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We theoretically study the effect of light deceleration in photorefractive nonlinear media. This includes con-
sideration of different types of the photorefractive nonlinear response, different wave interaction schemes, and
an analysis of the influence of the input parameters, such as the input temporal pulse width and the coupling
strength, on the output pulse characteristics: the time delay, the propagation velocity, the amplification factor,
and the output width. We show that the photorefractive light deceleration has numerous advantages over the
other known techniques. It works already at low intensities, at room temperature, and within wide spectral
ranges and offers a vast variety of handles for manipulating light pulses. An analogy with the light deceleration
method based on the quantum effect of electromagnetically induced transparency in ultra-cold resonant gases

is also considered.

PACS: 42.65.Hw, 42.50.Gy, 78.20.Bh
1. INTRODUCTION

The effect of deceleration of light pulses has at-
tracted a great research interest during the last years
(see, e.g., reviews [1-5] and the references therein). The
most impressive results on the light deceleration are
usually attributed to the quantum effect of electromag-
netically induced transparency (EIT) [6], which implies
the use of narrow atomic resonances, low temperatures,
and high light intensities. In particular, deceleration of
light pulses down to 17 m/s was achieved with Bose-
Einstein-condensed ultra-cold gases [2]. The EIT-based
techniques also allow the so-called complete stop and
storage of light pulses with their possible release on
demand [7]. Attempts to use room-temperature res-
onances in solids for light deceleration are known as
well [8-10]. The achieved deceleration characteristics
are still modest and high pump intensities are required.

A clear concern about incorrect usage of physical
terms in the literature on light deceleration has also
been expressed [11]. It reflects the fact that the actual
characteristics of nonlinear pulse propagation are often
mixed with the terms of linear optics, like the group ve-
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locity and dispersion. The linear and nonlinear meth-
ods for light deceleration must indeed be clearly dis-
tinguished. In particular, the achieved ultra-low light
velocities are fully due to nonlinear effects.

Apart from an obvious fundamental interest, the
nonlinear light deceleration is promising for develop-
ment of sensitive detectors and delay lines [5, 12] and,
potentially, for quantum information processing [13].
For practical purposes, the use of ambient tempera-
tures, solid-state materials, and common light sources
has actually no real alternative.

Recently, it has been demonstrated theoretically
and experimentally in some special cases that the decel-
eration of light pulses can be implemented with the use
of the photorefractive (PR) nonlinearity [14, 15]. The
pulse propagation velocities lower than 0.025 cm /s were
achieved. Similar attempts to employ the PR nonlin-
earity were also made in [16, 17].

In this paper, we theoretically study the potential
of the strong PR nonlinearity (see, e.g., [18, 19]) for
deceleration of light pulses. This includes analysis of
the main output characteristics, such as the shape, the
delay time, the output width, and the amplification
factor, versus the input parameters — the input width,
the coupling strength, and the pump intensity — for
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different types of the PR response and different interac-
tion schemes. We also analyze the conditions for strong
deceleration of light pulses with minimum possible dis-
tortions; this leads us to the range of large coupling
strengths and, correspondingly, of strongly nonlinear
effects.

General advantages and distinctive features of the
proposed PR method of light deceleration are worth
mentioning. In contrast to other techniques, no fre-
quency adjustment is needed; broad absorption spec-
tra in the visible and near infra-red range are avail-
able. Operation at room temperature and intensi-
ties of continuous-wave lasers, 1072-10® W /cm?, is en-
sured. Because the PR nonlinearity is caused by light-
induced electric fields, the wealth of charge-transport
mechanisms in photosensitive materials allows shaping
the spectral characteristics of the nonlinear response.
Achievement of large values of the coupling strength
does not present serious difficulties.

Despite numerous special features, the PR method
offers surprizing analogies with the EIT-based decel-
eration technique. These analogies also belong to the
subject of this paper.

2. GENERAL RELATIONS

In what follows, we restrict ourselves to the two-
wave coupling schemes (interaction geometries) de-
picted in Fig. 1. They are the so-called transmis-
sion (a), reflection (b), and 90-degree (c) geometries.
Their wave coupling characteristics are essentially dif-
ferent. In each case, there is a permanent pump wave
and a pulse-shaped signal wave at the input. The car-
rier frequency of these waves is expected to be the
same; in other words, we are dealing with an almost
frequency-degenerate wave coupling.

