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Abstract: We propose a new type of waveguide optical amplifithe device consists of
collinearly propagating pump and amplified Stokesis with periodic imaging of the
Stokes beam due to the Talbot effect. The apptinatf this device as an Image
preamplifier for Mid Wave Infrared (MWIR) remote reeng is discussed and its
performance is described. Silicon is the preferrederial for this application in MWIR
due to its excellent transmission properties, hilgbrmal conductivity, high damage
threshold and the mature fabrication technology. these devices, the Raman
amplification process also includes four-wave-miximetween various spatial modes of
pump and Stokes signals. This phenomenon is untqueonlinear interactions in
multimode waveguides and places a limit on the marn achievable gain, beyond
which the image begins to distort. Another sourt@mage distortion is the preferential
amplification of Stokes modes that have the higbestlap with the pump. These effects
introduce a tradeoff between the gain and imagdityuaVe show that a possible
solution to this trade-off is to restrict the purimpo a single higher order waveguide
mode.
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1. Introduction

The stimulated Raman scattering effect has beed ssecessfully to realize amplifiers and lasers in
various solid state media including optical fibEkl semiconductors such as GaP [2], silicon [3] amore
exotic solid state media such as, BagN(OLilO3, and KGd(WQ), etc [4]. The Raman process in general
can achieve high gains by using suitable interacfiengths and modal area without the need for
complicated phase-matching schemes as in the da®ptwal Parametric Oscillator (OPO) and Optical
parametric amplifier (OPA). However, for high pawapplications, direct power-scaling of Raman
amplifiers by increasing the pump power, keepirgrtiodal area constant, is challenged by: (i) thke ¢

high power pump sources with good beam quality, @hdy the possibility of damaging the medium at
high optical intensities. Problems also exists utkbmedia where increasing the pump power resalts i
beam distortion due to thermal lensing and selfi$orng. These problems can be addressed by conecamita
scaling of modal area with the increase in pumpegyowhe scaling of pump power / modal area invéyiab
results in multiple spatial modes in waveguide ctrites. The Raman interactions in the presence of
multiple spatial modes were first studied by Bloengen et al. [5-7], who described interesting dffec
such as increased Raman gain in an amplifier duetéoaction of higher order pump and Stokes modes,
and the so-called Raman beam clean-up effect. Marently the beam clean-up effect has been observed
in bulk Raman crystals [4] and in multimode optiiaérs [8].

Certain multimode waveguide structures also exfialbot self-imaging effeadn account of constructive
interference among the various waveguide modesyqweniodic length [9]. This phenomenon also takes
place when the multimode waveguide is comprisednodptically amplifying medium. In such multimode
waveguides with an active gain medium, the inpatteic field distribution is amplified and replieat at
the focal points, which correspond to full Talbtanes. These amplifier configurations offer theddia of
good beam quality at the focal points along witttdrdight-gain medium interaction and also reductof
deleterious effects such as self-focusing and thktensing. So far, the use of amplifiers with Talb
imaging has been restricted to rare-earth doped state medium, with top or side pumping usingdé®
[10,11].

In this paper we propose a multimode silicon wangg Raman amplifier that consists of collinearly
propagating mid infrared pump and Stokes beams.vilveguide amplifies and images the spatial profile
of an input beam. We describe a coupled-mode asalysat includes the conventional Raman
amplification, and the four-wave mixing that occlbestween spatial pump and Stokes modes, due to the
Raman nonlinearity. We find that the conventionahfan amplification term and the Raman Spatial FWM
(RS-FWM) start to distort the amplified image begoe certain waveguide length or pump power. The



prospects of using this device as an image prefierpin MWIR Laser Radar (LADAR) are discussed.
Image amplifiers in the near-infrared region (~%rn) have been implemented in the past using rath ear
doped fibers or other solid state media [12,13 Técent progress made in the MWIR laser sourcés an
the richness of the spectral signatures of moladunl¢hese wavelengths has opened up new applisabib
MWIR sources in LADAR and standoff chemical detect[14]. The range and sensitivity of these remote
sensing applications can be improved by the usa aiptical preamplifier before signal detection.

