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We explore, theoretically and experimentally, the effects of self-enhancement (or self-depletion)
of the diffraction which occurs during coherent reconstruction from fixed photorefractive
gratings. These effects are caused by interference between a secondary grating, which forms
between the readout and the reconstructed beams, and the fixed grating.

Photorefractive (PR) holograms can be fixed with var-
ious degrees of success.'™ These usually involve the re-
placement of the original electronic charge by a relatively
immobile jonic charge. When such holograms are recon-
structed, by illuminating with the readout wave, a new
dynamic electronic hologram is generated by the spatial
interference of the readout and the diffracted waves. The
superposition of the original (ionic) and the new (elec-
tronic) holograms, which are of the same period, can lead
to self-enhancement'? or self-depletion, depending on their
relative phase.

In this letter we revisit this problem theoretically and
experimentally. Our analysis differs from previous ones,
discussed by Gu and Yeh,s'6 which examined a PR two-
wave mixing process in the presence of a fixed uniform
grating. We consider a realistic case of a fixed PR grating,
solve, rather than assume, for its spatially varying profile,
and then derive the conditions for self-enhanced (and self-
depleted) diffraction. This enables us to draw quantitative
conclusions and to compare our theoretical results to ex-
periments using known material parameters. Finally, we
demonstrate these effects experimentally for thermally
fixed holograms in a PR LiNbO; crystal, and show self-
enhancement of the diffraction efficiency from 4% (of the
fixed grating only) to 23%.

We start the theoretical analysis by describing the ho-
lographic recording process, and assume an ordinary two-
wave mixing effect in a PR medium’ between two arbitrary
input waves a, and a, (represented here by their field am-
plitudes) in the transmission geometry

da; a .
=3 a;—iAna,, @)
daz [e4 .
=3 a,—ilAn*a,, (2)

where « is the intensity absorption coefficient, and Arn the
equivalent PR perturbation in the refractive index,

An=y—r at; e=i# (3)
_y|‘11| +|ay| ‘

The factor ¥ is the PR coupling coefficient,® and ¢ is the
relative phase between the interference grating and the

907 Appl. Phys. Lett. 62 (9), 1 March 1993

0003-6951/93/090907-03306.00

light-induced index grating (the so-called PR phase shift)
during the recording process. Note that ¢ may controlled
by an externally applied electric field, and hence may differ
from the PR phase shift during the reconstruction process.
The boundary condition for Egs. (1) and (2) are the input
field amplitudes a;(0) and a,(0).

The fixing process involves a conversion of the elec-
tronic grating into an ionic one, hence the sign of the
space-charge field (and therefore the signs of ¢ and An) is
reversed. The efficiency of the fixing process 7 is usually
less than unity. The resultant fixed grating is related to the
recorded one by -

Antgyeq=—nAn=F(2)exp[i(gp—+m)], (4)
where
R |a1]%]a,|
F(Z):'f]'}/ |a1|§+|a2|2=|Anﬁxed| (5)

is a real and positive function of z, and ¢0=$1—$2 is the
relative phase between 2;(z) and a,{z) in the recording
process. The grating phase ¢, may vary with z whenever
the PR phase shift ¢ is different than = 7/2.

We reconstruct this fixed PR grating with a Bragg
matched readout wave 4, parallel to a;, and get a dif-
fracted wave A4, parallel to @, (4, and A4, are again the field
amplitudes). In a coherent reconstruction 4, and 4, inter-
fere with each other and form an additional real-time PR
grating. The coupled wave equations governing the com-
bined scattering process, from the fixed and the real-time
gratings, are

dAl a . . ~
—= -—EAI——IF(z)exp[z(qS o—¢+m)14,
A .
dAz a . . 7
- =3 Ay—iF (z)exp[ —i(¢ g—d+m)]4,;
Ad, .
g, et N

where I/(z) =|A4,(2)|*, Iy=I,-+1, where A=|4;|e "
and ¢ is the PR phase shift in the readout process. The
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boundary conditions for the processes are either [4,(z=0)
=Aq; A,(z==0)=0], or the complementary set [4,(z=0)
=0; 4,(z=0)=4,5]. An equivalent set of equations, for
the intensities and the phase of the waves, can be extracted
from Egs. (6) and (7):

dI .
d—z‘: —a I, —2F(z) I, sin(do— b+ 1)
II
—2y—=2sin g, (8)
Iy
df, - .
—=—a L+ 2F(2) {LIsin($o—$+¢n)
I,1,
+27%sin¢, (%
0
‘ﬁﬁ_‘——\/ép( Ycos(do— ) L os¢, (10)
dz - \1, z)cos(do— ¢+ o1z +?’IOC S @,
dé, i

” I
pa \/I:;F(z)cos(d)o—(ﬁ-}-(ﬁu) +}/-I—:)cos 6, (11)
where ¢;;(z) =¢[z) —¢;(2).

A special case is when the PR phase ¢ is equal to
+7/2 during both the recording and the reconstruction
processes. Even though there is no phase coupling in the
real-time PR process (in both the recording and the recon-
struction), it still exists, owing to the diffraction off the
fixed grating. Note that even in the case of diffraction from
the fixed grating only, the coupling dynamics are asymmet-
ric under the exchange of the readout beams.

