ligible in this case.

Due to the matched yet flipped spatial dispersions of
the two beams, noncritically phase-matched SFG be-
tween overlapping pairs of signal and reference spectral
components at each point along the PPLN aperture re-
sults in a quasi-monochromatic output beam at 810 nm.
A 75 mm lens coherently focuses the SFG light to the
pulse image plane, with a 25 mm cylindrical lens used
for vertical collimation of the light exiting the planar
waveguide.

An example of a pulse image recorded by a CMOS cam-
era at the image plane is shown, together with a Gaussian
fit to its horizontal cross-section, in Fig. 3(a). The T-S
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Fig. 3. (a) T-S converted signal pulse image with 532 fs FWHM,
(b) 48 pulse images distributed throughout the T-S processor
time window of 48 ps (composite image), and (c) pulse image
intensity profiles showing shift in spatial position and intensity
fall-off with increasing time delay.

conversion factor was measured as 62 pm/ps, by record-
ing the shift in the transverse spatial position of the out-
put pulse image at different signal pulse delay line
lengths. This compares well with the calculated value
of 59 pm/ps (see Ref. [15], where the Fourier lens focal
lengths and diffraction grating frequency used are essen-
tially the same as in the current experimental setup). The
resulting FWHM pulse image width r was found to be
532 fs, which is longer than the ideally expected image
width of 232 fs corresponding to the cross correlation
of a 100 fs signal pulse with a 210 fs reference pulse.
We attribute this broadening to the poor beam quality
of the reference beam (M? = 1.3). This results in less
than optimal focusing of the reference pulse spectral
components at the Fourier plane, reducing the T-S proc-
essor spectral resolution and so limiting the image plane
resolution.

An important performance parameter of the T-S proc-
essor is the time window of operation AT'. This is equiv-
alent to the duration of the SFG output pulse and defines
the maximum spatial extent of the T-S converted output
parallel pulse images. The time window is determined by
the temporal overlap of the interacting signal and refer-
ence pulses within the processor, which results in a drop
in generated SFG signal power from the center of the
time window toward its edges. The FWHM time window
was measured as 48 ps by changing the delay line length
and measuring the variation in SFG power.

The serial-to-parallel conversion factor N is defined as
the time window AT divided by the pulse image width 7.
This determines the maximum number of signal pulses
that can be simultaneously demultiplexed by a single
reference pulse to spatially separated parallel output
channels. Our T-S conversion setup resulted in a conver-
sion factor of N = 90. In order to demonstrate the poten-
tial for complete demultiplexing of a 1 Tbit/s OTDM
channel, we recorded 48 individual pulse images at
1 ps separation throughout the FWHM time window

[Figs. 3(b) and 3(c)]; it can be seen that there is clear spa-
tial separation between adjacent output channels and the
pulse images obtained are background free.

The T-S conversion efficiency 7 is defined as the SFG
output power divided by the signal beam power coupled
into the slab waveguide PPLN. We obtained a maximum
conversion efficiency of 0.1% at 23 mW of coupled refer-
ence beam average power and a conversion efficiency
slope of 4% per watt of coupled reference beam power
[see Fig. 4]. Reference [13] reports a higher conversion
efficiency of 0.6%; however, this was achieved at the ex-
pense of a reduced time window of 25 ps due to the de-
crease in spectral resolution required for fully exploiting
the crystal interaction length (trading off efficiency for
resolution).

The insertion losses for the signal and reference beams
into the slab waveguide were measured as 4.1 and 4.9 dB,
respectively. The average power and peak power of the
signal (reference) beam at the PPLN waveguide entrance
facet were 132 (70) mW and 16.5 (4.2) kW, respectively.
Ideally, the pump power should be much higher than the
signal power.

The SFG output signal bandwidth was measured as
0.1 nm (46 GHz) using light coupled via a multimode fiber
into an optical spectrum analyzer [see Fig. 5]. This two-
order-of-magnitude reduction from the input signal pulse
bandwidth (from 5 THz to 46 GHz) implies the possibility
for extraction of phase information from the converted
signal by using coherent detection techniques.

The slab waveguide PPLN T-S conversion results are
summarized and compared to those obtained with bulk
PPLN [15] in Table 1. Note that the time window and se-
rial-to-parallel resolution factors are similar for slab
waveguide PPLN and for bulk PPLN T-S conversion. This
is as expected since these parameters are determined

SFG conversion efficiency
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Fig. 4. T-S conversion efficiency slope for slab waveguide
PPLN (red triangles) compared to our previous result with bulk
PPLN crystal (pink diamonds; see Ref. [15]).
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Fig. 5. Output SFG spectrum centered at 810 nm with a -3 dB
bandwidth of 0.1 nm (= 46 GHz); the optical spectrum analyzer
resolution was set to 0.01 nm for this measurement.
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Table 1. Slab Waveguide PPLN and Bulk PPLN T-S Conversion Performance Parameters®
AT (ps) 7 (fs) N n (%) Conversion Efficiency Slope (%/W) Bandwidth (nm)
Slab WG PPLN 48 532 90 0.1 4 0.1
Bulk PPLN [15] 42 440 95 0.03 0.6 0.09

“AT, FWHM time window; 7, FWHM pulse image width; N, serial-to-parallel resolution factor (= AT /7); 5, conversion efficiency. Note that due
to insertion loss, the maximum conversion efficiency for the slab waveguide PPLN was obtained at lower reference beam average power

(23 mW) compared to the bulk PPLN in Ref. [15] (64 mW).

solely by the spectral resolution of the dispersed signal
and reference pulses at the spectral plane and ideally
should not be affected by the type of nonlinear medium
used. The principle difference between T-S conversion in
the slab waveguide and bulk PPLN media is the conver-
sion efficiency obtainable.

In summary, we have demonstrated T-S conversion of
100 fs pulses at 1.55 pm in a one-dimensional PPLN wave-
guide. This advance from a free-space nonlinear interac-
tion to a semiguided wave regime resulted in increased
SFG conversion efficiency, while maintaining high serial-
to-parallel conversion resolution.

It should be noted that T-S conversion is a true serial-
to-parallel demultiplexing technique, with all the signal
pulses in the OTDM channel being simultaneously demul-
tiplexed by a single reference pulse. In order to compare
the optical power requirements of T-S conversion with
other (single bit extraction) demultiplexing techniques,
it is useful to consider the reference pulse energy-per-
extracted-bit parameter. In our slab waveguide PPLN
setup we use 3 pJ/bit to achieve 0.1% conversion effi-
ciency. This compares with 1.1 pJ/bit for 0.8% conver-
sion efficiency [5] and 1.7 pJ/bit for 0.06% conversion
efficiency [6] for FWM single bit extraction in silicon
and chalcogenide waveguides.

For high-bit-rate OTDM demultiplexing, for example,
from 1 Thit/s to 50 x 20 Gbit/s, our current slab PPLN
waveguide T-S setup would require an average pump
power of around 5 W. Clearly this is a higher than the
acceptable pump power requirement for practical OTDM
demultiplexing. In order to reduce the pump power, the
T-S conversion efficiency could be increased by less tight
focusing (in the horizontal direction) of the signal and
reference spectral components, allowing for extended
Rayleigh interaction range in a lengthened slab PPLN
waveguide. This can be achieved by employing longer
focal length lenses; however, this would increase the
overall footprint of the system.

Finally, high-resolution T-S conversion may be ex-
ploited in a number of applications, including single-shot
imaging of ultrashort temporal waveforms for investigat-
ing femtosecond time scale molecular dynamics and

single wavelength channel photonically assisted analog-
to-digital conversion, for which reference power is not a
major concern, but having large conversion efficiency
and signal strength are.
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Chapter 4: Full-field
measurement of ultrashort
pulses

Whilst the work presented here so far has focuseddeveloping time-to-space
conversion as a demultiplexer for OTDM optical conmications, it is in fact a
general technique for transferring time domain rimfation onto the spatial domain
for ease of detection. It can therefore be usedltoashort pulse measurement, where
optoelectronic photodetectors lack the necessarghiath to resolve sub-picosecond
temporal features. By mapping the temporal wavefonto a spatial dimension, an
array of photodetectors or a camera can be useettod the original pulse intensity
envelope with high spatial resolution. However, nagntioned in Chapter 1.4, an
intensity-only measurement discards important migiion about the waveform
which is contained in the phase. The time-to-spawe/ersion process converts this
temporal phase to a spatial phase on the geneg&t&dwave. In the case of a linear
temporal phase (i.e. a time delay between the kiyaseform and the reference
pulse), the spatial phase of the SFG wave is atg@al and so is converted by the
output Fourier lens to a transverse spatial shifhe waveform image. In the case of a
quadratic temporal phase the spatial phase of #8& ®ave is also quadratic,

resulting in a defocus of the pulse image at thputimage plane.

