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ABSTRACT Volume grating formation by spatially-selective de-
fect bleaching is demonstrated in coloured KC1:CO3K; crystals.
The sample is coloured by a train of pulses with a wavelength of
A =266 nm and bleached with a cw Ar-laser with a wavelength
of A =514.5nm. Diffraction efficiency for a 1.6 um grating
period is studied both experimentally and theoretically, using
the evolution of colour centre concentration. Hologram record-
ing parameters are obtained and the evolution of the spatial
grating profile is discussed. Diffraction efficiencies three times
higher than previously published efficiencies are obtained.

PACS 42.40.Ht; 42.40.Lx; 42.70.Ln

1 Introduction

The use of bulk photosensitive materials for stor-
age of massive amounts of information by holographic tech-
niques was first proposed for volume holographic applications
over 40 years ago [1]. In the following years the holographic
industry developed spectacularly and its application to tech-
nologies such as biomedicine [2, 3], optical security [4—6],
holographic memories [7], optical computing [6, 8], opti-
cal filters and so on, has been demonstrated successfully.
Many studies have been carried out to search for ideal ma-
terial [6,9-11], for each technological application. In par-
ticular, alkaline halides are interesting candidates for holo-
graphic applications and they have been studied for the last
four decades.

Nominal alkaline halides crystals are insensitive to visible
light. Several methods have been proposed to generate pho-
tosensitive species in the bulk of the crystals, for example:
additive colouring, doping with different cations, electron ir-
radiation, multiphoton absorption and high energy photon ab-
sorption. These methods generate colour centers sensitive to
visible light. The interaction of these species with light can in-
duce photothermal transformations, molecular reorientations,
transformations into higher aggregates or destruction of the
centers. Any of these phenomena can be used to record holo-
grams. In this work we use the absorption of high energy
photons to generate the colour centers and electron-hole re-
combination to bleach them.
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Kogelnik [12] demonstrated in 1969 that phase volume
gratings, amplitude volume gratings or both can be used as
diffractive elements. These types of holograms have been
recorded in alkaline halides crystals. Phase gratings with high
efficiency were demonstrated in additively coloured KCl crys-
tals using the F-X photothermal transformation of colour’s
centers [13], and phase grating generated by multiphoton ab-
sorption has been recorded in LiF by the interference of fem-
toseconds laser pulses [14]. On the other hand KCI, KBr and
NaCl crystals have been used to record amplitude gratings by
direct writing of the interference profile of two plane waves.
Maximum efficiencies of 0.12% for KCI [15], 0.375% for
KBr [16] and 0.4% for NaCl [17] crystals were obtained.
These values are far from the theoretical 3.7% maximum
efficiency for this type of grating [12]. Not limited to alka-
line halides, amplitude grating generated by the interference
of femtosecond laser pulses has been implemented recently
in band gap materials [18]. Both amplitude and phase grat-
ings have been recorded simultaneously in KCI:Li or KCI:Na
coloured crystals by the excitation of Fa centers [19, 20].

No experiments have been carried out to record amplitude
gratings by spatially-selective bleaching of colour centers in
KCIL:CO3K; crystals. In this paper the sample was coloured
by a train of pulses with a wavelength of & =266 nm and the
amplitude gratings have been recorded by two beam interfer-
ence at an appropriate wavelength. We also propose a model
where a defect bleaching mechanism induced by photon ab-
sorption is used to study the evolution of a defect density
profile during grating recording. Fourier expansion of the spa-
tial defect profile is employed to interpret the efficiency of the
first diffraction order.

