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We report an incrcase of more than a factor of 100 in the diftraction efficiency from photochromic gratings written in BSO, by
uniformly illuminating these gratings with 488 nm light to induce secondary photorefractive gratings. Upon application of an
electric ficld, the phase shift between the two gratings can be varied and under appropriate conditions the diffraction efficiency
can increase. The dependence of the enhanced diftraction efficiency as a function of the applied clectric field and readout beam
polarisation was experimentally investigated for two different crystal orientations. Phenomenological modelling is presented re-
quiring modifications to the phase angle between the photochromic and induced photorefractive gratings in order to reproduce
the experimentally observed asymmetry in the increase in the diffraction efficiency. This suggests a periodic modulation of the

photorefractive donor/acceptor density, due to the presence of the photochromic grating.

1. Introduction

Bi,,510,, (BSO) is a photorefractive crystal which
has found numerous applications in two beam cou-
pling (2BC) and four-wave mixing (FWM) exper-
iments [1]. Two standard crystal orientations are
used for such holographic experiments, the first with
the grating wavevector K| <001 > (standard config-
uration for two beam coupling as shown in fig. 1a)
and the sccond with the grating vector K L <001
(standard configuration for four-wave mixing as
shown in fig. 1b). Permanent discoloration of crys-
tals such as BSO and other related sillenite crystals
such as BGO and BTO, has been observed during
crystal growth and high power laser experiments. This
was initially referred to as optical damage and

thought to be undesirable, since these photochromic
regions exhibited increased absorption, reducing the
intensity of any beams involved in photorefractive
processes.

Writing photochromic gratings in photorefractive
materials such as BSO [2-4] however, offers the
possibility of permanent information storage duc to
the characteristics of these photochromic gratings.
Photochromic gratings have very long dark storage
times (more than three years so far in our experi-
ments), and once information has been written in
these crystals it 1s essentially permanent at room
temperature, assuming non destructive recadout. If
however, the photochromic region of the crystal is
continually exposed to high power laser illumination
of an appropriate wavelength, then the fringe visi-
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Fig. 1. Two experimental BSO crystal configurations used for these
experiments. (a) K| (001> orientation for maximum cnergy
exchange. (b) Kg L <001 orientation for maximum diffraction
efficiency.

bility of the photochromic gratings will be lost. At
room temperature these photochromic effects in BSO
arc essentially irreversible, but it is possible to re-
move the arcas of photochromic discoloration by
hcating the crystal in silicone oil at 200 °C for a pe-
riod of one hour. Applications involving multi-
plexed photochromic and photorefractive gratings
[3] are of interest because of the possibility of mul-
tiplexing two essentially distinct holographic grat-
ings, which do not have to be recorded at the same

time, or with the same laser. The separate natures of

the photochromic and induced photorefractive grat-
ings, allows simple phenomological modelling of the
combined effects, which we present in this paper
along with experimental results.

Applications involving multiplexed photochromic
and photorefractive gratings are numerous and ex-
tend to retrieval systems and other interferometric
applications [5]. Photorefractive gratings offer the
possibility of dynamic information storage and re-
trieval where the relatively fast response time of BSO,
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as compared with other photorefractive crystals such
as BaTiO,, allows operation at spceds comparable to
TV frame rates. The low diffraction cfficiencies ob-
tainable with BSO (typically <0.1%) is a disadvan-
tage for possible future applications in planar wave-
guides and communication systems, and techniques
of controllably enhancing the diffraction efficiency
scem to be very important if industrial applications
are to be realised.

The results that we present in this paper combine
the two very different photochromic and photore-
fractive mechanisms of BSO, offering a very versa-
tile storage medium allowing both temporary and
permanent information to be stored, with control-
lable diffraction efficiency. We show that the dif-
fraction efficiency is dependent principally upon the
crystal orientation used, the applied clectric field and
the polarisation of the readout beam.

The technique of photoconductively enhancing the
crystal to produce large increases in the diffraction
efficiency is a simple technique which does not re-
quire large intensities. Diffraction efficiency which
1s controllable simply by rotating the polarisation of
the recadout beam or altering the applied electric field
1s a desirable feature for optical switching, coupling
and interconnections and is potentially applicable to
fibre optic communications.

