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An optical detection technique is developed to detect 

and measure the resonant vibration of the cellular 

membrane. Biological membranes are active components of 

living cells and play a complex and dynamic role in life 

processes. They are believed to have oscillation modes of 

frequencies in the range of 1 to 1000 GHz. To measure 

such a high-frequency vibration, a linear laser cavity is 

designed to produce a train of femtosecond pulses of 

adjustable repetition rate. The method is then directly 

applied to liposomes, "artificial membrane", stained with 

a liphophilic potential sensitive dye. The spectral 

behavior of a selection of potential sensitive dyes in the 

membrane is also studied. 
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CHAPTER I 

INTRODUCTION 

A molecular resonant vibration of the cellular membrane 

due to the active metabolism of the living cell has been 

theoretically predicted by Froehlich. 1~'7 Membrane thickness 

vibration is believed to play a basic role in cell division 

process. Although the measurement of these oscillation 

frequencies has been the subject of investigations for many 

years, yet there has not been a direct technique to observe 

this fast phenomenon. We have developed an optical 

detection technique to study the submicroscopic and dynamic 

property of cellular membranes, such as their resonant 

oscillation frequencies. The technique is then applied to 

artificial membranes known as liposomes. 

For many years biologists have assumed that live cells 

are bounded on their external surfaces by a membrane. They 

have explained many of the characteristics of cells in terms 

of properties they attribute to the assumed membrane. 

Despite the widespread acceptance of the existence of the 

limiting membrane around the cell, it has only been in the 

last few years that any direct proof for it has been 

obtained. The membrane is not only an envelop which gives 



mechanical strength, shape and protection to the cell, it 

also regulates the traffic of materials between interior and 

exterior environment of the cell. All biological membranes 

are believed to be constructed on a common pattern, despite 

their variable compositions. They all contain phospholipid 

bilayers as the basic structural unit. Phospholipids are 

highly nonpolar macromolecules with hydrophobic and 

hydrophilic portions. Biomembranes are shells containing 

two layers of phospholipid molecules whose polar head group 

faces the surrounding aqueous environment while the nonpolar 

hydrocarbon chains form a hydrophobic interior.8 The 

primary physical forces responsible in forming biological 

membranes are the hydrophobic interactions between the 

hydrocarbon chains of lipid molecules. These interactions 

result in the formation of phospholipid bilayers and it is 

mainly a consequence of the fact that the water-water 

attraction is much greater than water-hydrocarbon 

attraction, leading to a tendency of hydrocarbon to be 

squeezed out of the water phase. In other words, water is 

liphophobic. Note that, attractive forces between the 

individual hydrocarbon are relatively weak, but a 

substantial quantity of the hydrocarbon in the membrane 

lipids means that the overall cohesion of the hydrocarbon 

phase is substantial. Cellular membrane have thickness of 

approximately 10~s cm across which an electrochemical 

potential difference of the order of 100 mV is maintained. 



Thus, an electric field of the order of 105 V/cm acts on the 

membrane lipid macromolecules which are therefore strongly 

polarized. 

The physical and chemical properties of biological 

membrane have come under increasing scrutiny. Cellular 

membranes are postulated to have oscillation modes of 

frequencies ranging from 1 to 1000 GHZ.1-2 This hypothesis 

is based on three assumptions. First, an organized array of 

molecules in a membrane; second a membrane potential to 

polarize the membrane macromolecules; and third a supply of 

metabolic energy which, if it exceeds a minimum value, will 

trigger membrane vibration into a coherent polar oscillatory 

mode. The phenomenon has to be fully attributed to the 

extraordinary physical properties of the biological systems. 

Although verifications of the presented theory have always 

posed considerable experimental difficulties, there has 

been some experimental evidence9-X6 for the existence of 

such vibrations in cellular membranes. For a membrane made 

of pure egg lecithin (the membrane model used in our 

experiment) a resonance frequency of about 230 GHz is 

estimated. Based on the presented theory, a single mode of 

oscillation can be strongly excited by supplying energy to 

the membrane system. Most of the energy fed to the system 

is then stored in dipole oscillation. Although the reasons 

for cell division and related uncontrollable cell growth 

(cancer) in tissues are not completely understood, study and 



measurement of the frequencies of oscillations of cellular 

membrane may answer some questions. 