Whilst this image defocus has been shown to givie@ication of the presence and
magnitude of frequency chirp on an ultrashort pJylk& 14], an immediate and
simultaneous recording of the converted compleid fige. amplitude and phase)
would be preferable. This is made possible by tagow bandwidth of the SFG
output carrying the time-to-space converted phasdormation, allowing
interferometric phase detection using a narrowwidén local oscillator. Section 4.1
and paper 4A describe the results of full-field sweament experiments by time-to-
space conversion of ultrashort pulse packets atiéncy chirped pulses. Section 4.2
and paper 4B present the experimental demonstraficeal-time phase detection of a

phase-modulated pulse train.
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4.1 Pulse packet and chirped pulse full-field measurement

Two full-field measurement experiments by timef@se conversion were
performed: the first on a linearly phase-modulapedse packet consisting of two
bandwidth-limited ultrashort pulses and the secomdjuadratically phase-modulated
and temporally stretched pulses. The experimemilps used to apply linear and
quadratic phase modulation to the signal pulse dailed below, but first the

generation of the local oscillator (LO) is descdbe

Since optoelectronic photodetectors and camergsomesonly to intensity, any
phase measurement must be performed by first congephase variations into
intensity variations. This is typically done by ernfering the phase information-
carrying signal wave with a featureless referenagen(i.e. the local oscillator) at the
same frequency. When the signal and LO waves grerisoposed in space their
instantaneous field amplitudes are combined, giogstructive interference where
they are in phase and destructive interference eviiieey are out of phase. The
resulting spatial intensity variations (interfererfcinges) are recorded by the CMOS
camera, thus creating an interferogram from whieh fteld amplitude and phase of
the signal wave can be extracted. In order to obitajh visibility interference fringes
the LO should have precisely the same frequendiieasignal wave and should also
have as narrow a linewidth as possible. TypicalyVd laser is used, however in the
experiments described below the LO was generatespégtral filtering of the mode-
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Fig. 4.1: LO generation by spectral filtering oétresidual pump pulse. The sub-ps broadband
residual pump pulse which exits the OPO is cerate®ll0 nm and has an FWHM bandwidth of
~10 nm. The pulse is incident on a diffraction igrgtwhich angularly disperses the various
frequency components. A Fourier lens then contbgsingular dispersion to a linear spatial
dispersion of focused frequency components at thei€r plane. Here a 20m wide slit blocks

all spectral components except for a 1 nm bandwidtiired at 810 nm. The spectrally filtered
(and temporally stretched) LO is then directed tolsahe CMOS camera to interfere coherently
with the SFG phase-carrying signal.
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locked laser residual pump pulse. The residual pisnihe part of the MLL pulse
which does not get converted to signal and referdight by DFG in the OPO;
instead it exits from the OPO and can be usedsaparate source of sub-ps pulses at
810 nm. Since the residual pump pulses have a yaadwidth of approximately 10
nm (FWHM), it was necessary to narrow this specataaitent down to approximately
1 nm by spectral filtering. Figure 4.1 shows the kf¥ectral filtering setup. The
residual pump pulses are spatially dispersed b¥faation grating and Fourier lens
pair (as described in section 1.2) and au2® wide slit is then used to block all
frequency components except those in a 1 nm (FWHahdwidth centred around
810 nm. Note that this is wider than the 0.1 nmdwadth of the SFG light. This was
done intentionally to avoid interference fringesedw the LO alone, which were
initially observed on the camera. The LO light vimddent on the camera at a small
angle from above in order to intersect the SFG baadcreate a spatial interference

pattern with the time-to-space converted pulse anag

The pulse packet used for the linear phase modulaxkperiment was generated
by using an unbalanced Mach-Zehnder interferonteteplit the signal pulse at 1550
nm emerging from the OPO into two copies (see Eig). One copy (not phase-
modulated) passed through a delay line in ordexdfast the temporal offset between
the two pulses. The other copy passed throughatimgtglass slide which was used to
apply a linear phase to the pulse. This contradlatifferential phase between the

modulated and unmodulated pulses was the targedéfaction in this experiment.

——Pulse packet:
output !

- Signal

Single pulse input beam
(1550nm)

®
g
o

Fig. 4.2: Pulse packet generation. The signal patl9&50 nm from the OPO is split into two
copies by a beamsplitter. One copy (unmodulatesgrmthrough a delay line and the other
copy receives a linear phase applied by a rotafiags slide. The two pulses are then re-formed
into a single beam at the second beamsplitter, avfdw picoseconds time delay between them.
The double pulse is then directed via a delaytlindne time-to-space converter.
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The signal pulse packet then passed through andéiay line and entered the time-
to-space converter along with a reference pulsd6®7 nm. The time-to-space
conversion setup used was the same as that dekcnb&hapter 2B, with a bulk

PPLN nonlinear crystal. The resulting SFG waveyag the temporal amplitude and
phase information was focused to the CMOS camerxavthe double pulse image
was observed. The LO beam was also directed oert@eamera at a small angle and

horizontal interference fringes were observed enphise images.

For the quadratic phase modulation experimentugaqy chirp was applied to the
signal pulses using a four-pass pulse stretcher Kgg 4.3). The bandwidth-limited
incoming signal pulse is dispersed by a diffractipating and Fourier lens pair, with
the dispersed spectrum incident on the mirror. Wtherlens-grating distanckequals
the lens focal length there is no applied quadratic phase and the mxgmg the
pulse stretcher is still bandwidth-limited (this keaown as the pulse stretcher 'null
position’). In order to apply quadratic phase te flulse the mirror and lens are
together displaced along the optical axis with eespo the grating (note that the lens-
to-mirror distance is fixed), causing the Fouri&ane at the mirror to become curved
[50]. This means that each spectral component Igagedifferent total distance
through the pulse stretcher, thereby acquiringffaréintial path length or phase. This
phase varies quadratically across the pulse spec&quivalent to a linear frequency
chirp in which each frequency component has a rdiffetime delay with respect to

the pulse envelope, thus stretching the pulseme.tiThe direction and magnitude of

Movement
Fourier
--------- lens

'_ Mirror
P

Signal
beam
1(1550nm)

@
=
Q
=
=]
«

Bandwidth-limited pulse input /
chirped pulse output
Fig. 4.3: Pulse stretcher for applying quadratiagghmodulation. By displacing the lens and
mirror with respect to the diffraction grating, ffo& or negative quadratic phase of varying
magnitude can be applied to the dispersed frequemicyponents. This is equivalent to a linear
frequency chirp and also results in temporal shiatgof the pulse.
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the chirp simply depend on the direction and extérnthe displacement of the mirror
and lens. In this way a controllable quadratic pheen be applied to the signal pulse.
The four-pass configuration is in order to ensuvat the spatio-temporal coupling
inside the pulse stretcher is undone for the oupulge. The chirped pulse is then
time-to-space converted and its pulse image viearedhe camera, along with the

curved fringe interference pattern due to the L@ibeas described above.

In order to recover the amplitude and phase inftiondrom the phase modulated
pulses in the experiments described above, thefenémice patterns recorded by the
camera were Fourier transformed to the spatialugaqy domain on a PC. Single
sideband (SSB) filtering was then applied to elaténthe DC component and one of
the sidebands. The filtered spatial frequency images then inverse Fourier
transformed back to the spatial domain and the-tiependant amplitude and phase

were extracted.
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4.2 Real time phase demodulation of ultrashort pulses by
time-to-space conversion

The phase modulation experiments described above designed to show proof of
principle of time-to-space conversion for full-iemeasurement of ultrashort pulses.
Phase recovery is also important in the contextirae-to-space conversion as a
potential OTDM demultiplexing technique for opticmmunications. As mentioned
in section 1.3 advanced modulation formats sucBRSK, where data is encoded on
the phase of the optical wave, are typically usegther with OTDM to increase the
bit rate and spectral efficiency. Therefore it isiperative that an OTDM

demultiplexing method is compatible with coheresttedtion of phase information.