For each of the schemes, we can introduce the
slowly varying scalar amplitudes of the signal and pump
waves, A = A(r,t) and A, = A,(r,t), respectively.
These amplitudes are coupled via diffraction from the
light-induced refractive index grating whose grating
vector K = k — k,, is the difference of the correspond-
ing light wave vectors. Because the carrier frequency
for the light waves is the same, the index grating is
quasistatic. The diffraction equations, which can be
easily derived from the Maxwell equations, are given
by [19, 20]

3
(n A %) A= —z'@EK Ay,
(1)
a ngr
(an"—E) APZ_ZTO EKA7

R
IS

£

@
%

W

Je JNw

b

C

Pump I

doaoldll

2 ANNNWF

> P

>

o~

Signal

0 d

Fig.1. Three main geometries, transmission (a), re-

flection (b), and 90-degree (c), for deceleration of

light pulses. The parallel dashes represent the grating

fringes. The propagation distance for the signal wave
is d

where n = k/k and n, = k,/k, are unit vectors, «
is the light absorption coefficient, Fx is the ampli-
tude of light-induced field (the grating amplitude), ng
is the background refractive index, A is the vacuum
wavelength, and r is the relevant electro-optic coeffi-
cient. The time derivatives are omitted in Eqs. (1)
because light is expected to follow the refractive index
changes adiabatically. The coupled-wave equations can
be applied to a wide range of light-diffraction phenom-
ena [18, 19]. In particular, they are applicable to the de-
scription of diffraction with and without change of the
polarization state in anisotropic crystals [20]. Set (1)
also allows important generalizations to the case of a
vector wave coupling in cubic PR crystals [21]. For the
geometries in Fig. 1, the operator n-V in Eq. (1) sim-
plifies to 9/0z, where z is the propagation coordinate.

To obtain the complete set of nonlinear equations,
we need to express the grating amplitude Ex in terms
of the light amplitudes A and A,. The simplest
and highly useful version of such a material equation
is [18, 19]

9 B, A A"
) B =2 2
(tr g + 1) P AP+ AR @)

where ¢, is the response time and E is a characteristic
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electric field. This equation is applicable to the cases
where the restriction to a single type of charge carri-
ers is possible. The combination of light amplitudes
in the right-hand side is nothing else than the half-
contrast of the light interference pattern; it determines
the steady-state value of Ex. This distinctive feature
of the PR response originates from the balance of differ-
ent, contributions to the electric photo-current density;
the dark charge transport is thus negligible. For the
same reason, the rate of relaxation of the space-charge
field, .71, is proportional to the total light intensity
|A]? +|Ap)?. The response time ¢, can usually be iden-
tified with the dielectric relaxation time and expressed
in terms of the static dielectric constant and the total
photo-conductivity. It typically ranges from 102 to
102 s in continuous-wave PR experiments.

In the case of dominating diffusion charge trans-
port, we have E; = iEp, where Ep = KkpT/e is
the so-called diffusion field, T" is the absolute temper-
ature, kp is the Boltzmann constant, and e is the el-
ementary charge. The presence of the imaginary unit
i implies that the index distribution is shifted by 7/2
with respect to the light interference pattern. Usually,
Ep ~ 10® V/cm in PR experiments. In the case of a
dominating drift or photogalvanic charge transport, E
is a real quantity [19, 22]. It is equal to the applied field
Ey or the photogalvanic field E,,. The latter can be
as high as 10*-10° V/cm in LiNbO3 and LiTaO3 crys-
tals. Applied electric fields can also be of this level.
The index grating is unshifted (or m-shifted) in the
drift-photovoltaic case. The effects of spatial dispersion
can renormalize the above characteristic fields for suffi-
ciently large values of the spatial frequency K [18, 19].

Often, the light absorption is negligible for the PR
effects, and we can therefore set a = 0. In this case, as
follows from Egs. (1), we have

V- (|4, [* +n]A]?) = 0;

this relation expresses the energy conservation law
during the interaction of light waves. In the im-
portant particular cases of the transmission and
reflection geometries (see Fig. 1), when the light
amplitudes depend only on a single propagation
coordinate z, the energy conservation law respec-
tively becomes |A,(2)]? + |A(2)|? const and
|Ap(2)]? — |A(2)|? = const.