Because of the extreme complexity of the biological 

membrane structure and difficulties of handling them in our 

laboratory environment, we have performed our experiments on 

liposomes. Liposomes are shell-like spheres composed of 

lipid bilayers that enclose a volume of aqueous solution. 

Liposomes have become increasingly popular systems for the 

study of cellular membrane since they were first 

characterized by Bangham and co-workers in 1965.17 The most 

important reason for this popularity is the complexity of 

biological membranes. Therefore, the study of much simpler 

liposomal model membrane system can give basic informations 

on physical and chemical behavior of biological membrane 

components. Liposomes can be characterized by their lipid 

compositions and their lamillarity. Large unilamellar 

vesicles are the liposomes with a single bilayer. They have 

been used in our studies and they are known as the best 

model representing cellular membrane. There are variety of 

methods available to prepare liposomes.18 Each method 

produces liposomes with properties suitable for a particular 

experimental requirement. Here the technique used to 

produce large unilamellar vesicles is the detergent removal 

from the lipid/detergent micelles by dialysis.19-20 This is 

a cost effective, efficient and reproducible technique. 

Furthermore, liposomes made are extremely stable and uniform 



in size. Unilamellar vesicles of diameter of 176 nm with 

a size distribution of +1.7% are formed routinely with the 

above technique. 

The method presented in this work is to measure the 

resonant vibration of membrane macromolecules. To detect 

such a high frequency vibration, a linear mode-locked dye 

laser cavity is designed to produce femtosecond pulses of 

tunable repetition rate.21 The liposome suspension is then 

illuminated by the femtosecond laser pulses. In order to 

excite a mode of vibration of bilayer with femtosecond 

pulses, liposomes are first stained with liphophilic dye 

molecules which have a strong absorption at the laser 

operational wavelength (i.e near 620 nm). The illuminated 

light intensity is adjusted to be just below the damage 

threshold of the stained liposomes. The energy absorbed by 

the dye molecules is then transferred to the membrane as the 

repetition rate of the pulses is continuously tuned. If 

this rate becomes a submultiple of the resonance frequency 

of bilayer molecules, the membrane may rupture, and a signal 

corresponding to the damaged membrane can be observed in the 

transmitted beam. 

The spectral properties of several liphophilic 

potential sensitive dyes are studied in absorption, in the 

liposomes bilayers. Among the tested dyes Oxonol VI shows a 

stable and efficient binding to the membrane. It also has a 

relatively fast response (of the order of microseconds) to 



potential changes across the membrane.22 Our method is 

tested on large unilamellar vesicles stained with Oxonol VI. 

In the search for a resonant vibration, a range of 10 MHZ is 

scanned by tuning the pulse repetition rate. Small signals 

are obtained as the experiment is repeated several times. 

To improve the signal to noise ratio an average of several 

independent data sets is taken. After averaging, a signal 

still emerges at frequency of 146.606 MHz. This may be a 

submultiple of the resonance frequency of liposomes 

bilayers. 

The experimental setup and detection technique are 

fully discussed in chapter IV. Structure of liposomes, the 

preparation technique, the staining procedure and study of a 

selection of potential sensitive dyes in the membrane are 

presented in chapter II. The design and characteristics of 

the laser output are shown in detail in chapter III and 

appendixes A, B, C and D. Summary and discussion along with 

some suggestions to improve the detection technique are made 

in chapter V. 
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CHAPTER II 

LIPOSOMES 

Large unilamellar vesicles are the liposomal model used 

in our experiment. Artificial membrane "liposomes" have 

been widely accepted as a simplified model for the 

biological membranes to study their rather complicated 

physical and chemical properties.1-3 They are defined as 

structures composed of lipid bilayers that enclose a volume 

of aqueous solution. It is a common practice to 

characterize liposomes by their size, lipid composition and 

lamillarity. Multilamellar vesicles are liposomes first 

introduced by Bangham and coworkers.4 They are made of 

multiple lipid bilayers forming concentric spherical shells. 

