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ABSTRACT 

We have examined the technique of persistent spectral 

holeburning as a method for analog optical data storage. Two types of 

materials were examined from a theoretical standpoint, ones which 

(PHB) and ones which exhibit exhibit photochemical holeburning 

nonphotochemical holeburning (NPHB). We have presented the conditions 

under which a PHB material shows a linear relation between hole depth 

and exposure intensity or exposure time. Also we show that a NPHl3 

material has no such condition. We conclude that a PHB material may be 

useful for analog optical data storage, while a NPHB material would not. 

Experiments were conducted with a NPHB material, R' color centers in 

LiF, to support the NPHB analysis. 

ix 



CHAPTER 1 

INTRODUCTION 

Optical techniques have been used to record information since 

man first painted his cave walls with berry juice and mud. Due to the 

proliferation of digital computers and solid state memories, simple 

optical storage (such as through'photography or writing) has come to be 

viewed as primitive and inefficient in handling today's information 

requirements. Recent developments in optical disc systems have shown 

that modern digital optical storage can be mated to electronic systems 

at least for the purpose of depleting a kid's supply of quarters, and we 

certainly hope that this will lead to more serious uses of optical media 

for high-density data storage. One problem with most optical memory 

systems, however, is that the materials are not easily erasable, as 

evidenced, for example, by the persistence of berry stains on cave 

walls, or more recently, spray paint on subway walls. A second 

drawback is that presently useful optical storage media cannot 

efficiently use the same physical space to store multiple data sets - a 

bison image on one section of wall, for example, would make it difficult 

to use the same section to immortalize a successful antelope hunt. 

Because of these two drawbacks, any system using optical storage must 

have relatively large amounts of space set aside for libraries. In this 

project we examine an analog optical storage system which promises to 

1 
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elevate us above our furry forebears by enabling us both to erase and 

repaint our rock templates and to recover anyone of several images 

painted on the same slab. 

Storing data or information through optical means can be done in 

many different ways. The most common, of course, is through 

photography, in which an image is stored directly on a sheet of 

photosensitive film. Film is a two-dimensional storage medium and 

simple photography can store three dimensions of data, namely width, 

height, and intensity. The packing density is limited by the film grain 

size, but can be made to approach 108 bits per square inch. Further, 

holographic techniques can be used to store several images on one film, 

but thick films must be used to avoid crosstalk and degradation. Film 

is not erasable, however, and cannot be used in a real-time process. 

Optical storage has also been demonstrated in some crystals, 

such as LiNb03, in which the index of refraction is changed by intense 

local electromagnetic fields. However, this material is also not 

generally erasable since the storage mechanism involves permanent 

damage of the crystal structure. Reannealing the material will return 

the crystal to its original condition, but the process is very slow and 

involves the entire crystal. 

erased. 

Individual bits of information cannot be 

Thermoplastic films show topographic variation when exposed to 

spatially varying thermal fields, but have relatively slow response. 

They are reversible, however. 
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Certain materials have shown reversible changes in optical 

characteristics on the microscopic level under optical illumination, 

thereby giving the required high resolution, but as yet none has proven 

to be everything the doctor ordered. Films of tellurium compounds show 

crystalline phase changes upon illumination, and local heating of 

vanadium oxide films yields reflectance changes. Both of these 

technologies provide high data packing, long storage times, reversibility, 

and easy read/write systems. The "long" storage time, however, is not 

infinite or even nondecaying, and the "reversibility" is not rapid. 

Though very useful for storage of semi-permanent data and in systems 

that don't require rapid reusability, systems using this type of optical 

storage will have somewhat limited use. 

The storage mechanism we shall investigate in this work will 

likewise not provide everything, as will be shown, but it will have 

certain characteristics that suggest promise. The mechanism is called 

spectral holeburning and involves the programmed altering of a 

rna terial 's absorption spec t rum. Imagine a material, in either bulk or 

thin-film form, with a known absorption spectrum. A wavelength-scanned 

monochromatic beam of light incident on the material and focussd on a 

detector will produce a known signal out of the detector. Any 

alteration of the absorption spectrum will result in a change in the 

resulting signal, and that change can be interpreted as information. The 

specific information stored could be represented either by the spectral 

location of the change or by a combination of the location and the 

magnitude of the change. Further, this change in the absorption 
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spectrum need occur only over the area covered by the beam of light - if 

the light were very tightly focused onto a thin film of the material, a 

very small region could be used to store a particular set of 

inf orma tion. A nearby region could be used to store an entirely 

different set of information. In this way, the material could be used to 

store three dimensions of data. If the change could be erased, as we 

shall show is possible, then the material would have an advantage over 

film, and if the change could be produced fast enough, as we shall 

investigate, then it would be a reusable real-time optical storage 

material. Needless to say, the material will not be the easiest to use, 

but with a high enough gain in speed and packing density, it may be worth 

the trouble in some systems. For an idea of the data-packing densities 

possible, assume that the absorption band is capable by itself of storing 

the equivalent of 1000 bits of information, and that the optical beam 

can be focused to a 1 micron diameter spot. A thin film of the material 

one inch square would then be capable of holding the equivalent of about 

lOll bits of information. To get an idea of how large a number that is, 

we should realize that this dissertation will probably require about 106 

bits of storage, so 100,000 copies of it could fit onto one square inch 

of the storage medium we are investigating. 

The concept of spectral hole burning is not new. Experimental 

evidence of inducing long-lived changes in the absorption profile of a 

crystal was presented at least as early as 1976 (Vtlll<er and van der 

Waals), and this effect has been used in several cases to calculate 

physical constants such as excited state lifetimes of defects. The idea 
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of using hole burning for digital data storage has been proposed by 

Szabo (1976), and several researchers have been investigating its 

practicality, especially in terms of writing and erasing speed. The 

majority of the work, however, has been devoted to proof of the concept 

as a digital storage technique, with very little effort at showing the 

possibility of analog storage in the materials. The data packing density 

mentioned above is clear evidence of the value of the digital approach, 

and use of digital electronics in most computational schemes warrants 

the concentration on digital storage. Certain technologies, however, 

require data in analog form, and some image-processing techniques are 

designed for analog imagery. In either of these cases, if data are 

stored in digital form, a D/A conversion step is required which can slow 

system operation. In the work at hand, we propose to view the material 

as a means of storing data in analog form, with the information being 

contained in both the location and magnitude of the change in the 

absorption profile. 

Several materials have been used to demonstrate spectral 

holeburning, most prominently molecules such as porphyrins and 

phthalocyanines, which can be substituted into frozen matrices of some 

solvents, or defects in the lattices of simple ionic crystals. In the 

case of the molecules substituted into frozen matrices, the holeburning 

is photochemical in nature, involving chemical changes in the absorbing 

center. Other materials show optically-induced nonphotochemical 

changes, involving a spectral redist1.~ I.mtion of the ground states of the 

absorbing center without changing the structure of the center. In 
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Chapter 3, we present an analysis of the holeburning dynamics of both 

types of materials. For our experimental work, we concern ourselves 

with the latter, specifically with color-center defects in alkali halide 

crystals. 

Much work has been done in developing the theory of the various 

kinds of color-center defects, as we discuss in chapter 2. For the 

moment, consider the defect to consist of one or more neighboring 

halogen-ion vacancies occupied by one or more electrons. Electronic 

configurations and energies can be calculated, and transition energies 

between the energy levels can be determined. Incident radiation of the 

proper energy can induce transitions, with the possible result of a 

change in the ground state configuration. If this happens, the defect 

will no longer show the same response to the same incident energy, so 

the absorption due to the original defect will be changed. In other 

words, as the population of the original defec t configuration changes, 

the absorption spectrum due to that particular defect will change. A 

defect with a characteristically broad absorption spectrum will produce 

changes over a broad wavelength region, while a defect with a spectrally 

narrow absorption will produce changes over a very narrow range of 

frequencies. For this work, we shall be using a particular narrow 

absorption line, termed a zero-phonon line (ZPL), which is characteristic 

of a phonon-less absorption of incident radiation. In such an 

absorption, the momentum of an absorbed incident photon of the proper 

energy will be transformed into a momentum change in the entire crystal 

with no generation of phonons at the point of absorption. For any single 
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defect, such a line will be characteristically many orders of magnitude 

narrower than the wavelength of the absorbed light. Local variations in 

the crystal lattice surrounding the defect will cause the absorption 

wavelength to vary from one defect to another, with the result that the 

full ZPL absorption linewidth will be a few orders of magnitude larger 

than the defect-specific linewidth (in other words, the inhomogeneously

broadened ZPL will be a few orders of magnitude broader than the 

homogeneous linewidth). Therefore, we have a means of identifying 

different wavelengths or spectral locations within the full ZPL 

absorption band, thereby allowing us to selectively alter the absorption 

spectrum of the crystal. 

For a radiation source, we shall use a stable diode laser tuned 

to the ZPL wavelength. The variation in laser wavelength during writing 

will be held to a small fraction of the inhomogeneous linewidth, so that 

a narrow hole is burnt in the ZPL. For reading, we scan the laser 

wavelength through a spectral region containing the writing wavelength, 

with the detected intensity variation representing information. As 

stated above, the magnitude and spectral location of the variation will 

both be used. We would hope for a linear relation between exposure 

during writing and output variation during reading, and we shall 

determine if and when this is true. 

Several examples exist in which spectral holeburning has been 

used to store individual bits and strings of bits. To our knowledge, no 

attempts have been undertaken to quantify the depth of a change induced 

in the absorption band and use it to store information in the burnt hole 
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In chapter 2, we present a more detailed history of the 

investigation into the general properties of color centers, and present 

the accepted model of the specific color center we shall be using. In 

Chapter 3, we examine the dynamics of holeburning in general for the two 

types of materials, photochemical and nonphotochemical. In chapter 4, 

we describe the experimental apparatus used to validate the results of 

chapter 3. In chapter 5, we present the experimental results, while 

chapter 6 will be used to comment on the experimental results and to 

discuss further avenues of investigation. 



CHAPTER 2 

GENERAL DESCRIPTION OF COLOR CENTERS 

The existence of color in crystals has been recognized for 

centuries as an indication of something extraordinary. Emeralds, rubies, 

sapphires, and other colored stones have been put on pedestals, so to 

speak, in the world of crystals, whereas salts have been generally put 

on fish and the like. In the last hundred years or so, however, 

techniques such as X-ray irradiation have been used to produce color 

even in common table salt. Though not elevating NaCI to the status of 

diamond, the coloration has produced a new line of dining small tal~, 

and eventually could lead to major advances in data storage, as 

suggested in this dissertation. Before delving into the ramifications of 

this discovery, however, let us examine the phenomenon. 

