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PHOTOREFRACTIVE DECELERATION OF LIGHT PULSESB. Sturman a*, E. Podivilov a, M. Gorkunov baInstitute of Automation and Ele
trometry, Russian A
ademy of S
ien
es630090, Novosibirsk, RussiabInstitute of Crystallography, Russian A
ademy of S
ien
es119333, Mos
ow, RussiaRe
eived August 28, 2007We theoreti
ally study the e�e
t of light de
eleration in photorefra
tive nonlinear media. This in
ludes 
on-sideration of di�erent types of the photorefra
tive nonlinear response, di�erent wave intera
tion s
hemes, andan analysis of the in�uen
e of the input parameters, su
h as the input temporal pulse width and the 
ouplingstrength, on the output pulse 
hara
teristi
s: the time delay, the propagation velo
ity, the ampli�
ation fa
tor,and the output width. We show that the photorefra
tive light de
eleration has numerous advantages over theother known te
hniques. It works already at low intensities, at room temperature, and within wide spe
tralranges and o�ers a vast variety of handles for manipulating light pulses. An analogy with the light de
elerationmethod based on the quantum e�e
t of ele
tromagneti
ally indu
ed transparen
y in ultra-
old resonant gasesis also 
onsidered.PACS: 42.65.Hw, 42.50.Gy, 78.20.Bh1. INTRODUCTIONThe e�e
t of de
eleration of light pulses has at-tra
ted a great resear
h interest during the last years(see, e.g., reviews [1�5℄ and the referen
es therein). Themost impressive results on the light de
eleration areusually attributed to the quantum e�e
t of ele
tromag-neti
ally indu
ed transparen
y (EIT) [6℄, whi
h impliesthe use of narrow atomi
 resonan
es, low temperatures,and high light intensities. In parti
ular, de
eleration oflight pulses down to 17 m/s was a
hieved with Bose�Einstein-
ondensed ultra-
old gases [2℄. The EIT-basedte
hniques also allow the so-
alled 
omplete stop andstorage of light pulses with their possible release ondemand [7℄. Attempts to use room-temperature res-onan
es in solids for light de
eleration are known aswell [8�10℄. The a
hieved de
eleration 
hara
teristi
sare still modest and high pump intensities are required.A 
lear 
on
ern about in
orre
t usage of physi
alterms in the literature on light de
eleration has alsobeen expressed [11℄. It re�e
ts the fa
t that the a
tual
hara
teristi
s of nonlinear pulse propagation are oftenmixed with the terms of linear opti
s, like the group ve-*E-mail: sturman�iae.nsk.su

lo
ity and dispersion. The linear and nonlinear meth-ods for light de
eleration must indeed be 
learly dis-tinguished. In parti
ular, the a
hieved ultra-low lightvelo
ities are fully due to nonlinear e�e
ts.Apart from an obvious fundamental interest, thenonlinear light de
eleration is promising for develop-ment of sensitive dete
tors and delay lines [5, 12℄ and,potentially, for quantum information pro
essing [13℄.For pra
ti
al purposes, the use of ambient tempera-tures, solid-state materials, and 
ommon light sour
eshas a
tually no real alternative.Re
ently, it has been demonstrated theoreti
allyand experimentally in some spe
ial 
ases that the de
el-eration of light pulses 
an be implemented with the useof the photorefra
tive (PR) nonlinearity [14, 15℄. Thepulse propagation velo
ities lower than 0:025 
m/s werea
hieved. Similar attempts to employ the PR nonlin-earity were also made in [16, 17℄.In this paper, we theoreti
ally study the potentialof the strong PR nonlinearity (see, e.g., [18, 19℄) forde
eleration of light pulses. This in
ludes analysis ofthe main output 
hara
teristi
s, su
h as the shape, thedelay time, the output width, and the ampli�
ationfa
tor, versus the input parameters � the input width,the 
oupling strength, and the pump intensity � for770
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tive de
eleration of light pulsesdi�erent types of the PR response and di�erent intera
-tion s
hemes. We also analyze the 
onditions for strongde
eleration of light pulses with minimum possible dis-tortions; this leads us to the range of large 
ouplingstrengths and, 
orrespondingly, of strongly nonlineare�e
ts.General advantages and distin
tive features of theproposed PR method of light de
eleration are worthmentioning. In 
ontrast to other te
hniques, no fre-quen
y adjustment is needed; broad absorption spe
-tra in the visible and near infra-red range are avail-able. Operation at room temperature and intensi-ties of 
ontinuous-wave lasers, 10�2�103 W/
m2, is en-sured. Be
ause the PR nonlinearity is 
aused by light-indu
ed ele
tri
 �elds, the wealth of 
harge-transportme
hanisms in photosensitive materials allows shapingthe spe
tral 
hara
teristi
s of the nonlinear response.A
hievement of large values of the 
oupling strengthdoes not present serious di�
ulties.Despite numerous spe
ial features, the PR methodo�ers surprizing analogies with the EIT-based de
el-eration te
hnique. These analogies also belong to thesubje
t of this paper.2. GENERAL RELATIONSIn what follows, we restri
t ourselves to the two-wave 
oupling s
hemes (intera
tion geometries) de-pi
ted in Fig. 1. They are the so-
alled transmis-sion (a), re�e
tion (b), and 90-degree (
) geometries.Their wave 
oupling 
hara
teristi
s are essentially dif-ferent. In ea
h 
ase, there is a permanent pump waveand a pulse-shaped signal wave at the input. The 
ar-rier frequen
y of these waves is expe
ted to be thesame; in other words, we are dealing with an almostfrequen
y-degenerate wave 
oupling.For ea
h of the s
hemes, we 
an introdu
e theslowly varying s
alar amplitudes of the signal and pumpwaves, A = A(r; t) and Ap = Ap(r; t), respe
tively.These amplitudes are 
oupled via di�ra
tion from thelight-indu
ed refra
tive index grating whose gratingve
tor K = k� kp is the di�eren
e of the 
orrespond-ing light wave ve
tors. Be
ause the 
arrier frequen
yfor the light waves is the same, the index grating isquasistati
. The di�ra
tion equations, whi
h 
an beeasily derived from the Maxwell equations, are givenby [19, 20℄�n �r+ �2 � A = �i�n30r� EK Ap;�np �r+ �2� Ap = �i�n30 r� E�K A; (1)
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Fig. 1. Three main geometries, transmission (a), re-�e
tion (b), and 90-degree (
), for de
eleration oflight pulses. The parallel dashes represent the gratingfringes. The propagation distan
e for the signal waveis dwhere n = k=k and np = kp=kp are unit ve
tors, �is the light absorption 
oe�
ient, EK is the ampli-tude of light-indu
ed �eld (the grating amplitude), n0is the ba
kground refra
tive index, � is the va
uumwavelength, and r is the relevant ele
tro-opti
 