2 Model concepts

UV-light irradiation of KCl:CO3K, crystals in-
duces a cation photoionization and it generates free electrons
in the conduction band and holes in the valence band. Free
electrons are trapped at anion vacancies to produce F-centers
that colour the irradiated crystal. Note that, there is no ex-
perimental evidence to relate the F-centre formation with dop-
ing concentration in these kind of crystals. Optical bleaching
of the defects occurs when the sample is illuminated with
light of a wavelength inside the spectral range of the opti-
cal absorption of the defects. The trapped electrons are re-
induced into the conduction band and electron-hole recom-
bination takes place with efficiency y. Then, the F-centers
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Solid lines represent the spatial distribution of defect density at different recording times (in s) for M = 1 and M = 0.9. Both figures with Ny =

100 and b = 0.28 s~!. The Dashed line represents the normalized intensity pattern

are destroyed and the crystal is bleached. Spatially-selective
defect bleaching can be used to record amplitude gratings
in a previously irradiated sample. Therefore, the irradiated
sample, full of defects, is the starting point for all the ex-
periments we demonstrate here. We assume that colour cen-
ters density generated by UV-irradiation is constant for all
experiments.

Amplitude gratings were recorded by the interference of
two plane waves which generate a periodic intensity pattern:

100 = 1o (1= Meos [ -
X) = o< — cos(xx)),

where Iy is the sum of the interfering beams intensities;
M is the visibility of the interference pattern and A is the
period of the grating. Evolution of defect concentration was
studied assuming that the defect bleaching rate is propor-
tional to the light intensity. This assumption is based on the
fact that one photon is absorbed by one defect, this induces
an electron—hole annihilation and bleaches the F-centre with
an efficiency y. This optical-bleaching mechanism can be
demonstrated in several crystals such as KH,PO,4 (potassium
dihydrophosphate or KDP), KD,PO, (potassium dideuterium
phosphate or DKDP) and NH4H,PO,4 (ammonium dihydro-
gen phosphate or ADP) in which colour centers are generated
by UV irradiation [21,22]. The expression that governs the
evolution of defects is:

ON(x, 1) _
o

ey

—yo' I(x)N(x, 1),

2

where N(x, 7) is the defect density and o’ = o/hw the normal-
ized defect absorption cross section. Combining (1) and (2)
and solving the differential equation we obtain the evolution
of defect density:

2
N(x, t) = Np exp (—b <1 — M cos <7x) t)) ,

where b = yo' Iy and Ny is the initial defect density of the irra-
diated KC1:CO3K; crystal. Note that the parameter b has units
of s~1, and then it represents the lifetime of defects for a given
illumination. Figure 1 shows the normalized intensity pat-
tern (dashed line) and the spatial distribution of defects (solid
lines) for the case of M = 1 (maxima visibility) and M = 0.9

3)

for different times with Ny = 100 and » = 0.28 s~!. The defect
concentration evolves from a constant value (r = 0 s) to a pe-
riodic function dephased by 7 radians regarding the optical
intensity distribution. From (2) we can see that the bleaching
rate is proportional to /(x), thus low intensity values bleach
fewer defects. In the case of M =1 defect distribution be-
comes a set of periodic delta functions when ¢ — oo, whereas
in the case of M # 1 defect bleaching located at minimum
intensity points (different from zero) takes place and grating
contrast will decrease until the hologram is erased completely.
As we can see, M is a critical parameter that defines the evo-
lution of the grating contrast along the recording process and
determines the quality of the recorded grating.

We can define the absorption coefficient a(x, f) of the ir-
radiated sample to be proportional to the defect concentra-
tion N(x, f)

a(x, ) =cN(x, 1), 4)

where c is a constant with the unit of a cross section. Fourier
expansion of the spatial defect concentration (3) is:

N(x, t) = Ny exp (—bt)

x [Jo(ibMt) +3° (=i)"2J, (ibM1) cos (23” )} .

n=1
&)

The spatial defect profile (5) can be interpreted as a super-
position of an infinite set of sinusoidal gratings with periods
A, = A/n (nis apositive integer), where J, represents the n-
th-Bessel function of the first kind. The Bragg condition for
the n-th grating is matched under the incidence angle 6, of
the reading beam. Diffraction efficiencies for volume gratings
are very sensitive to 6, detuning and only the n-th grating will
contribute to the total diffraction efficiency. The first order
diffraction efficiency of an amplitude grating [12] is defined
by a mean absorption coefficient «(f) and a grating ampli-
tude o (r) associated to the first harmonic order of «a(x, t).
Experimental conditions were prepared to achieve first order
diffraction thus only «(f) and «; (¢) are required.