Unilamellar vesicles are liposomes with only a single 

bilayer. They are the mostly used model for the study of 

biological membranes. Small unilamellar vesicles refer to 

the single bilayer liposomes of diameter range of 25 to 50 

nm, whereas large unilamellar vesicles are the liposomes of 

diameter of 50 nm and above.5 Liposomes can be prepared 

from a variety of different lipids under a wide range of 

conditions. Unilamellar vesicles with the well defined 

bilayers are the best candidates for our experiment. The 
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physical structure and a preparation technique of large 

unilamellar vesicles are discussed below. The results of 

the study of absorption spectral responses of several 

potential sensitive dyes in the membrane of large 

unilamellar vesicles are also presented in this chapter. 

Physical Structure of Large Unilamellar Vesicles 

Large unilamellar vesicles under study are made of pure 

phospholipids (egg yoke lecithin). Lecithins 

(phosphatidylcholine-PC) are an important group of lipids 

which form the basic structural component of the cellular 

membrane in all vegetable cind animal cells. They have 

revealed number of properties that are important for the 

understanding of biological membranes, and are therefore the 

most popular phospholipids used to construct liposomes. 

Lecithins are strongly polar molecules which are neutrally 

charged. They are made of a hydrophilic polar "head" group 

and hydrophobic nonpolar "tails".6-9 Symmetrical electron 

distribution around the hydrocarbon chains make the nonpolar 

portion of the lipid molecules. The molecular structure of 

a lecithin is shown in figure 1.1. The general structure of 

the lipid bilayers is determined by the interaction of lipid 

molecules in an aqueous surrounding. If polar lipids alone 

are dispersed in water, they tend to orient themselves so 

that their strongly polar head groups associate with water 

molecules while their nonpolar tails (hydrocarbon chains) 
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associate with each other. Single molecules exist only to a 

very limited extent. The lipid molecules dispersed in 

aqueous solution prefer to form aggregates, which are called 

micelles. Lipid molecules in the membrane bilayer attract 

each other through the action of a variety of forces. Van 

der Waals forces and hydrophobic bonds (hydrophobic 

interactions) are thought to be the main attractive forces 

responsible for holding the huge lipid molecules together in 

a membrane bilayer.6-8 Van der Waals forces are the 

attractive forces existing between atom and molecules of all 

substances. They are weak and operate only over a short 

distance (approximately one atomic diameter). Hydrophobic 

bonds are also attractive forces which hold the nonpolar parts 

of the molecules together, and therefore they exist between 

the hydrocarbon chains of the molecules. They are believed 

to be the main forces responsible for micellar aggregation 

of lipid molecules in aqueous media. Dipole-ion and dipole-

dipole interactions are another kind of intermolecular 

attractive forces that exist in the membrane. The 

equilibrium distance between the head groups (membrane 

thickness) for liposomes made of pure egg lecithin is 

measured to be 37 A 0. 1 0 The structure of a single bilayer 

liposome is shown in figure 2.2. 

Each phospholipid series is characterized by a phase 

transition temperature. This is a narrow range of 

temperature below which the the hydrocarbon chains are 
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highly ordered in a gel like state, and above which the 

chains are in a fluid or a highly mobile state. In other 

words, lipid molecules in the biomembranes as well as in 

liposomes bilayers behave like a liquid crystal. It is 

indeed the liquid crystalline property of the lipid 

bilayers that combines high ordering with fluidity and 

lability of the membrane structure. The lipid molecules 

in a bilayer made of pure phospholipids do not migrate 

from one face of the membrane to the other, as they 

sometimes do in natural membrane. They are often free to 

rotate about their hydrocarbon chain or move laterally 

within the bilayer. These movements are caused by the 

natural thermal motion of the molecules. Because the 

molecular movements are always rotational or lateral, the 

hydrocarbon chain of the molecule remains in the 

hydrophobic interior of the membrane. The transition 

temperature of lecithins is -5° c. In figure 2.3 the two 

phases of lipid molecules in a bilayer are presented. 

In the membranes made of a single type of lipid 

(such as liposomes presented in this work) the 

temperature is the main factor determining the mobility 

of the lipid molecules in the bilayers. These single 

bilayer liposomes can perfectly simulate biomembranes. 

