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transmission geometry for LN:Ce. In LN:Fe, however, the reflection grating is only 

1.4 times stronger than the transmission grating. This shows that the role of diffusion 

in LiNb03:Ce crystals is more important than that in LiNb03:Fe crystals. This can 

also be seen from the following formula for the saturation space- charge field (Esc) 

[59] 

(7.20) 

where Ep is the photovoltaic field that is proportional to the bulk photovoltaic con­

stant (/£ or /£'), and Eq and are limiting space-charge fields determined by effective 

trap density and filled trap density, respectively. Since we used strongly reduced 

crystals in our experiments, no limitation of space-charge fields is present. Therefore 

we can simplify Equation (7.20) to obtain 

(7.21) 

Generally, the photovoltaic field is independent of grating period, but the diffusion 

field is larger at smaller grating periods. Therefore, the total space-charge field in 

the reflection geometry is larger than that in the transmission geometry due to the 

increase of the diffusion field . The enhancement of performance for the Fe-doped 

sample in the reflection geometry is not so large. This can be attributed to a much 

higher photovoltaic field in LiNb03:Fe crystals. However, the enhancement of per­

formance in reflection geometry is significant in LiNb03:Ce crystals due to the small 

photovoltaic field. 

In conclusion, our results show that Ce is an active red-sensitive photorefractive 

center in LiNb03 and can play an important role in the charge transport during 

holographic recording. However, the photovoltaic constant in LiNb03:Ce crystals 

is smaller than that in LiNb03:Fe crystals. As a result, sensitivity and JvI/# in 

holographic recording in LiNb03:Ce crystals are smaller than those in LiNb03:Fe 

crystals. Therefore, Ce is not a good choice to replace Fe in LiNb03 in both normal 
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and two- center recording. 

7.7.4 Using LiTa03 crystals for two-center recording 

If we can not find appropriate shallower traps in LiNb03, it is highly recommended to 

test LiTa03. The properties of LiTa03 are similar to those of LiNb03. The advantage 

of LiTa03 is its wide energy gap (~ 4 eV) that opens up the possibility of finding 

more photorefractive centers that might be too shallow or too deep in LiNb03, but 

not in LiTa03' Even if we can find appropriate shallower traps in LiNb03, we still 

recommend testing LiTa03 for two-center recording. 

7.8 Conclusions 

We showed that two- center recording has promising system parameters. This in­

creases the hope for the realization of practical holographic read / write memory 

systems. We also outlined the design of such a practical memory system. The main 

challenge in such a design is to use the best trade off among the dynamic range (M / # ), 

sensitivity (5), and persistence (R/#). To improve the performance of two-center 

recording, it is required to find shallower traps in LiNb03 that are most sensitive to 

red. The use of LiTa03 is also a possibility due to its wide band gap. 
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Chapter 8 Conclusions and future work 

8.1 Conclusions 

Our main accomplishment in this thesis is solving satisfactorily the most important 

and long lasting problem of erasure during read~out of holograms recorded in pho­

torefractive crystals. This accomplishment is the result of the careful investigation 

and good understanding of the physical mechanisms responsible for the drawbacks 

of the pre~existing methods for solving the same problem. The initial performance 

measures of our proposed method (two~center recording) even at low intensities are in 

all aspects at least one order of magnitude better than those of the highly optimized 

competing methods with much higher intensity requirements. We believe that there 

is still a lot of room for improving our proposed method. The invention of two~center 

recording revitalized the hope for the realization of holographic read / write memory 

systems. The important results obtained in the individual chapters of this thesis are 

as follows: 

In Chapter 2, we proposed for the first time the most complete explanation of 

persistent two~step holographic recording in LiNb03:Fe crystals using green or blue 

light for sensitization and infrared light for recording. These explanations were based 

on the development of an analytic solution for the governing equations of two~step 

recording. The analytic solution agrees very well with both the numerical solution and 

the experimental results. It turns out that the most important drawback of two~step 

recording methods using polarons as shallow traps is the short effective lifetime of the 

electrons in these traps. This drawback results in very high intensity requirements for 

recording in congruently melting LiNb03:Fe crystals. Although the usage of undoped 

stoichiometric LiNb03 alleviates the intensity requirements to some extent, it limits 

the maximum obtainable dynamic range and sensitivity to a large extent. Therefore, 

it is preferable to replace polarons with some long lifetime traps. This can be done 
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by using doubly-doped crystals. This important conclusion was the initial gateway 

toward the invention of two- center holographic recording. 

