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CHAPTER 1

INTRODUCTION

1. Introduction:

In recent years, there has been a great deal of interest in laser induced gratings
(LIG) written in rare-earth (RE) doped silicate glasses. This kind of laser induced grating
is important because of its potential applications for optical devices, including
holographic storage and holographic narrow-band rejection filters. [1, 2] In addition,
since silicate glasses can be used to manufacture fibers, laser induced gratings can be
integrated into fiber optic systems for applications in optical communication and sensors.
(3]

These gratings are established by on-resonance or off-resonance excitation of the
Eu’* ions from the ground state 'F, to the excited state *D, by using a four-wave-mixing
(FWM) technique. [4, 5, 6, 7] They consist of two components. The transient component
has been proved to be the population grating of excited Eu’* rare-earth modifiers [8] since
its decay rate is the same as that of the long-lived *Dy excited state. The mechanism to
form the persistent gratings is still unclear, but it seems that hot phonons are driving the
production of these persistent gratings. These hot phonons are produced by nonradiative
relaxation of the rare-earth excited state. Several models have been provided to
understand the formation of the persistent gratings. According to Powell et al. [8, 9, 10],
a tunneling model is used to account for the formation of these gratings. The model is
based on thermally induced changes in the local structure at the site of the Eu®* ions. The

basic assumption is that the network formers and modifier ions can arrange themselves



into two possible configurations that lead to different local environments around the Eu**
ions. Each arrangement has a different refractive index, which results when the Eu®* ions
move from one potential well minimum to the other in a double-minima potential well. In
1997, Hamad et al. [11] presented a Bragg diffraction model for volume grating produced
by two Gaussian beams in an absorbing medium. According to Dixon er al. [12], the
persistent grating is attributed to the movement of small modifiers such as Na* and Mg**
ions. The refractive-index contrast of the grating comes from the modulation of the
concentration of small modifiers. The model includes diffusion driven by hot phonons
from nonradiative relaxation of the rare-earth ions, drift under the space-charge field and
trapping of the mobile modifiers.

Considerable research has been focused on the formation of persistent and
transient grating in Eu®* doped glasses at room temperature. However, until now, only a
few studies on the temperature dependence of LIG formation in Eu** doped glasses have
been reported. According to Behrens ef al. [13], the results in the range of 160K and
370K in Eu** doped phosphate glasses showed a trend toward a higher laser-induced
grating signal intensity as the temperature was lowered. French et al. [14] reported the
temperature dependence of LIG in the Eu’* doped silicate glasses at temperatures from
160K to 370K. This same trend was also found in their silicate glasses. But the time at
which the grating signal intensity was measured is not clear. In the FWM experiments
reported, it was found that the grating evolved as a function of time. So the time at which
the scattering signal intensity was measured is important. Paxton [15] reported the results
for the glass samples with the Eu;O; concentration of 1.3% and 2.6% at three

temperatures: 298K, 265K, and 238K. The following is the composition of the samples:



[0.708i0,+0.15Na,0+0.12Mg0+0.03AL0;](100-x)+xEu,03, where x=1.3 and 2.6.
According to what he stated, there is a continuous monotonic increase for both samples at
low temperatures. Later, Hamad [16] found that the monotonic increase of the signal was
not due to volume LIG but due to a diffraction grating on a film deposited on the surface.
This film was verified by studying the surface of the glass using an optical microscope.
This effect was only observed at low temperature. The source of the film is still not clear.
The purpose of this thesis is to present the results of FWM experiments for
glasses with various EuyO;content conducted below room temperature and above
room temperature. The composition of the samples is
[0.70S1i0,+0.15Na,0+0.12Mg0+0.03AL03](100-x)+xEu;03, where x=2.6, 3.9, 5.3 and
8.1. The temperature of the experiments varied from -33°C to 93°C. In addition, several
experiments were also conducted at liquid nitrogen temperature -196 °C. An entire
procedure of a typical experimental curve can be divided into writing, blocking, erasing
and rewriting processes. Experiments were performed to see how the temperature change
influenced the characteristic parameters of grating intensity for each stage, such as the

build up rate, initial maximum, decay rate and erasure rate of the laser induced grating.



CHAPTER 2

EXPERIMENT SETUP AND PROCEDURE

2.1 Experimental setup:

The experimental setup is presented in Fig. 1. The typical non-degenerate FWM
technique was used to measure the intensity of the diffracted signal resulting from the
laser induced gratings in several Eu’*-doped dual alkaline silicate glasses. The two CW
argon laser write beams that are split from the main laser beam intersect inside the
sample with a crossing angle 20w, which changes from 3.87°, 5.145° to 8.75° (measured
in air). The CW argon laser operating in the TEMyo mode radiated the 465.8 nm line,
which excited the Eu’* ions to the °D, level. The power of the main laser beam is defined
as Py, which is about 50mW. By using the CCD camera, the diameter of each beam was
measured to be 148um at 20,,=8.75°, 156um at 26,,=3.87° and 144um at 20,=5.145°. To
detect the grating, a He-Ne laser operating at 632.8 nm was used. The diameter of the
read beam at the position of the sample is 180um. The power of the read beam is defined
as P,, which is about 3mW. A photo-muitiplier tube (PMT) was used to detect the
diffracted signal. A calibration was conducted, which related the diffracted He-Ne laser
power detected by the PMT to the number of counts per second. Therefore, by measuring
the number of counts per second, we can obtain the intensity of the diffracted signal.