The phase detection experiments described in sedtibwere both based on slow
phase modulation of the signal pulses. The phastulaton applied, whilst it could
be varied between measurements, did not changmenvtith respect to the individual
signal pulses. Furthermore, the detection stage alss 'slow' since the time-
averaging CMOS camera recorded the incident opii¢ahsity over a span of a few
milliseconds. Therefore a few hundred thousand -torgpace converted pulse
images were incident on the camera for each redosdapshot (the repetition rate of
the signal pulses from the OPO was approximatelyMddz). Since the phase
modulation was slow in these experiments, the tetestage could also be slow
without affecting the results. However, in an ogticommunications link a pseudo-
random bit sequence is amplitude and phase-moduteti® the optical carrier in real
time and must also be detected in real time. Glearbther experiment is required to
show proof of principle for time-to-space conversias a potential candidate for

OTDM demultiplexing.

This experiment was performed by replacing the sphwese modulation setups
described above with an electro-optic phase moadulahich could be driven with an
RF sinusoidal signal. At the same time the timerag®g camera at the output of the
time-to-space processor was replaced with a fastogletector for real-time coherent
detection of the SFG light mixed with the LO. Theape modulator used was based
on the linear electro-optic effect (Pockels effanot)a KTP crystal. By applying an
electric field across the crystal transverse to dpécal axis, its refractive index

changes and so light passing through the crysf@neéences an increased phase delay.
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The applied voltage can be reversed periodicallth va sinusoid function at RF

frequencies, resulting in a time-varying phase ntettchn of the signal pulse train.

In the experiment described in paper 4B, a trusgto-pulser phase swing was
not possible, since the maximum driving frequendyiclv could be applied to the
phase modulator was limited to around 500 kHz (caneqb to the 80 MHz repetition
rate of the signal pulses). This meant that thessiidal phase modulation was applied
to the pulse train as a whole, rather than indi@icwlses. In addition the maximum
modulation depth attained was approximately 1.%aregj ideally it would have been
7 radians. This was due to the dependence of thanitndg of the Pockels effect on
the applied electric field, which is equal to thppked voltage divided by the crystal
width. Since the signal pulses to be modulated gyafed in free-space (as opposed
to in a waveguide), the crystal width had to betreély large to allow a sufficient
clear aperture of 2 mm for the free-space beang limiting the modulation depth.
However enough phase modulation was applied to @igetectable signal after time-

to-space conversion.

The phase-modulated signal pulse train was timgptme converted in the same
setup as described in section 4.1 above. In ordesensitively detect the phase
modulation that was transferred to the SFG waviechnique known as balanced
homodyne detection was employed. The SFG light ezagpled into a single mode
fibre via a fibre collimator and the LO light atetlsame wavelength was coupled via
another collimator into a separate single modeefilbhe two fibres were connected to
a 3 dB fibre coupler which combined the SFG and Ilgbt into each of its two
outputs, with ar/2 relative phase shift between them (see Fig. ZHis converts the
phase modulation of the SFG light into an intensitydulation; when the SFG and
LO are in phase their combined optical power exiasone output and when they are
out of phase the optical power exits via the otaiput. The fibre coupler outputs
were then connected to the two photodiodes of aVB3@ bandwidth silicon balanced
photodetector. The two photodiodes generated photmasl. . proportional to the

incident optical power, but with opposite polastias shown in Eqns 4.1 [51]:
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LO \ PD f--- V(o)
\
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Fig. 4.4: Balanced coherent detection setup. Thag@tmodulated signal and LO are coupled
into a 3 dB fibre splitter which combines the twawes. These are then incident on photodiodes
which generate photocurrents proportional to tleedent optical power, but with opposite
polarities. The transimpedance amplifier sums thetecal signals, thus cancelling out the DC
components from each photodiode, whilst passindgRtaieomponent. The output phase-
dependent voltage is displayed on the oscilloscope.

I, = S(%(PSFG + PLO)+ v PssPlo Sin(dt))j (4.1a)
- = _S(% (PSFG + PLO)_\/ PesPlo Sin(dt))j (4.1b)

whereSis the photodiode spectral responsivity (whickimsply a constant for light of

a particular wavelength)Psc and P o are the SFG and LO optical powers
respectively coupled into the fibre collimatorss@sing negligible insertion loss at
the 3 dB fibre coupler) anglt) is the original phase modulation applied to tlgmal
pulses (assuming a non time-varying phase of thdi¢gi@ which is here set to zero
for convenience). Note that here we have assumadthie SFG and LO optical
frequencies are identical. By summing these twotghorents and converting them
to a voltage in a transimpedance amplifier, thestamt SFG and LO terms cancel out
and we are left with an electrical signél¢) which represents the original time-

varying phase modulation:
V(@) = 2GS, /P P, sin(¢t)) (4.2)

whereG is the electrical gain provided by the transimpm#gaamplifier. Note that a
significant advantage of balanced homodyne detedsidhat the signal-to-noise ratio
can be enhanced by using a high power local osmiJlaffectively providing gain for

a weak signal of interest (in this case the SFGejNalhe voltage in Egn 4.2 is then
amplified and the result recorded by a 12 GHz badihwoscilloscope, completing
the phase demodulation.

70



Chapter 4A

Full-field  reconstruction  of  ultrashort
waveforms by time to space conversion
Interferogram analysis

Dror Shayovitz, Harald Herrman, Wolfgang SohlerimRand
Ricken, Christine Silberhorn and Dan M. Marom

Published in Optics Express:

D. Shayovitz, H. Herrman, W. Sohler, R. Ricken,Siberhorn
and D. M. Marom, "Full-field reconstruction of wshort
waveforms by time to space conversion interferogaaaysis,"
Opt. Exp.22, 20205-20213 (2014).

71



Full-field reconstruction of ultrashort
waveforms by time to space conversion
interferogram analysis

Dror Shayovitz," Harald Herrmann,” Wolfgang Sohler,” Raimund Ricken,* Christine

Silberhorn,2 and Dan M. Marom'

!Department of Applied Physics, Hebrew University of Jerusalem, Jerusalem, 91904, Israel

’Department of Applied Physics, The University of Paderborn, Warburger Str. 100 D-33098, Paderborn, Germany

*dror.shayovitz@mail. huji.ac.il

Abstract: Accurate amplitude and phase measurements of ultrashort optical
waveforms are essential for their use in a wide range of scientific
disciplines. Here we report the first demonstration of full-field optical
reconstruction of ultrashort waveforms using a time-to-space converter,
followed by a spatial recording of an interferogram. The algorithm-free
technique is demonstrated by measuring ultrashort pulses that are widely
frequency chirped from negative to positive, as well as phase modulated
pulse packets. Amplitude and phase measurements were recorded for pulses
ranging from 0.5 ps to 10 ps duration, with measured dimensionless chirp
parameter values from —30 to 30. The inherently single-shot nature of time-
to-space conversion enables full-field measurement of complex and non-
repetitive waveforms.
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1. Introduction

Ultrashort optical pulses are used in many areas of science and technology, for example the
investigation of femtosecond time-scale molecular interactions [1, 2], multi-photon
microscopy of dynamic biological samples [3], optical data processing [4] and optical
communications [5]. Full-field measurement of ultrashort optical pulses is essential for
understanding their generation, ascertaining their propagation properties and for pulse
shaping applications [6]. For example, temporal phase measurement of a pulse can be used to
determine whether it is bandwidth-limited or has undergone dispersive or nonlinear phase
distortions. Optoelectronic photodetectors are unable to measure ultrashort (sub-picosecond)
pulses, due to their limited electrical bandwidth of ~100 GHz in state of the art devices. Pulse
measurement techniques are therefore typically based on optical nonlinear phenomena, which
are effectively instantaneous on the femtosecond timescale.

The requirements for a successful ultrashort pulse full-field characterization technique
include: unambiguous measurement of complex and non-symmetric pulses, single-shot
measurement of non-repetitive pulses, a high record length-to-resolution ratio for long and
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complex waveforms and algorithm-free phase recovery to minimize post-processing and
eliminate the problem of non-convergence.

