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Abstract: The mirrorless backward optical parametric oscillatddf0), where the signal and idler
waves are propagating in opposite directions, will essabdi distributed feedback mechanism and
thus optical parametric oscillation without the need tolgppirrors or external feedback to the cav-
ity. It has been recently demonstrated experimentally tplaiting the periodic poling technique
in second-order nonlinear crystals, that the sub-micrenstuctured medium achieves an efficient
gquasi-phase-matching of the three wave interaction in #ekward configuration. A remarkable
property of such BOPO is the high degree of coherence of thkvierd wave component, whose
spectrum may be several order of magnitudes narrower tlaotithe pump, due to the convection-
induced phase-locking mechanism. Experimentally and migally proved the transfer of coherent
phase modulations from the pump wave to the parametricaliyneconverted waves, we show here
that this is also possible for a broad bandwidth spectraltpherent pump. In order to accurately
describe the nonlinear counter-propagation dynamicseoftiree dispersive waves, we have devel-
oped for the first time to our knowledge a new numerical schetrieh combines the method of the
trajectories usually employed to solve the three-wavedut®on and the intraband group velocity
dispersion effect is performed in the spectral domain whith help of the Fast Fourier Transform
(FFT) technique. The model accurately conserves the nunfbghotons and the Manley-Rowe
invariants. This allowed us to predict various configunasiof MOPOs in which, thanks to the
convection-induced phase-locking mechanism, a highheoatt backward wave is spontaneously
generated from a highly incoherent pump wave.

Keywords: nonlinear coherence transfer, backward mirrorless OPhteopropagating three wave
interactions
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1 Introduction

It has been theoretically predicted [1] that counter-pgatimmg parametric interactions, where the signal and idbkares

are propagating in opposite directions, will establishsirifiuted feedback mechanism and thus optical paramedcit o
lation without the need to apply mirrors or external feedtacthe cavity. Such a device, the mirrorless optical patame
oscillator (MOPO), has been recently realized by emplogingineered second-order nonlinear crystals, namelypgeri
ically poled KTiOPQ (PPKTP) with the periodicity of the structure of 800 nm [2]n&®of the remarkable properties of
the MOPO was a strong asymmetry in the spectral bandwidtheo$ignal and idler pulses: the signal spectral bandwidth
was of the same order as the pump, whereas the counterptioggigéer wave was characterized by a spectral bandwidth
about two orders of magnitude narrower with respect to tlebslee signal and pump waves [3]-[5]. It has been recently
experimentally and numerically investigated that thigefffoccurs when the pump waves exhibits coherent phase mod-
ulations: the phase modulations of the pump are cohe;elamyetrred to the co-propagating parametric wave, while the



counter-propagating wave retains a narrow bandwidth agld tdherence [6]. Our aim in this work is to prove that this
effect also works when the pump is strongly incoherent atarizzed by a broad bandwidth stochastic spectrum.

The mechanism underlying such a coherence transfer priscbased on a convection-induced phase-locking mecha-
nism [7]-[10]. In substance, the random phase modulatibtissopump are transferred to the co-propagating wave, which
"absorbs" the incoherence of the pump wave and thus allogvedbnter-propagating wave to evolve toward a highly co-
herent state. For this purpose we have developed a new mahscheme for the integration of the counter-propagating
three-wave interaction in the presence of group velocipelision. The numerical scheme combines the method ofthe tr
jectories usually employed to solve the nonlinear threeenwateraction and the intraband group velocity dispersiiect
is performed in the spectral domain with the help of the Fastrier Transform (FFT) technique. To our knowledge this
combined numerical method has been rendered stable forgherfie. We use it to provide accurate numerical simulation
of the referred experimental results on the dynamics ofdb@adwidth pumped MOPOs.

The mirrorless optical parametric oscillator (MOPO) relien counter-propagating three wave mixing (TWM) for
establishing a distributed positive feedback for susthvexillation above threshold [11]. It is a general propeftf WM
that the total interaction phase is fixed. In the case of a dowiversion process, the phagggwherej = p,s,i) satisfy
the relation:

G- B—@=1/2. (1)