As we will describe later, electrochemical potential 

across the membrane and coherent vibration of the 

membrane macromolecules, can be simulated in liposomes as 
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it naturally occurs in biomembranes. Recall that, as a 

result of metabolic activities in biomembranes a mode of 

coherent vibration in the range of 1 to 1000 GHz is 

excited in molecular array of membranes.11 For liposomes 

made of pure egg lecithin of molecular weight of 800 

grams?mole, we have estimated an approximate resonance 

frequency of 238 GHz for the lipid molecules in bilayers. 

Calculation is carried out by modeling the lipid 

molecules of the bilayers to a system of two equal masses 

attached by a spring. The resonance frequency of such a 

system can be written as 

2k 
wo-

rn 

where, m = 1.3xl0~21 gr, is the mass of a lipid molecule and 

k = 37 dyn/cm is the force constant. The value for the 

force constant for a bilayer with a thickness of 37 A0 is 

calculated using the estimated value of 10s dyn/cm2 for the 

membrane thickness compressibility.12 The value obtained 

for resonance frequency of the liposome bilayer (i.e., 238 

GHz) is in the postulated frequency range (i.e., 1 to 1000 

GHz) of the biomembranes. However, the estimated resonance 

frequencies are to be considered as a rough order of 

magnitude. 
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(a ) (b) 

Figure 2.3 Arrangement of lipid molecules in liposome 
bilayers (a) below transition temperature 
(b) above transition temperature. 
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Preparation of Liposomes 

There are variety of methods available to prepare 

single bilayer liposomes.13-23 The method used in our 

experiment is the detergent removal from the mixed micellar 

solution by dialysis at a defined temperature (above the 

transition temperature of lipids). This technique is 

capable of producing liposomes which are stable and highly 

uniform in size. A narrow size distribution of vesicles is 

precisely an important requirement for our experiment. 

Furthermore, this technique is well standardized and 

reproducible. The liposomes can be made from different 

kinds of lipids, and their diameter can be controlled over 

the range of 25 to 500 nm. Some factors which can affect 

the size of liposomes are: type of detergent, type of lipids 

and lipid/detergent molar ratio. For the formation of 

homogeneous vesicles, dialysis should be done without 

kinetic perturbation of detergent removal and above the 

transition temperature of the lipids. 

Materials and Method 

The basic materials used in liposome preparation are 

Phosphatidylcholine and octylglucoside (a nonionic 

detergent). The most important consideration for choosing a 

detergent for the dialysis technique is the critical 

micellar concentration and the aggregation number. The 
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critical micellar concentration is measured to be the 

concentration above which the detergent forms stable micelles 

or stable aggregates. The aggregation number determines the 

micellar size and weight. Among the nonionic detergents, 

octylglucoside has a high critical mass concentration and 

low aggregation number. This makes their removal easy from 

detergent-phospholipid solution with resulting liposomes 

containing low level of detergent residual.24-26 A typical 

liposome preparation procedure14-19 is followed by 

dissolving 15 mg lecithin (purchased from Avanti polar lipid 

Inc.) and 30 mg octylglucoside in ethanol. The solution is 

then evaporated under vacuum in a rotary evaporator during 

one hour at 30° c. This is a long enough period of exposure 

to vacuum for the complete removal of traces of organic 

solvent. The thin film of dried lipid and detergent formed 

from the ethanolic solution is then dispersed in 1.5 ml of 

phosphate buffer. The solution is gently stirred until a 

clear or a slightly turbid mixed micellar solution is 

formed. To have a homogeneous and stable micellar solution, 

it is important to keep an optimal value of 0.2 for the 

molar ratio of lipid to detergent.27 The mixed micellar 

solution is then placed in a dialyzer. The Mini—lipoprep 

dialyzer, shown in figure 2.4, is a simple apparatus which 

is essentially based on the flow-through dialysis 

technique.19 -2-7 It has a capacity of 1.5 ml. The micellar 

solution injected into the dialyzer is in contact with 
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cellulose membrane of high permeability to small molecules, 