The so-called undepleted pump approximation is
used in what follows. It is applicable for sufficiently
small values of the input amplitude A(0,¢) when
|A]? <« |A,|? inside the crystal. By setting a = 0
and n -V = 9/0z, we obtain the set of coupled linear
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equations for the dimensionless ratios a = A/A, and
u = EK/ESZ

da

ER (3)

=" u,

(tT%+1)u:a, (4)

where the combination

Yo = —imnir Eg /A (5)
is the so-called coupling coefficient. It is generally
a complex quantity that characterizes the type and
strength of the PR response.

Using the temporal Fourier transformation
a(t) — a,, we obtain an explicit expression for
the output ratio a,(d) as
Yod

exp ————

au(d) = a,(0) 1 — it

(6)
where d is the propagation distance for the signal wave
and a,(0) is the input value of a,,(z). This expression is
applicable to all optical configurations in Fig. 1 within
the undepleted pump approximation.

The complex function g, = vo/(1 — iwt,) is appar-
ently the rate of spatial changes for the w-component
of the input signal. Its real part g/, is the rate of spa-
tial amplification and the imaginary part g/ must be
treated as the nonlinear correction to the wave vector
component k.. It is essential that the dependence g,
is typically resonant; for |w| > ¢!, the rate coefficient
is very small. The response time ¢, determines the res-
onance width.

Using Eq. (6), we can analyze the shape of the out-
put pulse for different types of the PR response, dif-
ferent geometries, and different input signals. It is es-
sential that the product vod enters the exponent in the
right-hand side; for |y9|d > 1, we can expect very sharp
spectral dependences of the exponent and a strong im-
pact of the type and strength of the PR response on
the output pulse characteristics.

The Gaussian shape of the input signal is useful for
both analytic and numerical treatments. In this case,
we use the parameterization

A(0,t) = Ag exp(—t*/t3),
where Aq is the input signal amplitude and ¢q is the
input width parameter. Correspondingly, we have

242
Ag exp (—wf’),

Au(0) =
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and hence the normalized output signal A(d,t)/Aq is
given by

A(d, 1)
Ao

to

N

e

— o0

X

2t2

Wiy
4

_d
1 —wt,

- m) dw. (7)

This integral cannot be calculated analytically.

Usually, the output intensity of the signal wave
I(d,t) = |A(d,t)|* normalized to Iy = |Ap|? is of main
interest. In accordance with Eq. (7), we can expect
both spatial amplification and phase changes to con-
tribute to the shape of I(d,t)/Iy in general.

3. DIFFUSION RESPONSE

This type of the PR response, which is distinguished
by a real coupling constant v9 = 7ndr Ep/), is the
simplest. Lines 1 and 2 in Fig. 2a show the spectral
dependence of the real and imaginary parts of the rate
coefficient g,,. The amplification coefficient g/, is here
an even function that peaks at w = 0, whereas the
wave vector correction g/’ is an odd function of the fre-
quency w. This function is sometimes attributed to
the effective group velocity vy (w) = dw/dg!), which is
an even function of w.

Generally, both the amplitude and phase changes,
which are respectively related to ¢/, and ¢!, contribute
to the output amplitude A(d,t). Equation (7) then
takes the form

A(d,t) to 76 Yod — s%t2 "
= X _
40 vty ] P e e T ae
0
t ’}/Od
X COS {s (Z - 1+S2>} ds (8)

and the ratio A(d, t) /Ao remains real. The shape of the
output signal depends on the normalized time ¢/t,; this
dependence is controlled by two dimensionless param-
eters, the coupling strength vod and the ratio ¢ /t,.
Line 1 in Fig. 3 is the normalized input intensity
profile 1(0,t)/Imax(0,t) for to/t, = 4, vod = 0, and
lines 2, 3, and 4 show the normalized output intensity
of the pulse I(d,t)/Imaz(d,t) for yod = 3, 6, and 9, re-
spectively. The light absorption is neglected, which is
justified for ad <« 1 (an easily attainable situation). We
see that the output pulse maximum is essentially de-
layed, and the delay time At increases almost linearly
with increasing the coupling strength vod. Further-
more, the output pulses show a noticeable nonlinear
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Fig.2. Spectral dependences of g/, (curve 1) and g/,
(curve 2) for the diffusion (a) and drift-photovoltaic
(b) types of the PR response
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Fig. 3. The shape of the output signal for to/t, = 4 and