2. Experimental configuration

Photochromic gratings were written in a 10 mm X
10 mm X 2 mm BSO crystal mounted with clec-
trodes on the <110 face and orientated for maxi-
mum diffraction cfficiency as shown in fig. 1b. The
experimental configuration is shown in fig. 2, show-
ing the sct up for writing the photochromic gratings
(bcams 1 and 2 — Ar* at 488 nm) and enhancing the
gratings (beam 5 — Ar* at 488 nm) and mcasuring
the diffraction cfficiency of the combined photo-
chromic and induced photorefractive gratings with
a readout beam (beams 3 and 4 - HeNc¢ at 633 nm).
The writing beams used to initially write the pho-
tochromic gratings were vertically polarised with
I, =1,=50 mW, and a full writing angle 20=25°
(corresponding to a fringe spacing of A=1.13 um).

Under conditions of suitable temperature stabil-
ity, photochromic gratings were written within a pe-
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Fig. 2. Experimental setup used to write phetochromic gratings
n BSO. IF=633 nm interference filter; HWP =half wave plate;
PM =power meter; SH = shutter, VIND = variable neutral density
filter.

viod of 20-30 minutes. If writing of the photo-
chromic gratings was continued for a longer period
of time, then the diffraction efficiency of the gratings
monitored by the Bragg matched readout beam, was
obscrved to sziurate after 40-60 minutes, and if pro-
longed cxposure was continued then the diffraction
cfficiency was observed to decrease.

A 633 nm HeNe interference filter in front of the
calibrated power meter (Newport model 835) fil-
tered out any stray light at 488 nm, allowing only the
weak HeNe diffracted readout beam to be measured.
The measured diffraction efficiencies without the
presence of the enhancing beam were characteristi-
cally low with a 3 mW beam incident on the rear of
the 2 mm thick BSO crystal producing a maximum
diffraction intensity of 0.920 uW (0.03% without
compensating for absorption and mirror losces) and
a maximum pheotochromic diffraction intensity of
0.330 uW (just over one third of the maximum joint
primary photorefractive and photochromic diffrac-
tion intensity, showing that the grating strength of
the primary photorefractive grating was approxi-
matcly double that of the photochromic grating ).

Once the photochromic gratings had been written
in the BSO, the writing beams were then perma-
nently blocked using shutter SH2. Shutter SH1 was
used to control the expanded enhancing beam (488
nm) which homogeneously diuminated the crystal.
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The enhancing beam (/5=7.5 mW) was incident
normally upon the rear of the BSO crystal to ensure
uniform illumination.

3. Experimental results

Figure 3a shows how the enhancement factor was
experimentally observed to vary as a function of the
applicd clectric ficld for the K¢ L (001> configura-
tion. The enhancement factor was defined to be the
ratio of the intensity of the diffracted HeNe readout
beam with the blue enhancing beam illuminating the
photochromic grating, to that of the intensity of the
diffracted beam without the presence of the blue ¢n-
hancing beam. Results for the K <001 configu-
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Fig. 3. Experimental results of enhancement factor as a function
of applied field for different polarisation of readout beam for two
ditferent crystal contigurations: (a) K1 <001, (b) K| <001 ».
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ration arc shown in fig. 3b. The angle of the HeNe
polarisation was defined to be that with respect to
the vertical axis, where all angles represent clockwise
rotations with respect to the forward direction of the
beam.

As 1s seen in fig. 3a, it was observed in all exper-
iments that there was a point of convergence for the
K¢ L <001 orientation around 0.5 kV ¢cm~"and for
the K1 <001 > orientation around 1.5 kV em~!'. For
the Kgl<001> configuration the maximum ¢n-
hancement effects were seen for increasing negative
applied ficlds. The maximum enhancement factor of
9.33 was observed for a rcadout beam polarisation
of 20° and an applied field of —4.5 kV ¢cm ', For
a recadout polarisation of 110° the enhancement fac-
tor was observed to be effectively independent of the
applied field. staying constant at around 1.5. For the
KL <001 > configuration the maximum c¢nhance-
ment factor was observed cither for negative or pos-
itive applied ficlds depending upon the readout bcam
polarisation. A relatively lower maximum enhance-
ment factor of 6.3 was obtained for an applied ficid
of +4.5 kV ecm~! with a readout beam polarisation
of 60°. Asymmetric polarization propertics have also
recently been reported [6] in BTO where fast and
slow holograms have exhibited different polariza-
tion propertics and erasure characteristics.