The requirements imposed on a gain medium for ieege amplifier includes low linear and nonlinear
optical loss at both the pump and Stokes wavelandtiyh optical damage threshold, high Raman gain
coefficient, high thermal conductivity and the dahility of large samples with high crystal qualityA
material that meets all these criteria in the MW$Rsingle crystal silicon. In all respects, silicanan
excellent choice for the high power MWIR applicaso especially since the problem of two photon
excitation and free carrier absorption are elinedatvhen the pump wavelength is longer than the two-
photon absorption edge of 2.3 um [15]. Such a teldgyy will also benefit from the mature silicon
fabrication processes. Moreover, the device offerge field-of-view image amplification due to thiegh
numerical aperture of the multimode Silicon wavelgui

2. Modeling of a multimode Raman amplifier

Multimode interference in passive waveguides hagmieations in optical splitters and couplers, taded
account of which can be found in ref [9]. The nmaltide silicon waveguides analyzed in this work csinsi
of a silicon thin film structure as shown in figute The waveguide widtta = 80§, and its thickness
b=50/m. Under symmetric (on-axis) launch with ard® beam, the optical power is coupled mainly
(~98%) in the fundamental mode in the Y-directiow #he multimode nature of the waveguide considered
in the X-direction.This simplifies the numerical solutions and helpsetucidate the key features of the
device, without loss of generality. The analysis ba naturally extended to other waveguide dimerssio

Multimode Silicon
b =50um waveguide

0 a = 80um
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X

Fig.1. Cross-section of multimode silicon wavegsidsed in this analysis. For the ease
of analysis, waveguide width,is taken to be much larger than the thicknbss,

The orthonormal eigen-modes of the 2-D planar waidsgare taken to be of sinusoidal form:
/‘mn:JESinM sin &% O<x<aand0<y<b (2)
ab a b

with mode indexh,n) being integerd 1 in general. Z is the impedance of the mediunis Tiode profile
assumes that there is no evanescent tail of the pmebent in the cladding region, which is appratety
true for large core (multimode) high-index contrsiiton waveguides.



For ease of analysis, input pump and Stokes beamsassumed to be plane-waves with transverse
Gaussian profile as shown below:

Pz ~(x-a 12)2 ~(y-b/2)2

= ) exp ——— .exp(j
Yim w/2p 4w? P P(19) )

P refers to the laser power, the beams are assumée taunched with/€® beam radius o2w and
launched centered with respect to X and Y aaig @ndb/2 respectively). The input phase factor is taken
asgq.

The evolution of the optical field along the wavitguis written as:

y (2)= A_(2)f. elm* ®)

whereA,,, andb,are the mode coefficient and propagation constarthE modert,n). The multimode
imaging phenomenon arises due to the periodic natiste interference of the modes in the wavegaide
thefocal points where the input profile is essentially reproducHEae focal points occurs periodically at
intervals [9]:

4n,a’

(4)
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where, even and odd valuesmfead to original and reversed images of the ifgmam respectively. The
self-imaging points which reproduce the originahge are referred to as focal points in this pdper.the
passive device (ie. no gain), the mode coefficieghis are essentially constant along the waveguide.
However, in the case of the active device (ie af6taman amplifier) to be considered next, the eiariof

the mode coefficients along the waveguide are taléi® accounted for.

Table 1 lists the parameters used in the simulstitinvas found that for the launch condition cdeséd,

11 modes along the X-direction and 1 mode along¥direction accounted for ~ 98% of the coupled
optical power and was sufficient for the purposetto§ simulation. Based on the parameter as listed
Table I, imaging length at the pump and Stokes Vesnggths computed using Eq. (4) are ~ 6cm and 5.07cm
respectively. The imaging lengths are slightly eiéint due to chromatic dispersion.