~od =0 (1),3(2),6 (3), and 9 (4); the correspond-

ing peak amplification factors for the signal intensity
are approximately 1, 243, 6.7 - 10%, and 2.1 - 107

broadening; the output width is an increasing function
of ~d. Finally, the output pulse experiences strong
spatial amplification. The peak amplification factors
for vod = 3, 6, and 9 are approximately 243, 6.7 - 10*,
and 2.1 107, respectively.

Achievement of large delay times in combination
with modest broadening is important for applications.
In other words, the ratio of the delay time At to the
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half-width of the output pulse w is an important figure
of merit to judge about the quality of light deceler-
ation. Furthermore, using large amplification factors
is potentially dangerous because of the possibility of
nonlinear losses and noise in the form of light-induced
scattering [19, 20]. Therefore, it is important to inves-
tigate the key output parameters — the normalized de-
lay time At/t,, the normalized output half-width w/t,.,
and the peak amplification factor I(d,t)/Inas(d,t) —
as functions of the input parameters vyod and to/t,.
Using the saddle-point method [23], it is not diffi-
cult to obtain the approximate relations
% ~ Yod,

r

~ /2270 + wd /2 (9)

w
tr
from Eq. (8), where wg = +/In2/2 ty ~ 0.6t is the
input half-width of the pulse. Equations (9) are ap-
plicable for 79d > 1. In accordance with the data in
Fig. 3, the normalized delay time increases linearly with
vod and is furthermore independent of to/t,. Behav-
ior of the output half-width is different. The nonlinear
broadening is small for yod < #3/t3 and is proportional
to (70d)'/? in the opposite limit. Within the range of
parameters to/t, < yod < t3/t2, we simultaneously
have At > w and w = wg. This range is apparently
the most profitable for the deceleration purposes. To
fulfill the necessary requirements, we have to use suffi-
ciently broad input pulses and quite large values of the
coupling strength.

The solid lines in Fig. 4 show the dependences of
At/t,, w/t,, and I /Io on the ratio ty/t, for sev-
eral representative values of ~yd; these lines are ob-
tained numerically from Eq. (8) without any approxi-
mations. The normalized delay time At/t, increases
rather slowly with increasing to/t, and is given by
Eq. (9) with a good accuracy. The exact and approx-
imate dependences w/t,(ty/t,) (with the latter shown
by dashed lines) are already close to each other for mod-
erate values of the coupling strength. For sufficiently
large values of ty/t,, we have w For not very
narrow input pulses, the amplification factor I,q. /1o
is a slowly increasing function of ¢y /t, (see Fig. 4¢). For
to/tr > (v0d)'/?, it is not far from the value exp(27od),
which corresponds to the steady-state continuous-wave
spatial amplification.

The data in Fig. 4 allow optimizing the input pa-
rameters depending on the chosen figures of merit for
the output characteristics. If maximizing the ratio
At/w is the main goal, the ratio ¢q/t, can be chosen
quite small; this additionally allows avoiding large am-
plification factors. If the goal is to maximize At and
avoid strong broadening, then the maximum available

~

~ Wq-
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Fig.4. The ratios At/t, (a), w/t. (b), and

Imaz(d, t)/Io (c) versus the normalized input width pa-
rameter to/tr; vod =3 (1), 6 (2), 9 (3), 12 (4). The
dashed lines in subfigure b correspond to Eq. (9)

values of vod and sufficiently large values of ¢y/t, are
needed; the amplification factor can be very large in
this case.

The ratio v = d/At can be treated as the pulse ve-
locity. For At/t, ~ ~od, we have v =~ 1/vpt,. The
nonlinear origin of this relation is evident. The larger
the coupling coefficient 7o, the smaller is v. Because
t, < 1/1I,, the pulse velocity increases linearly with in-
creasing the pump intensity I,,. It ranges roughly from
1072 to 10* em/s in PR experiments with continuous-
wave lasers.