Here we demonstrate that the maximized convective wave atima of the counter-propagating TWM is responsible for
the unusual spectral and coherence properties of the dedesignal and idler waves. The physical mechanism ensures
that, for a broadband incoherent pump, the frequency baitdwf the backward-propagating wave, either the idlerffer t
already realized experience or the signal for the here m@gpexperience, will be substantially narrower and givethby
backward wave coherence time. As a consequence of the pdlatenr in Eq.(1), the phase modulation of the pump is
then effectively transferred to the co-propagating pataémeave. The major difficulty in achieving mirrorless paratric
oscillation is associated with satisfying the momentumseowation condition, which in scalar form reads= ks — k;

for the backward idler ok, = ki — ks for the backward signal. In homogeneous dielectrics, tlespimatching condition
can possibly be satisfied only for large signal-idler detgsi However, due to the very different diffraction propet

of the near-infrared signal and the far-infrared idler,iagimg oscillation in homogeneous dielectrics is problémaBy
employing ferroelectric nonlinear crystals structurethvsiub-micrometer periodicithopm = 271/ (Kp— ks+ ki) ~ 800 nm,
quasi-phase matching (QPM) [12] has been utilized to aeli#®@PO with counter-propagating idlierin the mid-infrared
spectral range [2] [6]. We show in Fig.1 the different OPQremnt wave vector configurations: three copropagating syave
backward idler wave, backward signal wave, and backwartbsignd idler waves. The quasi-phase matching periodicity
Nopm = 211/Kg runs from several microns for the first to a fourth of microntfee last.
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Fig. 1: Resonant wave vector configurations for OPOs



2 Nonlinear model: Coherencetransfer

The three-wave interaction is known to model the evolutibthe slowly-varying envelopes;(j = p,s,i), of the three
coupled pump, signal and idler waves

(Gt + VpOk + Yp +1Bpdt ) Ap = — OpAsA,

(G +VsOx+ Vs +1Bs0t)As = UsApAi* (2)
(G —Viox+ Yo+ iBiow)Ai = O'iApA;
wheregj = 2mdervj/Ajn; are the nonlinear coupling coefficientsyrdhe efficient quadratic susceptibility, angl and

Bj the damping and dispersion coefficients. The idigwave is counter-propagating with respect to the pump. The
guasi-phase-matching conditions in the backward configuraead

Wy = Ws+ W and kp —ks+ ki =Kg = 27Tm//\QpM, (3)

whereKg is the quasi phase-matching (QPM) grating pitch vectus the order of the interaction amthpym = [Np/Ap —
ns/As+ni/Ai] L is the modulation period of the quadratic nonlinear coefiti

The plane wave monochromatic model [11] satisfactoriljnestes the order of magnitude of the MOPO threshold for
the counter-propagating interaction, namijy = csonpnsni)\s)\i/Zdegﬂ. Therefore, considering as in the experimental
studies [2] [6] a crystal length of k= 0.65cm, one obtaink,y = 1.12 GWi/cni. Note that such a MOPOs threshold may
increase substantially in the presence of an incoherenppum

We have investigated theoretically the process of phaseutation transfer in MOPO by numerically solving the
coupled wave equations and employing different modeldi®pump pulse, including chirped pulses and pulses contgini
random phase modulations. The numerical results supporiwell the experimental results. Note that we have already
considered the convection-induced phase-locking meshgrand the associated process of coherent wave generation
from incoherent excitation, in the usual forward configimabf singly resonant (integrated) optical parametridlgors
(SIOPO) [8] - [10]. In particular, it was numerically proveéldat the waveguide geometry considerably increases the
conversion efficiency of the nonlinear device, which thuspts to make use of a low-power cw-pumping [13] - [17].
However, the conventional forward resonant OPOs imposereaonstraints on the resonant phase-matching conditions
one needs to match the group velocity of the pump wave withadribe daughter waves, while still preserving a large
group velocity difference (i.e. large convection) with thteer daughter wave [9] [10]. We underline that this lastditbon
is automatically satisfied in the backward MOPO, since thenter-propagating waves ensure a maximum convection, so
that we just need to match the group velocity of the pump vhighdther wave.

2.1 Convection-induced phase-locking mechanism

The coherence properties of the parametric three-waveairtten driven from an incoherent pump has been the subject o
an analytical study where the autocorrelation functiomsraathematically evaluated in the presence of dispersioi8]7
[18], and the convection-induced phase-locking mechatiambeen proposed for the forward OPOs configurations [9]
[10]. Let us present here some simple analytical argumetitgheing this mechanism from equations (2) for the bacldvar
idler configuration.
Let us consider the dispersionless cg8g=£ 0), 0s = 6; = 0p/2 = g, and the linear undepleted pump limit wigh = 0.
The incoherent pump may be modeled as a stationary singlebl@stochastic functioAp(z) with the following autocor-
relation function Ay (2) 2
/ p \Z z

(Po(z=2) 2257z = xR0 (4

Ac = VpT¢ being the correlation length of the pump in its own traveliragne,
Z=X—Vpt.