The combination of (4) and (5) enable us to find the re-
quired expressions for ag(f) and o (¢):
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ao(t) = a exp(—bt) Jo(ibMt)
() = —2iaexp (—bt) J,(ibMt) ,

(6)
Q)

where a = ¢Ny and represents an absorption coefficient pro-
portional to the number of initial defects Ny.

Figure 2 shows the results of the model for the zero and
first order absorption coefficients for a bleaching absorption
grating recorded under the same conditions as shown in Fig. 1.
Parameter a is set to 0.79 cm~!. Note that first order diffrac-
tion efficiency is composed of two symmetrical diffraction di-
rections (41 and —1 orders), thus « (£) /2 is the weight of the
total absorption coefficient to each diffraction direction. The
same conclusion is obtained expressing (4) in complex nota-
tion and interpreting each complex exponential as the contri-
bution to +1 or —1 directions of the diffracted beam. It can
be observed from Fig. 2 that a(f) decreases with recording
time as defects are bleached. This result indicates that o (7) is
proportional to the total number of defects, as we proposed in
(4). However, « ()/2 increases reaching its maximum value
(grating formation) and behaves as «(f) for long record-
ing times. Simulation for M = 1 and M = 0.9 (Fig. 2) shows
slight differences for the behaviour of oy (¢) and o (7) /2; how-
ever these differences cause substantial changes in diffraction
efficiency as will be discussed below. Gratings recorded with
maximum visibility (M = 1) survive for a longer time as the
defect distribution becomes a set of periodic delta functions
whent — oo.

The diffraction of an amplitude grating was studied by Ko-
gelnik [12]. He found that the first order diffraction efficiency
n of an isolated sinusoidal amplitude grating for the on-Bragg
condition is:

_ 2a00d ., (i (Dd
n(d. ) = exp < cos(6) ) sinh (2005(9)) ’

®)

where d represents the depth of the grating and 9 is the semi-
angle between the recording beams inside the sample. Expres-
sion (8) predicts a maximum diffraction efficiency of 3.7%
when conditions «g/a; = 1 and «o;d/ cos(0) & 1.1 are satis-
fied simultaneously. This expression together with (6) and (7)
will be used to fit experimental results. Note that the grating
depth d must be corrected to take into account the finite size of
the writing beams, which is usual when the superposed beams
give rise to a grating whose depth is smaller than the crystal
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FIGURE 2 Zero «g and first 1 /2 order Fourier expansion of the absorp-
tion coefficient a for M = 1.0 and M =0.9. All curves with Ny = 100,
a=0.79cm™! and b =0.28 s~

depth [23]. However, the transmittance of one of the writings
beams during recording is, as usual:
T(t) = exp (—2a0(t)d/ cos(h)) . ©)]
However, to be accurate, the intensity of the readout beam

must be corrected considering losses before it reaches the
grating.

3 Experimental results and discussion

Experimental work has been done using a KCI
crystal of size 10 x 10 x 6.4mm?, doped with CO3;K, at
0.01% concentration. No colour centers were observed in the
sample before UV-irradiation. The crystal became coloured
when the sample was irradiated with a train of Ac = 266 nm
pulses coming from the fourth harmonic of a Nd-YAG pulsed
laser with 10 ns pulse width. UV-irradiation was maintained
on until the transmitted intensity became stable, so obtaining
a uniform coloured sample. This condition was the starting
point for all experiments. Absorption spectrum of the sample
after irradiation is shown in Fig. 3. We observe a wide absorp-
tion band, from A = 500 nm to A = 700 nm that is associated
with the presence of F-centers.