The temperature at which measurements were performed ranged from 93°C to
liquid nitrogen temperature -196°C. The temperature was kept constant to within 1°C.
Three dewars were used to conduct these temperature studies. To lower the temperature

of the sample from room temperature, the sample was placed in a special dewar that was
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Figure 1. Experimental setup from Hamad ef al. [7], 20,,=5.145°




a cube-shaped thermoelectric cryostat with a circular window on each side. To minimize
the loss of the write, read and diffracted beams, the entrance and exit windows were
coated with an anti-reflection coating. A Melcor multistage thermoelectric cooler was
attached to the lid of the thermoelectric cryostat. A heat sink and fan were attached to the
outer part of the lid to remove the heat from the thermoelectric cooler. The second dewar
was used to raise the temperature of the sample to 93 °C. That dewar had the same shape
as the previous one except that the entrance and exit windows had no anti-reflection
coating. It was equipped with a heat element instead of a thermoelectric cooler. The third
dewar was used to keep the sample at liquid nitrogen temperature. Instead of a
thermoelectric cooler, it had a container, which was filled with liquid nitrogen. The heat
conductivity between the plates holding the sample and the container was very high so
that heat could be transferred between them effectively. After this container was filled
with liquid nitrogen, the temperature of the sample was lowered and kept at the liquid
nitrogen temperature. Before conducting an experiment, the dewar was pumped to
approximately 2x10® Torr to eliminate condensation on the sample and windows. A
Hewlett Packard 6633a DC power supply was used to supply the power for the
thermoelectric cooler or heater. The temperature of the sample was probed by an Omega
thermocouple, and a Hewlett Packard 3478 A multimeter was used to monitor it. Several
glass samples were made with different Eu’* concentrations. The following is the
composition of the samples: [0.70Si0,+0.15Na;0+0.12MgO+0.03AL03](100-
x)+xEu, 03, where x=2.6, 3.9, 5.3, 8.1. Table 1 shows the identities and parameters of the

samples required to calculate An. L is the thickness of the sample. a., and a, are the



Sample | Eu;0; L Oy oy ny n, |[R B

ID mol% (mm) (em-1) (em-1) (%) | (x105
Eu26 |26 2.2 1.419 0.169 1.542 | 1.52 | 426 |2.175
Eu39 |3.9 3.26 2.036 0.266 1.545 | 1.52 | 4.26 | 1.656
Eus.3 53 4.44 2.655 0.244 1.547 | 1.53 | 439 |0.968
Eu8.1 8.1 2.02 4471 0.289 1.58 [ 1.56 |4.79 |1.191

Table 1. The parameters of the samples.




absorption coefficients at the wavelength of the write beam and read beam respectively.
ny and n, are the index of refraction of the samples at the wavelength of the write beam
and read beam respectively. R is reflectivity of the sample surface. B is the calculated
value of (n/An®) from the Bragg diffraction model for volume grating proposed by

Hamad er al. [11]. Appendix A describes this model in details.

2.2 Experimental procedure:

The experiments were performed according to the following procedures. The
temperature of the sample was either lowered or raised by adjusting the voltage applied to
the thermoelectric cooler or adding liquid nitrogen or adjusting the voltage applied to the
heater. When the desired temperature was reached, both write beams were turned on to
write the grating. The temperature was kept constant to within 1°C during the grating
formation process. During each scan, a background signal was collected for the first 30-
seconds. Then, the two write beams were turned on until the diffracted signal reached a
maximum. After that, both write beams were blocked for five minutes. Then, one write
beam was turned on to erase the grating. After the grating was almost entirely erased,
another write beam was turned on, forming the grating again. This process lasted for
about eight minutes. Finally, the write beams were blocked. A typical scan at room
temperature is shown in Fig. 2, illustrating a typical evolution of the grating. Fig. 3 shows
typical scans at three temperatures, 27.7°C, 87°C, and -196°C for the sample Eu3.9.

To compare LIG strength among samples with different thickness and absorption

coefficients, the change in the index of refraction An is calculated according to the model

presented by Hamad et al. [11]. Appendix describes it in details. As Fig.2 shows, An
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reaches the maximum and then decays. Fig. 3 shows that both write beams are blocked at
the maximum. So Anm.x is defined as the maximum change in the index of refraction
when An reaches the maximum. Because the transient grating will disappear after both
write beams are blocked at the maximum, the maximum persistent change in the index of
refraction Anpersisent is defined as the left change in the index of refraction just after An
reaches the maximum. The transient change in the index of refraction Angansient is defined

as the difference between Anmax and ADpersistent,-
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CHAPTER 3

EXPERIMENT RESULTS

3.1 Power dependence of grating growth rate:

It can be expected that the laser induced grating grows faster with the larger
power of the write beam, but the relation between the signal build-up rate and the power
of the write beam is not obvious. Dixon et al. [12] presented a linear dependence result
between the signal build-up rate and the power of the write beam at room temperature,
but it is stil not known whether this linear power dependence happens at other
temperatures or not. To study the effect of the power of the write beam on the growth rate
of the laser induced grating, the experiments were conducted on the Eu3.9 sample at —
33.2°C and on the Eu8.1 at -196°C, respectively. The power of the write beam varied in
the range of 10 to 60 mW. The results are presented in Figs. 4. and 5. According to Dixon
et al. [12], the signal build-up rate is measured by the reciprocal of the time that it takes
to reach one-half the initial maximum of the diffracted signal intensity. These data show
linear dependences for grating formation at low temperatures. The errors bar in Figs. 4

and 5 are the maximum ones of all points in Figs. 4 and 5 respectively.

3.2 Effects of Eu** concentration and temperature on the build-up time:
As Fig. 2 shows, the diffracted signal reaches the initial maximum, and then it
begins to decay. The build-up time is defined as the time it takes for the signal to reach

this initial maximum. How the build-up time changes with the Eu concentration and the
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temperature is still not clear. To study the dependence of build-up time, experiments were
conducted on samples with various Eu,0; concentrations at different temperatures of the
grating formation and at different crossing angles. The total power of the write beams is
50 mW in all cases. Fig. 6 presents the results of the build-up time for the Eu2.6, Eu3.9,
Eu5.3 and Eu8.1 samples at different temperatures of grating formation at the crossing
angle 20,=5.145°. This figure showed a broad temperature range since this is done
systematically. As indicated by the figures, when the grating formation temperature
increases, the build-up time increases. These experiments were also performed at other
crossing angles such as 20,=8.75°. Fig. 7 presents the results of these measurements.
Although these experiments have a narrower temperature range than those in Fig. 6, a
similar trend is obtained. The error bars in Figs. 6 and 7 are the maximum ones of all

measurements for each sample respectively.

