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Spatial Raman solitons
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We predict multifrequency spatial soliton propagation in a strongly driven Raman medium. The essential
idea is the adiabatic preparation of a near-maximum molecular coherence.

DOI: 10.1103/PhysRevA.67.041803 PACS nuntber42.50.Gy, 32.80.Qk, 42.65.Dr, 42.65.Tg

It has been recently demonstrafdd-3] how adiabatically have demonstrated a comb of Raman sidebands with an ef-
prepared molecules can generate a collinearly propagatinfgctive 2= area that propagates without change in their tem-
comb of Raman sidebands with many octaves of spectrgdoral shape in a self-induced transparencylike manner. Com-
bandwidth. This is achieved by driving a Raman mediumbining the concepts of spatial and temporal solitons has
with two linearly polarized, single-mode laser fields whoseproduced the idea of light bullets, a simultaneous self-
frequency difference is slightly detuned from the Ramantrapping in space and tim{d.6]. The work presented in this
resonance. When the intensities of the two driving lasers arpaper can be considered as the spatial analog of recently
sufficiently large, the magnitude of the coherence of the Rapredicted EIT-like (electromagnetically induced transpar-
man transition approaches its maximum valpg,|~0.5.  ency Raman eigenvectors where the Raman nonlinearity
The generation and the phase slip lengths become compaas used to exactly compensate for the disperglath
rable, and a very broad collinear spectrum is produced with We begin by developing the formalism for a model mo-
phase-matching playing a negligible role. We have demonlecular system interacting with two opposite circularly polar-
strated the generation of vibrational and rotational Ramaiized driving lasergtermed the pump and the StokeNoting
spectra covering the infrared, visible, and ultraviolet regionsFig. 1, we consider two-dimensional propagatigone
in molecular deuterium (B and hydrogen (k) [2,3]. In  transverse dimensignof the driving lasers with electric-
related work, Hakuta and co-workers have reported the gerfield envelopesEy(x,z,t) and Eg(x,z,t) such that the
eration of a comb of vibrational sidebands in solig, nd  total field is E(x,zt) = Re{(Ep(x,2,t)exd j(wpt—k,2)]
rovibrational sidebands in a liquid hydrogen drogiét6]. +E(xzt) exd j(wd—k)]}. The coherence(off-diagonal

When the two driving lasers are opposite circularly polar-gensity-matrix elemept of the Raman transition is

ized, conservation of angular momentum forbids the generaeab(x,z,t): Repan(x,2,t) expl j((wp— w5t — (ky—kg)2)]}.

tion of additional sideband¥]. Instead, the established mo- Z

lecular coherence modifies the refractive indices of the, is the two-photon detuning from the Raman resonance

o ) . . . Aw=(wp—wy) —(wp,—wg); K,=wp/c and ks=wg/c.
d_nvmg frequencied8,9). N_otmg Fig. 1, depending on the When the detunings from one-photon resonances are large
sign of the Raman detuning w, the molecular coherence

oot Is either in phasephased stajeor out of phase(an and for the ideal case of zero linewidth of the Raman tran-
ab - (e ; o ;
tiphased state of the molecular syspemith the strong two- sition, the temporal evolution of the probability amplitudes

photon drive. The refractive indices of the driving frequen—Of Raman statefa) and|b) is described by the following

cies are then either enhancetphased or reduced effective Hamiltoniar{1,9)
(antiphasefl[9]. This variation in the refractive index can
cause self-focusing or self-defocusing of the driving lasers, - .
significantly altering beam diffraction. We have recently ob- — |l>
served this effect, producing a changesa50% in beam size
by controlling the phase of coherently rotating imolecules
[10].

In this paper, for the first time to our knowledge, we dem-
onstrate the existence of spatial solitons in such a strongly A
driven Raman system. We show that two driving lasers with
specific spatial profiles will drive the Raman coherence such 9 C
that the effects of diffraction will be exactly canceled by
Raman self-focusingoright solitor) or self-defocusingdark
soliton).

In pertinent prior work, spatial solitons have been ob- Aw____: v |b>
served in many different systems including three-frequency
solitons in media with second-order nonlinear(ty1,12.
Several authors have predicted formation of multifrequency FIG. 1. Energy-level schematic showing the interaction of the
spatial solitons in media with self- and cross-phase modulawwo driving lasers with the molecular states. In the configuration
tions[13]. There is an extensive literature on temporal Ra-shown, the two-photon detuniniw is positive(phased eigenstate
man solitong 14,15. In particular, Kaplan and Shkolnikov as required for bright soliton formation.
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| A B tical boundary conditions at the beginning of the cell,
Hew(X,2,t) = — 3B* D—240|" (1) Ep(x,0)=E4(x,0), the two propagation equations reduce to