What causes the coloration? Clearly, there is an absorption of 

optical photons in the electronic structure of the crystal. This can 

occur either by an electron bound to the crystal lattice being excited 

to a higher energy orbital or by an electron being elevated to the 

conduction band. Pure alkali halide crystals are ionic, with the outer 

orbital of the alkali and halogen atoms being filled by the transfer of 

an electron from one to the other. As a result, in a perfect crystal, 

the outer orbitals are filled and the electrons are fairly strongly 

held. Optical photons are too weak to induce electronic transitions and 

9 
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the crystals are clear in the visible region. When a crys tal is 

bombarded by photons of very high energy, such as X-rays, a few changes 

occur. The most important to our work is that the halogen atoms can be 

knocked from their lat tice positions, creating lattice vacancies. The 

vacancies carry an overall negative charge, since the the electron 

remains with the alkali atom because of the ionic transfer. The defect 

acts as a potential well, however, and the electron can be treated as a 

particle in a well, with the corresponding wave functions describing the 

energies needed to induce transitions from one state to another. Now 

optical frequency photons carry enough energy to induce transitions 

between states. The lattice defect is called an F-center and the 

associated absorption band is called the F-center absorption (from the 

German "Far be" , meaning "color"). 

Being a single lattice vacancy, the F-center is the simplest 

color center, and was the first one investigated in detail. As a result, 

much is known about the structure and behavior of the F-center. Other 

centers have been found - in fact, the defect we shall be taking 

advantage of is a group of three F-centers with an extra electron, 

called an R' or F3' center - but the studies have been less extensive. 

The simple F-center has been observed in most alkali halide 

crystals, with Table 2.1 giving the observed wavelengths of peak 

absorption at room temperature. 

Notice that, with the exception of the cesium compounds (which 

have a different crystal structure "'from the others), the wavelengths 

increase as we move to larger atoms and larger halogen atoms. This 
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Table 2.1. Room Temperature Values of A m for F-Centers (nm) 

F Cl Br I 

Li 250 385 

Na 340 365 540 588 

K 455 563 630 685 

Rb 624 720 775 

CS 603 675 785 

would suggest that there is a relation between the peak absorption 

wavelength and the interionic distance. In fact, Mollwo (l9J 1) showed 

empirically that for the NaCl structure which describes most alkali 

halides, the wavelengths are fairly well predicted by the relation 

Em (in eV) = 20.7 a-2 (2.1) 

where a is the interionic distance and Em is the energy of the absorption 

peak. The wavelength is related to the energy by the usual formula 

hc 
E =-m Am (2.2) 

Later investigators, such as Ivey (1947) and Smakula (1961), have 

modified the relation somewhat to obtain a better fit and to account for 

systematic prediction errors, but the fact remains that the peak 

absorption wavelengths can be predicted from the interionic distance. 
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Also of use to us is that the relationship between peak 

absorption coefficient am and defect density No can be shown to be 

(Markham, 1966) 

(2.3) 

where f is related to the oscillator strength, H is the halfwidth of the 

absorption profile, and n is the refractive index. This relation is 

useful in that it shows that the total area under the absorption curve 

for a color center is linearly related to the number of defects. We 

shall make use of this fact when we try to show the limit of analog 

storage in a single absorption line. 

Additionally, the wave functions of the F-center have been 

developed (Petrashen et ale 1970a, 1970b; Stoneham 1972; Chaney and Lin 

1976), with reasonable agreement between the predicted transition 

energies and the experimentally observed absorptions. The creation of 

F-centers through X-irradiation at liquid Helium temperature (LHeT) and 

at room temperature (RT) has been examined and the energy required for 

the formation of a single color center calculated for several compounds 

(Rabin and Klick 1960). Electron beam bombardment has been used to form 

F-centers (Fischer 1959), as has neutron beam irradiation (Kubo 1961). 

In addition to the F-center, aggregate centers consisting of 2 or 

more neighboring lattice vacancies have been observed and analyzed. The 

proposed forms of the centers are shown in Figure 2.1. Relations such 

as (2.1) have been developed to predict the peak absorption wavelengths 

(Uchida and Yagi 1952), and the theoretical work on electronic structures 
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has been extended to include some of the aggregates. For our work, we 

shall be concerned with a color center comprised of 3 F-centers forming 

a triangle in the [Ill] plane of the crystal, with a symmetry axis in 

the (111) direction. This configuration, shown in Figure 2.1c, is called 

an R-center. 

1[011 ] 

a. F-center b. l1-center 

d 
(111 ) 

c. R-center d. N-center 

Figure 2.1. Proposed Color Center Configurations 

R-centers are more complex than F-centers or M-centers (2 

neighboring lattice vacancies) and show somewhat different absorption 

characteristics. First of all, more than one line appears, as should be 

expected from the different ways of arranging three neighboring lattice 

vacancies. Uchida and Yagi (1952) observed 6 R absorption lines in LiF 

and speculated that these could be explained with 2 ground states and 3 

excited states. Additional R bands have been created by adding or 
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removing an electron. Table 2.2 shows the R bands which have been 

observed in LiF. 

The ZPL absorption line of interest to us is an R' band, which is 

due to an R-center with an extra electron (in other words, three lattice 

vacancies in the [Ill] plane with 4 electrons). Such ionized centers are 

not encountered often, but have been analyzed a bit. Berezin (1972) has 

analyzed the M' center, deriving an expression for the wave function of 

the extra, weakly-bound electron, and determining some of the optical 

properties of it. His method consisted of modeling the system as a 

single electron moving in the fixed static field of the neutral core 

defined by the M-center defect. A similar analysis could be performed 

on the R'-center, but to our knowledge, it has not been done. 

Table 2.2. R-Center Absorption Bands in LiF 

type of defect Ap (Angstrom) 

Rl 3150 

R:z 3750 

R' 1 6800 

R' :z 7900 

We shall be concerned with a particular narrow absorption 

feature called a zero-phonon line (ZPL). ZPL's have been observed in 

most alkali halides, at many wavelengths. Table 2.3 gives a collection 
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of such lines, with material, type of center associated with the line, 

and wavelength. This table is not expected to be complete, but does 

show the abundance of available lines. We shall be using the R' line at 

833nm, mainly because it is located at a wavelength that is attainable 

with relatively inexpensive laser diodes and because it has shown the 

capability for per.sistent holeburning. We shall show later that there 

are some disadvantages to using this particular line, but without a 

tunable dye laser at our disposable, we have little choice. 

At this point, a review of the phenomenon of phononless 

absorption is in order. The electronic structure analysis leads to a set 

of predicted stable electronic configurations. Excitation of an electron 

from one configuration to another, or equivalently from one energy level 

to another, can occur directly, without any effect on neighboring atoms 

or on the lattice, or indirectly, with phonons being created. In the 

latter case, some of the energy in the incident photon is used to create 

mechanical vibrations in the nearby atoms (localized phonon modes) or in 

the lattice (propagating phonon modes). In the latter case, some of the 

energy in the incident photon is used to create mechanical vibrations in 

the nearby atoms (localized phonon modes) or in the lattice (propagating 

phonon modes). If this occurs, the incident photon must have more 

energy than is needed to simply excite the electron. The result is that 

a phonon-sideband appears in the absorption line to the higher-energy 

(shorter-wavelength) side of the ZPL. Some structure may be seen in the 

sideband, indicating stronger coupling to some phonon modes than others. 
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Table 2.3. ReEorted Zero-Phonon Line Wavelengths 

Material Type of Center Wavelength (.~.) 

LiF R2 3907 
N 5611 

5237 
4870 
4743 

M 4876 
3994 
3932 

M' 10406 
10120 

R' 2 6930 
R' 3 8335 

NaF R2 9710 
8890 
8217 
5455 

N 6349 
6067 
5850 
5805 
5740 

NaCl R2 6321 
N 8678 

8371 

KCl R2 10772 
10668 
10323 

9916 
7417 

N 8574 
? 10790 

10590 
8785 

KI R2 9265 
N 12387 
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In our case, we shall see indication of coupling into a particular 

lattice mode, the optical mode propagating in the direction normal to 

the plane of the defect. Figure 2.2 shows a typical trace of 

transmission versus wavelength for our material. 

Figure 2.2. Spectral Trace, R' Color Center in LiF 

A zero-phonon absorption is one in which no phonon modes are 

generated, and the momentum of the incident photon is essentially 

transferred to the crystal as a whole. This process has been compared 

to the Mossbauer effect in X-ray absorption (Trifonov 1963). The line is 

very narrow and strong, with a total area proportional to the number of 

defects in the crystal. The peak absorption wavelength for any 

particular defect will be determined by the local environment, so in a 

"uniform" crystal the ZPL linewid th will be smaller than in one with a 

great number of lattice faults such as dislocations, slips, etc., or in a 
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thin film made of a large numb(~r of smaller crystals. The absorption 

lineshape for a particular defec.t is Lorentzian, as is shown in many 

texts describing transition probabilities between well-defined energy 

levels, and will be highly temperature dependent. The net resul t is 

that the total ZPL will be a superposition of temperature-broadened 

absorption lines. At low temperatures, the broadening will be small, 

giving a ZPL with a narrow Gaussian lineshape. At higher temperature, 

the broadening will dominate the variation due to the local environments 

and the ZPL will become a weaker, broader line. At liquid Nitrogen 

temperature (LNT), the ratio of the broadening of the individual defect 

absorption lines to overall broadening due to variations in the crystal 

structure approaches unity. At LHeT, the ratio will be on the order of 

10-2 or less. 

In order to use a ZPL to store data, it is necessary that the 

absorption line be altered in a predictable manner. To store more than 

one piece of data in a single line, the alteration must occur over a 

small region of the wavelength band cove~ed by the overall ZPL, leaving 

the remainder unchanged. A typical R' ZPL in bulk LiF is generally about 

0.5 nm in width (or about 200 GHz), with the homogeneous linewidth of 

the individual defect being about 500 MHz (Ortiz et ale 1983). This 

shows that it should be possible to store data at a few hundred 

spectral locations (i.e., frequencies) in the ZPL at every 2-D location 

on the crystal. In order to achieve this advantage, however, the crystal 

must be cooled to LHeT. Also, a laser must be used that can be held 

stable in frequency to a fraction of the 500 MHz linewidth, yet is still 
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able to be scanned over the full 0.5 nm inhomogeneous linewidth. Dye 

lasers can be made to meet the stability requirement and can be scanned 

over 30 GHz band s. Diode lasers can also be used, with the frequency 

stability being ensured through the use of low-noise current sources and 

the scanning being accomplished through temperature variation or 

injection current variation. 