Table 1. List of parameters used throughout this paperth@dalues of these
parameters used in these simulations

Parameters Value
Input beam profile 1/& diameter of the gaussian beam =0
Waveguide dimensions a = 80vim, b = 50mMm
Simulation grid size Dx = Inm, Dy = 2mm, Dz =100m
Waveguide modes X-direction: 11
Y-direction: 1
n — (Sellemier model) 0.939816 8.1x10°% /2
(I g bandgap imm) n*=11.6858+ iz 22 :
9
Wavelengths Pump: 2.936m
Stokes: 3.466m
Raman susceptibility 1.6x10'8 né/v?

Electronic susceptibility 0.5x18 mP/v?2




In the case of the active multimode waveguide iRiman gain, the evolution of the pump and Stokes
mode coefficients are described by a coupled-modéysis as follows:

d'Aﬁs—mn s mn 2 * i 5.1
=-—= A nt kmnkI|A3-kl| Acont A& Ao P Asmeijz &
dz 2 Kl |k11m&
dA .. @p.m W 2 W " o (5:2)
dz == P2 Ao n- WZ ) kmnkI‘ASkl‘ Ao n- Wzklm&kgnklpsmnpskl A e I
Itn
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kmn ki :M/Seo fP- kIfP- ki (cé{?ztma)fs- mrfs mn dXdy
00
ba .
k%n ki :M/Seo fP— kIfP— mn(cl(s;malfs mn fs kl dXdy (5_4)
00
Db:(bP-mn_ bP-kI)_ (bS-mn_ bS-kI) (5.5)

This set of coupled-mode equations for a multimadeeguide can be considered as an extension of the
two-mode treatment presented in ref. [16] for theecof optical fibers. Here,sh., and As...refer to the
Stokes and pump mode coefficients respectivelyrfode index (m,n¥ s.m, and fp.,, refer to the mode
profiles of the Stokes and pump as given by Eq. (1) as.m, andap.m, refer to the linear propagation
losses of the modes, which in general can be diftefor different modesg ., andkg, , refer to the

coupling coefficients of the Raman interaction mssxcandb refers to the phase mismatch for the Raman
Spatial FWM (RS-FWM) process which is describedobelWe have ignored the RS-FWM terms which
are highly oscillatory as this behavior is expedigavash away its contribution. Throughout this Igsia

we assume that the waveguide eigenmodes do nogelama result of the nonlinear polarization effect
This is valid ax® is ~ 13® times weaker than the lineaf” and hence the third order polarizatiof! B
much weaker than®. Thus the only effect of the nonlinear interactistio alter the amplitude and phase
of the mode coefficients. The Raman gain experigitgethe Stokes modes is represented by the cauplin
coeI’“ficient,kmkl andk which are functions of the Raman susceptibilihd ahe extent of overlap

among the interacting modes. Eqgs (5.1) and (5.2hatoinclude self phase and cross phase modulation
effects. This assumption is valid because for tipeif intensity levels considered here (up to 25 W),

rgmkl !

the nonlinear length, Ly = CAs [1], is ~13cm, which is larger than the typicalweguide length

L, Wo
considered in this analysis (~5cm). Any effect s#fif-phase and cross-phase modulation becomes
pronounced only at lengths comparable to the nealitength.

There are two types of Raman interactions whicluoat a multimode waveguide. The first term on the
right hand side of Eq. (5.1) is the conventionalm@a amplification of the Stokes signal. The
corresponding gain is independent of the pump plaasé is only proportional to the pump intensity,

2
‘AP-kI‘ '
The second terms on the right hand side of Eq.) (@ekcribes RS-FWM terms which arise due to the
mixing of the different spatial modes of pump aridk8s signals. This term has the expected depeadenc
of FWM on phase mismatch (Eg. (5.5)). If phase mmatg can be ensured this term will contribute te th
overall gain and will be beneficial as it leadgyiin enhancement. The gain enhancement was pre:digte
Bloembergen [5] and has been observed in the fdrmeaduced pump threshold for stimulated Raman
scattering in a gas cell [6,7].