It is of general interest to qualitatively explain the
strong effect of light deceleration. We consider what
happens to the pulse during its passage through the
sample in the presence of a pump. The leading edge
travels almost freely because the index grating is very
weak and the pump wave cannot yet feed the signal.
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Fig.5. Two-peak dynamics for narrow input pulses at
vod = 6; to/t, = 0.003 (a), 0.01 (b), and 0.07 (c).
Note different scales for t/t, < 0.1 and > 0.1

With time passing, the grating becomes stronger and
the output pulse experiences progressing amplification
via diffraction of the pump wave. Even more impor-
tantly, the grating buildup persists for a sufficiently
long time after the input signal has passed its maxi-
mum and decreased considerably. This persisting grat-
ing recording is of a purely nonlinear nature: the light
contrast remains high in the depths of the crystal be-
cause of strong diffraction of a weak signal at large
values of y9d. This effect is known since the 1980s
as “self-enhancement” of the photorefractive two-wave
coupling [19], but it was not considered in the context
of pulse propagation. In our case, the output pulse
maximum is essentially delayed because of this effect
compared to that of the input signal. The thicker the
sample, the longer is the delay time.

We have considered the nonlinear pulse propaga-
tion for sufficiently large values of the input half-
width, #o/t, 2 1. New qualitative features appear for
to/t, < 1. These features are illustrated in Fig. 5 for
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Yod = 6. At to/t, = 0.003, the output signal consists
of a pronounced very narrow nonshifted peak and a
weak and broad delayed peak (see Fig. 5a), with the
peak situated at t/t, ~ yod. With increasing to/t,,
the shifted peak rapidly increases, while the unshifted
peak experiences broadening and becomes a secondary
feature (Fig. 5b). For ¢o/t, = 0.07, the narrow peak
disappears in a threshold manner and we return to the
single-peak behavior (see Fig. 5¢). The smaller yod, the
larger is the critical value of tq/t,.

We now turn to analogies between the light decel-
eration characteristics in the PR and EIT cases. These
analogies are restricted to the case of the diffusion PR
response. In the EIT case, the half-value of the ab-
sorption coefficient «/2 plays the role of the coupling
constant g, and the resonant nonlinearity makes the
medium transparent. To obtain the simplest dynamic
equations of the EIT technique, we must treat u and
t, as the degree and rise time of atomic coherence in
Eq. (4) and then replace Eq. (3) for a with

(4 +3)
J— + —
If I(t/t,,vod, to/t.)/Io describes the normalized out-

dz 2
put intensity profile calculated from Eq. (8), then the
function

«
a = — u.

- (10)

exp(—ad) I(t/tra ad/27 tO/tr)/IO

describes this profile in the EIT case. In other words,
we have an additional amplification factor exp(27yod)
in the PR case; for moderate values of the coupling
strength vod < 10, this can be considered a positive
factor. The shape characteristics At/t, and w/t, are
the same for a = 2y.

It is essential that the product ad reaches the value
of approximately 70 in the EIT experiments [2]. In the
PR case, to achieve the At/t, and w/t, values compa-
rable with those in the EIT case, we must use yod &~ 35.
These high values of the coupling strength can hardly
be realistic because of strong parasitic light-induced
scattering that originates from spatial amplification of
the weak seed scattering [19, 20].

At first sight, the analogy between the PR and EIT
cases becomes complete and the restrictions from above
on ~od become lifted if we use a sufficiently large light
absorption in the PR case, such that a = 2vy. Techni-
cally, this is possible because the wavelength A\ can be
chosen to be close to the fundamental absorption edge.
But this idea does not work for the most common trans-
mission and reflection configurations (see Figs. 1a,b).
The point is that the pump amplitude A, decays with
the rate 2y in this case (see Egs. (1)), and hence the
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to/tr

Fig.6. The amplification factor Imaz(d,t)/Io versus
to/tr for a = 2790; yod = 10 (1), 15 (2), 20 (3),
25 (4)

undepleted pump approximation fails. However, it can
be implemented in the 90° configuration depicted in
Fig. 1c¢. In this case, the propagation distances can be
made strongly different for the pump and signal waves.
When the propagation distance for the pump wave is
considerably shorter than 1/27q, the undepleted pump
approximation can be used again such that the com-
plete analogy with the EIT case is maintained. It is
indeed necessary to add the term aa/2 to the left-hand
side of Eq. (3). We finally note that the 90° geometry
is expected to be very useful for light deceleration in
waveguides pumped through the surface.