As intimated above, LiF would not be the ideal choice for a 

storage medium using holeburning techniques. Some of the Li-1aSOnS for 

this are due to particular properties of LiF, while others seem to be 

pertinent with all alkali halides. An example of the type of problem 

that occurs in many alkali halides is that the burning mechanism is 

nonphotochemical, so that the burning of a hole at one spectral location 

can actually partially erase previously burnt holes. For digital data 

storage this is not important, since the depth of a hole is relatively 

unimportant. For analog storage, however, unless the erasing is 

everywhere proportional to the hole depth, a distortion of the 

previously-stored information will occur. 

Another problem with alkali halides is that the process of 

reading the stored data actually continues the burning process. This is 

due to the nature of the 3-level system which models the color center. 

A more favorable material would show the capability of gating the 

burning radiation with a second light source, as in a four-level system 

where the. reading could be performed with one wavelength of light and 

the writing with anothE!r. 
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Finally, the erasing of stored data is not very efficient in 

alkali halides. It is done either with ultraviolet light (Ortiz et a1.) 

or by simply heating the crystal. With the former method, an entire 

block of data on the ZPL at a particular spatial location must be erased 

Simultaneously, while with the latter, all the stored data is erased. 



CHAPTER 3 

DYNAMICS OF SPECTRAL HOLEBURNING 

We are ready to analyze the changes induced in an absorbing 

center by the absorption of incident photons. First we look at the 

phenomenon of photochemical holeburning (PHB), in which a change such as 

Figure 3.1. Photo-induced Change in Porphin in n-Octane Matrix 

bond reorientation is induced in the center. An example would be porphin 

in a frozen n-octane matrix. Figure 3.1 depicts the change, an effective 

rota tion of the molecule through 90°. The molecule as a whole doesn It 

rotate; rather, the incident photon is absorbed by the inner hydrogen 

atoms, and after a short relaxation time, the nuclei become attached to 

21 



22 

the alternate nitrogen a toms in the ring. The end product will have a 

ZPL which is completely separate from that of the original center, so 

that frequencies which excite one of the types of center will have no 

effect on the other configuration. 

n 

b 
b' 

Ik Ik Tl 
-1 

C 

a a' 

Figure 3.2. Energy Level Diagram - PHB l1aterial 

Dynamics of Photochemical Holeburning 

The absorbing center is described by the three-level energy 

diagram of Figure 3.2. Upon acquiring the energy from the absorbed 

photon, the system becomes excited to the upper energy level. From 

there, the sytem can return to a stable ground state in several ways, 

three of which are of interest here. The final ground state mayor may 

not be identical to the original - we are most interested in the case 

where it is not. The excited system can return to the original ground 
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state in two ways of interest, either directly through spontaneous or 

stimulated emission, or indirectly through decay to an intermediate level 

(designated c in Figure 3.2). In either of these cases, the final result 

is the same as if no photon had been absorbed and no data storage has 

occurred. If the system decays to a new ground state, however, the 

number of defects which can absorb subsequent photons has decreased, and 

a memory of the previous photon exists. This is the method of storage 

in the material. The arrow labeled n in Figure 3.2 symbolizes this 

event. The other arrows in Figure 3.2 represent the other transitions of 

interest to us, with the symbol on each being the corresponding 

transition rate. Ik is the photon-induced transition rate for the direct 

transition, and the several 't"' S are the inverses of the spontaneous 

transition rates. 

Designating the instantaneous populations in the energy level 

diagram by a, b, and c for the ground, excited, and intermediate levels, 

respectively, we can describe the system dynamics by the coupled rate 

equations 

da 
dt 

db 
dt = 

(3.1) 

This type of problem is readily solved using Laplace transform 

techniques. With upper case letters representing the transforms of 

functions with the corresponding lower case letters, we have the 
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following set of algebraic equations to solve: 

1 1 sA - a o = -IkA + (Ik+-)B + -C 
T 1 To 

(3.2) 

All defects are assumed to be initially in the ground state, and 

a o is the initial defect population. Also the optical intensity I is 

taken as constant. From this set of equations, we see that the total 

defect population at any time T is given by 

which gives 

A + B + C 

a + b + c a, - .r bdt 
o 

(3.3) 

(3.4) 

In other words, the change in defect population, and 

correspondingly the change in absorption coefficient, is equal to 

Additionally, we shall be interested in the instantaneous 

absorption during exposure, which is proportional to the function (a-b): 

a - b 

db + (n+..!...+..!...)b 
dt T1 T2 

Ik 
(3.5) 

For simplicity in the derivations to follow, several parameter 

substitutions will be used. First, we replace (Ik+n+l/ T1+1/ T2) with 1/ T". 

Solving the set (3.2) for B gives the relation 



B(s) = Ikao[ 
S3 + 1 1 (Ik+-+-;;)s2 + 

't 0 't 

1 s+-
'to 

[~+ 'to't 

In addition, from the second of the three equations in (3.2), 

A(s) 

1 
s+--;; 

B(s) I~ 

from which we get the desired relation for A-B: 

1 
s + 

't" 
A(s) - B(s) = B(S)----=I~k 

Ik 
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• (3.6) 

(3.7) 

(3.t!) 

Equations (3.6) and (3.8) give the exact relations for B(s) and 

A(s)-B(s), but we are more interested in the temporal functions bet) and 

a(t)-b(t). We shall solve first for bet). We see immediately that 

factoring the denominator in (3.6) gives 

(3.9) 

where sp S2' and S3 are the roots of the denominator. This can be 

expanded to give 

B(s) 

where 

x 

y 

Z 

+ Z J s+s, 

SO-Sl 

(Sl-S 2)(Sl-S ,) 

so-s, 
(s,-s 1) (s-;=8;) 

(3.10) 

(3.11) 
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Equation (3.10) is a partkularly convenient form to inverse 

transform, giving the fairly simple expression for b(t): 

b(t) = Ikao[Xe-s l t + Ye-s2t + Ze-sstj (3.12) 

From (3.12) and (3.4) we can get the hole depth as a function of 

time (assuming that after exposure all electrons which don't escape 

return to the same ground state as in the original defect). Let d(T) 

represent the number of absorbing defects remaining after illumination 

of time T, which is then the sum of the three levels, a(T)+b(T)+c(T) 

(3.13) 

Therefore, by factoring the cubic polynomial in (3.6) we can directly 

write the relation for hole depth as a function of intensity and 

exposure time. 

Formulae exist for finding the roots of a cubic polynomial; 

however, we can simplify the problem by recognizing that, for most 

materials, the probability that an electron will escape the defect is 

very small. 

The coefficients of the polynomial in (3.6) are related to the 

roots in (3.9) by 

Sl + S2 + Ik + 1 + 1 
s, .. 

'0 , 
1 1 1 

Sl S 2 + Sl S , + S2S 3 = --.. + Ik(n+-+-) 
'ot' t'o '2 

(3.14) 
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Since n represents a much less likely transition than all 

others, meaning a much slower transition rate, one root will be much 

smaller than the other two. Letting s, be the smallest root, we can 

approximate the first two relations in (3.14) as 

+ 1 
T" 

1 1 1 --II + Ik(n+-+-) 
ToT. To T2 

(3.15) 

This gives a quadratic equation to solve to find the' other two 

roots, with the result 

The third root is obtained from the third relation in (3.14), 

which is not an approximation, and the second relation in (3.15), which is 

an approximation, giving 

s, = - Ik( n+-+-)+--" nlk[ 1 1 1 J-1 

To To T2 ToT 
(3.17) 

Summarizing the results of (3.6) through (3.17), we have solved 

the dynamics of the hole-burning process in the three-level model of the 

color center as a function of burning intensity and burning time. We 

find that the ratio of absorption coefficient after burning to that 

before burning is given by 

(3.18) 



where 

with 

X 
SO-SI 

= 
(SI-S 2)(SI-S ,) 

y 
SO-S2 

= 
(S2- S 1)(SCS ,) 

z SO-S, 
= 

(S,-SI)(S,-S2) 

1 
So = 

To 

nlk 1 
s, .. - 1 1 1 

To lk(n+-+-)+--.. 

1 
:r" 

To T2 ToT 

1 1 
n + lk + - + -

Tl T2 
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(3.19) 

(3.20) 

Note that (3.18) gives the relative absorption coefficient, not 

the relative hole depth or the relative transmission change. The hole 

depth is related to (3.18) by the relation 1-d(T)/ao, while the 

transmission change is related by 

(3.21) 

where t(T) is defined as lout (T) divided by lin • 

With the expression in (3.12) for b(t), (3.8), (3.19), and (3.20) 

can be used to find the instantaneous absorption during exposure. 



Recognizing the proportionality between absorption coefficient and 

population difference a-b, we can substitute a o for a and a( t) for 

a( t)-b( t): 

where (3.19) and (3.20) are used to define the various parameters. We 

should point out that (3.21) and (3.22) use different variables, T and t. 

T is the total exposure time, and the calculated transmission t(T) is not 

measurable until the system has settled back to ground state. In (3.22), 

we are observing the absorption during burn, which may be strongly 

influenced by the metastable state. 

Let us now examine (3.18) and (3.22) with some assumptions on 

the transition probabilities, with the intent of simplifying these 

expressions as much as possible. As stated earlier, the probability that 

an electron escapes the defect is very small, whereas the probability 

that the electron decays to the intermediate level is very high. In 

addition, experiments by other researchers have shown that the decay 

from the upper level to the intermediate level takes place much more 

rapidly than decay from the intermediate level to ground state, by 

several orders of magnitude. This means that Tz-1 is much greater than 

TO- l , and that (T")-l is about equal to Ik+Tz-1• If we also temporarily 

write SI and Sz as a+I aZ-b and a-I aZ-b and assume, as before, that S3 is 

much smaller than either Sl or sZ' then (3.19) becomes 
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Z !!! 

SO-S3 

SlS2 
(3.23) 

with 1+2IkT2 
a !!! 