We have recorded transmission volume holographic grat-
ings by the interference of two mutually coherent s-polarized
collimated writing beams from an Ar-laser with a wavelength
of 514.5nm, a mean intensity Iy = 60 uW and a crossing
angle of 26 = 12.5° inside the medium. The resulting grat-
ing spacing was thus 1.6 um. Defect bleaching was easily
achieved since the writing beams wavelength fall in the tail of
the F-centre absorption spectrum. We also use the s-polarized
collimated Ar-laser beam to read the hologram by blocking
one of the two recording beams. Thus the reading beam was
under the Bragg condition and first-order diffraction intensity
comes from the first-order amplitude absorbing coefficient ¢ .
[luminating the sample with just one beam erases the grating,
therefore, this medium is reversible and different holograms
were recorded on the same sample. Thermal bleaching of the
centers during optical exposure was negligible and the holo-
grams mean life is approximately 40 days.
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FIGURE 3 KCIl:CO3K; absorption spectrum after UV-irradiation. An ab-
sorption band due to F-centers can be observed
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FIGURE 4 Transmittance of one of the writing beams during grating
recording. Full circles correspond to experimental results. Continuous line
(a) best fit using (6) and (9), which gives a =0.79cm™!, b =0.285s""!
and M = 0.97; dashed lines: model results for non-optimized b values (b)
b=0.14s7" (¢) b=0.56s"". Inser: Transmittance versus time for a =
0.79cm™!, b=0.28s7! and M =0.97 (solid line), M = 0.8 and M = 0.6
(dashed lines)

Two experiments were carried out to characterize the evo-
lution of the grating and to validate the proposed model. First,
we studied the transmittance of the grating for one of the writ-
ing beams during recording with the aim of finding a, b and M
by means of (9). These parameters were used to character-
ize ap(f) and o (¢) using (6) and (7). Second, by measuring
the diffraction efficiency for different recording times and
by using the expressions «g(f) and «;(f) found previously
and (8), the validity of the model was checked.

Transmittance for one of the writing beams during record-
ing is shown in Fig. 4. Full circles are the experimental results
and the solid line (a) is the best fit using (9) and (6) which gives
a=0.79cm™!,h =0.28s7" and M = 0.97. Good fitting with
less than 10% error is obtained for a = (0.75+0.10) cm ™!,
b= (0.25+0.03)s~! and M = (0.97 +0.03). Dashed lines
display the model results for non-optimized b values (b =
0.14s7'and b = 0.56 s~! for curves (b) and (c), respectively).
Note that, more than 35% of the incident intensity was ab-
sorbed at the initial stage (t = 0's). Transmittance growths
quickly and it asymptotically reaches unity. For long times the
sample was completely bleached and there were no remnant
defects. From the results of the model we observe that small
changes in b give rise to intolerable fittings indicating the sen-
sibility of the model to one of the following parameters: defect
absorption cross section, bleaching coefficient or beam inten-
sity. In the inset of Fig. 4 we also demonstrate the sensibility
of the model to small changes in M (M = 0.8, M = 0.6). Max-
imum transmittance (unity) is reached at short times when
visibility is low, indicating a fast defect bleaching. This sim-
ple experiment enables us to characterize parameter values a,
b and M and the coefficients o (f) and o (¢) that define grating
formation.

The validity of the proposed model was checked by ana-
lyzing the diffraction efficiency of the recorded gratings. In
Fig. 5 the first order diffraction efficiency of the amplitude
gratings for different recording times is shown. Each experi-
ment is represented by a full circle and it was obtained as fol-
lows: an amplitude grating was recorded in the crystal during
the time indicated in the abscises coordinate; then, one of the
recording beams was blocked and the diffraction efficiency
was measured; after that, the amplitude grating was erased
completely, the sample was UV-re-irradiated and a new holo-

0 20 40 0 80 100 120
Time(s)