oe�-
ient. The time derivatives are omitted in Eqs. (1)be
ause light is expe
ted to follow the refra
tive index
hanges adiabati
ally. The 
oupled-wave equations 
anbe applied to a wide range of light-di�ra
tion phenom-ena [18, 19℄. In parti
ular, they are appli
able to the de-s
ription of di�ra
tion with and without 
hange of thepolarization state in anisotropi
 
rystals [20℄. Set (1)also allows important generalizations to the 
ase of ave
tor wave 
oupling in 
ubi
 PR 
rystals [21℄. For thegeometries in Fig. 1, the operator n �r in Eq. (1) sim-pli�es to �=�z, where z is the propagation 
oordinate.To obtain the 
omplete set of nonlinear equations,we need to express the grating amplitude EK in termsof the light amplitudes A and Ap. The simplestand highly useful version of su
h a material equationis [18, 19℄ �tr ��t + 1� EK = Es AA�pjAj2 + jApj2 ; (2)where tr is the response time and Es is a 
hara
teristi
771 4*
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tri
 �eld. This equation is appli
able to the 
aseswhere the restri
tion to a single type of 
harge 
arri-ers is possible. The 
ombination of light amplitudesin the right-hand side is nothing else than the half-
ontrast of the light interferen
e pattern; it determinesthe steady-state value of EK . This distin
tive featureof the PR response originates from the balan
e of di�er-ent 
ontributions to the ele
tri
 photo-
urrent density;the dark 
harge transport is thus negligible. For thesame reason, the rate of relaxation of the spa
e-
harge�eld, t�1r , is proportional to the total light intensityjAj2+ jApj2. The response time tr 
an usually be iden-ti�ed with the diele
tri
 relaxation time and expressedin terms of the stati
 diele
tri
 
onstant and the totalphoto-
ondu
tivity. It typi
ally ranges from 10�3 to102 s in 
ontinuous-wave PR experiments.In the 
ase of dominating di�usion 
harge trans-port, we have Es = iED, where ED = KkBT=e isthe so-
alled di�usion �eld, T is the absolute temper-ature, kB is the Boltzmann 
onstant, and e is the el-ementary 
harge. The presen
e of the imaginary uniti implies that the index distribution is shifted by �=2with respe
t to the light interferen
e pattern. Usually,ED � 103 V/
m in PR experiments. In the 
ase of adominating drift or photogalvani
 
harge transport, Esis a real quantity [19, 22℄. It is equal to the applied �eldE0 or the photogalvani
 �eld Epv . The latter 
an beas high as 104�105 V/
m in LiNbO3 and LiTaO3 
rys-tals. Applied ele
tri
 �elds 
an also be of this level.The index grating is unshifted (or �-shifted) in thedrift-photovoltai
 