In the context of image amplification, there ar® tnwechanisms that can affect the desired self-ingagf

the amplified Stokes beam. Both lead to a traddsefiveen the achievable gain and the reprodugilaihit
quality of the Stokes image at focal points. Fivéth increasing length and pump power the Stokedesn
which have highest overlap with the pump modes gapee higher gains compared to the other Stokes
modes. This leads to preferential amplificatiorceftain Stokes modes and hence distortion of tlzgém
Secondly, the RS-FWM effect changes the phasestakeS mode coefficients and further affects the
image. The RS-FWM effect has another implicatiortas be seen in thé%erm on the right side of Eq.
(5.1), when multiple free running pump lasers aseduto provide high pump powers, the transfer of
random pump phases to the amplified Stokes modealsa degrade the image quality.

For MWIR applications considered here, the pump &tdkes photons are below the two-photon
bandedge, hence two-photon absorption and the outatt free-carrier losses are nonexistent [15].
Silicon being indirect bandgap is expected to hasgnificant three-photon absorption when compaced
other shorter bandgap semiconductors such as A#As [

The coupled mode equations presented above weredsnumerically using a finite difference algorithm
The simulator grid size in the X, y and z directi@ie taken to benin, 2yém and 10@m respectively. For
the purpose of studying the Raman amplificatiorcpss, the input pump was considered to be 1KW peak
power or ImW average power at the wavelength dd@®. This may be achievable in solid-state laser
systems under quasi-CW conditions at energy lesels100 over 100nsec pulse [19]. The input peak
intensity of the pump is ~25MW/crand is comparable to the intensities used in tiae imérared to study
Raman scattering in silicon. The multimode Ramapldi@r presented in this work is power scalable an
the Raman amplification process can be made to ablkbwer or higher power levels through approgriat
waveguide dimension scaling. This would also chathgeimaging length as given by Eq. (4). The input
Stokes beam is assumed to be @tVlat 3.466m wavelength. Figure 2 shows the electric-fieldtoon
(X-Z profile) of the pump and Stokes as they pra@tagalong the waveguide. The amplification of the
Stokes is clearly noticeable along with the sel&@img effect. The pump is not significantly deptethie

to the weak input Stokes beam. It is found that pbenp and Stokes fields self-image much more
frequently than the focal length as calculated gisig. (4). This is due to the fact that we havesiered a
symmetrical input field in this example. In thisseathe image will reproduce itself 8 times witthie focal
length of a general input field;l.ge described by Eq. (4) [9].

Figure 3 shows the small signal Raman gain that lma achieved along the waveguide for varying
waveguide propagation losses. The vertical dashed Henote the location of th& and 2 focal points.
For the case of zero loss, Raman gain of 10dBaished at the first focal point for peak pump polegels

of ~1KW. For such large area silicon waveguideséssare expected to be on the order of 0.1dB/cin [17
As seen in this figure, for the propagation lossassidered here, 0.1dB/cm, 0.2dB/cm and 0.5dB/bm, t
gain at the first imaging length are 9dB, 8dB, &d@&, respectively.

The impact of linear losses need to be explairfeithel linear losses increase with the mode nunther &
spatial low-pass filtering will occur as the ampties of the higher modes are diminished, whilerthei
phases remain unaffected. This would be the ca®sses occur primarily on the waveguide surfabres.
addition, propagation losses also impact the intaggity by diminishing the contribution of the RSVYM
effect as the image propagates along the waveguide.



Fig. 2. Contour profile of the electric field amplile (X-Z profile) showing the self-
imaging Raman amplifier with the evolution of thengp and Stokes along the length of
the multimode silicon waveguide. A single pump &todkes Gaussian beam is launched
into the waveguide. Pump power coupled into the egaide is 1KW peak (1mwW
average) and Stokes power /L.
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Fig. 3. Evolution of small-signal Raman gain aldhg length of the multimode silicon
Raman amplifier. The input pump and Stokes powertaken to be 1KW peak (ImwW
average) andriiV respectively.