The correlation time istc ~ 1/ mAvp, whereAv,, is the (broad)-bandwidth of the incoherent pump spectruhe ble of
convection in the coherence of the daughter wavgandA; may be analyzed by integrating the second equation (2) along
the characteristic of the signal wave. Then, the third éqod®) yields

t /
DA = 02/0 e )%p(Z)Ap*(Z’)Ai(X’»t’)df ®)



where
D=29/dt—vid/dx+V

Z=z—(vs—Vp)(t—t); X' =x—vgt—t)

If vs=vp we have z=z and we can extract the pump amplitude from the integralAig¢z)Ap* (Z') = |Ap(2)|%, which
reveals that the idler evolution is independent of the puimgsp fluctuation®(z). This means that the rapid random
phase fluctuations of the pump do not affect the idler, whictleugoes slow phase variations and thus evolves towards a
highly coherent state during its parametric amplification.

Let us now consider the evolution of the signal wave from #mad equation (2):

t
As(x,t) = 0 /O e K AL (Z)A (X, V)t (6)
When & = v, we have z=z andA,(Z') becomes independent 6f which leads to a signal amplitude that is simply
proportional to the pump amplitudl, i.e., the signal field absorbs the noise of the co-moving pump.figlate that this
pump-signal phase-locking mechanism does not require act exatching of the group velocitieg ¥ vp. It is indeed
sufficient that

Vs — Vp| < Acys = VpTc)s, (7)

to remove the pump field from the integral so that the idledffellows the rapid pump phase fluctuations.

2.2 Highly incoherent pump pulse

In order to test the new numerical model governing the dsperthree-wave interaction, we have studied the backward
MOPO pumped by a highly incoherent pump pulse. The numesidtadme combines the method of the trajectories that
proved efficient in solving the large convections involvedhie counterpropagating configuration of the three wava-int
action through a Runge-Kutta algorithm of 4th order [19,, 20@ether with the spectral method of fast Fourier tramafor
(FFT) that integrates the second-order temporal derigaidf Eqs.(2) in the Fourier frequency domain. To our knogéed
this is the first time that these two fundamentally diffenemterical schemes are combined to integrate the counteapro
gating dispersive TWI. The scheme of the model is shown irréi@u The highly incoherent pump pulse is injected at the
entry of the MOPO box (of lenght L) where the nonlinear thresainteraction takes place starting from signal and idler
spontaneous noises. For solving the nonlinear time ewwluti Egs.(2) we use the well known numerical model which
follows the trajectories and where the integration is ddmeugh the Runge-Kutta algorithm. A larger box (M = L+2d)
including the first one, discretized il"AN = 16 to 18) points, is used to perform the FFT for evaluatimgydispersion
terms in Egs.(2). Smoothed decreasing curves to zero jeimgut and output wave amplitudes to the ends of this box for
correctly performing the FFT.

Let us briefly comment some interesting experiments whergthcess of incoherent parametric excitation has been
investigated. In Refs.[21]-[23] the authors experimdptdémonstrate that a coherent amplification may be achiéwed
a single signal wave through its coupling with two distinabgp beams that are not correlated with each other. In other
terms, for specific phase-matching conditions, a singleaigiave may be phase matched to a couple of pump waves and
to the corresponding set of idler waves, so that the signalamoay be efficiently amplified by taking advantage of the
two distinct uncorrelated pump beams simultaneously. k\ee this process of cumulative pump action has also been
observed in the spatial domain owing to conical optical behgnexploiting their specific phase-matching conditiony [2
[25]. Although these experiments corroborate the resiiliseoconvection-induced phase-locking mechanism, it adel
of great interest to observe in a straightforward way théigted phenomenon of incoherent excitation of a cohergnesi
in a MOPO. Let us also mention that the convection-inducedpHocking mechanism has been also recently predicted to
occur in an optical fiber system by exploiting the peculiapéirsion properties of photonic crystal fibers [26].
In the numerical simulations we consider an incoherent ppaige of spectral bandwidthv, = 15 THz, for the exper-
imentally accessible wavelengthd; = 86167 nm As=1217.94 nm, and\; = 294573 nm. This point of operation is
plotted on the group velocity dispersion curves reportefijure 3. The crystal length of & 0.65 cm in the MOPO pro-
vides a photon flight time in the cavity=L /vp =41 ps and a FSR- vp/(2L) = 12 GHz. This configuration corresponds
to L = 14/\q, where/\g = vpTg = 0.46 mm is the nonlinear characteristic length.
The corresponding KTP refractive index, group velocity dispersion coefficient for the pump arg- 1.84044, y/c = 0.526359,
Bo/Vp = 0.254223p3/m; respectively for the signal arg 1311.824484, ¥/c=0.537107, Bs/Vs = 0.142531p4/m; and
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Fig. 2: Scheme for the Runge-Kutta-FFT numerical model entackward mirrorless OPO.