ase. The e�e
ts of spatial dispersion
an renormalize the above 
hara
teristi
 �elds for su�-
iently large values of the spatial frequen
y K [18, 19℄.Often, the light absorption is negligible for the PRe�e
ts, and we 
an therefore set � = 0. In this 
ase, asfollows from Eqs. (1), we haver � (npjApj2 + njAj2) = 0;this relation expresses the energy 
onservation lawduring the intera
tion of light waves. In the im-portant parti
ular 
ases of the transmission andre�e
tion geometries (see Fig. 1), when the lightamplitudes depend only on a single propagation
oordinate z, the energy 
onservation law respe
-tively be
omes jAp(z)j2 + jA(z)j2 = 
onst andjAp(z)j2 � jA(z)j2 = 
onst.The so-
alled undepleted pump approximation isused in what follows. It is appli
able for su�
ientlysmall values of the input amplitude A(0; t) whenjAj2 � jApj2 inside the 
rystal. By setting � = 0and n �r = �=�z, we obtain the set of 
oupled linear

equations for the dimensionless ratios a = A=Ap andu = EK=Es: �a�z = 
0 u; (3)�tr ��t + 1� u = a; (4)where the 
ombination
0 = �i �n30r Es=� (5)is the so-
alled 
oupling 
oe�
ient. It is generallya 
omplex quantity that 
hara
terizes the type andstrength of the PR response.Using the temporal Fourier transformationa(t) ! a!, we obtain an expli
it expression forthe output ratio a!(d) asa!(d) = a!(0) exp 
0d1� i!tr ; (6)where d is the propagation distan
e for the signal waveand a!(0) is the input value of a!(z). This expression isappli
able to all opti
al 
on�gurations in Fig. 1 withinthe undepleted pump approximation.The 
omplex fun
tion g! = 
0=(1� i!tr) is appar-ently the rate of spatial 
hanges for the !-
omponentof the input signal. Its real part g0! is the rate of spa-tial ampli�
ation and the imaginary part g00! must betreated as the nonlinear 
orre
tion to the wave ve
tor
omponent kz . It is essential that the dependen
e g!is typi
ally resonant; for j!j � t�1r , the rate 
oe�
ientis very small. The response time tr determines the res-onan
e width.Using Eq. (6), we 
an analyze the shape of the out-put pulse for di�erent types of the PR response, dif-ferent geometries, and di�erent input signals. It is es-sential that the produ
t 
0d enters the exponent in theright-hand side; for j
0jd� 1, we 
an expe
t very sharpspe
tral dependen
es of the exponent and a strong im-pa
t of the type and strength of the PR response onthe output pulse 
hara
teristi
s.The Gaussian shape of the input signal is useful forboth analyti
 and numeri
al treatments. In this 
ase,we use the parameterizationA(0; t) = A0 exp(�t2=t20);where A0 is the input signal amplitude and t0 is theinput width parameter. Correspondingly, we haveA!(0) = t02p�A0 exp��!2t204 �;772
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tive de
eleration of light pulsesand hen
e the normalized output signal A(d; t)=A0 isgiven byA(d; t)A0 = t02p� �� 1Z�1 exp� 
0d1� i!tr � !2t204 � i!t� d!: (7)This integral 
annot be 
al
ulated analyti
ally.Usually, the output intensity of the signal waveI(d; t) = jA(d; t)j2 normalized to I0 = jA0j2 is of maininterest. In a

ordan
e with Eq. (7), we 
an expe
tboth spatial ampli�
ation and phase 
hanges to 
on-tribute to the shape of I(d; t)=I0 in general.3. DIFFUSION RESPONSEThis type of the PR response, whi
h is distinguishedby a real 
oupling 
onstant 
0 = �n30r ED=�, is thesimplest. Lines 1 and 2 in Fig. 2a show the spe
traldependen
e of the real and imaginary parts of the rate
oe�
ient g!. The ampli�
ation 
oe�
ient g0! is herean even fun
tion that peaks at ! = 0, whereas thewave ve
tor 
orre
tion g00! is an odd fun
tion of the fre-quen
y !. This fun
tion is sometimes attributed tothe e�e
tive group velo
ity vg(!) = d!=dg00!, whi
h isan even fun
tion of !.Generally, both the amplitude and phase 
hanges,whi
h are respe
tively related to g0! and g00!, 
ontributeto the output amplitude A(d; t). Equation (7) thentakes the formA(d; t)A0 = t0p�tr 1Z0 exp � 
0d1 + s2 � s2t204t2r ��� 
os�s� ttr � 
0d1 + s2�� ds (8)and the ratio A(d; t)=A0 remains real. The shape of theoutput signal depends on the normalized time t=tr; thisdependen
e is 
ontrolled by two dimensionless param-eters, the 
oupling strength 
0d and the ratio t0=tr.Line 1 in Fig. 3 is the normalized input intensitypro�le I(0; t)=Imax(0; t) for t0=tr = 4, 
0d = 0, andlines 2, 3, and 4 show the normalized output intensityof the pulse I(d; t)=Imax(d; t) for 
0d = 3, 6, and 9, re-spe
tively. The light absorption is negle
ted, whi
h isjusti�ed for �d� 1 (an easily attainable situation). Wesee that the output pulse maximum is essentially de-layed, and the delay time �t in
reases almost linearlywith in
reasing the 
oupling strength 
0d. Further-more, the output pulses show a noti
eable nonlinear
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Fig. 2. Spe
tral dependen
es of g0! (
urve 1 ) and g00!(
urve 2 ) for the di�usion (a) and drift-photovoltai
(b) types of the PR response1 2 3 4 t0/tr = 4