Figure 6 shows the expected dependence I,,4./Io
on to/t, in the 90° geometry for several representa-
tive large values of the coupling strength and a = 2.
We see that the output pulse is moderately attenu-
ated. Good shape characteristics are ensured in accor-
dance with Eq. (9). Generally speaking, it is possible
to achieve the same input and output peak intensities
of the pulse by properly adjusting the absorption coef-
ficient «.

Finally, we note the following. It is known that the
value of 79 as a function of the spatial frequency K
has a maximum at KRp &~ 1, where Rp is the De-
bye screening length determined by the effective trap
concentration [18, 19]; it is often comparable to the
light wavelength A. To minimize the negative influence
of the light-induced scattering for large values of the
coupling strength, it is expedient to use experimental
configurations with K ~ Rp'; the use of the diffusion-
driven PR nonlinearity is optimum in this case. An-
other possibility is the use of the reflection geometry
(see Fig. 1b) and narrow counter-propagating pump
and signal beams. The wide-angle light-induced scat-
tering is then suppressed for geometric reasons.

4. DRIFT-PHOTOVOLTAIC RESPONSE

In this case, the coupling constant is purely imagi-
nary and can be presented as vg = —i|7yo| without loss
of generality. In contrast to the diffusion case, the am-
plification coefficient g/, and the wave-vector correction
g/ are odd and even functions of w, respectively (see
Fig. 2b), and the steady-state (w = 0) amplification of
the signal wave is absent. The effective group velocity
vy = dw/dg., is an odd function of w. We note that
the attainable values of |yo| are generally larger than
the values of 7¢ in the diffusion case because the ap-
plied (or photovoltaic) field can be made larger than
the diffusion field Ep.

Both phase and amplitude changes again con-
tribute to the output amplitude A(d,t), but the ratio
A(d, t)/Ap is essentially complex now. With Eq. (7), it
can be represented as

A(d,t) to i s2t2 P
= —Z0)(F —iF 11
o few (<52 (r-imyas (1)

0

where the functions F} and F!' are given by

p_ o old o slvld
F. = cos 112 P cos(st) —
d d
—sinms shol sin(st),
1482 1482 (12)
Ivold . slyld
FsH = COS 1—}——52 S 1 n 52 Sln(St) +
_ld - s[yld
+sin T2 M cos(st).

The shape of the output signal is again controlled by
two dimensionless parameters to/t, and |yp|d.

Figure 7 gives representative examples for the
time dependence of the normalized output intensity
I(d,t)/Iy. Qualitatively, the situation looks similar to
that in the diffusion case, see Fig. 3. We have a pro-
nounced time shift A¢, which increases practically lin-
early with increasing the coupling strength |yo|d, and
a noticeable broadening. At the same time, the peak
amplification factors are considerably smaller than ear-
lier (cf. Fig. 3) despite larger values of the coupling
strength. We also note that a smooth bell-shape output
profile I(d,t) is now a superposition of strongly modu-
lated components |A'(d, t)|? and |A"(d, t)|?; this modu-
lation can be attributed to the pump-induced nonlinear
frequency shift for the signal wave.

We now consider the dependences of the key output
parameters of the pulse on the key input parameters.
Figure 8 shows the ratios At/t,, w/t,, and L. /Io
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The normalized output intensity versus the nor-

malized time for to/t, = 2 and |yo|d = 0 (the input
profile) (1), 5 (2), 10 (3), 15 (4). The peak amplifi-

cation
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At/t,

Fig. 8.
to/tr; |yold =5 (1), 10 (2), 15 (3), 20 (4)

factors are Ina./Io ~ 11.8 (2), 8.9-10% (3),
8.8-10* (4)

to/t

Dependences of At/t,, w/t,, and Inaez/Io on

as functions of to/t, for several representative values
of the coupling strength |yo|d. The functional depen-
dences differ considerably from those typical for the
diffusion case (cf. Fig. 4). Furthermore, the actual val-
ues of |yg|d are noticeably larger in the present case
because of relatively low amplification factors and the
values of ty/t, are somewhat smaller than previously.

