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Dynamics of Incoherent Photovoltaic Spatial Solitons *
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Propagation properties of bright and dark incoherent beams are numerically studied in photovoltaic-photorefractive
crystal by using coherent density approach for the first time. Numerical simulations not only exhibit that bright
incoherent photovoltaic quasi-soliton, grey-like incoherent photovoltaic soliton, incoherent soliton doublet and
triplet can be established under proper conditions, but also display that the spatial coherence properties of these
incoherent beams can be significantly affected during propagation by the photovoltaic field.

PACS: 42. 65. Tg, 42. 25.Kb, 73. 50. Pz, 42. 65. Jx, 42. 25. Bs, 42. 81. Dp

The discovery of photovoltaic solitons[1,2] and inco-
herent spatial solitons[3−10] which have been attracted
considerable attention from all over the world in the
past decades not only opens up a new research field for
soliton science and nonlinear optics but also broaden
the potential applications of optical solitons. To be
frank, both of the two types of spatial solitons have
been relatively thoroughly studied both in theory and
experiment,[1−10] and incoherent photovoltaic solitons
are also reported now and again over the past several
years,[11,12] but the incoherent photovoltaic soliton are
still not studied at length. The case to the point is
that the propagation properties as well as the spa-
tial coherence properties of multiple incoherent photo-
voltaic spatial soliton in photovoltaic-photorefractive
crystal are not investigated at all. In this Letter,
we firstly set up the dynamic equations of incoher-
ent photovoltaic soliton and then discuss the propa-
gation properties and spatial coherence properties in
detail through numerical simulations for the first time.
In the theoretical research, as is well known, there
are three traditionally used research approaches, i.e.,
coherent density approach,[6,7] self-consistent multi-
mode approach[8] and geometric optics approach (in
the diffractionless limit).[9] It is worth mentioning the
three approaches have been demonstrated to be equiv-
alent to each other in inertial nonlinear media.[10] In
this study, coherent density approach is adopted, and
by using this approach we observe the forming of in-
coherent soliton triplet and doublet under odd and
even initial conditions respectively as well as bright
incoherent photovoltaic quasi-soliton and grey-like in-
coherent photovoltaic soliton. The results are similar
to the pioneering studies,[7] however the significance is
quite different. It is important that incoherent photo-
voltaic soliton is closely linked with photovoltaic field.

The space-charge field 𝐸𝑠𝑐 in terms of the optical
irradiance is depicted by[1]

𝐸𝑠𝑐 = −𝐸𝑝
𝐼/𝐼𝑑

1 + 𝐼/𝐼𝑑
, (1)

where 𝐸𝑝 is the photovoltaic field, 𝐼 is the light in-
tensity, 𝐼𝑑 is the dark irradiance. According to the
method offered by Ref. [6], we can obtain the follow-
ing infinite set of coupled nonlinear Schrödinger-like
equations,
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where 𝑗 is the discrete index (𝑗 = 0, 1, 2. . .), 𝑗∆𝜃 is
the angle with respect to the 𝑧 axis, Ψ𝑗 is the field
of each coherent component called coherent density
function, 𝑘 = 𝑘0𝑛𝑏, 𝑘0 = 2𝜋/𝜆, 𝑛𝑏 is the background
refractive index, 𝜆 is the wavelength, 𝑟eff is the ef-
fective electro-optic coefficient, 𝐼(𝑥, 𝑧) is the intensity
profile expressed in units of the dark irradiance of the
incoherent beam, given by

𝐼(𝑥, 𝑧) =
∞∑︁

𝑗=−∞

⃒⃒
Ψ𝑗(𝑥, 𝑧)

⃒⃒2
, (3)

We set the coherent density functions at 𝑧 = 0,[6,7,13]

Ψ𝑗(𝑥, 𝑧 = 0) = (𝑟, 𝜌)1/2𝐺
1/2
𝑁 (𝑗∆𝜃)𝜙0(𝑥), (4)

where 𝑟 is the maximum intensity of the bright in-
coherent beam [i.e., 𝑟 = max(𝐼)], 𝜌 is the normal-
ized intensity of the dark beam at 𝑥 → ±∞ [i.e.,
𝐼(𝑥 → ±∞, 𝑧)], 𝐺𝑁 (𝑗∆𝜃) is the normalized angular
power spectrum of the incoherent source, 𝜙0(𝑥) is the
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spatial modulation function. The spatial coherence
properties of these incoherent beams can be depicted
by coherence length 𝑙𝑐,[7,8] which is given by