with a molecular weight cutoff at 10000. To remove 

impurities, the cellulose membrane is first presoaked in 

distilled water for 5 minutes, and then immersed in the 

buffer for 20 more minutes before each use. The dialyzer is 

then put in the detergent free buffer and rotated with a 

speed of 14 rpm. The solution of mixed micelles are 

dialyzed against the buffer for 24 hours at room 

temperature. For the formation of liposome suspension with 

low detergent residual, 1.5 ml of the mixed micellar 

solution is dialyzed against 1000 ml of buffer and the 

buffer is replaced every 8 hours. This leads to 

practically detergent free vesicles. The physical basis for 

the formation of vesicles from the mixed micellar solution 

is not yet understood. Laser light-scattering 

spectroscopy28-32 is the technique used for measuring the 

size of the prepared vesicles in suspension. The 

measurements show that liposomes of diameter of 176 nm are 

routinely formed following the above procedure. These are 

liposomes highly uniform in size. The size distribution of 

the prepared liposomes is measured to be ±1.7%. 

The liposome suspensions are routinely made in sodium 

phosphate buffer (containing NaHaPCU and NazHPCU) and/or 

potassium phosphate buffer (containing KH2PO4 and K2HPO4). 

In either case the buffer is made to have concentration of 

lOmM and PH of 7.25 at room temperature. The ionic strength 
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of the buffer is then adjusted to 160 mM with addition of 

salts such as NaCl, KC1, CHsCOONa, CHaCOOK, SCUNaz and 

SO4K2. Different salts are used to apply adjustable 

potential across the membranes. This is done by creating a 

concentration difference of salts between interior and 

exterior of the membranes. Immersing liposomes (which are 

made in a phosphate buffer containing a potassium salt), in 

a phosphate buffer containing a sodium salt, results in 

liposomes with low ion concentration in their exterior 

and high ion concentration in their interior. Note that, 

membranes are highly permeable to and CI- ions, but they 

have shown low permeability to Na+ ions and they are hardly 

permeable to larger ions such as SO4- and CHaCOCr.33~39 

Salts such as KC1 and NaCl have the disadvantage that the 

membranes are permeable to CI- ions as well as ions (a 

factor that does not affect the potential measurements when 

equal concentration of CI- ions are used inside and outside 

the membrane). Being bivalent, sulfate salts can create 

larger potential difference across the membrane. However, 

the bivalent salts appear to contribute to undesirable 

aggregation of liposomes in suspension. To avoid such 

problems the latest measurements have been performed with 

buffers containing acetate salts. 
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Staining of Liposomes 

In order to excite a mode of oscillation in a dipolar 

array of liposomes bilayers, energy should be given to the 

membrane system. The femtosecond laser pulses used in our 

experiment have wavelength of about 620 nm which is far from 

the absorption spectrum of bilayers. Therefore, liphophilic 

dye molecules with a suitable absorption spectrum are to be 

inserted into the bilayers as energy transferring agents. 

We stained the liposomes with several dyes selected from 

the large variety of potential sensitive dyes. Dyes were 

basically chosen to have large absorption at the laser 

wavelength (i.e. near 620 nm). A final selection was made 

based on spectral measurements of the stained liposomes, and 

their responses to changes of ionic potentials across the 

membrane. 

Potential sensitive dyes have been used as membrane 

probes over the last few years mainly for the study of the 

electrical properties of the membrane. They bind to the 

membrane and their absorption or fluorescent spectra is 

modified with the changes of electrical potential across the 

membrane. A wide range of parameters exist that can affect 

the optical properties of the dye molecules in the membrane. 

In general, potential sensitive dyes show different spectral 

responses in different membrane systems. Because of the 

diversity of membrane/dye systems, a calibrated technique 
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does not exist for the staining of membranes, and dyes 

should be individually studied on each sample. Different 

mechanisms have been postulated for the dye spectral 

response to the membrane potential. 4 0 - 4 5 Some of these 

mechanisms are briefly discussed below. 