The normalized delay time At/t, increases, as pre-
viously, almost linearly with increasing |yo|d, but its
dependence on the input-width parameter to /¢, is dif-
ferent; it is characterized by a broad maximum, as can
be seen in Fig. 8a. For the position of this maximum,
we have [to/tr]maz & /|70ld. At the same coupling
strength, the maximum value of At/ty is roughly two
times smaller than in the diffusion case. This means
that the pulse speed can be estimated as v & 2/|yo|t,..
The dependence of the output width parameter w/t,
on to/t, and |yo|d (see Fig. 8b) is qualitatively similar
to that in the diffusion case. Roughly, the ratio w/t,
is two times smaller than previously. We note that the
ratio At/w also has a maximum as a function of to/t,.
At the same coupling strength, the peak amplification
factor Ipa./Io is much smaller compared with the dif-
fusion case. In contrast to that case, this factor has
a maximum as a function of ¢y/t,. All the distinctive
features mentioned originate from the difference in the
spectral behavior of g,. The essence of this difference
is indeed the presence of the steady-state (w = 0) spa-
tial amplification in the diffusion case and its absence
in the drift-photovoltaic case.

Two variants for optimization of the deceleration
characteristics can be proposed for the local response.
First, quite large values of the ratio At/w can be
achieved for rather small ¢y /¢, and not very large |yo|d;
the last condition leads to moderate amplification fac-
tors. For example, the ratio At/wqy ~ 2 is obtained for
to/t, = 2 and yod = 10; for these parameters, we have
Imaz/Io < 10%. The shape of the output pulse can
be seen from Fig. 7. Second, sufficiently large values
of to/t, and |yg|d can be used. This allows avoiding
too large amplification factors (Imaz/lo < 10%) in ac-
cordance with the data in Fig. 8 to reduce the danger
coming from the light-induced scattering. The ratio
At/w can exceed 2 in this case.

We finally mention that the two-peak regime of non-
linear pulse propagation, which has been found in the
diffusion case for very small values of the input-width
parameter to/t, (see Fig. 5), also occurs in the drift-
photovoltaic case. This regime is inherent in any type
of the PR response.
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5. DECELERATION WITH PUMP PULSES

Above, we have restricted ourselves to the case of
a permanent pump wave. It is possible and important
to generalize the results obtained to the case where the
pump is pulsed. Equations (3) and (4) for a = A/A,
and u = Ex [ Es, obtained within the undepleted pump
approximation, are still applicable, but the response
time ¢, o< |Ap|~2 becomes time dependent. This com-
plication can, however, be overcome by a time renor-
malization.

For simplicity, we let the pump intensity be a Gaus-
sian function of time,

Ap = Apexp(=t?/t}),

where A) and t, are the amplitude and the width pa-
rameter of the pump pulse. Then we can replace the
time t with

r = \/7/8t, Exf (\/it/tp)

where

Erf(x) = % /exp(—sQ) ds

is the error function. After that, Eq. (4) acquires the

form
0
(t? ) u=a,

5T 1
where 2 = ¢,(]A%|?) is the characteristic response time
for the peak value of the pump intensity. The structure
of this equation is identical to that of Eq. (4). Further-
more, the input values of the amplitudes a, A, and A,
can be expressed in terms of 7. After that, the output
amplitude A(d,t) can be found via the Fourier trans-
formation. In the diffusion case, the final expression
for the ratio A(d,t)/Ag is

(13)

A(d,t) o (_ﬁ) "
Ao t2
o0
X//exp Yo d _t’2+2tt’> y
1+ w? t3
!
X cOS [w <17Ed2 +T(tl)>:| dgiw . (14)

where
tr =2t t7 t =17+t

and all time parameters are measured in the units of ¢J.
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Fig.9. Theinfluence of the pump pulse duration on the

deceleration characteristics for the diffusion response

at vod = 6 and to/t% = 4; t,/t° = 7 (1), 10 (2),
20 (3)

Figure 9 shows the effect of the pump pulse dura-
tion on the output profile of the signal for the diffusion
response, with yod = 6 and to/t? = 4. We see that
the time delay, the output width, and the maximum
intensity remain weakly perturbed for ¢,/t% = 20 (cf.
Fig. 3). For smaller values of the pump-width parame-
ter ¢, the changes in the output characteristics become
significant. They manifest themselves in smaller time
delays and amplification factors. Apparently, the pump
pulse half-width has to be larger than the delay time in
order to avoid strong distortions of the output signal.