−5 0 5 10 15
t/tr

0

1.0

0.8

0.6

0.4

0.2

I/Imax

Fig. 3. The shape of the output signal for t0=tr = 4 and
0d = 0 (1 ), 3 (2 ), 6 (3 ), and 9 (4 ); the 
orrespond-ing peak ampli�
ation fa
tors for the signal intensityare approximately 1, 243, 6:7 � 104, and 2:1 � 107broadening; the output width is an in
reasing fun
tionof 
0d. Finally, the output pulse experien
es strongspatial ampli�
ation. The peak ampli�
ation fa
torsfor 
0d = 3, 6, and 9 are approximately 243, 6:7 � 104,and 2:1 � 107, respe
tively.A
hievement of large delay times in 
ombinationwith modest broadening is important for appli
ations.In other words, the ratio of the delay time �t to the773



B. Sturman, E. Podivilov, M. Gorkunov ÆÝÒÔ, òîì 133, âûï. 4, 2008half-width of the output pulse w is an important �gureof merit to judge about the quality of light de
eler-ation. Furthermore, using large ampli�
ation fa
torsis potentially dangerous be
ause of the possibility ofnonlinear losses and noise in the form of light-indu
eds
attering [19, 20℄. Therefore, it is important to inves-tigate the key output parameters � the normalized de-lay time �t=tr, the normalized output half-width w=tr,and the peak ampli�
ation fa
tor I(d; t)=Imax(d; t) �as fun
tions of the input parameters 
0d and t0=tr.Using the saddle-point method [23℄, it is not di�-
ult to obtain the approximate relations�ttr � 
0d; wtr �q2 ln 2 
0d+ w20=t2r (9)from Eq. (8), where w0 = pln 2=2 t0 � 0:6t0 is theinput half-width of the pulse. Equations (9) are ap-pli
able for 
0d � 1. In a

ordan
e with the data inFig. 3, the normalized delay time in
reases linearly with
0d and is furthermore independent of t0=tr. Behav-ior of the output half-width is di�erent. The nonlinearbroadening is small for 
0d� t20=t2d and is proportionalto (
0d)1=2 in the opposite limit. Within the range ofparameters t0=tr � 
0d � t20=t2r, we simultaneouslyhave �t � w and w � w0. This range is apparentlythe most pro�table for the de
eleration purposes. Toful�ll the ne
essary requirements, we have to use su�-
iently broad input pulses and quite large values of the
oupling strength.The solid lines in Fig. 4 show the dependen
es of�t=tr, w=tr, and Imax=I0 on the ratio t0=tr for sev-eral representative values of 
0d; these lines are ob-tained numeri
ally from Eq. (8) without any approxi-mations. The normalized delay time �t=tr in
reasesrather slowly with in
reasing t0=tr and is given byEq. (9) with a good a

ura
y. The exa
t and approx-imate dependen
es w=tr(t0=tr) (with the latter shownby dashed lines) are already 
lose to ea
h other for mod-erate values of the 
oupling strength. For su�
ientlylarge values of t0=tr, we have w � w0. For not verynarrow input pulses, the ampli�
ation fa
tor Imax=I0is a slowly in
reasing fun
tion of t0=tr (see Fig. 4
). Fort0=tr & (
0d)1=2, it is not far from the value exp(2
0d),whi
h 
orresponds to the steady-state 
ontinuous-wavespatial ampli�
ation.The data in Fig. 4 allow optimizing the input pa-rameters depending on the 
hosen �gures of merit forthe output 
hara
teristi
s. If maximizing the ratio�t=w is the main goal, the ratio t0=tr 
an be 
hosenquite small; this additionally allows avoiding large am-pli�
ation fa
tors. If the goal is to maximize �t andavoid strong broadening, then the maximum available