Among the full-field characterization methods that have been investigated, frequency-
resolved optical gating (FROG) [7-10] and spectral interferometry techniques [11-13] such
as SPIDER are popular. However, the FROG technique requires a phase recovery algorithm
whose run time rapidly increases for larger time-bandwidth product waveforms [14], while
SPIDER's record length is limited by spectrometer resolution. Temporal magnification,
following the analogy between short pulse dispersive propagation and free-space diffraction
[15], can temporally stretch pulses to enable detection by conventional photodetectors [16] or
to perform full-field measurement by interferometry in the time [17] or frequency [18]
domains. This technique, however, is only single-shot within a time window limited by the
stretched reference pulse duration. Optical arbitrary waveform measurement (OAWM) uses
spectral slicing and digital coherent detection to achieve a record length-to-resolution ratio of
>300,000 [19]. However, the requirement for a stable frequency comb and multiple high-
speed receivers and digitizers reduces the practical utility of this method.

2. Full-field measurement by time-to-space conversion

Time-to-space (T-S) conversion realizes full-field measurement of ultrashort optical pulses by
transferring the pulse's amplitude and phase information from the temporal domain to a
spatial domain image. It is based on sum-frequency generation (SFG) between spatially
dispersed signal and reference pulses, resulting in a quasi-monochromatic SFG wave which
forms a spatial image of the signal pulse. Preservation of phase in the T-S conversion process
has been shown experimentally using displaced image plane observations [20—22], and here
we present the first interferometric phase measurements of T-S converted ultrashort pulses. T-
S conversion has a number of attractive features including single-shot operation and
unambiguous and algorithm-free amplitude and phase measurement.

The principle of operation of T-S conversion [21, 23-26] is illustrated in Fig. 1. The
signal and reference pulses, at non-degenerate central wavelengths, are oppositely dispersed
by diffraction gratings and are spatially resolved by a Fourier lens, such that their spectra are
superimposed at the Fourier plane with equal magnitude and opposite direction linear spatial
dispersions. By placing a ¥ nonlinear crystal at this plane, SFG occurs between overlapping
frequency components of the dispersed signal and reference pulses at each point in space.
Due to the matched yet flipped spatial dispersions, a spatially coherent narrow frequency SFG
wave is generated all along the crystal aperture, phase-matched across the bandwidth of the
dispersed pulses. Temporal walk-off within the nonlinear medium, which can cause
distortions in ultrashort pulse measurement, is negligible since the spectrally resolved pulses
have extended duration in time.

Time delays between the signal waveform and reference pulse result in linear spectral
phases which are converted to linear spatial phases of the quasi-monochromatic SFG wave. A
second Fourier lens after the nonlinear crystal converts this linear phase to a transverse spatial
shift of the waveform image at the output plane. The instantaneous output field is a quasi-
static spatial image of the signal temporal waveform [26]:

UM(x,t):w(—M]-w(c—tj~s(ﬂ—toj®r(—ﬂj-exp(—j(ws+a)R)t) (1)

o o c c

where s(¢) and r(¢) are the functional forms of the signal and reference input temporal
waveforms, mapped to the output plane spatial coordinate x, w(*) is the spatial width of the
input beams striking the grating (assumed equal), mapped to the time duration for which the
pulse is present and which forms the temporal aperture of the processor and its spectral
resolution, wgy are the signal and reference pulse central angular frequencies respectively, a
is the dispersion parameter, c is the speed of light, #, is the time delay of the signal pulse with
respect to the reference pulse and ® is the convolution operator. The use of signal and
reference pulses at non-degenerate center wavelengths enables spectral filtering of the output
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light to block SHG background [27]. The instantaneous time-to-space mapped output field is
typically incident on a camera which records the converted time integrated signal intensity
without the phase information [23-25, 27-29]. However, the temporal phase of the signal
waveform is contained in the output spatial image, which we demonstrate here by recording
the interference with a plane wavefront at the same center wavelength. Phase information can
then be extracted from the resulting interference fringes.

Signal waveform .
Fourier transform

Diffraction

Waveform

Reference
pulse

Fig. 1. Time-to-space conversion concept. Time domain information is converted to a spatial
image with the temporal coordinate mapped directly to a spatial coordinate: Ax = (c/a)4t,
where c is the speed of light and a is the dispersion parameter (see Eq. (1). Note that in our
experimental setup the signal and reference beams propagated collinearly in the nonlinear
crystal, whereas here they are shown at crossed angles for clarity.

It is interesting to note the parallels between time-to-space conversion and time-to-
frequency (T-F) conversion [15-18, 30, 31]. T-S conversion mixes the spatially dispersed
temporal frequency components of the signal and reference pulses, converting the temporal
frequency information to spatial frequencies, and then optically Fourier transforms the spatial
frequency information to obtain a space-domain image of the temporal waveform. T-F
conversion mixes the temporally dispersed frequency components of chirped signal and
reference pulses, imprinting the signal pulse envelope shape onto the generated spectrum.
Following this, further chromatic dispersion is applied to temporally resolve the spectral
components for photodetection of the temporal intensity profile [16], or instead the T-F
spectrum can be immediately measured with a spectrometer [30, 31]. The update rate of this
measurement is limited in the first case by the temporal magnification factor and in the
second case by the time-integrating spectrometer. T-S conversion, on the other hand,
alleviates the temporal resolution problem of short pulse measurement by transferring the
time domain envelope to a quasi-static spatial image, which can be recorded with high spatial
resolution. The update rate of this measurement is determined by the T-S spectral resolution
and by the reference pulse repetition rate, allowing for single-shot recording of long temporal
waveforms (see the discussion in section 4).

3. Experiment and results

Figure 2 shows our experimental setup. A mode-locked laser (MLL) generated ~100 fs
bandwidth-limited pulses at 810 nm with a repetition rate of 80.2 MHz. These were converted
by an optical parametric oscillator (OPO) to 'signal' pulses at 1550 nm central wavelength
(beam path shown in green) and 'reference' pulses at 1697 nm (shown in red). The signal
pulse was directed to one of two phase modulation blocks, resulting in either the generation of
a pulse pair with relative phase modulation or a single pulse with quadratic spectral phase
modulation. The linear phase modulation block (Fig. 2(b)) consisted of an unbalanced Mach-
Zehnder interferometer producing two pulse copies, where one copy passed through a 1 mm
thick rotatable glass slide, generating s(¢) = p(f) + p(¢-Tp)exp(j@), where T is the fixed time
delay and ¢ is the modulated phase. The quadratic phase modulation block (Fig. 2(c))
comprised an imaging four-pass pulse stretcher which applied controllable chromatic
dispersion, resulting in either positive, negative or zero frequency chirped pulse: s(¢) = exp(-
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(1 + jO)F27%), where C is a dimensionless chirp parameter and 27 is the full-width of the
transform limited Gaussian shape pulse measured at e’ intensity points [32]. The modulated
signal pulse is then retimed to the reference pulse by a delay line, to coincide at the nonlinear
crystal.

(a) Full-field measurement time-to-space conversion experimental setup
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Fig. 2. Full-field measurement time-to-space conversion experimental setup. (a) Overall setup
(MLL, mode-locked laser; OPO, optical parametric oscillator; SFG, sum-frequency
generation); note that the filtered residual pump beam is incident on the camera at a small
angle from above i.e. from out of the plane of the paper. (b) Linear phase modulation block. (c)
Quadratic phase modulation block. (d) Time-to-space conversion block (f, Fourier lens; PPLN,
periodically-poled lithium niobate). (e) Spectral filtering block for generating the
interferogram reference plane wave. The SFG and filtered residual pump spectra are also
shown.

The signal pulse was then spatially dispersed by a first diffraction grating (1100 line
pairs/mm) and 75 mm focal length Fourier lens (Fig. 2(d)). At the same time the non-
modulated reference pulse was given an equal but opposite spatial dispersion by a second
diffraction grating (1000 line pairs/mm) and another 75 mm Fourier lens. The two dispersed

#213096 - $15.00 USD  Received 23 Jun 2014; revised 4 Aug 2014; accepted 4 Aug 2014; published 13 Aug 2014
(C) 2014 OSA 25 August 2014 | Vol. 22, No. 17 | DOI:10.1364/0E.22.020205 | OPTICS EXPRESS 20209



pulses were superimposed by a dichroic mirror and were incident on a periodically-poled
lithium niobate (PPLN) nonlinear crystal located at the focal plane (see inset in Fig. 2(d)).
The PPLN had a poling period of 20.3 pm and dimensions of 12 mm and 8 mm in the spatial
dispersion direction and light propagation direction, respectively. The Rayleigh length of the
focused signal and reference spectral components inside the PPLN was estimated as ~1 mm
by measuring the spectral resolution and spatial dispersion of the light at the Fourier plane.