2T2 

b !!! 

l+IkTo 

ToT2 

and 
(3.24) 

Now let us examine the relative magnitudes of a2 and b: 

a2 = 1 [1 + IkT2 + (IkT 2)2l 
T22 4' J 

b (3.25) 

If IkTo and IkT2 are both much less than 1, then a2/b equals 

about To/4T2' which is greater than 1 because of the ratio of To and T2' 

If IkTo is much greater than 1 and IkT 2 is much less than 1 then a2/ b 

approaches 1/4IkT2 , which is greater than 1. If IkT2 is greater than 1 

then a2/b approaches IkT2 which is still greater than 1. In all cases, a2 

is greater than b. This is nice to know since it guarantees that Sl and 

S2 will not be complex, but it also allows us to replace the radical 

with the expression a(1-b/2a2). The maximum error will be when the 

ratio of a2 to b is minimum, which occurs when Ik equals 1/T2, and gives 

the value of 9/4 for a2/b. The error in the approximation is equal to 

(b/ a2)2/8, or about two percent. 

Using the approximate form for the radical allows replacement 

of Sl with 2a-b/2a and S2 with b/la. We can then rewrite (3.23) as 



x = 

y = 

b 
So - 2a + -

2a 
--4-:-a-;;z~---:-b 

b 
So - 2a - b 

So - nlk 
bTO 

Z = b 

Use is now made of the identity 

v1e-lll + vze-llz = (v1+vZ)e-(1l1+llz) COSh[~ (lll-llZ)] 

- (v1-vZ)e-(1l1+llz) sinh[f(lll-llZ)] 
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(3.26) 

(3.27) 

Using this expression, we find the form for the change in 

absorption coefficient after exposure of time T: 

z - -exp(-s T)] 
s, ' 

(3.28) 

Substituting for X, Y, Z, s1' and Sz gives the temporarily more 

cumbersome form 

+ e-aTr.(2 _.£)( 2aZ-b) h[2aZ-b TJ _ so(2a
Z
-b) - ab. [2aZ-b J] L So a 2abz cos 2a abz sl.nh -za-T 

(3.29) 
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Naturally we could make this even more imposing by substituting 

for a, b, and so' but we shall delay that for a short time. For the 

time being, we shall instead note that the coefficients for the 

hyperbolic functions are nearly equal to each other, differing by 1/2a2: 

(3.30) 

Taking advantage of this near equality, we rewrite (3.29) as the 

sum of three terms: 

1 _ aCT) 
ao 

+ nIke-aT i h( 2a
2
-b T) 

2a2 s n 2a 

+ (1 - nIk)(l - exp(_nIk T» 
b bTo 

(3.31) 

Now the relations for a, b, and So from (3.20) and (3.24), and 

the previous assumptions on transition rates\ are used to develop the 

expressions for the coefficients of the three terms. The result is: 

nIk(2so-~ )b-2a2 

2ab2 
2nT2(Ik)2T02(l + 3IkT 2 + 4(Ik)2T/) 

(l+IkTo)2(l +2IkT2)2 

nIk 2nIkT / 
2a2 (l+2IkT 2)2 

(3.32) 

Without specifying the relative magnitude of Ik, we cannot simplify these 

expressions further. 

The expressions for the three exponential coefficients can also 

be derived at this point, with the same assumptions being made on 



transition rates, giving 

4a2 - b 
2a 

2a2 
- b 

2a 

1 + 3IkT 2 + 4(Ik)2T / 

T2(1 "+ 2IkT2) 

1 + 2IkT2 + 4(Ik)2 T22 

2T 2(1 + 2IkT2) 
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(3.33) 

We can finally write the simplified general expression for the 

hole depth and change in absorption coefficient as a function of burning 

time and intensity (drum roll, please): 

2nT2(Ik)2T/(1+3IkT2+4(Ik)2T22)[ 1 + 3IkT 2 + 4(Ik)2T/ 1 
(1+IkT o)2(1+2IkT2)2 l-exp(- T2(1 + 2IkT2) '-T)J 

nIkT2 
+ 1 - exp(-l+IkT

o 
T) (3.34) 

In a similar' way, we can use (3.22) to develop a more useful 

form for the equation describing how the instantaneous absorption will 

vary with time and writing intensity. The approximations will be the 

same as used to arrive at (3.34), and the final result is: 

1 [nIkT2] + exp - t 
1 + IkTo 1 + IkTo 

(3.35) 
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Discussion of Photochemical Holeburning Predictions 

In the previous section, we derived equations to describe the 

change in absorbing population during and after exposure. Now we use 

those results and the direct relation between population and absorption 

coefficient to develop curves showing the relation between writing 

energy and subsequent reading signal. 

Optical . transmission is equal to exp( -aL), so the transmission 

during exposure is given by 

lout (t) 
~n = exp[-a(t)L] (3.36) 

and the change in transmission after exposure is 

lout (T) 
lout (0) = exp[ -la(T)-ao]L] (3.37) 

In order to have a linear relation between writing power and 

reading signal, we require that (3.37) produce a linear relation between 

I in (3.34) and lout in (3.37). Note that the expression -( a(T)-ao) is 

simply equal to ao times the right-hand side of (3.34). Let us introduce 

the dimensionless parameters f1' f 2, f3' and t' for IkT 2, IkTo, nT2' and 

The meaning of these parameters should be clear. Just as 1/ To 

and I/T2 are the mean decay rates for a single defect in the metastable 

and excited states, lk is the mean absorbed photon rate per defect. The 

parameters fl and f2 are then the ratios of the mean excitation rate to 

the mean decay rates, f3 is the ratio of the liberation rate to the decay 

rate from the excited state, and t' is the ratio of the writing time to 

the mean excited state lifetime. 



Using these parameters, we find 

lout (T) 

lout (0) 

2fl f s 
+ «(1+2f

1
)2) 

+ 

We can make a 

ex [-[1+2f,] -] [[1+2£,+4£"J 
p 2 t sinh 2(1 +2f 1) 

[f,£, ] 1 - exp -(--) t' ]) 
1+f2 

couple of general statements 
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t'J 
(3.38) 

at this point 

regarding the dimensionless parameters. First, fl and f2 are related 

through the ratio of T2 to To, which is a material property. Second, f3 

will be much less than one, since a very small percentage of electrons 

escape. Third, the variation of fl and f2 is determined by varying the 

incident photon rate per defect, I, so the exact solution of (3.38) 

requires some knowledge of the defect density and the writing intensity. 

Fourth, the value of k, which can be determined from low-light-Ievel 

absorption measurements, is simply the optical absorption, or one minus 

the transmission, since k is, by definition, the probability that a defect 

will absorb an incident photon. 

Figure 3.3 shows a pair of sample predictions of the hole depth 

as a function of time from (3.38), with f2 equal to 3.106 times fu aoL 

equal to 2, and f s equal to 10-2• Two values of flare used, 10-2 and 

10-6 • Figure 3.4 shows a similar graph, but with the time held constant 

and the intensity being varied. Two values of t' are used in this case, 

100 and lOB. 
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Discussion of PHB Instantaneous Transmission Predictions 

Equation (3.35) gives the expression for absorption coefficient 

a(t) during the burning of a hole. This is of interest to us because we 

would expect to see the absorption decrease due to both the metastable 

level saturating and the hole being burnt. Also, we need to know that 

the low intensities we use to find the relative absorption before burning 

are sufficiently low to give accurate measurements. 

In general, we use the same dimensionless parameters as before, 

but we add t" for t/ 't'z. In this case we are simply interested in the 

function exp(-a(t)L: 

lout (t) 

f z(1+f 1) r f 1(1+fz) 

+ «(1+2f 1)z(1+fz) eXPL- (fz(1+2f 1» 

(3.39) 

Figure 3.5 shows the results of (3.39) for the same set of 

parameters as used in developing the graphs of Figure 3.3. Comparing 

the two shows how the hole depth and transmission during burn are 

related. As we clearly see, a large change in absorption during the 

burning process doesn't necessarily mean that a deep hole has been 

burnt. At short times, in fact, the rate of hole growth is 

approximately n't'z times the rate of change in absorption, so the hole 

depth will be much smaller than the observed absorption change. 
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Dynamics of Nonphotochemical Holeburning (NPHB) 
- Moerner et ale (1 Y83) \ 
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In materials which exhibit NPHB, there is no chemical 

rearrangement involved. Each absorbing center will have two stable 

ground configurations, with the probability of it reSiding in either 

configuration before exposure being 0.5. Again, the local environment 

will determine the exact excitation energy of either configuration, but 

anisotropic local strains will produce a slight difference in the 

energies of the two configurations. 

Now the system dynamics do not involve a metastable intermediate 

level, but the analysis is complicated somewhat by the small magnitude 
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of the difference between the two excitation energies for the same 

absorbing center. If the difference is less than the homogeneous 

E 

Figure 3.6. Configurational Energy Diagram - NPHB Material 

linewidth of the absorption, either configuration can respond to light of 

the same energy. 

The energy level diagram as a function of some configurational 

parameter, such as rotation, is depicted in Figure 3.6. We see that 

there exists a set of ground states and a set of excited states for each 

of the two stable states of the center. Also we assume an energy 

difference E between the lowest ground states of the two configurations 

and E' between the lowest excited states. The difference in transition 

energies is e:-E' and the excitation energies are h" and 11,,'. Suppose a 

photon of energy h"o is incident on the center (where Wo equals 2~"o) and 

that 6 is the homogeneous line wid th (in radian frequency) of the 
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transition. The probability that it is absorbed if the center is in 

configuration A is given by 

(3.40) 

and the probability that it is absorbed by a center in configuration B is 

(3.41) 

After absorption, "the excited center will decay rapidly to one 

of the allowable energy levels in the ground state of its original 

configuration. From here, it will most likely decay further to its 

original ground state, but there is a small probability that it will 

tunnel through the barrier and change configuration, from A to B or 

vice-versa. If the tunneling probabilities are equal and the initial 

populations are equal, the net result will be a migration in population 

from the configuration whose excitation energy is nearer the incident 

photon energy, toward the one whose excitation energy is farther. 