2 4 6 8 10t0=tr1010310510710923
4567
04
812 4321

213 4
4321
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b

w=t r
�t=t r

I max=I 0
Fig. 4. The ratios �t=tr (a), w=tr (b), andImax(d; t)=I0 (
) versus the normalized input width pa-rameter t0=tr; 
0d = 3 (1 ), 6 (2 ), 9 (3 ), 12 (4 ). Thedashed lines in sub�gure b 
orrespond to Eq. (9)values of 
0d and su�
iently large values of t0=tr areneeded; the ampli�
ation fa
tor 
an be very large inthis 
ase.The ratio v = d=�t 
an be treated as the pulse ve-lo
ity. For �t=tr � 
0d, we have v � 1=
0tr. Thenonlinear origin of this relation is evident. The largerthe 
oupling 
oe�
ient 
0, the smaller is v. Be
ausetr / 1=Ip, the pulse velo
ity in
reases linearly with in-
reasing the pump intensity Ip. It ranges roughly from10�2 to 104 
m/s in PR experiments with 
ontinuous-wave lasers.It is of general interest to qualitatively explain thestrong e�e
t of light de
eleration. We 
onsider whathappens to the pulse during its passage through thesample in the presen
e of a pump. The leading edgetravels almost freely be
ause the index grating is veryweak and the pump wave 
annot yet feed the signal.774
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Fig. 5. Two-peak dynami
s for narrow input pulses at
0d = 6; t0=tr = 0:003 (a), 0:01 (b), and 0:07 (
).Note di�erent s
ales for t=tr < 0:1 and > 0:1With time passing, the grating be
omes stronger andthe output pulse experien
es progressing ampli�
ationvia di�ra
tion of the pump wave. Even more impor-tantly, the grating buildup persists for a su�
ientlylong time after the input signal has passed its maxi-mum and de
reased 
onsiderably. This persisting grat-ing re
ording is of a purely nonlinear nature: the light
ontrast remains high in the depths of the 
rystal be-
ause of strong di�ra
tion of a weak signal at largevalues of 
0d. This e�e
t is known sin
e the 1980sas �self-enhan
ement� of the photorefra
tive two-wave
oupling [19℄, but it was not 
onsidered in the 
ontextof pulse propagation. In our 
ase, the output pulsemaximum is essentially delayed be
ause of this e�e
t
ompared to that of the input signal. The thi
ker thesample, the longer is the delay time.We have 
onsidered the nonlinear pulse propaga-tion for su�
iently large values of the input half-width, t0=tr & 1. New qualitative features appear fort0=tr � 1. These features are illustrated in Fig. 5 for


0d = 6. At t0=tr = 0:003, the output signal 
onsistsof a pronoun
ed very narrow nonshifted peak and aweak and broad delayed peak (see Fig. 5a), with thepeak situated at t=tr � 
0d. With in
reasing t0=tr,the shifted peak rapidly in
reases, while the unshiftedpeak experien
es broadening and be
omes a se
ondaryfeature (Fig. 5b). For t0=tr & 0:07, the narrow peakdisappears in a threshold manner and we return to thesingle-peak behavior (see Fig. 5
). The smaller 
0d, thelarger is the 
riti
al value of t0=tr.We now turn to analogies between the light de
el-eration 
hara
teristi
s in the PR and EIT 
ases. Theseanalogies are restri
ted to the 
ase of the di�usion PRresponse. In the EIT 
ase, the half-value of the ab-sorption 
oe�
ient �=2 plays the role of the 
oupling
onstant 
0, and the resonant nonlinearity makes themedium transparent. To obtain the simplest dynami
equations of the EIT te
hnique, we must treat u andtr as the degree and rise time of atomi
 
oheren
e inEq. (4) and then repla
e Eq. (3) for a with� ��z + �2� a = �2 u: (10)If I(t=tr; 
0d; t0=tr)=I0 des
ribes the normalized out-put intensity pro�le 
al
ulated from Eq. (8), then thefun
tion exp(��d) I(t=tr; �d=2; t0=tr)=I0des
ribes this pro�le in the EIT 
ase. In other words,we have an additional ampli�
ation fa
tor exp(2
0d)in the PR 
ase; for moderate values of the 
ouplingstrength 
0d . 10, this 
an be 
onsidered a positivefa
tor. The shape 
hara
teristi
s �t=tr and w=tr arethe same for � = 2
0.It is essential that the produ
t �d rea
hes the valueof approximately 70 in the EIT experiments [2℄. In thePR 
ase, to a
hieve the �t=tr and w=tr values 
ompa-rable with those in the EIT 
ase, we must use 
0d � 35.These high values of the 
oupling strength 
an hardlybe realisti
 be
ause of strong parasiti
 light-indu
eds
attering that originates from spatial ampli�
ation ofthe weak seed s
attering [19, 20℄.At �rst sight, the analogy between the PR and EIT
ases be
omes 
omplete and the restri
tions from aboveon 
0d be
ome lifted if we use a su�
iently large lightabsorption in the PR 
ase, su
h that � = 2
0. Te
hni-
ally, this is possible be
ause the wavelength � 
an be
hosen to be 
lose to the fundamental absorption edge.But this idea does not work for the most 
ommon trans-mission and re�e
tion 
on�gurations (see Figs. 1a,b).The point is that the pump amplitude Ap de
ays withthe rate 2
0 in this 
ase (see Eqs. (1)), and hen
e the775
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Fig. 6. The ampli�
ation fa
tor Imax(d; t)=I0 versust0=tr for � = 2
0; 
0d = 10 (1 ), 15 (2 ), 20 (3 ),25 (4 )undepleted pump approximation fails. However, it 
anbe implemented in the 90Æ 
on�guration depi
ted inFig. 1
. In this 
ase, the propagation distan
es 
an bemade strongly di�erent for the pump and signal waves.When the propagation distan
e for the pump wave is
onsiderably shorter than 1=2
0, the undepleted pumpapproximation 
an be used again su
h that the 
om-plete analogy with the EIT 
ase is maintained. It isindeed ne
essary to add the term �a=2 to the left-handside of Eq. (3). We �nally note that the 90Æ geometryis expe
ted to be very useful for light de
eleration inwaveguides pumped through the surfa
e.Figure 6 shows the expe
ted dependen
e Imax=I0on t0=tr in the 90Æ geometry for several representa-tive large values of the 
oupling strength and � = 2
0.We see that the output pulse is moderately attenu-ated. Good shape 
hara
teristi
s are ensured in a