The signal and reference beams' average powers at the PPLN entrance face were
measured as 82 mW and 95 mW respectively, resulting in pulse energies of 1 nJ and 1.2 nJ
and peak powers of 22 W and 27 W respectively. The peak powers were calculated assuming
that the dispersed signal and reference pulses at the Fourier plane were stretched through the
time window, which was measured as 46 ps (FWHM). Phase-matched SFG at each point in
space resulted in an up-converted output beam centered at 810 nm with a —3dB bandwidth of
0.1 nm (spectrum shown in Fig. 2).

As noted earlier, temporal walkoff due to group velocity mismatch (GVM) between the
fundamental and SFG short pulses in a dispersive nonlinear medium can result in distortion of
the output signal. For T-S conversion, however, SFG occurs between spatially dispersed
pulses, where the spectral bandwidth present at each point in space along the nonlinear crystal
aperture is greatly reduced. This effectively transforms the SFG interaction from one between
ultrashort pulses subject to large temporal walkoff, into one between multiple quasi-
monochromatic beamlets of light, each centered at a different frequency, which experience
negligible temporal walkoff. For lithium niobate the GVM between the longest wavelength
pulse (the reference pulse at 1697 nm) and the shortest wavelength pulse (the SFG pulse at
810 nm) is 140 fs/mm. Since the SFG interaction length in the PPLN was ~1 mm, this results
in a temporal walkoff of 0.3% of the 46 ps time window (i.e. the stretched pulse duration).

Linear phase modulation measurements

(a) Pulse packet (b) Spatial frequency (c) Filtered image (d) Phase map
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Fig. 3. Pulse packet full-field measurement. (a) Time-to-space converted pulse packet with
close-up of the interference fringes. (b) Spatial frequency spectrum of the pulse packet with
SSB filter indicated. (c) Inverse Fourier transform of the filtered image. (d) Recovered phase
map. (¢) Amplitude (blue) and phase (various colors) data taken from the region delimited by
pink lines in (c) and (d). Five successive phase measurements are shown, each taken at a
linearly increasing applied phase. The normalized field amplitude did not change significantly
between successive measurements, so only one amplitude profile is shown here (taken from
the same interferogram recording as the light blue line phase profile).

The SFG average beam power emerging from the PPLN was 45 upW (measured for the
single unchirped signal pulse case). A 200 mm focal length output Fourier lens focused the
SFG light onto a CMOS camera which recorded the pulse image. Next, we interfered the
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pulse image with a plane wave having the same center wavelength as the SFG pulse, to
extract the phase information. This reference plane wave was generated by spectrally filtering
the MLL residual pump pulse exiting the OPO (Fig. 2(e)). The —3dB bandwidth of the filtered
residual pump pulse was 1 nm (spectrum shown in Fig. 2). Another delay line temporally
overlapped the filtered residual pump pulse and the SFG pulse on arrival at the camera. The
reference wave was incident on the camera from above at a small angle to the SFG beam,
resulting in the formation of stable interference fringes [33]. Figure 3(a) shows a T-S
converted pulse packet interferogram, with fringes clearly visible. By applying single-
sideband (SSB) filtering to the image's Fourier transform (Fig. 3(b)) and an inverse Fourier
transform (Fig. 3(c)), both the field amplitude and phase were recovered (Figs. 3(d) and 3(e)).
Successive phase measurements, shown in different colors in Fig. 3(e), recorded the phase
shift of the modulated pulse. Note the flat phase over the two pulse envelopes, with the
unmodulated pulse phase staying constant whilst the modulated pulse phase varies with each
successive measurement. The small pre-pulses appearing immediately before each of the two
main pulse peaks are time-to-space imaging aberrations due to distortions in the temporal
intensity envelope of the idler (reference) pulse exiting the OPO.

The quadratic phase modulation experiment is shown in Fig. 4. Figure 4(a) shows an
image of a negatively chirped pulse with curved interference fringes. The spatial frequency
spectrum, SSB filtered pulse image and recovered phase are shown in Figs. 4(b)-(d), and the
time-varying field and phase in Fig. 4(e). In this example a parabolic fit to the phase of the
1.5 ps pulse (FWHM of the intensity envelope) results in a dimensionless chirp parameter of
—2. Measurements were made of positively chirped, bandwidth-limited and negatively
chirped pulses. Figure 5 shows pulse duration and chirp parameter values for varying pulse
stretcher offsets. Linear variation in pulse chirp with increasing pulse stretcher grating — lens
offset can be seen, as well as the evolving pulse duration. The error bars are estimated from
confidence bounds on the free parameters of the Gaussian and parabolic fits to the measured
amplitude and phase respectively. Note that the chirp measurement error increases for smaller
chirp values as the phase becomes flatter and the parabolic fit is less applicable. On the other
hand the FWHM duration measurement error decreases for the less strongly stretched pulses,
since the offset pulse stretcher introduces some distortions to the pulse envelope.

Quadratic phase

(a) Chirped pulse (b) Spatial frequency  (c) Filtered image (d) Phase map
interferogram spectrum

: = i 1
-  SSB filter

(e) Field amplitude and phase Amplitude and

phase data
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Fig. 4. Chirped pulse full-field measurement. (a) Time-to-space converted negatively chirped
pulse interferogram. (b) Spatial frequency spectrum of pulse image. (c¢) SSB filtered image. (d)
Recovered phase map showing quadratic phase variation over the pulse envelope. (e) Pulse
field amplitude (blue) and phase (red) with a FWHM pulse duration of ~1.5 ps and chirp
parameter of —2. Note that the distortion of the pulse shape seen in (c) and (e) is believed to be
due to spatial distortions and spatio-temporal coupling in the pulse stretcher.
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Fig. 5. Measured FWHM pulse duration (blue) and chirp (red) with varying pulse stretcher
grating - lens offset, showing Gaussian beam radius evolution and linear fits respectively. The
measured chirp clearly shows a linear variation with grating - lens offset. The grating - lens
offset zero point (pulse stretcher null position) was determined by the fit to the pulse duration
measurements.

4. Discussion and conclusion

The interferogram recording of time-to-space converted ultrashort waveforms reported here
operated in real-time and allowed full-field reconstruction without resorting to complex
algorithms for phase retrieval. We next discuss the system attributes of our processor.

An important parameter for a waveform measurement technique is the record length-to-
resolution ratio, which determines the longest and most complex waveform that can be
accurately measured. For T-S conversion the record length is set by the processor’s time
window, determined by the incident beam sizes on the diffraction gratings. As the time
window is extended, by increasing the input beam size, the spectral resolution of the
dispersive arrangement is refined and the resultant SFG signal bandwidth is reduced, which
allows us to easily record a stable interferogram. We witness the fundamental inverse
relationship between time window of operation and spectral bandwidth. In the experiment
reported here the SFG bandwidth was measured as 46 GHz (—3dB), roughly in line with our
46 ps time window. In our experiment we acquire the interferogram with a camera operating
at several ms integration times, thereby integrating over multiple, repetitive and identical
converted signals, which still qualifies as real-time operation. Single-shot operation of the
technique can be performed by using a lower repetition pulse source or time-gating a fast one
such that a single pulse is incident on the image sensor within its integration time.

The temporal resolution of T-S conversion is determined by the reference pulse duration,
as witnessed by the convolution operation in Eq. (1). Temporal features of the signal
waveform that are shorter than the reference pulse duration will not be resolved. In our
experiment the reference pulse duration was approximately 210 fs (FWHM) and the shortest
T-S converted signal pulse was measured as 440 ( = 80) fs; this is the temporal resolution
achieved in the work reported here. Whilst the reference pulse duration sets a fundamental
limit on temporal resolution, an additional criterion is introduced by the pixel density on the
image acquisition device. To properly record and maintain system resolution, we require that
the pixel pitch be much smaller that the minimal spot size of a converted transform-limited
ultrashort optical pulse. We may vary this spot size by selection of output Fourier lenses of
different focal lengths.