To assess the impact of Raman interaction on tliénsaging phenomenon, we have computed the well
known M? parameter for the beam profile, and its evolutidong the waveguide. Following the known
procedure [20], thé/? parameter was computed by taking the Fourier toamsof the transversal beam
profile. The M parameter indicates deviations from a Gaussiafilgnith M?=1 corresponding to an
ideal Gaussian beam, such as the input profileidered in the present case. Figure 4 showsMhe
parameter for the Stokes beams for the followingesa (a) Stokes beam propagating in a passive
waveguide without Raman amplification (no pump) dbgin the presence of Raman amplification with
input pump intensities of 25 and 50 MW/nThe input beam is found to reproduce itself peidally
along the waveguide witM? reaching it minima at focal points. In the absenééRaman interactions
(Figure 4(a)) self imaging is perfect with’=1 reproduced at all focal points. In the preserficRaman
amplification however, the image begins to be distbwhile it is amplified along the waveguide (fig
4(b)). This distortion in image quality is found b@ more significant with increase in pump powed an
waveguide length. The slight increaseMhat focal points (leading to loss of image qualiyy the overall
reduction in its average value are due to the peafaal amplification of the fundamental mode. The
periodicity of M along the waveguide length is also modulated pgles due to the RS-FWM terms in
Egs. (5.1) and (5.2) by contributing addition phéseors to the mode coefficients. Thus, it is cléwat
there exists a tradeoff between the amount of gah can be achieved and the image distortion. From
figures 3 and 4 it is found that gains close toB@@&n be achieved in waveguide lengths of ~5cm with
minimal image distortion.

3. Image Amplification

The range and sensitivity of LADAR (Laser Detectidnd Ranging) and remote sensing systems can be
improved by the use of optical preamplifiers befdetection. So far, efforts to implement opticabie
preamplifiers have been mainly focused on neaareft LADAR systems using doped fiber, YAG-based
amplifiers and Barium Nitrate Raman medium [12, 23], There is increasing interest in LADAR systems
operating in the MWIR due to strong vibrational meance of molecules in this range and the recent
availability of efficient MWIR laser sources [14Yloreover, thesolid-state Raman media used previously
for image amplification consisted of a bulk crystéth no waveguiding [13]. The lack of waveguidirzgd
hence self imaging, limits the interaction lengtbfdve image quality is deteriorated. The waveguide
implementation introduced here increases the leagéh which image quality can be maintained and als
reduces the threshold pump power through confinéwiethe pump mode. The use of silicon as the activ
medium also provides many advantages such as aR@gtan coefficient, high thermal conductivity, high
optical damage threshold, and mature fabricatiohrtelogy.

To assess the performance of the device as an iaragéfier, simple test images were launched ihi t
device input and its evolution through the waveguidas computed using the methodology described
above. Fig. 5 shows the cross-sectional amplituddilgs at the input and output at the first imagin
length. For the purpose of this simulation we hewesidered 20 waveguide modes along the X-direction
and 1 mode along the Y-direction. We emphasizerdmesversal profile is shown here as opposed to the
longitudinal view shown in Fig. 2. A pump beam witKW peak (1ImW average) power is assumed to be
launched centered with respect to the waveguide.pEniodic patterns considered here are 50, 10@add
lines per mm ruling. The center portion of the imagppears brighter than the edges due to the pnbiar
amplification of the fundamental Stokes modes. diétrioration is more severe when the image casmitain
higher spatial frequencies. Nonetheless the rulengs clearly resolvable at amplification level (B0
gain).

The preferential amplification of the fundamenBabkes mode leading to loss of image quality can be
eliminated using selective pump mode excitatiodexscribed below.