The effect of varying the polarisation of the read-
out beam with positive applied fields is shown in fig.
4a for the K; L <001 configuration. The maximum
enhancement factor obtained increased with increas-
ing applied electric field. For applied fields > + 1 kV
cm~!, maxima were observed at a readout polaris-
ation of 657, and minima were observed at a polar-
1sation angle of 1557, but the minimum ¢nhance-
ment factor was always greater than unity. For an
applied ficld of +1 kV cm ! the enhancement factor
was independent of the readout beam polarisation
with a valuc of 1.2. For applied fields <+ 1 kVem ™!
the minimum enhancement factor dropped below
unity showing de-enhancement, and the enhance-
ment factor was seen 1o take on a different charac-
teristics as can be seen from fig. 4b, where minima
were observed for a readout beam polarisation of 657,
Maximum were observed for a rcadout beam polar-
isation of 155 (exactly opposite to the case with ap-
plied fields >+ 1 kV ¢m '). The maximum cn-
hancement factor for negative applied ficlds was
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Fig. 4. Experimental results of enhancement factor for the
K¢ L <001 > configuration, as a function of rcadout beam polar-
isation for (a) positive applied fields, (b) negative applied fields.

reduced as compared to positive applied fields.

4. Phenomological modelling

A vectorial model was formulated to investigate
the asymmetry in the observed results for the en-
hancement factor, by assuming the increase in the
diffraction cfficiency to be the sum of the contri-
butions from the permanent photochromic gratings
and the secondary induced photorefractive gratings.
It was assumed that a permanent photochromic grat-
ing recorded in BSO, had an associated modulation
of the absorption coefficient of the crystal, which was
unshifted with respect to the intensity interference
pattern of the two original writing beams. Illumi-
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nation of the photochromic grating with a blue en-
hancing beam induced a sccondary photorefractive
grating which was ¢ out of phase with respect to the
permanent photochromic grating.

The schematic for the enhancement effect 1s shown
in fig. 5. A Bragg matched recadout beam encounters
two different holographic gratings, so that the dif-
fracted wave is the result of the combined diffraction
from both the photochromic and the induced pho-
torefractive grating. The amplitude of the diffracted
ficld E,. from the photochromic grating, was as-
sumed to be independent of the applied electric field,
and did not undergo a phasc shift upon reflection
from the grating. The amplitude of the diffracted ficld
from the induced photorefractive grating E,, under-
goes a = 1t 7/2 phase shift on reflection, which is
positive if the readout beam is Bragg matched from
the left hand side and reversed sign if Bragg matched
from the opposite direction. In the experiment as
shown 1n fig. 2 the readout beam was Bragg matched
from the left hand side (y=+n/2).

The enhancement effects were modelled for the
K1 <001 crystal orientation by representing the
diffracted field from the photochromic grating to be
a fixed vector Iy and vectorially adding a second
vector Es, rotated through an angle 7 (to include the
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Fig. 5. Schematie used for modelling of enhancement cffect,
showing the secondary induced photorefractive grating shifted

from the permanent photochromic grating by a variable phase
angle .
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clfect of optical activity and the polarisation of the
rcadout beam [7]). which represented the photo-
refractive contribution to the diffracted field. The
phasc shift ¢ of the photorefractive grating with re-
spect to the photochromic grating was dependent
upon the applied external clectric field, via

Iy Iy It )
p=tan ' L) 1+ 4+ 0 ) I
v " <[“VU)< 13(| [;Ll[:(] ( )

where £, is the applied clectric field (kV ecm™Y), 12,
the diffusion clectric field (kV em '), £ the satu-
ration clectric field (kV ecm ).

The total resultant phase shift between light scat-
tered from the two gratings is therefore (¢+w) as
shown in fig. 6a. The amplitude of the photorefrac-
tive contribution to the diffracted field F5, 1s also de-
pendent upon the applied eleetrice field and was cal-
culated using the expression for the efficiency of a
thick transmission phase grating [8] recorded in

BSO:
i nAnd
3= sin” . 2
- xp( cos (/(,> l <)t cos (}(,) (2)
()

B

Fig. 6. (a) Diagram depicting the two contributions of diffrac-
tion — a contribution due 1o the photochromic grating /5; and a
second contribution duc to the induced photorefractive grating
I, (b) Vector diagram used 1o calculate the resultant diffraction
intensity from the two gratings.
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where An is the steady state refractive index mod-
ulation, ¢ the thickness of crystal, « the absorption
coefficient, f, the Bragg angle, and A the HeNe wave-
length.