@ the same differential equation. Transforming(x,z)

where A=a,|Ey|?+a4E4?, B=bE,E}, and D=d,|E,|? = Es(x.2)=Eq(x.2)exp(~j7iwoNap2) in Eq. (3) and using
+dJE2 The constants, b, andd determine dispersion f[he expression fop,, from Eq.(2), this differential equation
and coupling and depend on the matrix elemertsand wp,;
[1]. When the elements of the effective Hamiltonian vary 5 9
slowly compared to the separation of the eigenvalues of th@ko‘?_EOﬂ- ‘9_E°: —j sgrAw)k |Eol Eo
x> V1+[bE]*lAw]?
(4)

Hamiltonian, the molecular medium can be prepared adia- = dz
batically. In a manner similar to EIT and coherent population
trapping[18], the Raman coherence is prepared by the front
edges of the temporal field envelopes. Wak: |Blexp(g) ~ Wherex= 7fiwokoN|b|?/|Aw]. In the right-hand side of Eq.
and tar¥=2|B|/(2Aw—D+A), the adiabatic solution for (4), the sign of the detuning determines whether the beam
the density-matrix elements [4,9] will experience focusing or defocusing. Fii||Eq|%/|A |

<1 (the unsaturated regime, corresponding ggy|<0.1),

Eq. (4) reduces to the nonlinear Schrodinger equation, and

0 (6
Paa= COS 5)! Pbb:s'nz(i)’ the well-known bright and dark soliton solutions are imme-
diately found:
(1'0 e=sgnAw) Bl2 21 X 1
Pap=| 3zSING € 7=SQ [0} . \/7 .
2 2 — 2 Y - _
VJ|B|?+(Aw—DI2+Al2) o Eo(X,2) KWsecV( w) exp( j 2k0w22)
The sign ofp,,, is determined by the sign of the detuning. (for Aw>0), (53
For Aw>0, the coherence is in phase with the two-photon
drive B; for Aw<0, the coherence is out of phase with the 21 X 1
two-photon drive[9]. Eo(X,2)= —wian /et >Z
X . . K koW
The slowly varying envelope propagation equations for
the pump and the Stokes beams in local timet—z/c, are (for Aw<0), (5b)
JE, &°E , . o . .
2Kk, —2 + | P — —j29hwokyN(aypaaEp+ dypppE whereW is the spatial width. As expected, the bright soliton
P g ax? prRR PP P [Eq. (5a)] exists when the molecular medium is self-focusing

(Aw>0), and the dark solitofiEq. (5b)] exists when the
molecular medium is self-defocusingA <0). When
B 2E |b||Eol?/|Aw|~1 (saturated regimethe analytical solutions
OBs O0Es . of Eq. (4) cannot be found. However, the spatial soliton pro-
2ks 0z ) a2 J2nh@kN(@spaqst dsponEs file can be found numerically using the following procedure:
one can assume a soliton solution of E4) of the form
+bp3Ep), Q)  Ey(x,2)=F(x)exp(—j&2), and reduce Eq4) to the follow-
ing second-order ordinary differential equation:

+b* papEs),

with N being the molecule number density ang

= (ul €p) Y2 The two driving beams are coupled through the 92F £3
molecular coherenc off-diagonal density-matrix ele- —=—sgnAw)k +2&koF.  (6)
Pab ( g ty P gnAw) T [bPFAap &Ko

men). The Raman refractive index effect can be qualitatively
seen from these propagation equations. Depending on t
phase of the molecular coherengg,, the coupling terms
are either in phase or out of phase with the dispersive term
resulting in refractive index enhancement or reduction.
The adiabatic solution for the density matfiEq. (2)],
and the propagation equations for the field enveldes )
(3)] completely describe the field-molecule interaction. Wei(f)
now proceed with the analysis of these nonlinear equations,. | dX
We assume that the driving lasers are far detuned from one-
photon resonances and take the dispersion constants to be +[2&koF215; - (7)
equal:a,=as=d,=ds=ay. We also take the Raman fre-
guency to be much smaller than the frequencies of the drivFor a bright soliton A ®>0), the boundary conditions are
ing lasers and therefore take,= ws=wq and k,=ks=Ko. (dF/ax)(x=2)=(dF/ox)(x=0)=0, F(x=»)=0, and
For a Raman medium like molecular, khese are valid as- F(x=0)=F(0). With these conditions, the value §ffrom
sumptions. When the pump and the Stokes beams have ideBg. (7) is

h'Fhe value of¢ can be found by imposing appropriate bound-
ary conditions for the functiorF. Multiplying Eq. (6) by
JdF/ox and integrating from O tee, we obtain the following
algebraic relation:

X=00

|Aw|2 =
\/1-i-|b|zF4/|Aa)|z
bl|?

| x=0

—sgnAw)k

x=0
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0(; ‘ _‘_vz)tz" ‘0_4‘ ‘ ‘O.6 \(\)‘.~8~N - 1 FIG. 3. Spatial soliton propagation of the pump beam through a
x (mm) 1-m-long H, cell. If there had been no Raman self-focusing, the

spatial width of the beam would have increased by a factor of 6.5.
FIG. 2. The spatial soliton profiles in the saturatedlid line)

and unsaturatettashed lingregimes. tion. The propagation of the Stokes beam in the numerical

simulation of Fig. 3 is very similar to that of the pump beam.
> 7 5 An important question in soliton propagation is stability.
(V1+[b[*F(0)[Aw]*~1).  (8) We numerically find that, when the boundary conditions for
the pump and the Stokes beams are different than calculated
by Eqgs.(5) or (6), the propagation behavior is similar to the