3.3 Pre-exposure effects:

It was found that the initial diffraction maximum was lowered if one write beam
was turned on for a certain period of time before the second write beam was turned on to
form the grating. To study the effect of this pre-exposure, the experiments were
performed on the Eu8.1 sample at room temperature with the crossing angle 20,~=5.145°.
The total write beam power was S0mW. Fig. 8 shows the results for pre-exposure times

of l1s,3sand 8 s.

3.4 Temperature dependence of decay rate:

15
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As Fig. 2 shows, the diffracted signal begins to decay after the initial maximum. During
the process, both write beams are kept on. It is still not clear how to explain why the
grating decays after it reaches the maximum. Experiments were performed to study the
temperature dependence of the decay process. Figs. 9 and 10 show the results of the
persistent decay for the Eu8.1 and Eu5.3 samples at different temperatures of grating
formation, which changes from -196°C to 92.7°C. The decay procedure is defined as
decay from the maximum of the signal when both write beams are kept on. Due to the
difficulty of defining the decay rate quantitatively, the best way is to compare the decay
curves directly. Since the change in the index of refraction has different maxima at
different temperatures, the curves have been normalized to the maximum of one or one
thousand to compare the temperature dependence of the decay rate. All these curves
present one trend. That is, as the temperature increases, the decay rate of the persistent

grating will decrease.

3.5 Temperature dependence of grating after the write beams are blocked at the
maximum:

As Fig. 3 shows, during the experiment process, it was found that the persistent
grating decayed if both write beams were blocked at the same time. This occurs after the
disappearance of transient grating. Experiments were performed to study how the
persistent grating evolves with time at different temperatures after both write beams are
blocked. To make the decay process of the persistent grating clear, as soon as the
diffracted signal reached the maximum, both write beams were blocked for five minutes.

Each curve is normalized by making the maximum change in the index of refraction

19



Normalized An

12

1.0

0.8

0.6

0.4

i -30 1°C
M
-196°C
0 100 200 300 400 500

Figure 9. Temperature dependence of the persistent decay while writing, Eu8.1,
20,=5.145°

20

Craangr § OGRS 9_46{5 5‘M6[w



Normalized An

1200

91°C
1000 * - 62.7°C
- 27'C
800
600 |-
400 +
200 | ‘
0 L 1 1
-100 0 100 400

Figure 10. Temperature dependence of the persistent decay while writing, Eu5.3,

20,=5.145°

21

Wy g

YLD ©

CAara gt f s geiasy l.lu} I



Normalized An

1200

1000

T

T

800

600 -

400 +

200

27.9°C
61.8°C
92.7°C

800

1000

1200

Figure 11. Temperature dependence of the grating blocked at the maximum at

22

different temperatures, Eu8.1, 20,=5.145°

Sk ok 1 R T Y 0{6[.‘5 G“IUUU]J(}



equal to 1000. Then one write beam was turned on to erase the grating for two minutes.
After that, another write beam was turned on to rewrite the grating. Fig.11 presents the
experiment curves for the Eu8.1 sample with the temperature range from 27.9°C to
92.7°C. From these measurements, we see that a more persistent grating is left at higher

temperature.

3.6. Temperature dependence of the erasure rate:

As stated earlier, the grating can be erased by a single write beam, so the
temperature dependence of the erasure rate is of interest. Fig. 12 shows how the erasure
rate changes for the Eu5.3 sample. Every curve is normalized by making the diffracted
signal at the beginning of the erasure procedure to one. The measurements for the
samples Eu2.6, Eu3.9 and Eu8.1 show similar trends. From Fig. 12, we can see that the

erasure rate decreases when the temperature increases.

3.7 Temperature dependence of the rewrite procedure of the grating:

As Fig. 11 shows, after the erasure process lasted for two minutes, another write
beam was turned on to regenerate the grating. Fig. 13 presents the rewrite procedures of
the grating for the Eu8.1 sample at different temperatures. Experiments were also
performed on the samples Eu2.6, Eu3.9 and Eu5.3. We find that a much stronger rewrite

grating is achieved at the higher temperatures.
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3.8 Temperature dependence of the maximum of diffracted signal:

Figs. 14 and 15 show how the initial maximum changed as we lowered the
temperature of the samples with a different Eu’* concentrations. The range of temperature
is from 27 °C to -33 °C for Fig. 14 and to -196 °C for Fig. 15, respectively. The crossing
angles are different in these two figures. For the Eu8.1 sample, the initial maximum
increased as the temperature was lowered. For the other samples--Eu2.6, Eu3.9 and
Eu5.3, the initial maximum decreased at the lower temperatures. These results are not
consistent with the results reported by Behrens e al. [13] and French et al. [14]. To
examine the trends, experiments have been conducted systematically from —196 °C to 93
°C. Figs. 16, 17 and 18 show the result for the samples Eu2.6, Eu3.9, Eu5.3 and Eu8.1 at
the crossing angle 20,=5.145°. Figs. 16, 17 and 18 present the maximum change, the
maximum persistent change and the transient change in the index of refraction as a
function of temperature respectively. The error bars in Figs. 14, 15 and 16 are the
maximum ones of all measurements for each sample respectively. The error bars in Figs.
14 and 15 for the samples Eu2.6 and Eu3.9 are all smaller than their symbol sizes. Error
bars are not applicable to the Figs. 17 and 18 since their measurements are conducted for

only one time.