One mechanism responsible for the optical changes of 

the dye molecules is thought to be the potential-dependent 

dye accumulation in the cell interior for the highly 

membrane permeant dyes. The aggregation of dye molecules in 

the cell interior due to their high concentration results in 

their absorption spectral shift. This is a slow mechanism 

with a response time on the order of seconds. Another 

mechanism involves the asymmetric distribution of the 

dye concentration within the membrane. This is when the dye 

concentration in the two membrane interfaces are different 

in the presence of a potential difference. It is believed 

that for some dye/membrane systems, the dye molecules are 

ejected from the membrane side where the dye is most 

concentrated to the adjacent aqueous region. The ejected 

dyes form dimers in the water and, hence, potential-dependent 

absorption changes are resulted. This is a fast responding 

mechanism with a time constant of microseconds. Oxonol 

dyes are believed to work through this mechanism in most 

membrane systems. Another fast responding mechanism is 

assumed to be the potential-dependent dimerization of the 

dye molecules within the membrane. Recent studies40 have 
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shown that the dimerization results in a reorientation of 

the dye molecules in the membranes and that leads to 

absorption changes of the dye molecules. The Stark effect 

or electrochromism is also a postulated mechanism for the 

absorption changes of the dye molecules inside the membrane. 

This is an electric field induced shift of the energies of 

the electronic transitions in dye molecules, and is 

therefore extremely fast. At present, there is no known dye 

exhibiting a large Stark effect near 620 nm. One important 

factor for a large spectral shift is the orientation of the 

dye molecules inside the membrane. Dye molecules usually 

tend to orient themselves in the membrane such that their 

hydrophilic and liphophilic interactions with the membrane 

lipid molecules are maximized. Research efforts are under 

way to synthesize a truly electro-potential dye which obtains 

a "perfect" orientation within the membrane (i.e. polar dye 

molecules which place themselves parallel to the membrane 

molecules and electric field across the membrane). The Stark 

effect has an advantage of having an instantaneous response 

to the potential changes of the membrane. An instantaneous 

response is an important factor for the observations in the 

time scale of dynamic membrane events, and therefore such a 

fast responding probe could be an excellent candidate for 

our experiment. 

In order to simulate a cellular membrane vibration in 

liposome bilayers, an electric field across the membrane 
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can be established by having an unequal distribution of ions 

in the inside and outside of aqueous solution of liposomes. 

The potential difference created across the membrane (Vm) 

for the membrane systems permeable only to one ion is given 

by Nernst equation9 

[ionic concentration of the aqueous interior] 

Vm= - 59 logio 

[ionic concentration of the aqueous exterior] 

When a sample of liposome suspension is stained with a 

potential sensitive dye, the dye molecules distribute across 

the membrane and their optical properties respond to the 

membrane potential changes. The established electric field 

across the membrane can vary by the flux of ions across the 

membrane. Liposomes have shown similar permeability as 

natural membranes to water and ions (cations or anions). 

The mechanism of membrane permeability and transport of ions 

across the membrane is a complex process and not well under-

stood. The ion activities within the membrane of liposomes 

can not be accurately determined, because a variety of 

parameters in lipid and solute composition can strongly 

affect the permeability properties of the membrane. Factors 

such as size of the liposomes and the method of preparation 

also affect the permeability the membrane. Studies 

have shown that liposomes become highly permeable to K- ions 
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in the presence of valinomycin.36-39 To study some optical 

properties of potential sensitive dyes in our membrane 

system, a potential difference is created across the 

membrane in the liposome suspension. To create an unequal 

ionic concentration across the membranes, liposomes made in 

potassium phosphate buffer (containing a potassium salt) are 

diluted in a sodium phosphate buffer (containing a sodium 

salt and therefor free of ions) . Valinomycin is added 

to the sample to promote the K+ ion flux across the 

membrane. The ionic strength of the phosphate buffer is 

adjusted with acetate and/or sulfate salts. The liposomes 

made with acetate salts are stable for a longer period of 

time than the liposomes made with sulfate salt. 

As mentioned before, acetate and sulfate salts are used 

because a cell membrane is impermeable to CHaCOO- ions and only 

slightly permeable to SCU- ions. The potential difference 

across the membrane is created by the following mechanism. 