With £ calculated as above, E(f) can be numerically inte- well-known two-dimensional single-field soliton propagation
grated to find the spatial profile in the saturated regime of the 9 propag

bright soliton(we note that a similar approach can be used | & tharrhmedlllum. I th?] brc])ung?fry cpnd|_t|ons at theh begén—
for the dark solitor{19]). The solid line in Fig. 2 shows an ning of the cell are such that diffraction is greater than Ra-

example of these profiles in the saturated regime Xes man self-focusing, tr_len diffra(_:tion is slowe_d but not elimi-
~0 (bright soliton) and the peak value dib||Eq|?/|A | nated. In the opposite case, if at the beglnnlng of the_ cell
Z10 (corresponding to a peak value b |=o%,9) For Raman self-focusing is greater than diffraction, soliton

; ) S abl = M=) . _breathing occurs. Figure 4 demonstrates the soliton breathing
comparison, the spatial profile in the unsaturated regim

' . . o %ffect in molecular H. In this simulation, the boundary con-
[sech profile of Eq(Sa)] with the same spatial width is also ditions are different from that of Fig. 3 by 20% such that at
plotted (dashed ling

We now proceed with a numerical simulation in a realthe beginning of the Kcell Raman self-focusing overcomes

molecular Estem We consider the’=0 J"=0—p’ diffraction. We have also numerically verified that the Ra-

. ystem. A U =N man solitons of Fig. 3 survive through soliton-soliton colli-
=0,J'=2 rotational transition in molecular Hwith wj

- . . sions.
—w,=354 cm . In our simulation we do not make any of

. . o> . Although we have considered the propagation of two cir-
the dispersive approxmgnons that engbled us to opta.m Eq%ularly polarized driving lasers through the Raman medium,
(4)~(6). The parameters in our simulation are very similar ©most of the arguments presented in this paper are valid for a
those in our recent experimgrit0]: The molecular density is

) linearly polarized comb of Raman sidebands. When the spec-
— 9

,sjlu_rez'on8>1< ;(t)rln goligﬂetséfn%gg&ﬁ;?ﬁéngwtg_sh%?gnpijees_' tral width of the Raman comb is small compared to the cen-
tuning isAw=1 GHz (bright solitor). The wavelengths of ter frequency, and when all the sidebands have identical

boundary conditions at the beginning of the cell, the propa-
the pump and the Stoke_s bea_ms are 800 nm and 823 maation equations for the sidebands can be reduced to a single
respectively. The peak intensity of the driving lasers 'Sdifferential equation similar to Eq4). The propagation of
1 GWyent. The profiles of the pump and the Stokes beam afe “entire comb without change in spatial profile then be-

the beginning of the cell are found by numerically integrat- ., o5 nossible. The main differences when compared to the
ing Eqg. (6). For the parameters of our simulation, the peak

value of the molecular coherence |is,,|~0.05 and there-
fore the profile almost coincides with the analytical solution
of Eq. (5a). In our simulation, we solve the two-dimensional
propagation equation for the pump and the Stokes beams
[Egs.(3)] and the adiabatic density-matrix solutifigqg. (2)]
on a spatial grid. We use the method of lines: at each point in
the cell we evaluate the transverse derivative in Egjsand
the density-matrix elements in Eq®), and use these values
. 4

to advance the field envelopes to the next step. 5 /

Figure 3 shows the propagation of the pump beam “lay 0 / 2@\@
through the 1-m-long K cell. The spatial profile is con- 0 *
served almost perfectly for many Rayleigh ranges. In the FIG. 4. Soliton breathing in a Hcell. Here, at the beginning of
absence of Raman self-focusing, the width of the pump beanme cell, the conditions are such that Raman self-focusing over-
would have increased by a factor of 6.5 after 1-m propagaeomes diffraction.

K| A w|?

© 2lblkoF (0)2

|Ep(x’z)|
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two-frequency soliton of this paper are the following@)  this paper can be observed with current experimental param-
The molecular coherence is driven by the entire cof@p, eters.
each sideband in the comb has a Stokes and anti-Stokes

neighbor. These two differences rescale the right-hand sidg .oy for helpful discussions, and Alex Gaeta for an early
of Eq. (4) by a factor of 2M — 1), whereM is the number of g gqestion. This work was supported by the U.S. Air Force
sidebands in the comb. Office of Scientific Research, the U.S. Army Research Of-

In summary, we have demonstrated bright and dark spatiglce, and the U.S. Office of Naval Research. D.R.W. also
soliton propagations in a strongly driven Raman mediumacknowledges support from the Fannie and John Hertz Foun-
Our numerical simulations indicate that the predictions ofdation.
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