3.9 Liquid nitrogen measurements:

As we mentioned before, the experiments have been performed at liquid nitrogen
temperature. Figs. 19 and 20 illustrate the typical curves for the Eu2.6 and Eu5.3 samples
at the crossing angle 20,~=5.145°, respectively. As can be seen from the curve, the signal

decayed very fast as soon as it reached the initial diffraction maximum at liquid nitrogen
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temperature. An oscillation of the signal is also observed, which is not found at room

temperature. This phenomenon is discussed in the next chapter.
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CHAPTER 4

DISCUSSION

4.0 Theoretical model and simulation results:

According to Dixon ef al. [12], the persistent grating is attributed to a modulation
in the concentration of small network modifiers. The refractive index of glasses depends
on the concentrations of network modifiers. It can be expressed by the following
equation:

n: =y naici/100

The c; factors are the concentratiolns of the component oxides in mol%, and the ny,
factors are the corresponding contributions to the refractive index. Before the write
beams are turned on, the small net modifiers are distributed inside the samples uniformly.
If M(x,t) is used to represent the density of the modifiers, M(x,t) is a constant at the
beginning. When both write beams are turned on and the grating is created, the mobile
modifiers move from the previous trapping sites to the new sites. The mobile modifiers
must be small enough in diameter to pass along the interstices of the network. Thus the
light alkali or alkaline earth modifiers, such as Na, Li, and Mg, will be the chemical
species that can move efficiently resulting in the formation of persistent gratings. Fig. 21
provides a demonstration of the distribution of the ions and atoms in the glass network.
Generally, the modifiers are bound in potential wells, which are due to nonbridging
oxygens (NBO’s) and AlO4". To be mobile, a modifier must be in a well that is shallow
enough to allow the local hot phonons to excite it out of the well. It can be expected that

the density of the mobile modifiers is substantially smaller than the total density of the
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modifiers. According to Behrens et al. [4, 5], nonradiative relaxation of the rare-earth

excited state creates the hot phonons that drive the production of the persistent grating.

Fig. 22 shows the Eu3+ energy diagram. For the Eu3+ ions that have been excited to the
upper electronic state °D,, there are two possibilities. First is that they drop back to the
ground state 'F; through radiative relaxation. This process of *D; —'F; doesn’t happen
efficiently. Second is that they relax nonradiatively to the lower excited states and
subsequently relax to the ground state through radiative relaxation, which are *Dy —'F,
and °D; —F;. For simplicity, Dixon et al. [12] assumed there is only one kind of mobile
modifier with the mean density of My. Due to the Gaussian profile of the write beam,
there is a gradient of hot phonons that results from the nonradiative decay of the Eu ions.
Under the influence of the hot phonons, the mobile ions can hop to their neighboring
sites, which means they can move from the bright regions towards the dark regions. At
the same time, drift under the action of the space-charge field and external electric field is
also considered in the model. Since the glass contains sites where the potential wells are
so deep that the mobile modifiers cannot escape from them once these ions fall into them,
Dixon et al. {12] considered the effect of these trapping sites. Finally, the full transport
equation by Dixon et al. [12] included all possible effects including diffusion, drift and
deep traps. We need to keep in mind that these equations are based on a one-dimensional
diffusion model, which is a simplification of the actual three-dimensional case.
The transport and trapping equations were reduced to a following set of coupled

rate equations [12]:
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M,+N, = —,B,,(2M,, +mM +mM,,_.) 22)
and
A.r" =yr¢0ST(2Mn +MMn+l +m‘Mn-I)
(23)
—71'¢02Np(2Mn—p + ’nMn—pH + MM"_’,_I).
P

where B,=ngeSK’a’n’/2=n’f; and )= nw¢pSK’a’/2. M, and N, are the spatial
Fourier coefficients for M(x, t) and N(x,t). M(x,t) and N(x,t) are the densities of mobile
modifiers and trapped modifiers respectively. § is the uniform density of sites for
modifiers and S is the density of traps (a subset of S). u is the mean distance between
sites and K is the wavenumber of the grating. T is the temperature of the sample. y, is

the rate constant for the trapping. y, is the proportional constant between the rate

parameter for hopping y(x,¢) and the local hot phonon density ¢, #). ¢ is the local hot
phonon density under conditions of uniform illumination. These equations describe both

writing conditions by m~1 and optical erasure by m=0.

According to Dixon et al. [12], the equation (22) comes from diffusion and the
equation (23) is due to the effect of trapping. These rate equations describe both the
writing of the grating and the optical erasure (bleaching). Optical erasure is done by
blocking one of the write beams. The experimental signal is attributed to the first order
Bragg diffraction from the persistent grating, which is due to the (M;+N;) Fourier
amplitude. Because these coupled rate equations represented by (22) and (23) can be

solved numerically, the experimental data can be compared with their predictions.
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The fits of the experimental data are used to extract the model parameters. £, is
adjusted to fit the leading edge, which determines the build-up rate of the persistent
grating. Mj is adjusted to fit the initial maximum, which determines the intensity of the

persistent grating. y r¢,S, is adjusted to fit the decay of the grating, which determines the

decay rate of the grating with both write beams turned on. All fits of the model to data
were done by successive approximations of those fitting parameters. Figs. 23 and 24
show the fitting curve for the Eu3.9 sample at room temperature. The fitting procedure is
divided into three steps. First, from the experimental data presented by Fig. 24, the
intensity of the transient grating was obtained, and it was applied to the fitting of Fig. 23.
Second, from the experimental data presented by Fig. 23, the parameters of the model
were adjusted to fit the curves. Third, those parameters were applied to the fitting of Fig.
24 and adjusted again to fit the experimental data plus another parameter for the erasure
procedure. As stated before, the blocking process lasted five minutes, and the persistent
grating decayed during this period of time with both write beams turned off. The
theoretical model does not consider how the persistent grating evolves after both write
beams are turned off. It means the change in the index of refraction is just a constant
during this period and that is not consistent with the experimental data. Hamad e al. [16]
reported that the grating still existed after twenty months with both write beams turned
off. So to resolve this problem, the starting point of the erasure procedure has been
shifted to fit the actual persistent change in the index of refraction. The same fitting
procedure has been repeated for the same sample at -33°C and 92°C. The fitting

parameters are given in Table 2.
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Figure 23. Experimental data and fitting using a Quattro Pro program from Dixon
et al. [12], Eu3.9, T=27°C, 20,=5.145°
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Figure 24. Experimental data and fitting using a Quattro Pro program from Dixon
et al. [12], Eu3.9, T=27°C, 20,~=5.145°
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Temperature (°C) Bi(s") Mo(10°m”) v 16oSt(10%)  Algangen (10°)
-30 1.15 4.83 2.70 2.37
27 0.74 6.00 2.16 2.00
87 0.63 6.13 2.05 1.55

