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Feedback-controlled photorefractive two-beam coupling
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We show that a certain phase feedback between output and input changes dramatically the characteristics of
photorefractive two-beam coupling. The diffraction efficiency of the dynamic phase gratingaches 1 or 0
(depending on the feedback sjgwithin a finite time for a wide range of experimental parameters. The
spatial-temporal behavior of the wave amplitudes is strongly nonlinear and the grating fringgs foor 0
are bended but not tilted. The theory elucidates a humber of empirical observations and reveals the great
potential of active stabilization for applicatiof$1050-294707)50710-4

PACS numbd(s): 42.65.Hw, 42.65.Sf

Photorefractive two-beam configurations, like the one 9
shown in Fig. 1 have already been the subject of many stud- a—§S:i8"R, (1)
ies[1,2]. It is well known that the complex amplitudésand
S of the reference and signal beams experience strong
spatial-temporal variations owing to nonlinear coupling via
the induced refractive index grating. Accordingly, the ampli-
tude of this grating€, depends strongly on the propagation
coordinatex and the timet, and the grating fringes are Where¢ and r are the dimensionless coordinate and time,
bended. The diffraction efficiency of such a dynamic grating 2nd the asterisk means complex conjugation. The varigbles
7, may approach 1 only in exceptional cases. andr as we!l as the characteristic phasﬁsa_md 5, may be .

Recently, it was found empiricallj3—5] that introduction expressed in terms of the c_haracterlsuc photorefractive
of an electronic feedback loop adjusting the phase of thé€ngths and timg¢1,2]. The amplitudes of the reference and
input signal beam modifies considerably the two-beam Cou§'.gnal \_/vaves,R' and S arS alsc2> d|men3|onless. The total
pling. When applied to LiNbQ crystals with dominating dimensionless intensityR|*+|S|?, which does not depend

photovoltaic charge transport, the feedback enables one %‘ fc',r'f;”(?.pgiegd<tg bsvr%érgf]e é%g%smt%g;jﬁgses c!? g’:zl
reach regularlyp=1 (or 0) and to suppress remarkably the thi?:knesg PUTe TS 0 y
harmfur: effect of pho;owdlicegbsc?(ttlerilﬁg]. At _the samed As app;lied to LINDG, crystals,| 8, J<1, r=t/ty, t4 is
time, the operation of the feedback loop was interpreted i - . - S T n
terms of Ko%elnik’s theory6] (that is, assEming agral?cing of the  dielectric  relaxation  time, £=9%  Lo=0%,
constant amplitude which fails already forp<1 because of

strong nonlinear distortions. Therefore the operating K
nonlinear-optical device remains, actually, a “black box”

and the importance of the experimental results on the active R%

E=e'2RS,

o d
e —+1
ot

stabilization of the photorefractive beam coupling remains
unclear.

In this Rapid Communication we formulate the conditions
for active stabilization and describe the main characteristics
of the alternative nonlinear device, which differ dramatically
from the conventional ones. The results obtained provide a " -
sensible theoretical basis for further development of the ac- fA
tive stabilization.

We start our analysis from the known nonlinear equations
for the wave amplitudeR, S and the grating amplitudg, 0 & &

FIG. 1. Schematic of photorefractive two-wave coupling. The
bended curves sketch the grating fringes. VectBis and Sg,
iR=iES depict decomposing the output waves into transmitted and dif-
1213 ' fracted ones.
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g=7-rn3rEpv/)\, n the refractive indexr the relevant elec- In the experiment, adjustment of the input phagewas
tooptic constanth the wave lengthE,, the photovoltaic implemented electronically using a modulation technique
field [7], and x, is the crystal thickness. For the case of[1 —3]. An additional oscillating componenfe’= y4sinwr,
extraordinary waves anii=514 nm we have a useful nu- ~10°, y4<1, was introduced into the phase of the input
merical relation betweery (measured in cm') and E;,  signal beam. Such a high-frequency modulation does not af-
(measured in kV/cm glcm™']=E,, [kV/cm]. The photo-  fect the buildup of the grating and serves for controlling the
voltaic field in LiNbOg:Fe crystals is typically as high as feedback loop. To modify Eq$2), one should replacg, by
several tens of kV/cm. Hence the dimensionless thickégss Syexp(ygsinwr). As a result, the output intensitB(&,, 7)|

may be considerably greater than 1 even for very thirincludes, apart from a constant part, also components oscil-
samples. The characteristic timgis inversely proportional lating in time as simt and cosat. The amplitudes of these

to the total intensity of the incident laser beams. In experi-components|,, andl,,, may be represented in the form
ment, it ranges typically from 0o 1C° s.