𝑙𝑐(𝑥) =
∫︁ +∞

−∞
𝑑𝑥′
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We assume that the normalized angular power spec-
trum of the incoherent source is Gaussian, i.e.,
𝐺𝑁 (𝑗∆𝜃) = (

√
𝜋𝜃0)−1 exp[−(𝑗∆𝜃)2/𝜃2

0], where 𝜃0 is
the width of the angular power spectrum.[13] We also
assume that the spatial modulation function at the in-
put is Gaussian when bright incoherent photovoltaic
soliton is considered, i.e., 𝜙0(𝑥) = exp[−𝑥2/(2𝑥2

0)],
where 𝑥0 is associated with the full width at half max-
imum (FWHM) of the beam intensity and the rela-
tion between them is 𝑥0 = FWHM/2

√
ln 2; as to dark

incoherent photovoltaic soliton 𝜙0(𝑥) = tanh(𝑥/𝑥0)
under odd initial conditions and 𝜙0(𝑥) =

[︀
1 −

𝜀2sech2(𝑥/𝑥0)
]︀1/2 under even initial conditions, where

𝑥0 = FWHM/ ln(3 + 2
√

2), 𝜀2 ≈ 1. According to
the equations mentioned above, we can obtain 𝑙𝑐 =√

2𝜋/(𝑘𝜃0) at 𝑧 = 0, which is independent of the spa-

tial modulation function 𝜑0(𝑥), but relies on 𝑘 and 𝜃0.
In our numerically simulations, we choose LiNbO3

as the photovoltaic-photorefractive crystal with 𝑛𝑏 =
2.2, 𝑟eff = 30 pm/V,[1] 𝜆 = 500 nm, 𝑟(or 𝜌) = 3,
𝜃0 = 7.9 mrad, so the coherence length 𝑙𝑐 ≈ 11.5µm
at 𝑧 = 0. We use 201 components (−100 ≤ 𝑗 ≤ 100)
equidistantly spanning the range ±2.5𝜃0 (i.e., ∆𝜃 =
5𝜃0/200), similar to that used in Ref. [6].
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Fig. 1. Formation of a bright incoherent photovoltaic
quasi-soliton with 𝑥0 = 20µm and 𝐸𝑝 = 20 kV/cm. The
inset shows the input beam (dashed curve) and output
beam at 𝑧 = 2 cm (solid curve).
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Fig. 2. (a) Formation of a grey-like incoherent photovoltaic soliton under odd initial conditions, (b) FWHM (solid curve,
left 𝑦-axis) and the grayness (dashed curve, right 𝑦-axis) of the grey-like soliton as a function of distance, (c) formation of
a incoherent soliton doublet under even initial conditions, (d) formation of a incoherent soliton triplet under odd initial
conditions. The insets show the input beam (dashed curve) and output beam at 𝑧 = 2 cm (solid curve).
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Fig. 3. Coherence length of (a) bright incoherent photovoltaic quasi-soliton, (b) grey-like incoherent photovoltaic
soliton, (c) incoherent soliton doublet and (d) incoherent soliton triplet as a function of distance.

Figure 1 presents the evolution of the bright inco-
herent beam in the photovoltaic-photorefractive crys-
tal with 𝑥0 = 20µm and 𝐸𝑝 = 20 kV/cm. We can
see that the input incoherent beam propagates al-
most undistorted and it behaves rather stable. The
inset also exhibits that the input beam (dashed line,
FWHM≈ 33.3µm) and the output beam (solid line,
FWHM≈ 30µm) match each other very well. Here
the incoherent beam can be called a bright incoher-
ent photovoltaic quasi-soliton. Figure 2(a) shows the
formation of a grey-like incoherent photovoltaic soli-
ton with 𝑥0 = 5.7µm and 𝐸𝑝 = 55 kV/cm under odd
initial conditions. Even though the incoherent beam
exhibits somehow oscillatory behaviour, it can also be
called a grey-like incoherent photovoltaic soliton. Fur-
thermore, we introduce the 𝑔 parameter (0 < 𝑔 < 1) to
describe the soliton grayness, and define it as the ratio
of the lowest intensity of the beam to the intensity at
infinity, i.e., 𝑔 = min[𝐼(𝑥, 𝑧)]/𝐼(𝑥 → ±∞, 𝑧).[14] Fig-
ure 2(b) depicts the grayness (dashed curve, right 𝑦-
axis) of the grey-like soliton and the intensity FWHM
(solid curve, left 𝑦-axis) as a function of distance.
We can see clearly that both the grayness (chang-
ing between about 0.25 and 0.6) and the intensity
FWHM (changing between about 7µm and 11µm)
have a sine-like shape, and what is more, they are also
changing synchronism. Figure 2(c) presents the for-
mation of an incoherent photovoltaic soliton doublet
(2-splitting) with 𝑥0 = 5.7µm and 𝐸𝑝 = 55 kV/cm