or-dan
e with Eq. (9). Generally speaking, it is possibleto a
hieve the same input and output peak intensitiesof the pulse by properly adjusting the absorption 
oef-�
ient �.Finally, we note the following. It is known that thevalue of 
0 as a fun
tion of the spatial frequen
y Khas a maximum at KRD � 1, where RD is the De-bye s
reening length determined by the e�e
tive trap
on
entration [18, 19℄; it is often 
omparable to thelight wavelength �. To minimize the negative in�uen
eof the light-indu
ed s
attering for large values of the
oupling strength, it is expedient to use experimental
on�gurations with K � R�1D ; the use of the di�usion-driven PR nonlinearity is optimum in this 
ase. An-other possibility is the use of the re�e
tion geometry(see Fig. 1b) and narrow 
ounter-propagating pumpand signal beams. The wide-angle light-indu
ed s
at-tering is then suppressed for geometri
 reasons.

4. DRIFT-PHOTOVOLTAIC RESPONSEIn this 
ase, the 
oupling 
onstant is purely imagi-nary and 
an be presented as 
0 = �ij
0j without lossof generality. In 
ontrast to the di�usion 
ase, the am-pli�
ation 
oe�
ient g0! and the wave-ve
tor 
orre
tiong00! are odd and even fun
tions of !, respe
tively (seeFig. 2b), and the steady-state (! = 0) ampli�
ation ofthe signal wave is absent. The e�e
tive group velo
ityvg = d!=dg0! is an odd fun
tion of !. We note thatthe attainable values of j
0j are generally larger thanthe values of 
0 in the di�usion 
ase be
ause the ap-plied (or photovoltai
) �eld 
an be made larger thanthe di�usion �eld ED.Both phase and amplitude 
hanges again 
on-tribute to the output amplitude A(d; t), but the ratioA(d; t)=A0 is essentially 
omplex now. With Eq. (7), it
an be represented asA(d; t)A0 = t0p� tr 1Z0 exp��s2t204t2r � (F 0s � iF 00s ) ds; (11)where the fun
tions F 0s and F 00s are given byF 0s = 
os j
0jd1 + s2 
h sj
0jd1 + s2 
os(st)�� sin j
0jd1 + s2 sh sj
0jd1 + s2 sin(st);F 00s = 
os j
0jd1 + s2 sh sj
0jd1 + s2 sin(st) ++ sin j
0jd1 + s2 
h sj
0jd1 + s2 
os(st): (12)
The shape of the output signal is again 
ontrolled bytwo dimensionless parameters t0=tr and j
0jd.Figure 7 gives representative examples for thetime dependen
e of the normalized output intensityI(d; t)=I0. Qualitatively, the situation looks similar tothat in the di�usion 
ase, see Fig. 3. We have a pro-noun
ed time shift �t, whi
h in
reases pra
ti
ally lin-early with in
reasing the 
oupling strength j
0jd, anda noti
eable broadening. At the same time, the peakampli�
ation fa
tors are 
onsiderably smaller than ear-lier (
f. Fig. 3) despite larger values of the 
ouplingstrength. We also note that a smooth bell-shape outputpro�le I(d; t) is now a superposition of strongly modu-lated 
omponents jA0(d; t)j2 and jA00(d; t)j2; this modu-lation 
an be attributed to the pump-indu
ed nonlinearfrequen
y shift for the signal wave.We now 
onsider the dependen
es of the key outputparameters of the pulse on the key input parameters.Figure 8 shows the ratios �t=tr, w=tr, and Imax=I0776
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Fig. 7. The normalized output intensity versus the nor-malized time for t0=tr = 2 and j
0jd = 0 (the inputpro�le) (1 ), 5 (2 ), 10 (3 ), 15 (4 ). The peak ampli�-
ation fa
tors are Imax=I0 � 11:8 (2 ), 8:9 � 102 (3 ),8:8 � 104 (4 )
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21 3 4 5 6 t0=trFig. 8. Dependen
es of �t=tr, w=tr, and Imax=I0 ont0=tr; j
0jd = 5 (1 ), 10 (2 ), 15 (3 ), 20 (4 )