As we see, the model differs fundamentally from that of the PHB 

material in that the resulting state after the induced change cannot be 

ignored in the analysis of the system dynamics. It also differs in that 

the intermediate level seems to have no damping effect on the short 

term dynamics - presumably, an absorbing center in an elevated ground 

state could absorb a photon of the same energy as that which produced 

the original transition. Moerner et al. (1983) presents an analysis of 

the holeburning dynamics and the resulting hole lineshape, which we 

shall briefly summarize here. 
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Let a(;;;) be the probability that the absorbing center is in 

configuration A, where ; is the average of the two excitation frequencies 

(we assume that a(;) = 0.5 before exposure). Given a monochromatic 

illumination of frequency wp and a homogeneous lineshape few), the rate 

equation for A is 

w - (3.42) 

where P is proportional to the incident photon rate, the absorption 

cross-section, and the tunnelling probability. The first term 

corresponds to pumping from the B configuration, while the second term 

corresponds to pumping from the A configuration. At some point in time, 

the two terms will balance a lower pumping rate on a larger 

population will be balanced by a higher pumping rate on a smaller 

population. In other words, if we set da(;)/dt equal to zero, we get a 

solution for the steady state condition, in other words, for the 

saturated hole depth, 

(3.43) 

If the homogeneous lineshape is Lorentzian, f(w) 

result is 

ass (w) (3.44) 

The absorption coefficient at a particular frequency w can be 

calculated by summing over all; and ~, with the result 



Qo(W) - Qp (W) 

Qo(W) 
<1l 2

) d [ W J 
-2- dw w2 + -4r 2 
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(3.45) 

Figure 3.7 shows an example of the shape of the hole burnt. It 

has a strong positive central lobe of decreased absorption and small 

sidewings, or antiholes, of increased absorption. The total area under 

the curve is zero, since the population is simply redistributed. 

change in transmission 

W 

Figure 3.7. Example of Hole Lineshape - NPHB Material 

0.30 

I t( t) ou 

0.00 ~-------4--------~------~------~------~--------r---
2 It 5 6 

Burning time t (arb. units) 

Figure 3.8. Example of Transmission During Burn - NPHB Material 
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Temporal analysis of (3.42) can be performed with result that 

the absorption at the laser frequency during burning is 

Qp (t) 
1 - 0.46) 

An example of this behavior is shown in Figure 3.S, showing a 

rapid increase at the short times, gradually approaching a saturation 

level given by <t::. 2>/sr 2• This represents both the hole growth and the 

transmission during exposure. 

Comparison of the Two Models 

A couple of comments can be made at this point, stressing the 

difference in expected observations based on the two models. 

For short burning times, observation of the transmission while 

burning a single hole will not suffice to determine the model 

appropriate for a given material. Both models produce transmission 

versus time plots which rise rapidly and then turn to gradual increases. 

For longer burn times, the curves differ in that the NPHB burning curve 

approaches a In( t) dependence, while the PHB burning curve becomes 

linear in time. 

The relation between hole depth and observed transmission during 

burn is greatly different from one model to the other. With a PHB 

material, the hole depth for short times is not at all similar to the 

observed change in absorption. The absorption change occurs because the 

metastable state is saturating at a rate determined by the incident 

photon rate and the metastable lifetime, while the burning rate is 
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determined by the low probability of escape from the excited level. 

When the pump beam is shut off, the centers in the metastable state 

return to the ground state, returning the absorption level nearly to its 

original level. For a NPHB material, the hole depth and observed 

absorption change are identical. Extinguishing the pump beam does not 

alter the situation at all. 

Another difference in the two materials occurs in the reading of 

stored data. In a NPHB material, the act of scanning will tend to erase 

the existing hole, while in a PHB, the scanning probe beam will in effect 

burn a broad shallow hole over the region containing the existing hole. 



CHAPTER 4 

THE EXPERIMENTAL APPARATUS 

The ability to burn holes in the R' zero-phonon line of LiF has 

been demonstrated by previous researchers (Ortiz et ale 1983, Pokrowsky 

et ale 1983), so we do not intend to show simply that a series of holes 

can be used to store information. Whereas other investigators have been 

concerned mainly with the ability to write digital information in the 

spectral line, we shall attempt to calibrate the relation between the 

burning intensity or time and the resultant hole depth. Therefore, we 

shall attempt to sho~.;r first that holes of a consistent depth can be 

burned if the same writing conditions exist, and second, that the depth 

of a resultant hole can be used as a measure of information content. 'we 

shall conduct a series of experiments in which we use the same exposure 

time and intensity to burn a set of distinct holes. Using the same 

exposure time, we shall burn identical sets of holes using different 

intensities, showing that the resultant hole depth is related to the 

writing intensity in a predictable way. Then, for the sake of 

completeness, we shall repeat the hole burning exercise with a set of 

experiments in which we vary the exposure time while holding the 

intensity constant. 

45 
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The Apparatus 

The optical system used is shown in Figure 4.1. The light from 

a laser or from a white-light source is focussed onto the entrance slit 

of a spectrometer. The exit slit of the spectrometer is relayed onto 

the plane of the LiF crystal and then relayed onto a silicon detector. 

The crystal is held in contact with the cold surface of a liquid Helium 

dewar which can be positioned so the light from the spectrometer either 

LAMP 

CRYSTAL 

DETECTOR r----I 

0 0 
I I 
I ~ I 

!... ----' 

GRATING 

Figure 4.1. Optical System 

passes through both the crystal and the windows of the dewar or simply 

passes through the windows. The laser, spectrometer, relay lenses, and 

detector are intended to form a rigid assembly so that no realignment 



must be performed during experimentation. 

if7 

To make this a bit more 

practical, an adjustable folding mirror and some detector adjustment are 

included. The white light source is used to perform broad spectral 

scans of a sample to ensure the presence of a ZPL absorption line and to 

accurately calibrate the spectrometer before tuning the laser. A 

removable folding mirror is used to direct the light from the lamp 

source onto the entrance slit. During laser operation, the only 

mechanical adjustment required is the physical repositioning of the dewar 

bet\.,een experimental runs. 

The laser source is a commercially available laser diode, a 

Mitsubishi single-mode GaAlAs laser diode model ML-3101 or ML-3401, with 

a nominal wavelength (specified at 2UOe) between 835 and 839 nanometers. 

The temperature of the diode is controlled with Peltier coolers, and the 

diode current is controlled with a three-variable current source. 

The coolers are mounted as shown in Figure 4.2. The cold 

surface of the coolers is in good thermal contact with a thin aluminum 

plate to which the laser diode is also thermally sound. The hot surface 

of the coolers is in good thermal contact with a water-cooled heat sink. 

The heat sink is rigidly mounted to the inside of a small metal box by 

means of a set screw. Therefore, the laser diode and the cooled 

aluminum plate are thermally floating relative to the optical system. 

Peltier coolers are able to maintain a constant temperature between 

their cold and hot surfaces if the current is constant, so the diode 

temperature can be held constant by supplying a constant current to the 

coolers and an adequate flow of water at a constant temperature to the 
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Figure 4.2. Laser Diode and Peltier Cooler Mount 
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water-cooled heat sink. Since the diodes must be cooled, condensation 

on the laser diode output window is avoided by providing a flow of gas, 

usually Helium, into the box, thereby greatly reducing the water vapor 

content in the air around the cool surfaces. As will be seen, the laser 

-5 

Figure 4.3. Peltier Cooler Circuit Diagram 

diode temperature must be held constant to about .01°C, so the current 

into the coolers and the water temperature in the heatsinks must both be 

well-controlled. The current is controlled with the circuit shown in 

Figure 4.3 and can be held sufficiently constant without feedback 

control as long as the resistor values remain constant, in other words, 

as long as the resistors don't heat up. The water for the heatsinks is 

obtained from the available building supply usually used to cool larger 

lasers and is not regulated for temperature, and is not even well 

regulated for pressure. Since the coolers maintain a constant 
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temperature differential, and the cool side must be maintained to within 

.01°C, the water into the heatsinks must be regulated somehow for both 

flow and temperature. This is accomplished by passing the water through 

a dense filter and an aluminum box in an ice-water bath. The result is 

a very slow flow of cooled water which would not be adequate for any 

long-term use of the diode at a constant temperature. Variations in 

diode temperature are still observed, up to several tenths of a degree 

in the worst case, but generally on the order of a few hundredths over 

the course of an experimental run. The larger variations are probably 

due to the propagation of large air bubbles which collect in the filter. 

Upon reaching the heatsinks, the bubbles cause a sharp reduction in the 

rate of removal of the heat from the coolers, thereby raising the 

temperature of both surfaces of the coolers. The smaller variations may 

be due to slow current variations in the coolers or to gradual changes 

in the temperature of the supplied water. 

The current driver for the laser diode is a three-variable 

source, shown in block form in Figure 4.4 and in detail in Figure 4.5. 

The DC level and two types of modulation are all independently 

controlled. The DC current is used to set the general power and 

wavelength level of the laser. A ramp current is added to the DC level 

to provide slow scanning of the wavelength. Finally, a high-frequency 

signal is added to the current to provide coupling through the detector 

and lock-in amplifier and allow detection of the small absorption 

changes due to hole burning in the ZPL absorption line. The amplitude 

and frequency of both the low-frequency scan signal and the high-
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HF 

Figure 4.4. Laser Diode Current Source Block Diagram 

frequency modulation signal can be varied. These parameters are not 

completely arbitrary, however. The magnitude of the low-frequency scan 

is chosen, along with the DC level, to provide the largest wavelength 

scan for a single mode within the range of the ZPL frequencies. The 

magnitude of the high-frequency modulation is chosen to produce a 

cyclical laser frequency variation which is on the order of the 

homogeneous line wid th of the absorption. The frequency of the low-

frequency scan must simply be chosen to allow easy display, and the 

frequency of the high-frequency scan must be· compatible with the range 

of allowable lock-in reference signals. 

The spectrometer is a simple device consisting of a single 40U 

mm focal length mirror, a 600 line/mm grating, an adjustable input slit, 

and a fixed output slit. It is shown in Figures 4.6 and 4.7. The exact 
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Figure 4.5. Laser Diode Current Source Circuit Diagram 
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Figure 4.6. Spectrometer Optical Schematic 

Figure 4.7. Spectrometer 
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performance has not been determined, but the resolution has been found 

to be about 0.7 nanometers. The grating is mounted on a rotating table 

for wavelength scanning, and a motor drive is included for smooth broad 

spectral scans. 

The liquid Helium dewar, shown in Figure 4. 8, is a O. 5 liter 

capacity dewar from Infrared Laboratories in Tucson, model HD-1, with an 

advertised hold time of 10 hours under optimal conditions. We found the 

hold time under experimental conditions to be in excess of five hours, 

Figure 4.8. Liquid Helium Dewar 

the longest time we were usually able to continue before our 

'oops'-factor exceeded 1. Opposing optical-quality quartz windows are 

provided, with the center lines about one-half inch below the cold 

surface. The crystal is mounted with high-vacuum grease on an aluminum 
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stand, shown in Figure 4.9, which is in turn bolted to the cold surface. 