In Chapter 3, we showed that the basic idea of using a doubly- doped LiNb03 

crystal with one sensitizing beam and two recording beams for persistent holographic 

recording works very well if the crystal is properly annealed. To understand the main 

physical mechanisms responsible for two- center holographic recording, we developed a 

theoretical model for holographic recording in LiNb03 :Fe:Mn crystals. We performed 

several experiments to obtain the necessary unknown parameters of the model that 

were not available in the literature. The model agrees very well with the experimental 

results. With the help of this model, we developed a good understanding of the 

physical processes involved in two- center recording. As an example, the presence 

of two gratings in the deeper and shallower traps and the role of sensitizing and 

recording beams were fully understood. The obvious result of this understanding 

was the successful explanation of all observed experimental results and the finding 

of possible ways to solve the remaining problems of the method. Furthermore, we 

proposed and demonstrated an optimization scheme with the help of the model for 

optimizing the performance of two- center recording. 

In Chapter 4, we covered some of the remaining system issues in two-center record­

ing. We showed that the sensitivity of the method can be highly improved by using 

green light instead of red light for recording. Using green light for recording results 

in a partial loss in persistence, but the remaining persistence is acceptable for most 

practical purposes. We also showed that we can not improve the sensitivity of either 

normal recording or two-center recording by increasing electron mobility through 

using stoichiometric or Mg doped crystals. Furthermore, we showed that the con­

ventional recording schedule for hologram multiplexing can be used in two-center 

recording if we use appropriate values for saturation hologram strength and erasure 

time constant. Finally, we showed that the effect of fanning in two- center recording 

is much less than that in normal recording. 

In Chapter 5, we compared two- center and two- step recording methods. We 

showed that two- step recording using polarons always suffers from the existence of 
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an intensity threshold for recording and sensitizing beams, although there is no in­

tensity threshold in two- center recording. The only possible advantage of two-step 

recording is the possibility of obtaining higher dynamic range at huge intensities. The 

performance of two- center recording depends mainly on the ratio of the intensities of 

recording and sensitizing beams and not on the absolute intensities. This results in 

the lack of both an intensity threshold and high dynamic range at huge intensities. 

By comparing the existing experimental results, we showed that the initial perfor­

mance measures of two- center recording at low intensities are already better than 

the best values obtained in highly optimized two- step recording at high intensity by 

at least one order of magnitude. The difference between the performance measures of 

the two systems is very large at low intensities due to the existence of the intensity 

threshold in two-step recording. All these advantages of two- center recording over 

two- step recording are due to the very long lifetime of the shallower traps (as well as 

the deeper traps) in this recording scheme. 

In Chapter 6 we showed that the range of performance characteristics obtained by 

using doubly-doped LiNb03 crystals is much larger than that obtained by using single 

doped crystals even in normal recording (recording with only two recording beams). 

We can even design some effective traps by using doubly-doped crystals. Using two­

center recording in doubly- doped crystals results in having persistence as another 

degree of freedom in the design of holographic storage systems. We defined for the first 

time a measure for persistence (R/ #) as the number of times the entire information in 

a standard memory module can be read before the diffraction efficiency drops below 

some standard value. The main challenge in designing holographic storage system 

is the wise trade off among dynamic range (M/#), sensitivity (S), and persistence 

(R/ #) to obtain the appropriate performance for the desired application. 

In Chapter 7, we derived the relationship among the material parameters (M/# , 

S, and R/#) and the system parameters like recording and read-out rates, access 

time, and storage capacity. We also presented an outline for the design of a practical 

compact memory module along with possible ways for improving the performance of 

two- center recording. 
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8.2 Future work 

The aim of this thesis is to cover all the details that need to be understood in two­

center recording. Although most of the basic features of the method have been 

addressed in this work, the novel nature of the method opens up many doors for future 

research in theory, material improvement, and system design and demonstration. 