under even initial conditions. From this phenomenon,
we predict that if the parameters are properly chosen,
4-splitting, 6-splitting and even higher splitting can
also emerge in a photovoltaic-photorefractive crystal
as in a photorefractive crystal.[15] As known to all, re-
searchers have demonstrated that incoherent soliton
triplet (3-splitting) can form in photorefractive crys-
tal under odd initial conditions with proper values of
the parameters used,[7,15] so can the phenomenon also
emerge in photovoltaic-photorefractive crystal? Fig-
ure 2(d) not only positively answers the question with
𝑥0 = 11.4µm and 𝐸𝑝 = 70 kV/cm but also connotes
5-splitting and even higher splitting can also form.

The coherence length of bright incoherent photo-
voltaic quasi-soliton is depicted in Fig. 3(a) within a
spatial window of ±50µm, which reveals that within
the range of ±20µm, the coherence length is almost
at the same level whereas increases sharply beyond
the range, and this behaviour is in good agreement
with the results of Refs. [7,8]. Figure 3(b) displays the
coherence length of grey-like incoherent photovoltaic
soliton corresponding to Fig. 2(a). From the figure,
we can see clearly that the coherence length increases
around the notch and sharply falls at the centre with
a depression. Figure 3(c) shows the coherence length
of the incoherent photovoltaic soliton doublet corre-
sponding to Fig. 2(b). Different from Fig. 3(b), the
coherence length increases around the notch without
falling and depression at the centre. However, accord-
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ing to the coherence length at output, we predict that
the situation will change if the incoherent soliton dou-
blet propagates in an enough long distance. Figure
3(d) exhibits the coherence length of the incoherent
photovoltaic soliton triplet corresponding to Fig. 2(d),
the case around the central notch is similar to that of
the grey-like incoherent photovoltaic soliton and the
other two cases are similar to these of the incoherent
photovoltaic soliton doublet. This phenomenon shows
that the coherence length is significantly affected dur-
ing propagation by the photovoltaic field.

In conclusion, we have studied the propagation
properties of bright and dark incoherent photovoltaic
solitons in a photovoltaic-photorefractive crystal by
coherent density approach. For properly given param-
eters, we obtain bright incoherent photovoltaic quasi-
soliton, incoherent photovoltaic soliton doublet under
even initial conditions, and grey-like incoherent pho-
tovoltaic soliton and incoherent photovoltaic soliton
triplet under odd initial conditions. We have also
predicted that 4-splitting, 5-splitting and even higher
splitting can emerge in photovoltaic-photorefractive
crystal. We find that the coherence properties of these
incoherent beams can be significantly affected during
propagation of the photovoltaic field.

References

[1] Valley G C, Segev M, Crosignani B et al 1994 Phys. Rev.
A 50 R4457
Segev M, Valley G C, Bashaw M C et al 1997 J. Opt. Soc.
Am. B 14 1772

[2] Taya M, Bashaw M C, Fejer M M et al 1995 Phys. Rev. A

52 3095
[3] Mitchell M and Segev M 1997 Nature 387 880

Mitchell M, Chen Z, Shih M et al 1996 Phys. Rev. Lett.
77 490

[4] Chen Z, Mitchell M, Segev M et al 1998 Science 280 889
Christodoulides D N, Coskun T H, Mithell M et al 1998
Phy. Rev. Lett. 80 2310
Christodoulides D N, Coskun T H, Mithell M et al 1998
Phy. Rev. Lett. 80 5113

[5] Kip D, Soljacic M, Segev M et al 2000 Science 290 495
Coskun T H, Christodoulides D N, Kim Y et al 2000 Phys.
Rev. Lett. 84 2374

[6] Christodoulides D N, Coskun T H, Mithell M et al 1997
Phys. Rev. Lett. 78 646

[7] Coskun T H, Christodoulides D N, Mitchell M et al 1998
Opt. Lett. 23 418
Coskun T H, Christodoulides D N, Chen Z et al 1999 Phys.
Rev. E 59 R4777

[8] Mitchell M, Segev M, Coskun T H et al 1997 Phys. Rev.
Lett. 79 4990
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