High-vacuum grease is also used on the contact between the stand and the 

cold surface. The crys tal is used in transmission, with the light 

diameter) hole in the stand. The LiF passing through a small (2-3 mm 

crystal was obtained from IBM in San Jose, courtesy of Gary Bjorklund, 

and was used for about two years. The color centers were prepared 

through neutron irradiation, and the resultant transmission at the peak 

of the ZPL at LHeT was less than 20%. 

The light passing through the crystal is focussed onto a silicon 

PIN-photodiode, Motorola MRD-510, with a microscope objective. The 

detector and microscope objective are external to the dewar so that the 

entire optical system can be aligned without the crystal in the path. 

Figure 4.10 is the schematic of the detector electronics. As can be 

seen, the output signal is the AC portion of the signal from the 

detector. This is fed 

Research model number 5101. 

to a lock-in amplifier, Princeton Applied 

For broad spectral scans with the white-

light source, a reference signal at 120 Hz is used with the lock-in, 

while all work with the laser diode uses a reference signal from the 

diode high-frequency driver. At no time was the frequency response of 

the diode or of the detector taxed, with the highest frequencies used 

being in the 10 kHz range. 
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Figure 4.9. Crystal Sample Holder 
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Figure 4.10. Detector Electronics 

The output signal from the lock-in is displayed on a Nicolet 

Explorer digital oscilloscope model 204-A with floppy disk memory. For 

determining the system transmission with or without the crystal in the 

beam path, the lock-in output is DC-coupled to the scope. The 'before-

burn' and 'after-burn' transmission scans, obtained by sweeping the laser 

diode current slowly while simultaneously modulating with a weak high-

frequency signal, are observed with the output AC-coupled to the scope. 

Useful scans are stored on diskettes for future reference and 

occassionally are recorded for all to see on Polaroid film. 



The Procedure 

A couple of different procedures were used to e~camine the data 

storage capabilities of LiF. First, holes were burnt in l:he spectrum and 

then observed by scanning the diode current. Comparisml of hole depths 

for various combinations of exposing intensity and time were made to 

determine the exposure/hole depth relation. Second, observations of the 

crystal transmission during exposure were made, with the transmission 

immediately after exposure compared to the original transmission and to 

the transmission just before the end of the exposure. This type of 

observation is used to verify the type of spectral hole burning mechanism 

in the R' color center in LiF and to determine the burning efficiency, 

defined as the probability that the absorption of a photon results in a 

change in the absorption characteristics of the line. 

We desc.ribe the procedure used for the earlier, hole-scanning 

experiments first. The sequence of operations generally used to obtain 

a single piece of data is as follows. Using the white-light source 

(incandescent) and a 120 Hz reference signal into the lock-in amplifier, 

the spectrometer is set at line center of the ZPL absorption line. The 

dewar is then moved so the LiF crystal is not in the optical path. The 

white-light is removed and the laser diode is turned on. Neutral density 

fil ters are inserted in the optical path, sufficient to ensure no hole 

burning during any observation period (we used a combination which 

totaled about ND 2.9 at 833 nm). With the low-frequency (LF) scan off, 

the magnitude of the high-frequency (HF) scan set at the value known 

roughly to correspond to the hole linewidth, and the HF reference signal 
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being fed to the lock-in, the temperature and current are adjusted until 

a single stable mode is found sufficiently close to the ZPL line center. 

The diode current is then lowered while the LF scan magnitude is 

increased to ensure sufficient scan capability of the laser mode. If the 

scan magitude is insufficient, a different mode is selected through the 

temperature and current control. When a usable scan is found, all 

control parameters are noted. The LF magnitude is then set to zero and 

the diode current is set at a value toward the middle of the recorded 

range. With the scope DC-coupled to the lock-in, the signal magnitude is 

noted to determine the absorption of the test point on the crystal. The 

diode temperature is also noted, as it will be at every subsequent 

recording step. At this point, the shutter is closed and the crystal is 

moved into the optical path. The LF magnitude and diode current are set 

at the scan values, the scope is AC-coupled to the lock-in, and the 

shutter is opened long enough to record a single scan trace. This gives 

one of the 'before-burn' spectral scans we shall use. Next, the LF 

magnitude is set at zero and the diode current is set to the same 

intermediate value as before. The shutter is opened for a brief time 

and, with the scope DC-coupled to the lock-in, a second scan trace is 

recorded, showing the crystal absorption. The diode current and LF 

magnitude are readjusted for scanning and the spectral scan is repeated 

to show that no inadvertent hole burning has occurred. Then, with the 

shutter closed, the optical system is modified to burn a hole. The 

shutter is set to be open only a short time (e.g. 1/15 of a second), the 

neutral density fil ters used for the 'read' operation are removed, and 
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the neutral density filters used to control the 'write' intensity are 

inserted. An additional filter is inserted between the crystal and the 

detector to avoid saturating the detector. Finally the HF and LF scan 

magnitudes are both set to zero and the diode current is set to the same 

intermediate value as before. The scope is still triggered by the LF 

reference and the lock-in is still using the HF reference signal. During 

one trigger cycle, the shutter is activated, and the resulting scan is 

stored, showing the exposure time. The exposure intensity is determined 

by knowing the unattenuated beam strength and the attenuation due to the 

neutral density filters. Finally, the neutral density fil ters, lock-in 

and scope settings, and the HF and LF magnitudes are all reset to the 

same values as in the previous 'read' cycles and a final 'after-burn' 

scan is recorded. If sufficient temperature and mode stability has 

existed from the first scan until this point, a very nice set of traces 

exists from which the necessary data can be collected. Figure 4.11 

shows a very useful set of traces, while Figure 4.12 shows a less 

desirable situation. 

The second set of experiments involved fewer steps, since the 

diode scanning was removed from all stages. Instead, the diode current 

and temperature were adjusted to provide a wavelength within the ZPL 

band, and the initial absorption was measured. This measurement was 

done the same as in the earlier experiments, with a highly-attenuated, 

HF-modu.lated beam, and with the detector output being fed into the lock

in amplifi.er. The detector output was then fed directly into the scope, 

the HF magnitude was set to zero and the desired 'write' intensity was 
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Figure 4.11. Example of Useful Scan Trace 

Figure 4.12. Example of Less Useful Scan Trace 
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adjusted by the use of ND filters. The shutter was opened, which 

triggered the oscilloscope trace, and a temporal trace of the crystal 

transmission was recorded. Immediately after closing the shutter, the 

original 'read' conditions were established and a second absorption 

measurement was taken. It was found that the ratio of the two 'read' 

measurements was in the same ratio as the transmission at the onset of 

burning to that at the end of burning, confirming that the trace showed 

the actual ho1eburning. 

Tuning the Laser Diode 

Laser di'Jdes are monolithic structures, so the lasing parameters 

are determined by the bandgap between the ground and excited electron 

states, and by the optical distance of the crystal between the cleaved 

faces which define the laser cavity. If either the bandgap or the cavity 

length change, the lasing wavelength will also change. The bandgap and 

the length are both temperature dependent, so one obvious way to tune 

the diode is by changing its overall temperature. This will have two 

effects. First, the cavity will lengthen or shorten depending on the 

sign of the temperature change. Second, the bandgap will also change, 

giving a longer lasing wavelength with increasing temperature. The 

bandgap determines the relatively broad spectral range over which the 

gain of the medium will have a chance of becoming greater than the 

cavity losses, and twice the optical length of the cavity divided by the 

set of positive integers gives the set of possible lasing wavelengths 

",.'hieh. will be supported by the cavity. The situation is depicted in 
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Figure 4.13. For lasing to occur, there will be a spectral region where 

the cavity gain exceeds the cavity losses, and there will generally be 

several longitudinal cavity modes within this region. At low powers, all 

modes in this region will generally lase, but at higher powers, mode 

competition will cause all but one or two of the stronger modes to 

GAIN 

lOSS I 
CAVITY MODES 

Figure 4.13. The Lasing Condition 

disappear. At a constant temperature, the spectral location of the 

cavity mode under the gain curve stays constant. As the temperature 

increases or decreases, though, the modes will move relative to the gain 

curve, and a sequence of cavity modes will pass through the peak of the 

gain curve. This movement is due to both the change in bandgap and the 

change in optical length of the cavity, but the main cause is the change 

in bandgap. The length will change at a rate of about 10-5 per degree, 

whereas the bandgap changes by 1O-1t to lO-'eV per degree. Since the 
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bandgap is on the order of leV, the effect due to the change in bandgap 

will be 10 to 100 times as large as that due to the change in length. 

As the modes approach the peak of the gain curve, the chance that they 

will be strong enough to lase increases, and as they recede from the 

peak, the probability decreases. As a result, a continuous smooth 

temperature rise will result in a monotonic but discontinuous increase in 

wavelength. A representative graph of wavelength as a function of 
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Figure 4.14. Laser Diode Wavelength versus Diode Temperature 

temperature for a laser diode is shown in Figure 4.14. The slope of the 

curve while the laser is in a single mode is on the order of 0.5 nm for 

every 10 0 change. The lasing frequency will be about 101~ Hz, so to hold 

the frequency steady to within, say, 100 MHz, the wavelength must not 

change by more than one part in 10 6 , or 8·10-~ nm. 

necessary temperature stability of about .OloC. 

This resul ts in a 
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Wavelength tuning through global temperature variation is a 

relatively slow process, however, and not easily cycled. A rapid fine

tuning of the wavelength is achieved by varying the injection current. 

This apparently has a couple of effects. At low modulation frequencies, 

below a few MHz, the tuning mechanism is again thermal. At higher 

frequencies, the thermal effects die out and the wavelength modulation 

may be a function of free-carrier concentration. In our experiments, we 

will use HF modulation frequencies of a few tens of kHz, at most, so the 

changes will be due to thermal effects in the diode. One advantage to 

this type of operation is that the ratio of the HF and LF magnitudes 

will correspond to the ratio of the changes in wavelength due to the HF 

and LF modulations, allowing us to set the HF wavelength variation as a 

known fraction of the LF wavelength variation during scan. Once the 

diode temperature is stabilized, the laser frequency can be cyclically 

changed by sinusoidally varying the diode current. The amount of tuning 

achievable was determined by using spectrometer, as described in Chapter 

5, and was found to be about 40-50 GHz. This range is sufficiently large 

to show the presence of several narrow holes in the crystal absorption 

line, but if the diode is noisy, it is not large enough to show a long 

string of wide holes. 