respectively for the idler are &= 1.784471, y/c=0.537301,3/v; = —0.328753p%/m. The group velocity difference
between the pump and the co-propagating signabis- vs|/vs ~ 0.02.

AMum)
Fig. 3: Group velocity dispersion for KTiOPGit 20°C (MOPO-1 of type I).

The incoherent pump pulse is characterized by an expomshtiged correlation function
< Ap(x=0,t' +t)Ap*(x=0,t) > = Ap2exp(—|t|/Tc), wheret, = 1/mAvy, is the correlation time anflv, the bandwidth
of the pump spectrum. The results are shown in Figs.4(an@d)Figs.5(a)-(c) for a FWHM pump pulse duration of 100
ps and a pump intensity of = 4 GWwicn?.

In Fig.4(a)-(c) we see that the MOPO starts oscillatingradteinitial delay of 120 ps and then the parametric waves
increase up to a relative mean amplitude af|As(L)| > / < |Ap(L)| > = 0.1308 for the signal and< |A;(0)| > / <
|Ap(L)| >=0.07964 for the idler. Let us stress the remjarkable gain of motoe of the counter-propagating idler wave



with respect to the pump, which exceeds two orders of madejfw; /Av, ~ 1/245, as illustrated in Figs.5(a)-(c). We have
always obtained an excellent transfer of incoherence flerpump to the signal, thus allowing the counter-propagatin
idler wave to evolve toward a highly coherent stat;(Avp ~ 102 — 10-3). This shows that the convection-induced
phase-locking mechanism is efficient for both determiaigtiase modulations and random phase fluctuations.

Fig. 4: Temporal amplitude evolution in the MOPO for (a) tbediard pump pulse, (b) the forward signal, and (c) the bactwa

idler (c).
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Fig. 5: (a) Incoherent pump spectrum of broad-bandwiiith = 15 Thz, (b) signal spectrum évs = 5.7 Thz absorbing the
pump stochasticity, and (c) backward idler spectrum with= 57 Ghz showing a coherence transfer of more than 2 orders of
magnitude. [FSR =12 GHZyo =L /14 = 0.46 mmjTp = Vp/Ao = 2.95 ps]

2.3 Invariants conservation

Let us make a brief comment concerning the conservationeohtimber of photons in the three-wave mixing process.
Neglecting the dissipatiory(= 0, j = p,s,i), the total number of photons contained in the initial purafsp namely,

Non= | Ap(x,t=0)? d

must be conserved through the interaction in the crystateNdoecisely, the balance equation for the output of the dodw
pump and signal waves atxL and of the idler at x= 0, should be written in the following form

t=00 t—00
/ |Ap(x:0,t)|2dt:/
0 .

(x=L,1)]?

= |A == |Aj(x =0,1)[?
Ap(X=L,t 2dt—k/ > —_—
| P( )| Jico (ZUS/Gp)

(201/0p)
The numerical simulations conserve the total number of@ibetter than 10 for more than 6< 10° time steps and high

pump incoherence.
The dispersion relations of the backward three-wave intema (TWI) process read

dt+ dt (8)

Jt=0

1~ , 1x
@; (K) :Vj+§/3jk2 (j= péS); m(k):_VH‘EBikZ



whereﬁj = 2ij,-2 and retaining only the first terms for the perturbative disjwa terms in Egs.(2) they read
1=
1=~ i}
(Ot +VsOx+ Ys+i éBsaxx)As = OsApA; (10)

1~
(G —Vvidx+ Vp""éﬁidxx)Ai = UiApAé
These equations conserve the Manley-Rowe invariants

No = N
_Np Ns.