Table. 2. Fitting parameters for different temperatures using the sample Eu3.9,
20,=5.145°
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From Table 2, it can be seen that the M, decreases as the temperature decreases. In
contrast, the other parameters all increase at the lower temperature. To understand the
physical mechanism behind this process, we need to note how the density of hot phonons
and density of trapping sites change with the temperature. According to the absorption
experimental results presented by Houck [18], the density of electrons in the ground state

"Fo of the Eu ions increases as the temperature decreases. So there is more absorption to

the excited state °D, for Eu3+ jons from ’Fy. The fluorescence data presented by Rahman
[19] shows that the intensity of non-radiative decay from °D, to *Dy also increases as the
temperature decreases. Because both processes contribute to the production of the hot
phonons, the density of hot phonons in the sample can be expected to increase as the
temperature decreases. Because the model assumes that the mobile modifiers migrate
under the driving of hot phonons, it can be expected that more hot phonons lead more
modifiers to move, but there is a conflict with the fact that the density of mobile

modifiers decreases as the temperature decreases. However, another factor needs to be
considered, which is the density of trapping sites. Table 2 shows that @S, increases as

the temperature decreases. To see how the density of trapping sites changes with the
temperature, we need to compare different experimental curves at different temperatures.
Fig. 25 presents a comparison for the Eu8.1 sample at the crossing angle 26,=5.145".
After the initial maximum, the change in the index of refraction began to decay. The
write beams were then blocked. As seen from the curves, as the temperature decreases,
there is a less persistent grating although higher initial maximum is obtained. From this, it
can be concluded that more shallow traps become deep traps and there are more trapping

sites as the temperature decreases. From the point of view of the average trapping




potential wells, it can be expected that it increases at the low temperature since there are
more deep traps now. That leads to less persistent grating. We need to note the average
depth of the potential wells where the mobile modifiers reside. Physically, they are the
same as the trapping sites. So, at the trapping sites, their depth increases at lower
temperatures, and fewer mobile modifiers might exist at the low temperature. Therefore,
there is a competition among these factors, which are the densities of hot phonons and
trapping sites. For different samples with different concentrations of Eu ions, the relative

effect of these factors might be different.

4.1 Power dependence of grating growth rate:

The data presented in Figs. 4 and 5 show linear dependence of grating formation
for Eu3.9 for different crossing angle at low temperatures. The starting point of the model
[12] is that the rate of mobile ions hopping between adjacent sites yx,#) is proportional to
the density of the local hot phonons ¢(x,#}. It can be written as 1x,1)= yé(x,1). By a series
of successive steps, equations 22 and 23 in the reference [12] are achieved. From them, it
can be seen that the transport and trapping coefficients are proportional to the hot phonon
density ¢@y. If the signal build-up rate is measured by the reciprocal of the time that it
takes the diffracted signal to reach one-half the initial maximum of the signal intensity
[12], it can be expected that the rate of persistent grating is proportional to the power of
the write beams. This kind of linear dependence has been indicated by Dixon et al. [12]
for the sample with 5% Eu concentration at room temperature with 20,=4.25°, which
provides evidence for the assumption of the linear driving mechanism at room

temperature. The linear dependence shown in Figs. 4 and 5 confirms the validity of this
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Figure 25. Evolutions of grating intensity of the Eu8.1 sample at different

temperatures
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assumption for the Eu3.9 sample at -33°C with 20,~8.75" and for the Eu8.1 sample at -
196°C 20,=3.87". Figs. 4 and 5 show that it is possible to apply the small modifier

diffusion model not only to the room temperature but also to other temperatures.

4.2 Temperature dependence of build-up time:

According to the curves presented in Figs. 6 and 7, the build-up time increases
when the grating formation temperature increases. The model suggested by Dixon et al.
[12] attributes the persistent grating to the diffusion and redistribution of the mobile
modifiers from the bright regions towards the dark regions, and the build-up rate is
proportional to the density of the hot phonons. And at the same time, it can be expected
that the ability of the mobile modifiers to move also determines how much time it takes
for the change in the refractive index An to reach its maximum Anp,y. As the temperature
decreases, there are more electrons in the ground state for Eu ions. Because of this, the
absorption to the 5D2 level increases, which causes an increase in the density of hot
phonons. This increases the build-up rate and decreases the build-up time when the
temperature decreases. In addition, there is another possible reason. Since there are many
collisions between the mobile modifiers and the vibrating glass atoms in the glass
network when they move, the intensity of these kinds of collisions will influence the
movement of the modifiers. The vibration of the glass atoms can be thought of the
phonons with different frequencies. According to Kittel [17], the average number of the

phonons with the frequency w can be expressed as
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1
exp(hw/ KsT) -1

<n>=

So there are fewer thermal phonons when the temperature decreases. It can be
expected that fewer collisions will occur and it is easier for the mobile modifiers to move
to new sites at the lower temperature. Thus, the build-up time will be smaller and the
build-up rate will be larger as the temperature decreases, which is exactly the trend the

results indicate.