As can be appreciated from the preceding discussion, some flexibility in determining the
main performance parameters of T-S conversion can be afforded by changing aspects of the
optical setup, such as the signal and reference beam sizes at the diffraction gratings, the
reference pulse duration, and the output Fourier lens focal length. The conversion efficiency
is also impacted by these choices, but this is not the main focus of this paper. Finally we note
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that T-S conversion is not a self-referencing technique since it requires a previously
characterized reference pulse.

In conclusion, we have demonstrated full-field recovery by interferogram optical
recording of ultrafast waveforms by time-to-space conversion. The temporal amplitude and
phase were measured for bandwidth-limited and positively and negatively chirped pulses
varying in duration from 0.5 ps to 10 ps. This technique may complement existing ultrashort
pulse measurement methods such as FROG, which relies on an increasingly heavy algorithm
for phase recovery of high time-bandwidth product measured waveforms [14]. Time-to-space
conversion may be considered particularly for applications requiring algorithm-free and real-
time measurement of complex waveforms with high record length-to-resolution ratio.

#213096 - $15.00 USD  Received 23 Jun 2014; revised 4 Aug 2014; accepted 4 Aug 2014; published 13 Aug 2014
(C) 2014 OSA 25 August 2014 | Vol. 22, No. 17 | DOI:10.1364/0E.22.020205 | OPTICS EXPRESS 20213



Chapter 4B

Real-time coherent detection of ultrashort
pulses after time-to-space conversion and
spatial demultiplexing

Dror Shayovitz, Harald Herrman, Wolfgang SohlerimRand
Ricken, Christine Silberhorn and Dan M. Marom

Not published

81



Real-time coherent detection of ultrashort pulses
after time-to-space conversion and spatial
demultiplexing

Dror Shayovitz,' Harald Herrmann,? Wolfgang Sohler,? Raimund Ricken,? Christine
Silberhorn,? and Dan M. Marom*

'Department of Applied Physics, Hebrew Universityefisalem, Jerusalem, 91904, Israel
’Department of Applied Physics, The University aiétaorn, Warburger Str. 100 D-33098,
Paderborn, Germany

Abstract: Sub-picosecond pulses are converted by a timedoes processor to quasi-
monochromatic spatial beams that are spatially dtgrexed and coherently detected in real-
time. The time-to-space processor, based on sumdrey generation (SFG), serves as a
serial-to-parallel converter, reducing the tempdwahdwidth of the ultrashort pulse to match
the bandwidth of optoelectronic receivers. As tieGSprocess is phase preserving, we
demonstrate homodyne coherent detection of phaselated temporal pulses by mixing the
demultiplexed SFG beam with a narrow linewidth loascillator (LO) resulting in single-
shot amplitude and phase detection of the pulsa ablanced detector. Positively and
negatively phase-modulated signal pulses are iddally detected and LO shot noise limited
operation is achieved. This demonstration of risa¢-tdemultiplexing followed by single-shot
full-field detection of individual pulses, highlighthe potential of time-to-space conversion
for ultrahigh bit rate optical communications aredadprocessing applications.

The growth trend in global communications trafffows no sign of slowing, whereas current optical
communications networks based on wavelength divisiaultiplexing (WDM) are nearing their
available bandwidth limit [1]. In order to supparbntinued growth it is increasingly necessary to
exploit all available multiplexing and modulatioagtees of freedom, such as polarization multiplgxin
and complex amplitude modulation. Advanced modaottatiormats such as quadrature phase shift
keying (QPSK) together with coherent detection td teceived signal may be employed. Indeed,
recently deployed optical networks utilize polatiaa multiplexing and 2 bits-per-symbol modulation
of an electronically generated 25 Gbaud/s seriahnbl to reach single-wavelength channel data rates
of 100 Gb/s. Another advantage of coherent detedSoapparent when it is combined with digital
signal processing (DSP). This enables electronimpemsation of linear distortions such as chromatic
dispersion and polarization mode dispersion, angiesmonlinear distortions such as cross-phase
modulation (XPM) and four-wave mixing (FWM), underge by short pulses propagating in optical
fiber [2].

Optical time division multiplexing enables high ldte data transmission whilst lowering the
number of wavelength channels, thereby minimizimgriumber of laser sources required and reducing
overall system management complexity. By combif@igPDM with complex amplitude modulation a
single-wavelength channel can be generated ategrdhbn 1 Th/s [3], exceeding the highest
modulation rates in the electronic domain which kmdted by device physics to <100 GHz. An
OTDM channel is typically produced by using passiyical delay lines to interleave pulses from
multiple low baud rate tributaries into unique tinstots on a frame-by-frame basis. OTDM
demultiplexing is more challenging and several dépiaxing techniques have been investigated.
These include the nonlinear optical loop mirror§,XPM-based Mach-Zehnder switch [6, 7], FWM-
based spectral filtering extraction [8, 9] and gehé detection by parallel optical sampling with a
pulsed local oscillator [10]. All these methods lwer are limited to single bit extraction, with
multiple devices needed to completely demultiplesx ©TDM channel. Since the power consumption
and overall complexity of the demultiplexing stagerease with each additional device, the scalgbili
of these techniques to higher symbol rates is ehgihg. In addition the task of inter-device clock
synchronisation, necessary in order to extracttireect tributary at each device, becomes diffiéait
higher bit rates.

Serial-to-parallel demultiplexing can overcome thpsoblems by simultaneously extracting all the
bits in an OTDM frame. With a single reference puperforming the entire demultiplexing operation
the problem of inter-device clock synchronizatias for single-bit extraction, becomes one of
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synchronizing the reference pulse to the sevenal & picoseconds wide OTDM frame, a less onerous
task. Serial-to-parallel demultiplexing has beeacsgsfully demonstrated by using time-to-frequency
conversion, where the temporal pulse envelope winted onto the spectrum of an FWM wave [11,
12]. However the resultant broadband signal makiess@ extraction difficult. We propose and
demonstrate the time-to-space conversion techrfiguserial-to-parallel demultiplexing of a high bit
rate OTDM channel, including recovery of phase iinfation by coherent detection of the
demultiplexed narrowband pulses.

Time-to-space conversion is an all-optical demigimg technique based on spectrally-resolved
sum-frequency generation (SFG) between a signakepstream and a single reference pulse. It works
by transferring the spectrally broadband time donmafiormation of the signal pulses to a spatialgma
formed by quasi-monochromatic SFG light [13-18]. Bgmbining the gating effect of SFG with
spectral processing techniques developed origirfallyultrashort pulse shaping [19], time-to-space
conversion can demultiplex a high bit rate OTDM rulel to multiple parallel spatial channels for
direct detection by an array of photoreceivers [I&}ernatively, homodyne mixing of the quasi-
monochromatic SFG light with a narrow linewidth doscillator (LO) allows coherent detection of
phase information, making demultiplexing by timesfmace conversion compatible with advanced
modulation formats. We have previously demonstrdtiggh resolution time-to-space conversion in
bulk and slab waveguide nonlinear media [20-22]wa#l as phase measurements of time-to-space
converted ultrashort waveforms by interferogranording in the space domain [23]. Here we report
real-time demultiplexing and single-shot coheregtedtion of phase-modulated sub-picosecond pulses
at 1.55um. This result supports the potential of time-ta« conversion for high bit rate OTDM
demultiplexing applications.

The principle of time-to-space conversion [15-18]shown in Figure 1. The incoming OTDM
signal bit stream and a single locally generatéereace pulse, at non-degenerate central wavelghgth
are given equal magnitude but opposite directiatiapdispersions by pairs of diffraction gratireysd
Fourier lenses. Their resolved spectra overlappiece at the Fourier plane, where a nonlinéar
crystal is located. SFG occurs between pairs oflapping frequency components of the signal and
reference spectra at each point in space. Dueetm#iched yet flipped spatial dispersions, eachgjai
overlapping frequency components adds up to theessmm-frequency. The result is a spatially
coherent narrow bandwidth SFG wave generated atbagentire crystal aperture, with automatic
phase-matching across the bandwidth of the dispgrskses. The temporal walk-off problem typically
associated with ultrashort pulses in a dispersigalinear medium is negligible since the SFG
interaction occurs between pairs of quasi-monochtanibeamlets, each at different frequencies, at th
Fourier plane of the time-to-space processor.