1 = — + -
Op Os

1=
Op O

Iy (11)

where N = [|Aj(x,t)[2dx (j=p,s,i). These invariants are also conserved in ouukitions better than 16.

3 3rd order MOPO-3

According to the velocity-locking mechanism, the procelssaherence transfer becomes more efficient when the group
velocity of the co-propagating waves are matched [8], big tequires another choice of resonant frequencies for the
backward MOPO [27]. In order to take advantage of a type | gométion in PPKTP, it is more convenient to chose the
signal wave as the backward field, so that the group velsaifi¢he co-propagating pump and idler waves may be matched
exactly, y, = v;. Indeed, such a group velocity matching may be obtainedfdllowing choice of the three wavelengths:
Ap = 1060 nm;As = 1534 nm; and\; = 3429 nm. The corresponding refractive indexes, group tidscand dispersion
coefficients are: p= 1.830Q vp/c = 0.5338 f,/vp = 0.1826pg/m; ns = 1.8163 vs/c = 0.5401 Bs/vs = 0.0761ps/m;

n = 1.7709 v;/c = 0.5338 Bi/v; = —0.5792p$/m. This point of operation is plotted on the group velocitgpairsion
curves reported in figure 6.

AMum)
Fig. 6: Group velocity dispersion for KTiOPGt 20°C (MOPO-3 of type I).

Let us note however that this configuration has a major drakulbEhe modulation period of the nonlinear coefficient for
the first order resonant grating should be as short as 41 7mthe lfollowing, we thus propose to consider the next odd or-
derm= 3 [11], which thus makes the polarization poled gratind\gbm = 1251 nm experimentally accessible. Fora 1 cm
PPKTP crystal lenght, the oscillation threshold would be iy (m= 3) = 9lym(m= 1) = 4.95GW/cn?, which would be
lower than the damage threshold for a 100 ps pump pulse. Virpexd numerical simulations of this configuration by con-
sidering an input pump intensity &f =5 GWr/cn?. In Egs.(2) we must change the sign of the signal and theggiterp ve-
locities, because the counter-propagating wave now redete signal component, altypym = [Np/Ap+ Ns/As— N /)\i]‘l
is the new modulation period of the quadratic nonlinearficieht. Now, this configuration, perfectly satisfies the gda
locking condition (7) where the idler takes the place of tigaal, namelyjv; — vp| < Acy = VpTcy.

The results of the numerical simulations are reported irriégﬂ and 8. We consider here a highly incoherent pump pulse



of 35 THz bandwidth and 100 ps duration. As expected from thvection-induced phase-locking mechanism, almost
all the incoherence of the pump wave is transferred to theropagating idler wave, which thus leads to the generafion o
a highly coherent backward signal pulse. As remarkably shiovthe figure 8(a)-(c), the gain of coherence of the signal
with respect to the pump now exceeds three orders of magmnitud
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Fig. 7: Temporal amplitude evolution in the MOPQO3 for (a) tbewvard pump pulse, (b) the backward signal, and (c) the
forward idler (c).
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Fig. 8: (a) Incoherent pump spectrum of broad-bandwikith = 35 Thz, (b) backward coherent signal spectrunhaf = 28
Ghz showing a coherence transfer of more than 3 orders of itndgn and (c) forward idler spectrum witky; = 17 Thz
absorbing the pump stochasticity. [FSR =12 GAg=L/14 = 0.46 mm;Tlgp = v /Ao = 2.95 ps]

4  Conclusion

In summary, we have shown that singly backward MOPOs pumpethbncoherent field are characterized, as a general
rule, by the generation of a highly coherent backward wavds Temarkable property finds its origin in the convection-
induced phase-locking mechanism, in which the incoherefitee pump is absorbed by the co-propagating wave, thus
allowing the backward wave to evolve toward a highly cohestaite [7]-[10]. On the basis of the recent experiments [2]
[6], we propose other realistic experimental conditiora thay be implemented with currently available technolagy ia
which backward coherent wave generation from incoheretitaion may be observed and studied. We note that it would
be interesting to analyze theoretically these phenomemadking use of the kinetic wave theory [28]-[30], in line with
the recent works on optical wave thermalization [31]-[38l@ondensation [38]-[42]. Furthermore, a detailed anslys

the dynamics of the MOPO may reveal some connection withssaésolitary wave solutions spontaneously generated
in the backward configuration of the three-wave interacti®j [20].
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