4.3 Pre-exposure effects:

As Fig. 8 shows, the initial maximum of the signal can be lowered if a fresh spot
in the sample is exposed to a single write beam for a certain time period and then another
write beam is turned on to write the grating. If the time for which the single write beam is
kept on is defined as the pre-exposure time, then a smaller signal maximum is achieved
as the pre-exposure time increases. To explain this phenomenon, we need to keep in mind
that the mobile modifiers are bound to the potential wells with different depths. Some of
these are deep, which could be the case if the mobile ions are bound to the non-bridging
oxygens as shown in Fig. 21. Some of these are shallow, which could be true if the ions
are bound to the Al complexes, both with tetrahedral and octahedral coordinates. If the
sample is warmed to 530 °C for four hours, the modifiers will distribute uniformly inside
the sample and remove any memory of a previous grating. In fact, this is the method that
we use to erase the grating that had been previously written in the sample. After the
sample is annealed from 530 °C to room temperature, it can be expected that the

modifiers are bound to the potential wells with different depths. The modifiers bound to
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the deep potential wells have a low possibility of moving. In contrast, the modifiers
bound to the shallow potential wells have a high possibility of moving when hot phonons
are provided. According to Kittel [17], the possibility for the ions to hop from the
potential wells is proportional to exp(-£/K,T), where E is the depth of the potential well,
K3 is the Boltzmann constant and T is the temperature. From this, it is clear that the deep
potential wells correspond to low possibilities for bound modifiers to hop out of these
potentials. When a single beam is used to expose a fresh spot in the sample, it can
provide the source of hot phonons. These hot phonons can excite the mobile modifiers
out of the shallow potential wells, and later some of these fall into the deep potential
wells. [t is difficult for them to move out of those deep potential wells again due to their
large depths. The longer pre-exposure time results in more modifiers in shallow potential
wells migrating to the deep potential wells. When both write beams are turned on to write
the grating, it is difficult for these modifiers to move again because they are trapped
within the deep potential wells. This can explain why the maximum is lowered as
illustrated in Fig. 8. However, there is another possible reason for this phenomenon. In
the model of Dixon et al. [12], both write beams are assumed to be plane waves, which
have uniform profiles. But, in fact, both write beams have Gaussian profiles. Due to the
Gaussian profile of the pre-exposure write beam, it can be expected that the density of the
generated hot phonons displays a similar Gaussian profile. So a gradient of the density of
hot phonons exists. It can be expected that the mobile modifiers move away from the
center of the focused laser beam within the glass to the edge due to this gradient. Some of
these become trapped in shallow wells, while others are trapped in the deep potential

wells. Both reasons produce the same result that the density of mobile modifiers inside
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the spot is lowered due to the pre-exposure and less grating intensity is achieved when
the second write beam is turned on to generate the grating. It can also be expected that a

longer pre-exposure time leads to a smaller maximum of the grating intensity.

4.4 Temperature dependence of decay rate:

Figs. 9 and 10 show the results of the decay curve for the Eu8.1 and 5.3 samples
at different temperatures. Both figures indicate one trend. As the temperature decreases,
the decay rate will increase. For the Eu2.6 and Eu3.9 samples, there is the same trend.
This trend can be explained by the previous fitting of experimental data. According to
Dixon’s model [12], the grating decays because some modifiers are back diffusing from
shallow sites and those modifiers can be caught again by the deep traps making it

difficult for them to hop out. y r¢,S, determines how fast the decay of the grating is.
Table 2 shows that y r¢,S, increases when the temperature decreases. As discussed

earlier, when the temperature decreases, the densities of hot phonons and deep traps all
increase. This leads to a faster decay of the grating. And at the same time, fewer thermal
phonons will be generated at the lower temperature. Since these thermal phonons make it
more difficult for the small mobile modifiers to move back and there are fewer thermal
phonons at the low temperature, it will cause the grating to decay faster as the

temperature decreases.

4.5 Temperature dependence of grating after the write beams are blocked at the

maximum:
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Fig. 11 shows how the grating changes with respect to time at different
temperatures for the Eu8.1 sample after both write beams are blocked. Every curve is
normalized by making the signal maximum 1000 arbitrary units. As soon as the diffracted
signal reached the maximum, both write beams were blocked for five minutes. Then one
write beam was turmed on to erase the grating for two minutes. After that, the second
write beam was also turned also to rewrite the grating. From Fig. 11, we know that a less
persistent grating is left at higher temperature. The measurements for the samples Eu2.6,
Eu3.9 and Eu5.3 show the similar trends. As discussed earlier, the density of deep
trapping sites will decrease when the temperature increases. So more modifiers can hop
out of the trapping potential wells and redistribute in the glass network after stopping the
source of hot phonons by blocking both write beams. In this way, the weaker persistent
grating was obtained at the higher temperature. However, we must keep in mind that
those redistributed modifiers are still available to move and can form the grating again

when both write beams are turned on.

4.6. Temperature dependence of the erasure rate:

Fig. 12 shows how the erasure rate changes as a function of time at different
temperatures for the Eu5.3 sample. As stated before, the grating can be erased by a single
write beam. Every curve is normalized by making the diffracted signal at the beginning
of the erasure procedure one arbitrary unit. Fig. 12 shows that the decay rate increases as
the temperature decreases. The measurements for the Eu2.6, Eu3.9 and Eu8.1 samples
show the similar trend. To explain this, we need to note that the erasure comes from the

hot phonons produced by the single write beam. The single write beam has only a
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Gaussian profile that is different from the interference pattern. Thus, there is no dark
region. All regions inside the beam are bright although their intensity follows a Gaussian
profile. As happens during the procedure of the grating formation, the modifiers trapped
in the potential wells can absorb the energy from those hot phonons and hop out of those
trapping sites, and migrate in the glass network. Since there is no dark region inside the
write beam volume, the modifiers redistribute again in the glass. After equilibrium is
reached, the resulting change in the index of refraction does not show a periodic
structure, and the grating disappears.

To consider the influence of temperature on the erasure rate, the following facts
must be considered. First is that the density of hot phonons will increase as the
temperature decreases. Second is the ability that the modifiers have to redistribute among
the glass network. During the redistribution of the modifiers, thermal phonons will hinder
their movements. Again, the density of these thermal phonons plays an important role in
the erasure procedure. As presented before, their density decreases as the temperature
decreases. So these two factors lead to the higher decay rate of the grating at lower
temperature. But there is another factor that competes with these. That is the density of
the deep trapping sites. As stated before, its density increases as the temperature
decreases. Because it can make the grating more difficult to be erased, the final erasure
rate will be determined by the competition of the previous two factors with it. From Fig.