The feedback between the output and the input has to be | »=2|RoSo| V7(1— 7) hgsin®s,
specified by proper boundary conditions. In order to formu-
late them one should take into account general properties of | 5o=0.5RoSo| V7(1— ) 508Dy (5)

the system(1). Its first two equations are linear R and S

and do not include time derivatives. These equations dedsingl,, as an error signal and controlling the signigf
scribe diffraction of the input reference and signal beam®ne can keepb = =/2 (or —«/2) till n(1—7%)#0. The
from the refractive-index grating at a momentThe third  above analysis shows that the feedback conditions for the
equation governs the temporal evolution of the grating amactive stabilization can be implemented without any particu-
plitude &, with a characteristic time~1. The change of lar assumptions about the spatial structure of the refractive
E(¢,7) within a time intervalé7<<1 is very small. index grating.

Let us consider in more detail the diffraction properties of Now we turn to an analysis of the effect of the feedback.
the spatial grating at a moment They may be characterized First we obtain three exact relations clarifying the effect of
indeed by the amplitudeR=R(¢,7), S=S(&,7), which cor-  the feedback. As follows from Eq§2) and(4),
respond to the input amplitudes of the recording beams,

Ro=R(0,7), Sy=95(0,7), but alternatively, these properties 1 We,
may be presented by the fundamental solution S, , for =5\ T W,
which R,(0,7)=1, S,(0,7)=0 and by the fundamental so-

lution R, S with R(0,7)=0, S5(0,)=1. These funda- whereW, and W, are the input and output values of the
mental solutions correspond to testing of the spatial grat'”%tensity differencew=|R|2— |S|?. Equation(6) shows that

recorded up to the_ momenf by onl_y one inc_ident bear(_’nhe W, can vary only fromW, to —W, and that the values
reference or the signabf unit amplitude. Using Eqgl) it is °

easy to find thatS;=R} , Rs=—S; and

, (6)

n=0 and 1 correspond 00/, =Wo and —W,, respectively.
Expressing further the produ&SsR; Sy throughR and S
R=RyR,+SyRs, S=RyS;+ SpSs. 2) with the help of Eqs(3) and taking into account Eq&}) and
(6), we get
The quantity p=|Rs(&,7)|2=|S:(&o,7)|? is nothing else
than the diffraction efficiency of the grating. 1 /WS—W§0
Equations(2) show explicitly that each of the output am- sinby =+ >
plitudes consists of two contributions related to the transmit- 1-We,
ted and the diffracted waves, respectively; see also Fig. 1.

We can therefore consider the phase difference of these com- W, 1—W2
ponents for the output beanksand S. For the signal beam cosl)2=—° —O, (7)
this phase differenc®, is Wo V 1-wg,

=)~ pg+ard S, (&)]—ard Sy &)1, (3)  where®y=¢y(£0) + ¢;(£0) — ¢s(0)— #,(0). Onesees that

variations of®y are restricted to the interv@D,] for the
where <pg and cp? are the phases of the input beams,case®,==/2 and to the interva] w,27] for & = — /2.
el=ard So(7)], e’=ard Ry]. The valuesp=1 and O correspond t®s = and 2, re-

The feedback conditions for the active stabilization read spectively. Note that the characteristics of the reference and
signal beams only enter Eqé7). Therefore they may be
O =+7/2. (4) considered as a modification of the feedback conditi@ns

useful in theR,S representation.
Each of them can be fulfilled by adjusting the input phase The governing equation&l) supplemented by the feed-
<p2(7); the phasep? may be put constant. It is important that back conditions(4) or (7) admit at least one steady-state
for any nonzero valuesS(¢;) and S(&,), i.e., for solution for any input valuaV,. Each steady state corre-
7(1—7n)#0, each of thex w/2-feedback conditions gives sponds to a nonzero frequency detuning ) (&y, W) be-
only one value ofp? between 0 and 2. If 5 equals 1 or 0, tween theR andS beams, i.e., to a phase linearly depend-
the feedback fails. As we shall see further, ther/2 feed- ing onr. However, the value of;(¢,,W,) in the steady state
back leads ta;= 1, whereas the- 77/2 choice leads tay=0. is generally different from 1 and 0. Figure 2 shows a typical
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FIG. 2. Dependence)(&,) in the feedback-controlled steady
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FIG. 3. Dependencey(r) for ®;==/2. The curves 1, 2, 3

state for§;=6.7x10" 2, §,=6.8x10 2, andW,=0.9. The solid  correspond tcf,=6.6 andW,;=0,0.8,0.9; for the curve 4,=2.2
parts correspond to®.=m/2, whereas the dashed ones to andW,=0.9. The inset shows in detail the region wit=1 for

b =—m/2. curve 2.

example of the dependenegé,). One sees that the diffrac-

As for the feedbackb,=— 7/2, any new switching on

tion efficiency oscillates between 0 and 1. It is remarkableMakes the grating completely transparent<(0) within a
that the continuous curve(&,) consists of the parts related finite time. This results in nonsinusoidal oscillationsafr)

to the feedback condition® = /2 and — /2 so that the in the close vicinity of zerdanalogous to the oscillations of
Separating points Correspond fml and 0. For each par- 7 near 1 shown in the inset of Fig.),al’respective of the

ticular feedback condition the steady state is possible onljhickness. _ . _
We have also performed the following numerical experi-

within certain intervals of the thicknegg. Within the inter-

val 5.0< £,<5.6 the function;(&,) is multiple-valued. For ment. Initially, instead of the feedback we use the boundary
the cased; ,=0, the pointsgg”) where »=1 are given by condition <p2: — Qg7 for the input signal beam. The detun-
’ ing Q¢ is chosen in such a way that the temporal evolution

1
(n) — 2
=nm+ In

€0 Y-

1—|Wol

withn=1,3, ..., and theoints wheren=0 are simplyn
withn=24, ... .