The case of self-enhancement occurs when the cou-
pling from both gratings adds up in phase. This happens
according to Egs. (6) and (7) when

$o(2) — (d— ) +¢1(2) = 2m+ 1),

where m is an integer, and self-depletion occurs for

bo(2) — (B— ) +¢12(2) =2mm. (13)

For the simple, special case of d=¢=m/2 one gets the
condition @¢-+¢,(z)=(2m-+1)ar for self-enhancement
(note that ¢,, may vary with z even in this case).

The fixed and the real-time gratings may differ not
only in their relative phase, but also in their longitudinal
distribution. While the real-time grating always starts with
a zero modulation depth at z=0, the fixed grating may be
a priori designed and shaped according to the coupling
process that takes place in the crystal, and the boundary
conditions. In a case where the recording process is per-
formed with waves of a polarization that corresponds to
very low coupling, but the reconstruction is made with the
polarization that yields a strong coupling coefficient, one
can get a considerable self-enhancement with a “flat” fixed
grating function F(z) =constant. A similar experiment has
been performed® with a semipermanent fixed grating, re-
corded at an ordinary waves polarization in SBN, and re-
constructed with an extraordinary polarization.

Extension of the above formulation, to include the time
dynamics of the wave mixing process, can be straightfor-

(12)
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FIG. 1. Experimental results of the self-enhancement and self-depletion
effects in LiNbO,.

wardly done following the guidelines of Ref. 10. However,
since it is rather simple and involves only one time con-
stant, we do not elaborate on the subject in this letter. We
therefore compare only the steady-state theoretical and ex-
perimental results.

We studied experimentally the effects of self-
enhancement in thermally fixed gratings in LiNbO;. The
recording process was performed with input beams of iden-
tical intensities at z=0. The experimental results are pre-
sented in Fig. 1, where the temporal evolutions of the dif-
fraction efficiencies of the diffracted beams are shown. The
upper curve gives the time dependence of the diffraction
efficiency for reconstruction with 4;, which yields a self-
enhancement effect. The diffraction efficiency at =0 is
49, identical to the diffraction efficiency of the fixed grat-
ing, and for large times it reaches a value of 23%. The
opposite dependence for the self-depleted diffraction effi-
ciency, due to reconstruction with 4,, is presented by the
lower curve of Fig. 1, where the same diffraction efficiency
at =0 was then depleted to a value of 0.8%. After allow-
ing the reconstruction to take place for a very long time
( ~60 min) both efficiencies were depleted due to Fanning
effects'! and the reconstructed holograms were washed out
completely by this stimulated noise. For a good discrimi-
nation between the reconstructed holograms and the fan-
ning {which may generate amplified noise in the directions
of the diffracted beams) we used image bearing beams for
both the recording and the reconstruction holographic pro-
cesses.

Our theoretical results were calculated with the bound-
ary conditions a;(0) =a,(0) in the recording process [Egs.
(1),(2)]. The material parameters were a=1.75 cm™!and
y=13 cm~! and crystal length of 2.2 mm. The best fit
between the experimental and the theoretical model
yielded 7=0.3 and ¢=17/3, and the results are presented
in Fig. 2. Figure 2(a) shows the longitudinal z evolution of
the interacting beams in the reconstruction process. The
upper solid curve in Fig. 2(a) (“b”) shows the diffraction
efficiency of the fixed grating (only) for reconstruction
with 4;, and the upper dashed curve (“a”) gives its self-
enhanced diffraction efficiency. The diffraction efficiencies
for reconstruction with A,, of the fixed grating only, and
the self-depletion are shown by the lower solid curve (*¢)
and the lowest dotted curve (“d”), respectively. Figure
2(b) shows the fixed grating function F(z) (solid curve),
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FIG. 2. Theoretical results of the longitudinal z evolution of (a) the
diffraction efficiencies and (b) the grating functions, for diffraction from
the fixed (solid curves), self-enhanced (dashed curves), and self-depleted
(dotted curves) gratings.

the real-time enhanced grating (dashed curve), and the
real-time depleted grating (dotted curve).

Finally, we suggest that the material’s diffraction effi-
ciency may be increased to a value that exceeds the one of
a recording process (or, equivalently, to increase the effec-
tive ). Using the fact that the fixed and the real-time
gratings in a coherent reconstruction process utilize differ-
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ent sources of space charges, their peak values are not lim-
ited by the maximum trap density, as in real-time gratings.
In the optimal case, where the grating function is a con-
stant and the fixing efficiency is unity, one expects the den-
sity of ions that move (and compensate for the electronic
field) to be identical to the trap density. The self-
enhancement process redistributes the electrons in the va-
cant traps in such a way that both gratings are in phase
with each other, and the diffraction efficiency reaches a
higher value. Since the current values for diffraction effi-
ciency from fixed gratings are relatively high,* one may use
this grating enhancement to shorten the crystal length
while keeping the diffraction efficiency close to unity. Effi-
cient holographic storage at a shorter crystal length facil-
itates larger numerical apertures together with smaller ab-
sorption losses, which is desirable for many applications.
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