as fun
tions of t0=tr for several representative valuesof the 
oupling strength j
0jd. The fun
tional depen-den
es di�er 
onsiderably from those typi
al for thedi�usion 
ase (
f. Fig. 4). Furthermore, the a
tual val-ues of j
0jd are noti
eably larger in the present 
asebe
ause of relatively low ampli�
ation fa
tors and thevalues of t0=tr are somewhat smaller than previously.The normalized delay time �t=tr in
reases, as pre-viously, almost linearly with in
reasing j
0jd, but itsdependen
e on the input-width parameter t0=tr is dif-ferent; it is 
hara
terized by a broad maximum, as 
anbe seen in Fig. 8a. For the position of this maximum,we have [t0=tr℄max � pj
0jd. At the same 
ouplingstrength, the maximum value of �t=t0 is roughly twotimes smaller than in the di�usion 
ase. This meansthat the pulse speed 
an be estimated as v � 2=j
0jtr.The dependen
e of the output width parameter w=tron t0=tr and j
0jd (see Fig. 8b) is qualitatively similarto that in the di�usion 
ase. Roughly, the ratio w=tris two times smaller than previously. We note that theratio �t=w also has a maximum as a fun
tion of t0=tr.At the same 
oupling strength, the peak ampli�
ationfa
tor Imax=I0 is mu
h smaller 
ompared with the dif-fusion 
ase. In 
ontrast to that 
ase, this fa
tor hasa maximum as a fun
tion of t0=tr. All the distin
tivefeatures mentioned originate from the di�eren
e in thespe
tral behavior of g!. The essen
e of this di�eren
eis indeed the presen
e of the steady-state (! = 0) spa-tial ampli�
ation in the di�usion 
ase and its absen
ein the drift-photovoltai
 
ase.Two variants for optimization of the de
eleration
hara
teristi
s 
an be proposed for the lo
al response.First, quite large values of the ratio �t=w 
an bea
hieved for rather small t0=tr and not very large j
0jd;the last 
ondition leads to moderate ampli�
ation fa
-tors. For example, the ratio �t=w0 � 2 is obtained fort0=tr = 2 and 
0d = 10; for these parameters, we haveImax=I0 < 103. The shape of the output pulse 
anbe seen from Fig. 7. Se
ond, su�
iently large valuesof t0=tr and j
0jd 
an be used. This allows avoidingtoo large ampli�
ation fa
tors (Imax=I0 . 104) in a
-
ordan
e with the data in Fig. 8 to redu
e the danger
oming from the light-indu
ed s
attering. The ratio�t=w 
an ex
eed 2 in this 
ase.We �nally mention that the two-peak regime of non-linear pulse propagation, whi
h has been found in thedi�usion 
ase for very small values of the input-widthparameter t0=tr (see Fig. 5), also o

urs in the drift-photovoltai
 
ase. This regime is inherent in any typeof the PR response.777
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ted ourselves to the 
ase ofa permanent pump wave. It is possible and importantto generalize the results obtained to the 
ase where thepump is pulsed. Equations (3) and (4) for a = A=Apand u = EK=Es, obtained within the undepleted pumpapproximation, are still appli
able, but the responsetime tr / jApj�2 be
omes time dependent. This 
om-pli
ation 
an, however, be over
ome by a time renor-malization.For simpli
ity, we let the pump intensity be a Gaus-sian fun
tion of time,Ap = A0p exp(�t2=t2p);where A0p and tp are the amplitude and the width pa-rameter of the pump pulse. Then we 
an repla
e thetime t with � =p�=8 tp Erf �p2 t=tp�;where Erf(x) = 2p� xZ0 exp(�s2) dsis the error fun
tion. After that, Eq. (4) a
quires theform �t0r ��� + 1� u = a; (13)where t0r = tr(jA0pj2) is the 
hara
teristi
 response timefor the peak value of the pump intensity. The stru
tureof this equation is identi
al to that of Eq. (4). Further-more, the input values of the amplitudes a, A, and Ap
an be expressed in terms of � . After that, the outputamplitude A(d; t) 
an be found via the Fourier trans-formation. In the di�usion 
ase, the �nal expressionfor the ratio A(d; t)=A0 isA(d; t)A0 = exp�� t2t21��� 1ZZ�1 exp� 
0 d1 + !2 � t02 + 2tt0t22 ��� 
os�!� 
0 d1 + !2 + �(t0)�� dt0d!2� ; (14)where t�21 = 2t�2p + t�20 ; t�22 = t�2p + t�20 ;and all time parameters are measured in the units of t0r .