(8) and small , see curve 1 in Fig. 4. Then the feedback
&= 7/2 is switched on. It is seen that within a finite time
the system reaches a state wifl=1. A similar numerical
experiment was performed by starting from a steady state
with ® = — /2 andn=1, switching on the- /2 feedback.

brings the system very near to the steady state Witk 7/2
1+ |W0|)

In order to investigate the temporal development of gratit results in a quick drop; to zero; see curve 2 in Fig. 4. We

ing recording, we simulated Eggl) with the feedback con-
ditions (4) and zero initial amplitude for different values
W, and &, and then calculated the corresponding depen-

can conclude that the steady state of the system governed by
the feedback is generally instable.

One of the most important qualitative characteristics of

dencesn(7). We have also controlled the correctness of re-the photorefractive grating is the form of its fringes. Figure 5

lations (6) and (7). In the calculations we use characteristic
phases §;=6.7x10"% and §,=6.8x10 2, typical for
LiNbO 3. Our results show that in the cade= /2 the dif-
fraction efficiency always tends to increase within the
region of sufficiently small thicknesg,< £§"(W,), the ef-
ficiency (7) approaches a valug,,<1, which is related to

a feedback controlled steady state with# 0. Outside this
region n reaches the value 1 within a finite time. The larger
&, and the smallefW,|, the shorter the transient process.
Figure 3 gives representative examples of the described be-
havior.

In fact, whenz reaches a certain value that is very near 1
(the grade of proximity depends on the calculation accyracy
the feedback mechanism ceases to govern the temporal evo-
lution, since an accurate calculation @f becomes impos-
sible. In such a case, we keep the phagéor its derivative

in 7) equal to the last controllable value. This always resultnasee?

—
(=
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FIG. 4. Up to the pointr=20 curve 1 corresponds to the input
—Qg7, Wp=0.5, £,=7.3. Then the feedback = 7/2

in decreasingy, i.e., makes it possible to return to the feed-is switched on. The valu®(20) is approximately 1.0%t/2). For
back mechanism. Each new switching on returns us quicklgurve 2 (dashedithe feedbackb = — /2 is switched on at=13;

to a state withp=1, see the inset in Fig. 3. ®(13)=—1.01(m/2), Wy=0.5, £{,=4.
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0.5 . e . . i i It is remarkable that some changes of bending persist
even afterp reaches 1. In other words, there is not one but a

o whole family of the states witly= 1 different in the form of

<
~

the fringes, and also in the spatial profile|&f.

We believe that the above analysis gives an insight into
the potential of the feedback controlled photorefractive
schemes. In fact, the electronic signal adjusting the input
phasegog may be easily modified to change the phase shift
between the output diffracted and transmitted waves to in-

e
K

o
&

Fringes coordinate, z/A

0.1} - corporate the effect of light absorption, possible optical ac-
tivity, etc. It is quite clear that the feedback-controlled pho-

0.0k~ - torefractive schemes are less sensitive, in comparison with
! L L L ! L L traditional ones, to low-frequency fluctuations of optical

o 1 2 3 4 5 6 7 lengths. The advantages of the active stabilization may be

Dimensionless coordinate, & very important for the devices based on the photorefractive

four-wave mixing[2] and also for fixing of volume holo-
FIG. 5. Fringes of the refractive index grating at the momentsgrams[8].
7= 20 (the dashed lineand 7= 27 (the solid ling for the curve 1 in In conclusion, the+ 7/2 feedback may be implemented
Fig. 4. irrespectively of nonlinear photorefractive distortions. It
changes dramatically the spatial-temporal characteristics of
; ; i the photorefractive beam coupling and leads to a state with
shows the fringes of the grating shortly before switching onn:1 or 0 within a finite time. The feedback-controlled

tmhggéznrevsﬁ gr?; If:gghceusr vle Tnlr:hlzel%r)g? réi;;j E)t |)2/ aafrt](ejrttr?ee steady state is generally instable. The active stabilization pre-
) . vents tilting of the fringes of the refractive-index grating.

fringes are strongly tilted. In the state with=1 the fringes The electronic feedback loop admits various modifications

are not tilted but bended. This bending is not strong but no:;ind is promising for ootical devices based on the photore-
negligible. We have found that faj,=6-8, the magnitude P 9 P P

of bending ranges, depending @, from 0 to 0.3\, where fractive effect
A is the fringe spacing. Earlier 100% diffractivity was asso- We would like to thank Volkswagen-Stiftung and INTAS

ciated exclusively with nonbended gratings. for partial financial support.
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