12, we know the first two factors prevail.

4.7 Temperature dependence of the rewrite procedure of the grating:
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Fig. 13 presents the rewrite procedure of the grating for the Eu8.1 sample at
different temperatures. As presented before, the rewrite procedure occurs by turning on
the second write beam after the grating was erased for two minutes by one write beam.
Fig. 13 shows that a stronger rewrite grating is obtained at the higher temperatures.
Similar figures are found for the Eu2.6, Eu3.9 and EuS5.3 samples. From sections 3.5 and
4.5, we know that the less persistent grating was obtained for the higher temperatures and
some of the modifiers are able to move again under the illumination of both write beams.
As in the previous section, to consider the influence of temperature on the rewrite
procedure, we still need to consider the following facts. First is that the density of hot
phonons will decrease as the temperature increases. Second is the ability that the
modifiers redistribute among the glass network. During the redistribution of the
modifiers, the thermal phonons will hinder their movements. As the temperature
increases, higher density of thermal phonons will make the movement of modifiers more
difficult. Both factors make it possible that less grating is obtained as the temperature
increases. But the densities of the mobile modifiers and trapping sites compete with those
two factors. Because there are more mobile modifiers and fewer deep traps at the high
temperature, they can lead to a higher grating intensity as the temperature increases.
From Fig. 13, we know the densities of the mobile modifiers and trapping sites prevail.
So when both write beams are turned on again, a larger grating is obtained at the higher

temperature.

4.8 Temperature dependence of the maximum change in index of refraction Anm,,:
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As Figs. 14 |15 and 16 show, the initial maximum of the change in the index of
refraction varied as the temperature for the samples with different Eu concentrations and
at different crossing angles. There are two trends for the different samples. For the Eu8.1
sample, the initial maximum increases as the temperature decreases. For the other Eu2.6,
Eu3.9 and Eu5.3 samples, the initial maximum decreases at the lower temperature. As we
know, the grating consists of two parts--persistent and transient gratings. Figs. 17 and 18
present these two parts, respectively. From Fig. 18, we know that a higher transient
grating is obtained at the lower temperature. This can be understood due to the following
facts. The transient component has been proven to be a population grating of the excited
Eu®* rare-earth modifiers [8]. According to the absorption experimental results presented
by Houck [18], the density of electrons at the ground state 'Fy of the Eu ions increases as

the temperature decreases. So there is more absorption to the excited state °D, for Eu ions.
So the population of the excited Eu3™ ions in the 5D0 level increases as the temperature

decreases. Therefore, there is more transient grating as the temperature decreases. The
same phenomenon is found for the Eu8.1 sample for the temperature range between--
196°C to 27°C.

Fig. 17 shows two opposite trends for the persistent grating. For the Eu8.1
sample, the persistent change in the index of refraction increases as the temperature
decreases. For the other samples--Eu2.6, Eu3.9 and Eu5.3, it decreases at the lower
temperature. Behrens ef al. [13] reported the experiments results for their LS5 and NS5
samples. The composition of LS5 is 70.0% SiO,, 15.0 % Li;O, 5.0% Ba, 5.0% ZnO and
5.0 % Eu,03 and NS5 consists of 70.0% SiO2, 15.0 % Na,0, 5.0% Ba, 5.0% ZnO and 5.0

% Eu0;3. As their figures show, the signal intensity increases as the temperature
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decreases. That is consistent with the measurement for the Eu8.1 sample but not
consistent with the other samples. The compositions of their samples are different from
ours, and it is not known when they measured the signal, which is important since Fig. 2
shows the grating evolves as a function of time.

To explain these two trends, the following factors must be considered. First is that
the density of hot phonons will increase as the temperature decreases. So more energy
can drive more mobile modifiers to migrate as the temperature decreases. Second is the
ability of the modifiers to migrate through the glass network. During the migration of
mobile modifiers, the thermal phonons will hinder their movements. Again, as stated
earlier, their density decreases as the temperature decreases. So those two factors can
increase the persistent grating intensity as the temperature decreases. But we need to
consider another factor--trapping. As we know, the density of the deep trapping sites
increases as the temperature decreases. That factor can decrease the persistent grating
intensity. The final result will be determined by the total influence of those three factors.
It can be expected that the density of hot phonons is more important for the sample with a
high Eu concentration and the density of the deep trapping sites is more important for the
sample with a low Eu concentration. The two trends that Fig. 17 presents confirm these

expectations.

4.9 Liquid nitrogen measurements:
According to the curves shown in Figs. 19 and 20, the signal decays very fast as
soon as it reaches the initial maximum, and there is a kind of relative oscillation of the

signal that is not found at the other temperatures. It seems that the signal intensity decays
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to a point and then moves around it. This characteristic phenomenon is not presented in
the measurement at room and above room temperature. From the curves at room
temperature and above, it can be seen that the grating intensity reaches the initial
maximum and decays to a constant slowly if both write beams are kept on. For the
measurement at liquid nitrogen temperature, the same procedure happens, but the decay
rate is much faster. This means that the grating intensity decreases to the equilibrium
constant in a very short time after its maximum and then moves around this equilibrium
constant. The mechanism of oscillation can be explained as follows. According to Dixon
et al. [12], the decay of the grating intensity is attributed to the back diffusion of the
mobile modifiers. At liquid nitrogen temperature, because the density of thermal phonons
is much lower than that at room temperature, it can be expected that these diffused
mobile modifiers can move forward again after they move back and this process can be
repeated under the driving of hot phonons. And as time passes, because it is closer to
equilibrium, the amplitude of the vibration decreases. Figs. 19 and 20 confirm these

expectations.
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CHAPTER 5

CONCLUSIONS

The results presented in Chapter 3 provide a characterization of the laser-induced
grating in the Eu doped glass samples at different temperatures and at different crossing
angles with different concentrations of Eu ions. The temperature varied from —196°C to
93°C. The crossing angles 20,, are 3.87°. 5.145° and 8.75° and the concentrations of
Eu,O; in the samples are 2.6, 3.9, 5.3 and 8.1 mol%. As stated earlier, the entire
procedure of a typical experimental curve can be divided into writing, blocking, erasing
and rewriting processes. Experiments have been performed to see how the change of
temperature influences the grating for each process. The experimental data presents the
following conclusions. As the temperature decreases, the build-up rate, decay rate,
erasure rate and transient grating intensity increase. For the Eu8.1 sample, the persistent
change in the index of refraction increases as the temperature decreases. For the other
samples--Eu2.6, Eu3.9 and Eu5.3, it decreases at the lower temperature.