1 2 3 t0=t0r = 4
�5 0 5 10 15 20t=t0r0
7654321
10�4 I(d; t)=I0

Fig. 9. The in�uen
e of the pump pulse duration on thede
eleration 
hara
teristi
s for the di�usion responseat 
0d = 6 and t0=t0r = 4; tp=t0r = 7 (1 ), 10 (2 ),20 (3 )Figure 9 shows the e�e
t of the pump pulse dura-tion on the output pro�le of the signal for the di�usionresponse, with 
0d = 6 and t0=t0r = 4. We see thatthe time delay, the output width, and the maximumintensity remain weakly perturbed for tp=t0r = 20 (
f.Fig. 3). For smaller values of the pump-width parame-ter tp, the 
hanges in the output 
hara
teristi
s be
omesigni�
ant. They manifest themselves in smaller timedelays and ampli�
ation fa
tors. Apparently, the pumppulse half-width has to be larger than the delay time inorder to avoid strong distortions of the output signal.6. DISCUSSIONSeveral di�erent issues are worthy of attention.Our results show 
learly that the 
oupling strengthj
0jd is the key parameter for pulse de
eleration, irre-spe
tive of the type of the PR response. For j
0jd . 1,we inevitably deal with the situation where the de
eler-ation e�e
t is small and barely distinguishable againstthe shape distortions and noise. The pulse velo
ityde�ned as the velo
ity of the pulse maximum has a
onditional a

eptan
e in this 
ase. In short, true de-
eleration must be 
onsidered an essentially nonlinearphenomenon. Most probably, this assertion is appli
a-ble to any kind of nonlinear de
eleration, in
luding theEIT te
hnique.The ne
essity of a strong nonlinearity leads to twogeneral problems: how to obtain it and what are pos-sible negative side e�e
ts. In the photorefra
tive (PR)
ase, the attainment of large values of j
0jd already778
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tive de
eleration of light pulsesat low and/or moderate intensities is not a seriousproblem. Among negative 
onsequen
es of a strongPR nonlinearity, the most important is probably thewide-angle light-indu
ed s
attering. Another possi-ble drawba
k is the instabilities of two-wave 
ouplings
hemes. Potentially, the re�e
tion geometry is mostdangerous in this sense. Here, the instabilities oftenmanifest themselves as threshold-type opti
al os
illa-tions [19, 24℄. The problem of negative nonlinear sidee�e
ts should be inherent to any nonlinear de
elera-tion method. Parti
ularities of the nonlinear limita-tions 
an be strongly di�erent for di�erent s
hemes andte
hniques.In spite of the presen
e of 
ommon features, thelight de
eleration 
hara
teristi
s are essentially di�er-ent for the di�usion and drift-photovoltai
 PR re-sponses. Ea
h of these 
ases has 
ertain advantagesand drawba
ks. Importantly, the level of the nonlinearlight-indu
ed s
attering is also strongly dependent onthe type of the PR response. Further studies are ne
-essary to establish the limits for the de
eleration 
har-a
teristi
s in di�erent nonlinear s
hemes/materials.In this regard, 
onsidering other important, butmore spe
ial, types of the PR response 
ould be in-teresting. First, this is the fast resonant response typ-i
al of 
ubi
 
rystals of the sillenite family, Bi12SiO20,Bi12TiO20, and Bi12GeO20 [18; 19℄. Its spe
i�
 fea-tures 
ome from both the ve
torial 
hara
ter of thewave intera
tion and an almost imaginary rate 
onstantt�1r for the spa
e-
harge �eld [21, 25℄. Se
ond, thisis the self-
ompensating response typi
al of Sn2P2S6
rystals [26, 27℄. This response involves two types of
harge 
arriers and remains strong in the near-infraredrange, whi
h is important in appli
ations. In both
ases, the spe
tral dependen
e of the PR response ismore 
ompli
ated 
ompared to the above di�usion anddrift-photovoltai
 responses. We 
an therefore expe
tspe
i�
 features of light de
eleration in these materials.The most important advantages of the PR nonlin-earity over many other known nonlinear responses areits diversity and high strength already at low light in-tensities, a high spe
tral and temperature toleran
e,and the possibility to use di�erent intera
tion s
hemes.The main drawba
k of the PR nonlinearity is its slow-ness; the response time ranges roughly from 102 to10�3 s for 
ontinuous-wave lasers. To over
ome thisdisadvantage and obtain mu
h shorter response times,it is ne
essary to swit
h to pulsed lasers. Con
eptu-ally, in
reasing light intensity up to the MW/
m2 rangedoes not 
hange the nature of the PR nonlinearity. Thisshould allow pro
eeding to the nanose
ond range of thepulse duration at least. The e�e
ts of �nite pump-pul-

se width 
onsidered brie�y in Se
. 5 be
ome indeedin
reasingly important in this range. For typi
al pho-torefra
tive parameters, the pulse velo
ity estimated asv � (j
0jtr)�1 
an range from � 10�4 to � 106 
m/sdepending on the light intensity.7. CONCLUSIONSThe photorefra
tive nonlinearity o�ers superiorpossibilities for de
eleration of light pulses. Thepropagation velo
ity 
an be varied over a wide rangethe delay times ex
eeding the pulse half-width areattainable. Chara
teristi
s of light de
eleration dependessentially on the type of the photorefra
tive response.The pulse de
eleration e�e
t is essentially nonlinear;high values of the 
oupling strength are needed toa
hieve outstanding de
eleration 
hara
teristi
s. De-spite the spe
i�
ity of the photorefra
tive de
elerationmethod, it shows deep analogies with the EIT-basedde
eleration te
hnique.Finan
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