OTDM pulse

Fourier transform

Reference
pulse

Fig. 1. Time-to-space conversion concept. Time donr#ormation is converted to a spatial image wittle
temporal coordinaté mapped linearly to a spatial coordinateNote that in our experimental setup the signal
and reference beams propagate collinearly in thdimear crystal, whereas here they are shown atserb
angles for clarity. The dashed line in the OTDMseustream represents an empty bit slot.

The time delay information between a signal puis¢he OTDM pulse stream and the reference
pulse is carried by the spectral phase of the apatilispersed waveforms, which is converted to a
linear spatial phase on the generated SFG wavescAnsl Fourier lens after the nonlinear crystal
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coverts this linear phase on the quasi-monochremaéiveform to a transverse spatial shift of the
focused pulse images at the output image planerdhdt is a quasi-static spatial image of the align
pulse (assuming that the reference pulse has a shgter temporal duration) [17]:

Uout(x,t)=m{—c(tc_rt")] o ) %t o[- 2t sl k) @

wheres(s) andr(¢) are the functional forms of the signal and refiee pulses, mapped to the output
plane spatial coordinate w(e) is the beam aperture of the input waves fornthrgytemporal aperture

of the spectral processotysg are the signal and reference pulse central angigquencies
respectivelya is the dispersion parameteris the speed of lighty is the time delay of an individual
signal pulse within the frame with respect to théerence pulse andl is the convolution operator.
The use of signal and reference pulses at non-@egiencentral wavelengths enables spectral bandpass
filtering of the output light, in order to block tkeground light arising from second harmonic generat

by each of the input waves [20]. The space donmaage consisting of separated beams can be directly
detected [20-22] by an array of photodetectorgjltiag in an instantaneous intensity measurement at
each time slot within the OTDM frame. Whilst thiswd be sufficient for detecting an on-off keying
(OOK) modulated bit stream, the phase informationtained in the quasi-monochromatic SFG light is
lost with intensity detection. Here we demonstredderent detection of the phase information by
homodyne mixing of the SFG output light with a mavband LO at a balanced detector.

Figure 2 shows our experimental setup. A mode-lddkser (MLL) generates ~100 fs bandwidth-
limited pulses at 810 nm with an 80.2 MHz repetiticate. These are converted by an optical
parametric oscillator (OPO) to 'signal' pulses 860 nm central wavelength (beam path shown in
green) and 'reference' pulses at 1697 nm (showedh The signal pulse train is directed into an
electro-optic phase modulator based on a bulk KiyBtal (New Focus 4064). The phase modulator is
driven with a 500 kHz sinusoidally varying high tage in order to apply positive and negative phase
shifts of up to 1.5 radians to the signal pulsesefies o signal pulses exiting the phase modulator
then has the form:

3dB fiber coupler
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Delay ' - translation
___SFG line § '¥.....IY. M

PPLN E»_ Osmil;():)cope De|ay
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f ==PPLN | .
Monifor ; :
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Fig. 2. Experimental setup for time-to-space cosioer with coherent detection (MLL, mode-locked fase
OPO, optical parametric oscillator; PM, phase matitul G1/G2, diffraction grating; f, Fourier lenBM,
dichroic mirror; Cyl., cylindrical lens; FC, fibeollimator; PD, photodetector). Note that the SF@rbdiber
collimator can be laterally translated to detedfedént spatially demultiplexed pulse images. Tipecsral
filtering block represents a diffraction grating-eurier lens — spatial filter setup. A high voltaaplifier (not
shown) was used to amplify the RF signal driving gfease modulator. Dashed lines represent electrical
connections. Inset: dispersed signal and referbeams at the PPLN.
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S(t) = Z p(t - kto)exr'(jf RFt) (2)

k

wherep(+) is the temporal envelope of the signal pulse kedtatt timekt, in the pulse traink is an
integer representing the pulse numitgris the pulse-to-pulse time separation dgdis the phase
modulation frequency. The modulated signal pulsmthasses through a delay line in order to adjust
its time delay with respect to the reference palsarrival at the time-to-space processor.

The signal pulse is then spatially dispersed byffeadtion grating and Fourier lens. At the same
time the non-modulated reference pulse is givereguml but opposite spatial dispersion by another
diffraction grating and Fourier lens. The two dig@el pulses are superimposed by a dichroic mirror
and are incident on a periodically-poled lithiunolmate (PPLN) nonlinear crystal located at the focal
plane (see inset in Fig. 2). The PPLN crystal hpslag period of 20.3um and dimensions of 12 mm
and 8 mm in the spatial dispersion direction agttlpropagation direction, respectively. The Ragfiei
length of the focused signal and reference spectiadponents inside the PPLN was estimated as ~1
mm, by calculating the focused spectral componguat size from measurements of the spectral
resolution and spatial dispersion of the lighthet Fourier plane.

The signal and reference beams' average powehe &RLN entrance face were measured as 134
mW and 75 mW respectively, resulting in pulse erergf 1.7 nJ and 0.9 nJ and peak powers of 35 W
and 19 W respectively. The spatial extent of thepelised beams was approximately 4 mm in the
horizontal (spatial dispersion) direction andig in the vertical (focused) direction (both sizes the
1/¢” radius). Ideally the reference pulse peak powarlévbe much higher than that of the signal pulse;
however this was not available from the OPO usedhia experiment. The peak powers were
calculated assuming that the dispersed signal efelence pulses at the Fourier plane were stretched
through the time-to-space converter time windowjcWwhwvas measured as 48 ps (FWHM). Phase-
matched SFG at each point in space resulted ige¢heration of sum-frequency light centered at 810
nm with a -3 dB bandwidth of 0.1 nm; the spectrgmhown in Fig. 3 (blue line). The THz bandwidth
input sub-picosecond pulses are thereby transfetwed narrowband output SFG wave with an
approximately 50 GHz bandwidth, which is within tdetection bandwidth of fast optoelectronic
detectors. The SFG beam average power emergingth@PLN was measured as|2¥.

-15

20} —_— SFG |
=25+ i
=30+ i

.35 AA=0.1nm/
> 50 GHz (-3dB)

Spectral power density
(dBm/0.1nm)

809.5 810 810.5

Wavelength (nm)
Fig. 3. Time-to-space converted SFG spectrum (bduel) local oscillator spectrum (green). Each spettis
centered at 810 nm and has a -3dB bandwidth of appately 0.1 nm (~50 GHz). The measurements were
made by alternately coupling the SFG and LO lightrf one of the -3 dB fiber coupler outputs into atical

spectrum analyzer set to 0.1 nm resolution.

The elliptical SFG beam was collimated in the eattidirection by a cylindrical lens placed after
the PPLN, resulting in a more circular beam proffl¢ the same time the LO beam was generated by
spectral filtering of the mode-locked laser residuamp pulse at 810 nm, which exits from the OPO
(beam path shown in cyan in Fig. 2). A diffractignating, Fourier lens and narrow slit (represertgd
the 'spectral filtering block' in Fig. 2) were usednarrow the -3 dB bandwidth of the residual pump
pulse from approximately 9 nm to 0.1 nm to matah $+G spectrum; the LO spectrum is also shown
in Fig. 3 (green line). Another delay line was useabtain temporal overlap of the filtered LO muls
with the SFG pulse at the balanced detector.
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The SFG and LO beams were each coupled via fidBmedors into separate single mode fibers (at
810 nm). There was an approximately 9 dB inseftiss of the SFG light into its fiber collimator, alu
to mode mismatch between the SFG beam and thenedtir mode. The SFG and LO light was then
mixed in a -3 dB coupler, obtaining different besasurements at the two output ports of the coupler
The light from each output was then incident onpbsitive and negative photodiodes of a 350 MHz
bandwidth silicon balanced detector (Thorlabs POBYA.C). Interference between the SFG and LO
light converted the SFG phase modulation into isitgrmodulation which could be registered by the
photodiodes. The SFG and LO optical powers arriveiaighe balanced detector were individually
measured as 0.003 mW and 5 mW respectively. Bylieqng the optical power incident on each
photodiode the DC component of the summed photentsrwas minimized, leaving the RF sum
component whose amplitude was proportional to #th& @nd LO optical power and, crucially, to the
relative phase between the SFG and LO.
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Fig. 4. Coherent detection of time-to-space condepigase modulated pulses. (a) Oscilloscope traowish
the balanced photodetector signal (blue) and th@ 88z sinusoidal driving signal applied to the phas
modulator (red). The phase modulator driving sigstadwn was taken from the monitor output of thehhig
voltage amplifier which was used to drive the phamelulator. (b), (c) and (d) Close-ups of individpalses
detected at various phases (note the nanosecoedstiaie). The sampling windows used to derive tita d
shown in Fig. 5 are represented by green rectantfiesvindow amplitude varies from zero to one isqaare
wave fashion. The location on the oscilloscopeetiaiceach close-up is indicated by a green dasineld i (a).
The waveforms seen in (b) are due to ringing by35@ MHz bandwidth balanced detector, which degdlde
quality of the phase-demodulated signal as caneka i (a). However negative and positive demoddlat
pulses can clearly be seen in (c) and (d) respgtiote that due to a residual fixed phase orlLtBgethere is
an offset between the phase modulator driving $ighase and the phase of the received signal.