Fig. 4. The beam quality (W of the Stokes beam calculated along the waveglide image
periodically repeats itself due to the self-imagprgperty of the multimode waveguide. (a) Stokes
beam propagating through a passive waveguide wittpump launched and (b) Stokes beam
propagating through an active waveguide Raman #mplivith input pump intensities of
25MW/cn? and 50MW/cri. Pump powers are 1KW peak (ImW average) and 2i€dk i2mw
average). The Riparameter is a measure of the image quality afdbal points with an ideal
value of unity. The image deterioratedl?(increases) with increase in pump power due to
preferential amplification of fundamental Stokesdman comparison with higher order modes, and
the presence of the phase-sensitive Raman four maueg.



Fig. 5. The electric-field amplitude profile of @st image (left) and the amplified image
(right). These figures describe the cross secti@éaf) profile as opposed to Figures 2
and 3 which show the propagation (X-Z) along thevegaide length. The spatial

frequency of the test image is (a) 50 lines per ifitn100 lines per mm, and (c) 250 lines
per mm. Pump power of 1KW peak (1 mW average) isdhed. The Stokes image
experiences ~10dB gain over a length of ~5cm Ifie fitst focal length).



4. Distortion-free image amplification using a singlehigh-order pump mode excitation

From the analysis of Raman amplification in a nmdtde waveguide with Gaussian-like transverse pump
profile presented in sections 2 and 3 it is cldet there is a trade-off between the amount of énag
amplification and the distortion experienced by iimage. However, there exists a special case itwhi
distortion-free image amplification is possiblen& the pump is at a lower wavelength than the e&tok
the pump field supports more waveguide modes tharStokes field. By propagating the pump only in a
higher order mode which the Stokes image doesupmiast, it is possible to eliminate the two souroés
image distortion discussed in section 2. The RS-FW¥Nhs vanish because the pump being in a single
mode prevents the pump mode mixing effeéf {&rm on RHS of Egs. 5.1 and 5.2). Itbe the index for
the excited pump mode amd<M be the Stokes mode index. WikkM, the self-coupling coefficient
simplifies to:

o 26 Pdxdv = @ 3ZpZs
Raman |fP M 1| |fS— ml| dXdy - WSeo CRaman‘ 2ab (6)
00 a

Kk Kins w1 = Ws€, C

mn-kl —

which is independent ah, and hence is a constant for all Stokes modethi$ncase the coupled mode
equation for the Stokes mode simplifies to:

dA
Agzml =As m1/(,“1.M1|A:_M1|2, forallm<M 7)
With a simple solution:
As (2 =As. 1 (0).€XP Ky s |AP—M1(Z®(2 ¢ 8)
0

The exponential term represents the Raman gairriexyged by the mode and is uniform for all the &®k
modes. Thus distortion free amplification is poksilithout trading off the gain. Selective modeitatton

in multimode fibers is typically used for reducitite impact of modal dispersion in data communicatio
applications [22]. Such techniques will prove pdwkm utilizing the full potential of the silicommage
amplifier.

5. Conclusions

In this paper we have proposed and analyzed a iawglan amplifier in a multimode silicon waveguide.
This amplifier consists of collinearly propagatipgmp and Stokes beams which are periodically self-
imaged along the waveguide length. This ensurdglieaStokes beam gets amplified and also recasistru
its profile at the focal points. We have also amefy an application of this amplifier as an image- pr
amplifier for MWIR remote sensing applications. Tiee of a multimode silicon waveguide as the active
medium, with mature processing technology, largddfof-view and excellent thermal, damage and
transmission properties in the MWIR lends itselfdiwerse image amplification applications. We have
performed coupled-mode analysis of multimode waidsggiincluding the conventional Raman terms and
the phase-sensitive Raman four-wave mixing terms.fWWd that there are two different contributions t
image distortion: (i) the conventional Raman tewan lead to preferential amplification of certaindas
with the highest coupling coefficients at the exg®nf the other modes, and (ii) the RS-FWM termiwh
lead to phase distortions of the Stokes imageshande affect the self-imaging property. These duoe a
tradeoff between the gain and image quality. Onesibte solution that can overcome this trade-otbis
restrict the pump to a single high order spatiatieno
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