6. DISCUSSION

Several different issues are worthy of attention.

Our results show clearly that the coupling strength
|70]d is the key parameter for pulse deceleration, irre-
spective of the type of the PR response. For |y]d < 1,
we inevitably deal with the situation where the deceler-
ation effect is small and barely distinguishable against
the shape distortions and noise. The pulse velocity
defined as the velocity of the pulse maximum has a
conditional acceptance in this case. In short, true de-
celeration must be considered an essentially nonlinear
phenomenon. Most probably, this assertion is applica-
ble to any kind of nonlinear deceleration, including the
EIT technique.

The necessity of a strong nonlinearity leads to two
general problems: how to obtain it and what are pos-
sible negative side effects. In the photorefractive (PR)
case, the attainment of large values of |yo|d already
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at low and/or moderate intensities is not a serious
problem. Among negative consequences of a strong
PR nonlinearity, the most important is probably the
wide-angle light-induced scattering. Another possi-
ble drawback is the instabilities of two-wave coupling
schemes. Potentially, the reflection geometry is most
dangerous in this sense. Here, the instabilities often
manifest themselves as threshold-type optical oscilla-
tions [19, 24]. The problem of negative nonlinear side
effects should be inherent to any nonlinear decelera-
tion method. Particularities of the nonlinear limita-
tions can be strongly different for different schemes and
techniques.

In spite of the presence of common features, the
light deceleration characteristics are essentially differ-
ent for the diffusion and drift-photovoltaic PR re-
sponses. Each of these cases has certain advantages
and drawbacks. Importantly, the level of the nonlinear
light-induced scattering is also strongly dependent on
the type of the PR response. Further studies are nec-
essary to establish the limits for the deceleration char-
acteristics in different nonlinear schemes/materials.

In this regard, considering other important, but
more special, types of the PR response could be in-
teresting. First, this is the fast resonant response typ-
ical of cubic crystals of the sillenite family, Bij2SiOs,
Bi;2TiO9, and BijaGeOq [18,19]. Its specific fea-
tures come from both the vectorial character of the
wave interaction and an almost imaginary rate constant
t, 1 for the space-charge field [21, 25]. Second, this
is the self-compensating response typical of SnyPySg
crystals [26, 27]. This response involves two types of
charge carriers and remains strong in the near-infrared
range, which is important in applications. In both
cases, the spectral dependence of the PR response is
more complicated compared to the above diffusion and
drift-photovoltaic responses. We can therefore expect
specific features of light deceleration in these materials.

The most important advantages of the PR nonlin-
earity over many other known nonlinear responses are
its diversity and high strength already at low light in-
tensities, a high spectral and temperature tolerance,
and the possibility to use different interaction schemes.
The main drawback of the PR nonlinearity is its slow-
ness; the response time ranges roughly from 102 to
10-3 s for continuous-wave lasers. To overcome this
disadvantage and obtain much shorter response times,
it is necessary to switch to pulsed lasers. Conceptu-
ally, increasing light intensity up to the MW /cm? range
does not change the nature of the PR nonlinearity. This
should allow proceeding to the nanosecond range of the
pulse duration at least. The effects of finite pump-pul-
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se width considered briefly in Sec. 5 become indeed
increasingly important in this range. For typical pho-
torefractive parameters, the pulse velocity estimated as
v ~ (|70]t») ! can range from ~ 10~% to ~ 10° cm/s
depending on the light intensity.

7. CONCLUSIONS

The photorefractive nonlinearity offers superior
possibilities for deceleration of light pulses. The
propagation velocity can be varied over a wide range
the delay times exceeding the pulse half-width are
attainable. Characteristics of light deceleration depend
essentially on the type of the photorefractive response.
The pulse deceleration effect is essentially nonlinear;
high values of the coupling strength are needed to
achieve outstanding deceleration characteristics. De-
spite the specificity of the photorefractive deceleration
method, it shows deep analogies with the EIT-based
deceleration technique.
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