8.2.1 Theory 

Although the model we developed explains all the experimental results , it is useful to 

find approximate analytic solutions for the governing equations of two-center record­

ing. Such an analytic solution might have an impact on the directions for future 

research. Note that the analytic solution we developed for two- step recording lead us 

to a very good understanding of the method and the problems involved, and finally 

resulted in the invention of two- center method. Therefore , finding analytic formulas 

for the important performance parameters of two- center recording is important. For 

example, we mentioned in the optimization of two- center recording that the opti­

mization procedures for the different design parameters (concentrations, intensities, 

etc.) are not independent from each other. The analytic formulas for the impor­

tant parameters of two- center recording uncover these dependences and make a more 

complete and global optimization possible. 

8.2.2 Improving material properties 

This part of the research has the highest priority as the design of successful practical 

storage systems depends on the material properties we can obtain. As explained in 

Chapter 7, two parallel directions must be taken for improving material properties . 

The first one is the trial of the possible candidates for the shallower traps that are 

most sensitive to red light. These candidates include vanadium (V) from the first 

row and a few other elements from the second row of transition metals, especially 

ruthinium (Ru). 
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The second research direction involves the detailed investigation of LiTa03 as a 

possible substitute for LiNb03. The photorefractive centers that work in LiNb03 

must be put into LiTa03 as dopands and their relative positions in the band gap of 

LiTa03 must be understood. Other dopands that do not work in LiNb03 but are 

known to have different valance states must be tested in LiTa03 as they might be 

too shallow or too deep for LiNb03 and not for LiTa03. Furthermore, the important 

properties (absorption cross section, photovoltaic coefficient, etc.) of the different 

working traps in LiTa03 must be measured by performing appropriate experiments. 

Normal recording as well as two-center recording experiments must be performed 

using LiTa03 crystals doped with different dopands, and the obtained performance 

parameters (NI/#, S, and R/#) must be compared with those obtained by using 

LiNb03 · 

Another direction for future research in recording materials is to develop a model 

that can at least approximately predict the properties of the different traps in LiNb03 . 

Even first order approximations might be helpful in assigning the priorities for testing 

different candidates for the shallower traps. 

8.2.3 System design 

Several projects can be defined for the future work in two- center recording systems. 

One interesting possibility is the demonstration of a simple prototype of a memory 

module consisting of 1000 multiplexed holograms in a LiNb03:Fe:Mn crystal using 

two- center recording. Sensitization and recording in such a memory module must 

be performed with UV (wavelength 404 nm) and green (wavelength 514 nm) light, 

respectively. If better materials are developed, they must be used in such modules. 

Careful experiments for multiplexing many data holograms using both angle mul­

tiplexing and wavelength multiplexing and comparing the performance of the two 

multiplexing schemes is another interesting task to do. Careful evaluation of signal to 

noise ratio in all cases and understanding the dominant noise sources are necessary in 

designing practical memory modules. Finally, a careful experimental comparison of 
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transmission and 900 recording geometries and finding the ways to solve the problem 

of each geometry is also important in the design of the memory module. 

8.2.4 Localized holographic recording 

Two-center holographic recording enables us to record holograms in slices or even 

small spots of the material. Multiplexing holograms by recording them in different 

slices of the recording material can be performed by sensitizing only one slice at a 

time. These slices can be non- overlapping. Therefore, a recorded hologram is not 

erased during the recording of the subsequent holograms, and we can record multiple 

strong holograms. The investigation of the different properties of these multiplexed 

holograms is a very interesting project. A complete work in this direction must include 

the variation of the diffraction efficiency of each hologram with the total number of 

holograms, possible redefinition of the M /# for this case, finding the limitations on 

the maximum number of holograms we can record, investigating the effect of noise 

and crosstalk in localized recording, and comparison of the performances of normal 

and localized two- center recording. vVe can also try to record holograms in small 

spots of the material by focusing the sensitizing beam to a small spot. 

Another interesting project in this direction is to record a specified pattern of 

permittivity (E(x, y, z)) by recording several holograms in the slices of the material. 

Calculation of the minimum feature size we can record, and comparing it to that 

obtained by normal two-center recording is very interesting. Experimental demon­

stration of the theoretical findings would also be challenging and interesting. 
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