The Expected Signal 

Predicting the output of the lock-in amplifier is complicated 

somewhat by the fact that the lasing wavelength and the lasing intensity 

both vary with the diode current. In our system, we vary the current 
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both linearly and sinusoidally, so the intensity and wavelength will both 

vary linearly and sinusoidally. In the analysis to follow, we assume 

ideal conditions, with the LF scan being a portion of a linear ramp and 

the HF modulation being sinusoidal and with the signal being noiseless. 

The laser intensity is given by 

i( t) = io + at + bsinwt (4.1) 

We also assume a linear relation between wavelength and diode 

injection current and between laser intensity and injection current. 

Therefore, the laser wavelength during scan can be described by 

A(t) = Ao + alt +b'sinwt (4.2) 

The signal on the detector is equal to the laser intensity 

attenuated by the 

Let us use the 

crystal absorption, 

following expression 

which is wavelength-dependent. 

to describe the absorption 

coefficient as a function of wavelength: 

a(A) = ao + al(A-Ao) + h(A-Al) (4.3) 

In this relation, a o is the absorption coefficient at Ao, a I is 

the linear variation of absorption coefficient with wavelength, and 

h(A-A l ) is the description of a hole centered at Al" 

The signal on the detector is given by i(t)exp(-a(A(t»). 

Assuming that the output voltage of the detector is proportional to the 

incident intensity, we write the output voltage as 

vet) = (io+at+bsinwt)exp[ -ao+a I(a I t+b ' sinwt)+h(a I t+b ' sinwt-Al)] "(4.4) 

The lock-in amplifier acts to suppress all terms which are not 

modulated at the frequency w. To do this, a reference signal of sinwt 

must be supplied, which is used to multiply the input signal. The 
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product is then averaged for a period of several cycles of sinwt (the 

exact averaging time 't can be set by the operator). If the signal into 

the lock-in is given by vin (t), the signal out is given by 

j 
t 

t'-t 
vout (t) = _(I) vin (t') sinwt' exp[-t'-] dt' 

This is somewhat difficult to evaluate analytically for 

(4.5) 

most 

signals. An alternate method for calculating the signal from the lock-

in is to expand the input signal, keeping only the coefficients and 

phases of the terms which vary as sinwt. This also can be done in our 

case by differentiating the input signal with respect to sinwt and 

setting all remaining sinwt terms equal to zero before evaluating the 

result. 

Now we can equate the time scale during scan to the wavelength 

during scan, recognizing that the instantaneous wavelength is the 

wavelength about which the laser is modulated at a particular time: 

Ascan = Ao + a' t (4.7) 

We also use the chain rule of differentiation to rewrite the 

partial derivative 

ah 
asinwt 

Therefore, 

b' ah 
aA 

(4.8) 
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(4.9) 

We see that the signal recorded on the oscilloscope during the 

scanning of the laser through a range of wavelengths is equal to the 

scaled sum of the crystal absorption itself and its derivative with 

respect to wavelength. Figure 4.15 shows a computer simulation of the 

TIME 

TIME 

a. b. 

Figure 4.15. Expected Signal From Lock-In Amplifier 

output of the lock-in for a Lorentzian hole burnt into the absorption 

line, taken roughly from (4.5). Rather than integrate from negative 

infinity, we chose to uniformly weight the integrand, modifying the 

expression to 

! J t vin (t') sinwt' dt' • 
t-. 

(4.10) 
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In Figure 4.15b, we see an enlarged section of the scan near the 

hole. The bipolar function is clearly asymmetric, showing the effect of 

adding a Lorentzian line with a scaled version of its derivative. While 

this makes direct observation of the hole depth difficult, we need only 

have a proportionality between the hole depth and the size of the 

resul ting signal. Additional simulations showed that the peak-to-peak 

signal, for example, increased in direct proportion to the hole depth, so 

we were able to use this as a measure of relative hole depth in the 

first round of experiments. 



CHAPTER 5 

EXPERIMENTAL RESULTS 

Two types of materials have been examined in Chapter 3, each 

giving different results for hole burning characteristics. Our 

experimental work uses the R' color center LiF at 833 nm, which is an 

example of a nonphotochemical holeburning material. In this type, the 

absorption of a photon does not lead to chemical changes such as bond 

modification, but simply redistributes the distribution of electronic 

ground states in the population of color centers under the ZPL. In this 

chapter, we look at the results of our experiments and compare them to 

similar work on other materials showing nonphotochemical holeburning. 

Laser Considerations 

The light from the lamp or laser is passed through a 

spectrometer. A zero-order spectrometer scan using the lamp source is 

shown in Figure 5.1 and can be described approximately by 

(5.1) 

where A is the spectrometer setting in Angstroms and Ao is the 

wavelength at line center. Figure 5.2 shows a broad spectral scan of the 

cooled LiF crystal over a 30 nm wavelength range starting at about ~3~ 

nm and decreasing. We see both the ZPL and the first phonon-coupled 

mode, with a separation of about 16 nm. A gaussian fit to the ZPL was 

70 
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Figure 5.1. Zero-order Spectrometer Scan 

Figure 5.2. Cooled LiF Spectral Scan 
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performed and the effects of the spectrometer linewidth removed, with 

the resulting ZPL being described by 

[ 
(A-AO)2] 

1 - t ZPL (A) = 0.83 exp (2.6)2 (5.2) 

In other words, the ZPL shows a FWHM of 4 ltngstroms and an absorption 

at line center of 83 %. 

Figure 5.3 shows the scanned spectrometer trace of the laser 

diode output, showing fairly good single mode performance. As a rule, 

single mode laser diodes will still exhibit very low intensity sidebands, 

which would result in some excess energy in the wings of the 

spectrometer response function. 

The laser diode injection current is be slowly ramped to provide 

a scan through a portion of the ZPL. Unfortunately, both the wavelength 

and intensity change during the scan. FijZure 5.4 shows the effect of 

scanning the current through a fairly large range while holding the 

spectrometer steady. The three curves show the result of setting the 

spectrometer so that the peak output is at the line center and at the 

two half-maximum points on the response curve. Using the curve showing 

the output with the laser at linecenter and either of the other two 

curves, we can make an estimate of the frequency scan range of the diode 

due to injection current variation. The change in injection current 

during the scan is about 1 mAo Using the gaussian approximation above 

for the spectrometer response function, we find that the variation in 

output as a function of wavelength at the half-maximum points is about 

0.23/A. Comparing the output scans in Figure 5.4, to each other, we see 
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Figure 5.3. Laser Diode Spectral Scan 

Figure 5.4. Detector Output - Current-Scanned Laser Diode 
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that the variation due to frequency alone amounts to about 25% of the 

transmission, so the scan in frequency is about 1 A, giving a scan rate 

of about 40 GHZ/mA. With a sufficiently noiseless laser, we expect to 

be able to burn holes of about 0.5 GHZ linewidth, so the required scan 

would be much less than 1 mAo A small AC signal will be used to 

perform derivation spectroscopy to observe the hole. If the peak-to

peak magnitude of the alternating signal is a fraction of the hole 

linewidth, the observed signal will be proportional to the derivative of 

the hole profile. In this case, that means that the signal should be 

less than 2.5 ~A, assuming a p-p frequency variation of IOU MHZ or 20% 

of the hole linewidth. 

Another consideration in the diode current is the noise. Random 

variations in diode current lead to random variations in laser 

wavelength. In order to keep the frequency variations below the 

homogeneous linewidth, the current must be stabilized to about 0.01 mAo 

A typical diode output curve is shown in Figure 5.5. We see that the 

output power is linearly proportional to drive current after the 

threshold level has been reached, with a slope of about 3 mW/10 mAo A 

0.01 mA change in current would result in a change in output power of 3 

~W, or 0.1 % at an operating level of 3 mW. This is too small for us to 

detect, so we repair to the spectrometer once again. By setting the 

laser wavelength at the steepest portion of the spectrometer response 

function, we can directly see the frequency variation. With the value 

above for the variation in output as a function of wavelength, a 1 GHZ 

frequency variation corresponds to an output varia ton of 0.5 %, which is 
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still somewhat hard to see. At the very least, we know that observation 

of inconstancy means that the wavelength is not stable enough to burn 

holes of minimum width. We shall see, however, that holes can still be 

burnt. 

POWER 

CURRENT 

Figure 5.5. Laser Diode Power versus Current 

'!:.he Exper}~ent 

The holeburning experiments we performed fall into two 

ca tegories. In the first round of experiments, we burned holes with 

several intensities and exposure times, then observed the results by 

scanning through the frequencies near the burn with the slow scanning 

capability of the laser diode. Before the crystal was exposed to the 

writing beam, a 'before-burn' trace of the crystal was stored on the 
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oscilloscope. The diode current was then held steady in the middle of 

the scan range with both HF and LF modulation set to zero. The beam 

was attenuated to the desired burning intensity with neutral density 

filters, and the crystal was exposed for the desired time with a 

mechanical shutter. The read scan was then repeated to observe the 

change induced by the holeburning. As described in Chapter 4, the 

expected signal would be a combination of the hole shape and the 

derivative of the hole shape. 

In the second round of experiments, we observed the transmission 

change during exposure directly, then compared the transmission after 

burning to that before burning. 

In all cases, the laser was passed through the spectrometer, 

with the exit slit reimaged in the space where the dewar and crystal 

were to be placed. Accurate placement of the slit image on the crystal 

was accomplished by verifying the sharp vignetting of the incident beam 

by the edge of the crystal mount. Using a razor blade and a micrometer, 

we were able to measure the focussed spot size to be about 0.015 mm2 in 

area (90 % energy). The spectrometer reduces the laser power by a 

factor of about 100. The maximum writing power used was about 25 ~W in 

the earliest experiments, 37 llW in the final runs of the first set of 

experiments, and about 7 llW in the final experiments. 