The RF electrical signal was recorded on a 12 Gstilloscope (Agilent DSO 81204A) and an
example trace is shown in Fig. 4(a), along with gie@se modulator driving signal. A sinusoidal
modulation of the SFG pulse train with modulatioeguency 500 kHz can also be seen. However, as is
evident in Fig. 4(a) and Fig. 4(b), an electricginal was present at the balanced photodetector RF
output even for zero overall phase of the homodyinéng product. We believe this was due to ringing
effects caused by the limited bandwidth of the pHmtdes and transimpedance amplifier in the
balanced photodetector. Figures 4(b), 4(c) and gl{djv close-ups of individual pulses taken from the
trace in Fig. 4(a) at zera/2 and %/2 phases. Figures (c) and (d) provide clear eviddor single-shot
coherent detection of negatively and positively gghanodulated pulses respectively. A small phase
shift between the phase modulator driving signal we response of the modulated signal as measured
on the oscilloscope is also apparent; this is dug ¢onstant phase offset present on the LO watle wi
respect to the signal. In coherent reception,ghise offset is eliminated by an estimation and.DSP
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(a) Window-sampled and averaged (b) Power spectrum of window-sampled
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Fig. 5. Time window sampled and averaged photottatesignal. (a) Time domain representation shoviireg
average photovoltage for each pulse (pink dotsh witsine curve fit to the data points (purple ling)
Frequency domain representation of the sampledakigound by taking the Fourier transform of the
photovoltage data points in (a).

To obtain a clearer phase-demodulated output sigmaloscilloscope trace shown in Fig. 4(a) was
sampled to extract the signal component only. Tigaas was extracted by integrating over a time
window matched to the detector response time;ithe windows are illustrated by the green rectangles
in Figs. 4(b), 4(c) and 4(d). The width of eachdimindow is set to 4 ns to collect the energy dker
whole electrical waveform generated by each dedeptédse. The electrical signal present within each
window results in a single average voltage valuesiich detected pulse; these are plotted as pitsk do
in Fig. 5(a).

In order to determine the signal to noise ratioNR$ of the demodulated signal, a sine function
was fitted to the sampled data points; this is shaw the purple line in Fig. 5(a). The fit resuliedch
root mean squared amplitude and standard deviafiog, = 2.67 mV ands, = 0.53 mV respectively,

giving an SNR ofv(fpt/Jv2 =25. The balanced photodetector noise was calculase6.52 mV

dominated by LO shot noise, showing that the derabeld signal is shot noise limited by the LO. The
power spectrum of the sampled signal, found byn@gkihe Fourier transform of the data points shown
in Fig. 5(@a), is shown in Fig. 5(b); a peak duethe applied phase modulation can be seen at
approximately 500 kHz. Note that the signal modafatepth was limited to ~0.5 due to the maximum
1.5 radians phase modulation applied by the freeesphase modulator; this was in turn restricted by
the highest driving voltage (£ 200 V) which could supplied. Had full phase modulation depth been
achieved, the SNR would reach 100 since the naggeef would be expected to remain the same.
Additionally, the 9 dB insertion loss of the SF@hit into the fiber collimator further limited theN&
achieved. Eliminating this loss would result inapproximately factor 3 increase in signal amplitude
whilst leaving the LO dominated noise level unatiée; thus giving a factor 9 increase in SNR.

In conclusion we have demonstrated real-time depheing to the spatial domain and single-shot
coherent detection of a phase modulated ultraspolde train by time-to-space conversion. The
inherently narrow linewidth SFG output signal ofetlime-to-space conversion process enables
interferometric detection of phase information ovadly encoded on ultrashort pulses. This
demonstration underlines the potential of timefiaeg conversion as an all-optical serial-to-pdralle
demultiplexer capable of transferring wideband tohoenain signals to a slowly varying spatial domain
image. By bridging the optical-electrical bandwidjap, time-to-space conversion can be a valuable
tool in support of ultrahigh bit rate OTDM optical communications.
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Chapter 5: Summary and future
directions

This thesis presented research on time-to-spaceecsian of ultrafast optical signals
and its applications in optical communications altdashort pulse measurement. By
combining the effectively instantaneous response tf nonlinear optical gating with
the high spectral resolution of broadband spegiratessing techniques, time-to-
space conversion transfers information from théadift to measure time domain to
the spatial domain, where it can be measured wiggh fesolution. This technique can
be used to perform serial-to-parallel demultiplgxef a high bit rate OTDM channel
or to perform full-field measurement for completharacterisation of ultrashort
pulses.

The main aims of the project were: a) to developetio-space conversion as a
practical technique for OTDM demultiplexing and t) demonstrate proof of
principle for full-field measurement of ultrashaoptical waveforms. In order to
achieve aim (a) collinearly phase-matched, non-degde, background-free and high
resolution time-to-space conversion was demonstrate a necessary condition for
implementing time-to-space conversion in the guideste regime. In addition, time-
to-space conversion in a planar nonlinear wavegwakeimplemented, resulting in an
increase in conversion efficiency slope comparedh® case for bulk nonlinear
crystal. Real time demodulation of phase infornrati prerequisite for compatibility
with optical communications advanced modulationmfats, was demonstrated by
homodyne coherent detection of a time-to-space exded phase-modulated
ultrashort pulse train. Aim (b) was achieved byf@ening amplitude and phase
measurements of linearly phase-modulated pulseepgaand of bandwidth-limited
and frequency chirped ultrashort pulses.

Further development of the time-to-space conversgmmnique into a practical
solution to OTDM demultiplexing will require tramsf of all the optical
functionalities of the time-to-space processor frinee-space to the guided-wave
regime. Having demonstrated time-to-space conversio a planar nonlinear
waveguide, the next step would be to fabricatereayaof long waveguides in PPLN,
in order to fully confine the SFG interactions beém the dispersed signal and

reference pulses (see Fig. 6.1). This should resudt large increase in conversion
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efficiency, finally bringing down the time-to-spaceonversion optical power
requirements to the mW average power level. Thgtkeof the waveguides will be
determined by a combination of factors includingimpm conversion efficiency,
pump (reference beam) depletion and deleterioustrspefiltering effects due to
temporal walkoff. The number of waveguides in threay will be around 100,
determined by the required spectral resolution dtinvindow extent) and by
fabrication constraints in achieving a high degoéeoptical uniformity across the
array.

Integrated together with the PPLN waveguide arrdlyb& planar lightwave circuit
components designed to perform the other optigaitfanalities of the time-to-space
processor. Currently the spatial dispersion ofdig@al and reference pulses and the
spatial Fourier transform of the light before ariterathe nonlinear crystal are
performed by bulk diffraction gratings and lensespectively. For the guided-wave
time-to-space processor the diffraction gratingdl vibe replaced by arrayed
waveguide gratings and the bulk Fourier lensedddy lenses. Integration of the time-
to-space processor onto a single chip will potdgt@low its deployment from the
research laboratory environment to actual use at gfaa high speed optical

communications network.

SFG

resolution ~ ——mm o
Extended interaction length (no diffraction)

Fig. 5.1: Schematic illustration of time-to-spaamnwersion in an array of PPLN waveguides.
Each pair of signal and reference pulse frequemeyponents is fully confined in a separate
waveguide and so SFG light is generated all altwegwaveguide length, resulting in a large
increase in conversion efficiency.
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