The steady state refractive index modulation is
given in terms of the space charge field F:

An=—Yrqggnil.. (3)
ri+ri o\
I = mlfq( 5T 7”‘7“'*: ») . (4)
Lo+ (Ey+ 1)

where m1 1s the modulation index and r. the effec-
tive electro-optic coefficient.

The clectric field dependence of F, is derived by
substituting equations (3) and (4) into (2):

12— exol = 2aed el Rreghddmls,
‘3 =exp| ——~ ) sin”? R
2T Cos 0, 27 cos O

R 7 1/2
X( EGEEG ) ] (5)
Ed+ (L +E)? ’

In order to model these effects it was necessary 1o
calculate the diffusion and saturation fields. The dif-
fusion ficld /5, was calculated tobe 1.4 kV ecm ! from

Ey=kyTK/c, (6)
where A is Boltzmann’s constant, 7" the temperature,
K the grating wavevector and e the electronic charge.

The saturation field I2, was calculated to be 7.9 kV

cm™ ', assuming a representative literature value of

Nya=1.36X102m"? [9]:

Iy =eNyA/ Qe | (7)

where ¢ is the clectronic charge. N4 the density of

acceptor sites. A the fringe spacing and € the relative
permittivity.

To cvaluate the total diffracted intensity, it was
necessary 1o resolve the components of the photo-
refractive diffracted field with amplitude £, into the
directions parallel to, and perpendicular to the pho-
tochromic diffracted field with amplitude I7,. In the
direction parallel to Ey:

Iy =F>cos (8)
and 1n the direction perpendicular to E:
I, =FI,siny. (9)

The sum of the contribution of diffraction from
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the two separate gratings in the direction parallel to
F, (as shown in figurc 6(b)) is given by

I =[F,cosysin(g+y)]”
+ [, + 15 cosyeos(gty) ], (10)

In the direction perpendicular to £ there i1s an ad-
ditional contribution given by

IL,=(I5siny)”. (1)

The total diffracted output intensity is 7, +71, and
therefore, the enhancement factor EF, is given by the
expression

EF=(I,+1,)/L}. (12)

Substituting egs. (10) and (1) intoeq. (12) gives
EF=![f,cosysin(g+y) ]|’

+ £+ Escosyeos(o+y)]”

+[Esin ]t /(B . (13)
Which reduces to

EF=(FL,/E )+ 1+2(F,/L)cos ycos(gp+w) .
(14)

On cxamination of eq. (14), 1t i1s clear that the
cos(p+y) component will ¢xhibit symmetry about
Ey=0 kV ¢cm~! for an inital choice of w=+mn/2.
Substituting ¢q. (1) into ¢q. (13) for the depen-
dence of the phase angle on the applied electric field,
allows the enhancement factor to be calculated as a
function of applied electric field. This yielded curves
of ecnhancement factor as a function of apphied field
for the KL <001 ovientation which were sym-
metrical about ;=0 kV ¢cm~' and which did not
intersect at any point (shown in fig. 7). These sym-
metrical curves are observed due to the symmetry in
the phase angle as a function of applied field as shown
in fig. 8. Changing the value of the saturation ficld
I, or the diffusion field Iy did not causc asymmetry
in the enhancement factor to be observed.

It was found that it was necessary 1o increase the
phase angle for increasing negative field in order to
reproduce the observed asymmetry. Figure 9a shows
the effect of increasing the phase angle for negative
applied fhelds assuming a saturation field £, of 7.9
kV cm~' and a ditfusion ficld £y of 1.4 kV ecm ",
With these parameter values a common intersection
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Fig. 7. Theoretical modelling of the enhancement factor as a
function of applied fietd for different values of y in radians (y
includes the effects of optical activity and rotating the angle of
polarisation of the readout beam).
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Fig. 8. Variation of phasc angle as a function of applied field ac-
cording 10 eq. (1). For zcro applied ficld the phase angle ¢=
/2.