The earlier experiments involved several recording steps, and 

all measurements were made with detector output being fed through the 

lock-in amplifier. First, the diode was set at the desired wavelength 

for the burn (witldn the range of a previously determined, 



broadly-scannable mode). 
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With the HF magnitude set at an appropriate 

value and the crystal out of the beam, a reference signal level was 

recorded. The crystal was then moved into the beam and a second 

measurement made to determine the crystal absorption. The laser power 

incident on the crystal during this measurement was on the order of 

several tens on nanowatts, so the intensity was equal to a few tens of 

microwatts/ cm2 • At this point, the sequence of 'read-burn-read' was 

performed and the two read beams compared to each other. For this set 

of runs, writing powers of 12 or 24 pW were used and burning times 

between .065 and .62 seconds were used. Figure 5.6 shows a typical set 

of oscilloscope traces resulting from a single burn. 

The early experiments produced some unexpected results. The 

first surprise was the width of the burnt hole. The full spectral scan 

amounts to about 40 GHz for the example shown in Figure 5.6, so the hole 

is apparently 5 or 6 GHz wide. This is a factor of about 10 larger than 

the linewidth of the R'center homogeneous linewidth previously reported. 

The magnitude of the laser amplitude noise due to current variations was 

found to be about 10 % of the peak-to-peak HF 'read' signal, which 

corresponded to the apparent width of the hole when compared to the 

magnitude of the LF current scan. The conclusion must be that the laser 

frequency jitter was equal to several GHz. Alas, we neglec ted to 

determj.ne the actual noise bandwidth of the diode used in the early 

experiments before its demise. 
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Figure 5.6. Sample Oscilloscope Output, Early Experiments 
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The second surprise was that, on a couple of occasions, we 

observed the transmission increasing during the initial reading of the 

absorption level before burning. This naturally suggested that a hole 

was being burnt during the diagnostic portion of the experiment, and at 

intensities much less than those we were using to deliberately burn 

holes. This prompted the use of an additional oscilloscope trace to 

record the signal level during determination of the crystal absorption 

at the burn location prior to holeburning. In most cases, this trace 

Figure 5.7. Detector Signal During Absorption Measurement 

showed no rise, or holeburning, during the diagnostic, but occasionally 

it would show a change. The pair of traces shown in Figure 5.7 show an 

example of each case. The initial rise and the final decay of the traces 

are due to the lock-in time constants, but a definite difference exists 
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in the middle region of the traces. In one case, the curve flattens, 

indicating that no measurable holeburning occurs, while the other trace 

shows a continuing rise in the transmission after the lock-in effects 

have ended. We do not know the cause. 

Since burning was observable during the initial transmission 

measurement, the read beam was attenuated further before more 

experiments were run, and an additional 'read' scan was stored after the 

crystal absorption was measured. The final set of experiments in the 

first stage were performed with reading powers of about 10 nW, burning 
~. 

powers of 80 nW to 37 ~W, and burning times of 70 msec to 3. o,·seconds. 

Figure 5.8 shows an example of a typical set of oscilloscope traces for 

these runs. The results are plotted in Figure 5.9 in terms of observed 

peak-to-peak variation in the bipolar signal due to the hole versus the 

logarithm of the exposure. Needless to say, the plot is not terribly 

informative when viewed in entirety. A bit more consistency is seen if 

the results of the separate days are viewed separately, but further 

investigation was obviously needed. 

That brings us to the second round of experiments. For this set 

of runs, the detector was modified to enable the burning signal to be 

viewed directly without any need for going through the lock-in amplifier. 

Also, a different diode was used, due to the untimely death of the 

previous one. As before, the crystal absorption is measured before the 

burn. In this case, however, immediately after the burn, the absorption 

is measured al5ain and the value compared to th(~ value from before the 

burn. The ratio was found to be consistently in the same ratio as the 
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Figure 5.8e Sample Oscilloscope Output, Later Experiments 
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Figure 5.9. Experimental Results, Initial Set of Experiments 
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rise in transmission during the burn, showing that the color center 

exhibits NPHB. Figure 5.10 shows a typical trace of the transmission 

during the burn, with Figure 5.11 being a plot of the trace on a 

log( time) basis. 

We were also able to show the nature of the holeburning process 

another way. In a PHB material, a second exposure in the same frequency 

as a previously burnt hole would show a nearly identical burn trace to 

the that of the original exposure, but with a higher starting 

transmission. Figure 5.12 shows that this behavior doesn't occur in this 

color center. Rather, the second exposure shows very little inclination 

toward continuing the holeburning process. In other words, the 

holeburning saturates, as the model of the NPHB material predicts. 



Figure 5.10. Detector Output During Exposure 

OUTPUT 
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TIME 

Figure 5.11. Detector Output During Exposure, Plotted versus Ln(time) 

83 



84 

Figure 5.12. Detector Output for Successive Exposures, Showing Saturation 



CHAPTER 6 

DISCUSSION 

The Hodels 

Two types of models for materials exhibiting spectral 

holeburning were examined. In the first case, a photochemical absorbing 

center was assumed. In this type of material, the excited center can 

return to its original state or transform to one which has no response 

to the original burning energies. An example would be porphyrins or 

phthalocyanines embedded in frozen matrices, in which bond rearrangement 

within the absorbing molecule produces an entirely different absorption 

spectrum for the center, separated by many wavenumbers from that of the 

original center. For this type of center, the burn dynamics are 

complicated by the presence of a long-lived metastable configuration 

into which the excited center will decay with high probability. The hole 

depth will generally be roughly linear with time, but not so with 

writing intensity. Extremely high or extremely low intensities produce a 

linear intensity dependence in hole depth, but moderate levels produce a 

very small dependence. Except for very high intensities, only extremely 

shallow holes can be burned in short times. Also, the observed 

absorption during the burning process is not a measure of the hole 

depth, rather it is simply a measure of the rate of hole growth. The 
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ratio of the incident photon rate to the excited state lifetime 

determines how quickly this growth rate reaches a steady-state value. 

Reading of a set of data stored in a spectral line of a PHH 

material produces no degradation of the data. While burning still occurs 

during the reading scan, the burn is uniform across the scan frequencies, 

and since the transformed centers are no longer responsive to the 

incident photon energies, no erasing of the stored data occurs. If the 

intensity of the probe beam is sufficiently small, no measurable change 

would be produced over several read scans. 

For a material showing NPHB, the results are quite different. 

The two end products of the excitation of the absorbing center are both 

responsive to the incident photon energies. While there appears to be no 

unresponsive metastable intermediate configuration, the small relative 

difference in excitation energies of the two final configurations caused 

a saturation of a hole depth which is proportional to the square of 

energy difference. Also, due to the lack of a metastable configuration, 

the observed absorption change during exposure corresponds to the hole 

depth. While the saturated depth is independent of writing intensity, 

the initial hole burning rate is proportional to intensity; however, 

though the initial rate of change is proportional to the intensity, the 

depth shows a relation corresponding roughly to the square root of 

exposure for low exposures and to the logarithm of the exposure for high 

exposures. 
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The most damaging aspect of NPHB materials for use in analog 

storage, though, is that the reading process will erase the written 

word. Whereas both PHB and NPHB materials exhibit additional strong 

holeburning at the incident photon wavelength, only NPHB materials show 

the growth of antiholes at frequencies near that of the incident photon. 

This is due to the small difference in excitation energy between the two 

final configurations of the center. As a result, whereas the PH~ 

materials show a gradual uniform burning over the range of the read 

scan, the NPHB materials show an erasing of data across the read scan. 

While this would not be a death stroke to a system using digital 

storage, the bells would surely toll for a company basing its livelihood 

on the use of this type of material in an analog storage system. 

The Haterial 

Using GaAlAs laser diode~, we were able to investigate spectral 

holeburning in the R' color cent(~r in LiF. We observed hole burning in 

both the low exposure and high exposure regimes. The low exposures 

were created by adjusting the incident intensity and exposure time, and 

by inadvertently burning broad spectral holes, presumably due to laser 

frequency fluctutations. The variations in exposure (intensity times 

time) ranged over two orders of magnitude. Observations during a single 

day generally showed the lit dependence expec ted for low exposure hole 

burning, but observations from one day to another were less consistent. 

High exposure burning was accomplished by reducing the laser noise and 
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increasing the energy density on the crystal. Changes in transmission of 

up to 50 % in a few second exposure were observed with 6.S ~W 

spectrometer output. LiF was confirmed to be a NPHB material both by 

exhibiting self-erasing and by having a transmission after burning equal 

to the transmission at the end of burning. 



REFERENCES 

Berezin, A. A.; Phys. Stat. Sol. B 49, p.K201 (1972) 

Chaney, R. C. and C. C. Lin; Phys. Rev. B !l no.2, p.843 (15 Jan. 1976) 

Fischer, F. ; Zeit. fur Phys. 138 no.5, p.534 (1959) 

Ivey, H. F. ; Phys. Rev. 72 no.4, p.341 (15 Aug. 1947) 

Kubo, K.; J. Phys. Soc. Jap. ~ no.12, p.2294 (Nov. 1961) 

Markham, J.; "F-Centers in Alkali Halides", in Solid State Physics, vol.~ 
(1966), ed. F. Seitz and D. Turnbull, Academic Press 

Moerner, W. E., A. R. Chraplyvy, A. J. Sievers, R. H. Silsbee; Phys. Rev. 
B 28 no.12, p.7244 (15 Dec. 1983) 

Mollwo, E.; Gott'. Nachr. 236, p.97 (1931) 

Ortiz, C., C. N. Afonso, P. Pokrowsky, G. C. Bjorklund; Appl. Phys. Lett. 
43 no.12, p.l102 (15 Dec. 1983) 

Petrashen, M. I., et al; Phys. Stat. Sol. 40, p.9 (IY7U) 

Petrashen, M. I., et al; Phys. Stat. Sol. 40, p.433 (197U) 

Pokrowsky, P., W. E. Moerner, F. Chu, G. C. Bjorklund; Opt. Lett. ~ no.5, 
p.280 (May 1983) 

Rabin, H. and C. C. Klick; Phys. Rev. 117 no.4, p.l005 (15 Feb. 1960) 

Smakula, A.; Proc. Semicond. Conf. (Prague), p.729 (1961) 

Stoneham, A. M.; Phys. Stat. Sol. B 52, p.g (1972) 

Szabo, A.; U. S. Patent 3,896,420 (1975) 

Trifonov, G. D.; Sov. Phys. - Dokl. ~ no.12, p.l105 (June 1963) 

Uchida, Y. and H. Yagi; J. Phys. Soc. Jap. ~, p.l09 (1952) 

Volker, S. and J. H. van der Waals; Mol. Phys. 32 no.6, p.17U3 (1976) 

89 