FIGURE 5 First order diffraction efficiency of an amplitude grating for dif-
ferent recording times. Full circles correspond to experimental data obtained
from each grating as explained in the text; continuous lines correspond to: (a)
best fit with (6)—(8) which gives ¢ =0.82cm™!, b =0.22s~! and M = 0.97;
dashed lines represent the model results for non-optimized M values (b)
M=0.8and (c) M =1.0

gram was registered with a different recording time, and so on.
Thus, each point represents the result obtained for an individ-
ual grating. The measured efficiency increases quickly with
the recording time, reaching a maximum value of n = 0.35%
and then decrease relatively slowly to zero when ¢ — oco.
The maximum efficiency obtained is far from the theoret-
ical maximum which is 3.7%, but matches very well with the
predictions of the proposed model. This low efficiency can
be explained noticing that the conditions for maximum ef-
ficiency, o9/ = 1 and «;d/ cos(6) ~ 1.1, are not satisfied
simultaneously. The best fit give rise to a;d/ cos(6) < 1.1. For
a fixed experiment in which d and 6 are constants, n will be
improved only when defect concentration at the initial stage
(Np) is high enough as to increase the value «y, see (7). This
condition can be achieved irradiating the sample with X-ray
or using high energy UV-lasers. Nevertheless, n = 0.35% is
three times better than any other value obtained for amplitude
gratings in KCl crystals. The improvement of the diffraction
efficiency comes from the recording method employed. The
cw-laser used to bleach the defects can be collimated in a large
region and the resulting interferometric pattern has very high
quality. Note that other authors use the interference of UV-
pulses to record the amplitude gratings by a direct writing
method. The interferometric pattern obtained by this method
has lower quality due to two main reasons: the experimen-
tal difficulties in obtaining collimated UV beams and also
the wider spectra range of pulsed lasers. Those setbacks in-
duce lower visibility M on the interferometric pattern and the
diffraction efficiency decreases, as it is shown in Fig. 5. The
solid line in Fig. 5 is the best fit to experimental results by
using (6)—(8). The dashed lines (b, ¢) were calculated with the
help of the model for non-optimized M values. In all cases,
as shown in the figure @ = 0.82cm™" and b = 0.22s!. Vis-
ibility values M =0.97, M = 0.8 and M = 1 correspond to
curves (a), (b) and (c), respectively. As can be seen in the fig-
ure, efficiency is very sensitive to small changes in grating
visibility M. High quality gratings are obtained for M = 0.97
and a recording time of about 18s. Longer exposure times
bleach the grating at a rate that depends on the visibility value.
Model results show that gratings with M = 1 survive longer
exposure times since there are defects placed at zero inten-
sity values that can not be bleached. Note that best fit values
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a=0.82cm™!,b=0.22s"!and M = 0.97 are within the reli-
able interval found in Fig. 4. This fact confirms the validity of
the proposed model and diffraction efficiency for these kind of
amplitude gratings can be interpreted.

4 Conclusions

In this paper we have recorded amplitude gratings
in KCL:CO3K, crystals which were coloured by a train of
pulses with a wavelength of A = 266 nm by F-centre bleach-
ing through a two beam interference pattern at A = 514.5 nm.
Volume grating formation of a 1.6 jum spatial period has been
demonstrated at room temperature and holograms mean life is
approximately 40 days. To our knowledge that is the first time
that an amplitude grating was recorded by spatially-selective
bleaching of colour centers in KCl crystals. Moreover, we pro-
posed a model to find the mean absorption coefficient o (f)
and the amplitude absorption coefficient «; () associated with
the first diffraction order of the amplitude grating. To do this,
we considered the absorption coefficient to be proportional
to the defect concentration N(x, ) and the bleaching defect
rate to be proportional to the intensity of the recording light.
Then, hologram recording parameters were obtained and the
evolution of the spatial grating profile could be interpreted.
Experimental and theoretical investigation of amplitude grat-
ings in KCI crystals open new possibilities for controlling
amplitude grating or mixing amplitude—phase gratings in any
kind of holographic material in which colour centers are
involved.
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