Dixon et al. [12] successfully applied the small modifier diffusion model to study
the evolution of the grating at room temperature. To see the possibility that it can be
applied to other temperatures during grating formation, the basic assumption needs to be
examined. That is the rate of mobile ions hopping between adjacent sites is proportional
to the density of the local hot phonons. As the experimental data shows, linear relations
between the power of the write beam and grating growth rate at the different temperatures
and different crossing angles make it possible to apply the small modifier model to other

temperatures besides room temperature.
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Based on the model presented by Dixon et al. [12], the fitting of the theoretical
curves to the experimental data were done at three temperatures: —33 °C, 27 °C and 92°C.
The fitting parameters are shown in Table 2. As Table 2 shows, as the temperature
decreases, the density of mobile modifiers M, decreases. In contrast, the other three
parameters--f31, ¥ 1¢oSt and ANgansient all increase as the temperature decreases. From the
absorption data from Houck [18] and fluorescence data presented by Rahman [19], it can
be concluded that the density of hot phonons in the sample can be expected to increase as
the temperature decreases. From the experimental data presented in Fig. 25, it can be
concluded that more shallow traps become deeper traps and there are more trapping sites
as the temperature decrcases. At the same time, another factor needs to be considered.
That is the density of thermal phonons. As stated earlier, it will decrease as the
temperature decreases. Based on all these factors, there is a competition among these for
the formation of the laser induced grating at different temperatures. For different samples
with different concentrations of Eu ions, their relative effect can be expected to be
different. As the experimental data show, the increase of the density of hot phonons is
more important for the sample with more Eu ions. Therefore, we are not surprised that
there are two different trends exhibited by the persistent gratings for the different
samples. One is that the persistent change in the index of refraction increases for the
Eu8.1 sample at low temperature. Another is that the persistent change in the index of
refraction decreases for the Eu2.6, Eu3.9 and Eu5.3 when the temperature decreases. It is
also found that the transient change in the index of refraction increases when the

temperature decreases. This can be explained by the fact that the transient grating has
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been shown to be a population grating of excited Fu®* rare-earth modifiers [8] and there is
more absorption to the 5D2 level of Eu3+ at lower temperatures.

Although the results described here extend the understanding of the formation of
laser induced grating in Eu doped glasses, several aspects still need to be further
investigated. How far the mobile modifiers can migrate still remains unknown. An
additional study needs to be performed on the strange behavior of the grating evolution at
the liquid nitrogen temperature. During the fitting procedure of the experimental data, it
was found that the charge of the mobile modifiers was zero, which leads to the
disappearance of the explicit temperature dependence. These points are not well

understood and require additional investigation.
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APPENDIX

CONVERSION OF DIFFRACTED POWER TO An

This appendix describes the conversion of the diffracted power to the change in
the index of refraction An based on the model presented by Hamad et al. [11].

According to Hamad ez al. [11]. B is defined as the following:

-7
B A2

where 1) is the ratio of the diffracted power and the power of the read beam. An is
the change in the index of refraction. From the experiments, the diffracted power and the
power of the read beam can be measured. Therefore, n can be calculated from the
experimental data.

From the theoretical model proposed by Hamad ef al. [11], we can calculate B and
then obtain the change in the index of refraction An. Fig. 26 shows two intersecting
Gaussian beams creating a volume grating pattern from Hamad ef al. [11].

In the model, B is expressed as the following formula.

p="m () [ [(ER + ET dxdy

nw, Al
where R is the reflectivity of the sample surface and can be determined using the
Fresnel equations. n, and n, are the refractive indexes of the sample at the wavelengths of
the read beam and write beam, which are measured by using a CCD camera with a laser
beam profiler in the Brewster’s angle experiment. w, is the radius of the read beam. A, is
the wavelength of the read beam. L is the thickness of the sample. o is the absorption

coefficient at the wavelength of the
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Figure 26 Two intersecting Gaussian beams creating a volume grating

pattern from Hamad et al. [11]. The x-direction is pointing into

the page.
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read beam. Eg and E; are the real and the imaginary parts of the integration over z' given

by

Eo= f’z (A52+352)”‘esloos(33)dzr
R - r

L/2 £=F
and
/2 2, p2\1/4 83 .-
— (A5 +B5) "2 sin( S,) r
By = L2 -z @,

where S, S3, As and Bs are defined in the model. S; and S; are given by Sz=Bz-A2-Sz’2-
az' and S3=B;+A;+S,z'+[arctan(Bs/As)]/2, where S=[2(sinGw/ww)zﬂsinO,/wr)z], Si=kd(1-
cos®;). B; and B, are given by B;=by*+{2acd+[b(d*-c’)/4A,]} and B,={[a(d’-c?)-
2bcd]/4A,}, where a=(2/wy )+ (1/wh), b=[r/AdZ'-2)], c=(kB-2kuBu-2by), d=[(c0,/2)-
(20,2'/w;%)]. Asand Bs are given by As=(ag-b®)/A,(g’+b?) and Bs=b(g+a)/A,(g’+b*). Here
Aj=a’+b%, A;=(ab’x*/A)), and A;=(ba’x*/A,).

From the model, B can be evaluated numerically. After B is calculated for each
sample by using a Pascal program made by Hamad et al. [11], the change in the index of

refraction An can be deduced by using the experimental result of 7.
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