point around 4.5 kV cm ™' was obscrved. If the dif-
fusion field was reduced to 0.14 kV cm~! then the
common intersection point was further reduced to
1.1 kV ecm~'. These results compare with the exper-
imental results, suggesting that either the calculated
diffusion ficld is too high or that the actual applied
ficld within the photochromic/photorefractive grat-
ing interaction region is reduced. The modifications
needed to the phase angle may suggest the presence
of an in-built field which is revealed upon applica-
tion of an external electric ficld or alternatively the
presence of a periodically modulated photorefrac-
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Fig. 9. Theoretical modelling of enhancement factor as a func-
tion of applied ficld for 1,=7.9 kV cm~' and (a) E;=1.4 kV
cm™ ', (b) Ey=0.14kVcm~'.

tive donor/acceptor density, due to the presence of
the induced photorefractive grating,

5. Maximum diffraction efficiency

Experiments were carried out to investigate the
conditions under which the largest diffraction cffi-
ciency enhancement could be obtained. The tech-
nique of photoconductive enhancement [9] uses a
sccond enhancing beam of bluce light (488 nm) to
strongly increase the conductivity outside the region
of the photochromic grating so that most of the ap-
plied ficld is dropped across the combined photo-
chromic and induced photorefractive grating re-
gions. Figure 10 shows the bcam geometry required
for the technique of photoconductive cnhancement.
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. REGION OF PERMANENT
HOLOGRAM

<y LOW INTENSITY ENHANCING
BEAM AT 488nm

m AUXILIARY BEAM AT
488nm
Fig. 10. Technique of photoconductive enhancement using a low
mtensity enhancing beam and a high intensity auxiliary beam at
488 nm (afterref. [7]).

The cffect of the auxiliary blue beam is to strongly
increase the conductivity in the regions outside the
permancnt hologram region, and thus produce very
high local ficlds where essentially all the applied
voltage 1s dropped across the area of interest. With
a maximum voltage supply of 6 kV dc, it was there-
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fore possible to produce clectric ficlds of up to 30 kV
c¢cm ! across the permanent hologram.

A cylindrical lens was used to produce a narrow
rectangular beam of blue light, and with the aid of
a mask in front of the crystal, the auxiliary beam was
arranged so that it did not overlap the permanent
hologram region. A low intensity enhancing becam of
4 mW c¢m ~2 was uscd so that the photochromic grat-
ings were not crased. The HeNe readout beam was
lincarly polarised at 1557 to the vertical, and with
maximisation of the intensity (692.5 mW c¢cm~2) and
position of the auxiliary blue beam, a maximum en-
hancement factor of 112 was achieved for an applied
voltage of +6.0 kV dc in the K¢; L (001> configu-
ration.

Figure 11 shows the experimental curve of the en-
hancement factor, EF, as a function of an externally
applied high electric field, £, across a permanent
hologram recorded 1in a crystal of BSO in the
K¢ L 001> configuration. All experimental param-
cters were optimised, for this case, in an attempt to
¢stablish the maximum enhancement possible. The
asymmetry is again cevident in the results obtained.

120
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o
EF 110
_ o
100 He-Ne
a o
90 a a
80 - o -
70 ° a
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80 o
o
50—4
a o
40 -~ o o
30 — a o
w—:
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0 T T T 4#’ T T T
—40 -20 0 a0 40
-1
EO / I'(VCm

Fig. 11. Experimental curve of the enhancement factor, EF, as a function of an externally applicd high clectric field. £y, across a perma-
nent hologram recorded in the A | (001> configuration. All experimental parameters have been optimised.
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6. Conclusions

In conclusion a maximum c¢nhancement of 112 in
the diffraction cfficiency of a 633 nm rcadout beam
from a photochromic grating written in BSO. has
been obtained by photoconductivity enhancing the
crystal with 488 nm light and applying an electric
ficld. The enhancement is due to the presence of an
induced secondary photorefractive grating, which was
phase shifted from the permanent photochromic
grating. In order to successfully model these cffects
the phasc angle between the photochromic grating
and the induced photorefractive grating requires
modification for high negative applied clectric fields.
The implementation of these polarisation dependent
cnhancement effects will be investigated in recently
fabricated BSO planar waveguides. and promises po-
tential applications in the arcas of optical switching,
coupling and interconnects.
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