In the sample of liposome suspension prepared with acetate 

salt the permeable ions tend to diffuse through the 

membrane along their concentration gradient from the 

solution of high concentration to the solution of low 

concentration. The permeability to K+ ions is magnified by 

addition of valinomycin. The diffused K+ ion are held back 

by the impermeable CHaCOCr ions left behind and thus two 

thin layer of excess positive and negative charges are 

created at the membrane surfaces. In the cases where 
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membranes are permeable to only one ion, such as our 

membrane system, the created potential prevent further ion 

diffusion across the membrane and therefore a stable 

potential difference is established. Dyes used as membrane 

stains were purchased from Molecular Probes Inc.. They 

were stored as concentrated methanol solutions (4 mM) in the 

dark. To stain the sample of liposome suspension, a dye 

solution is added to the sample directly and gently stirred. 

Liposomes can also be stained during dialysis. This is done 

by adding the dye to the mixed micellar solution and 

dialyzing it against the dyed buffer. The latter procedure 

is only applicable to the dyes which do not interact 

directly with the detergent and do not aggregate in water 

(for example, oxonol dyes). The spectral response of the 

dye in membrane is the same for the samples stained with the 

two different techniques. 

Absorption Measurements of Potential Sensitive Dyes 

The liposomal samples under study are prepared 

routinely by diluting 50 ]il of liposomes made in potassium 

phosphate buffer (containing potassium acetate salt) in 950 

p.1 of sodium phosphate buffer (containing sodium acetate 

salt). According to the Nernst equation such a dilution can 

create a stable potential difference of -75 mV and hence an 

electric field of 2 x 10s V/cm across a membrane of a 37 A° 

thickness. The same potential difference, only with the 
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reversed sign, can be created for the samples of liposomes 

made in sodium phosphate buffer and diluted in potassium 

phosphate buffer. This is because, according to the Nernst 

equation, the sign of potential across the membrane depends 

only on the ionic concentration inside and outside the 

liposomes. Therefore, a negative potential difference is 

created across the bilayers of liposomes which have higher 

concentration of K+ ions inside their compartments. Note 

that such liposomes have also negative interiors because, 

the existing concentration gradient results in diffusion of 

ions and therefore negative ions of CH3C00- are left 

behind inside the liposomes compartments. The prepared 

liposomes are stained by adding 0.25 pi of the dye solution 

(with concentration of 4 mM) to the samples. For each 

sample the absorption measurements of the dye in buffer 

"free dye" are compared to the absorption measurements of 

the dye in bilayers "bound dye". In most cases a red shift 

of the spectrum is a good indication of the binding of the dye 

molecules to the membrane. A membrane potential is created 

by addition of 0.025 mg of valinomycin, dissolved in 

methanol, to the sample. This makes a concentration of 1 pM 

of valinomycin. The final concentration of methanol is kept 

below 1% in each sample. The absorption spectra of the 

samples with the dye molecules attached to the membrane are 

then expected to respond to the addition of valinomycin. To 

confirm the effect of valinomycin, liposome structures are 
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disrupted by addition of Triton X-100, at a concentration of 

0.5%, to the sample. The rupture of the membrane abolishes the 

created membrane potential and therefore a change in 

absorption spectrum is expected. Consistent results are 

obtained with the use of valinomycin and Triton X-100. The 

results obtained from the study of our membrane/dye systems 

are listed below. Absorption spectral responses of cationic 

and anionic potential sensitive dyes, due to the change of 

membrane potential are presented. The magnitude of the 

membrane potential is kept the same for all samples, while 

the sign of the membrane potential varies from sample to 

sample. For simplicity we refer to the liposomes made in 

potassium phosphate buffer as potassium liposomes and 

liposomes made in sodium phosphate buffer as sodium 

liposomes. 

OXONOL VI 

Oxonol VI is an anionic potential sensitive dye which has 

been widely used as probe for monitoring the potential 

across membranes.43-47 The spectral behavior of Oxonol VI 

in the membrane is studied for samples of potassium and 

sodium liposomes made with acetate and sulfate salts 

separately. The absorption spectral responses are shown in 

figures 2.5, 2.6, 2.7 and 2.8. Red shifts of absorption 

spectra are observed between free and bound dye in all cases. 

This is an indication of the binding of the dye molecules to 
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the membrane. For the sample of potassium liposome made 

with acetate salt, addition of valinomycin to the sample do 

not result in any spectral shift (curve c in figure 2.5), 

whereas a small shift is observed for the sample of 

potassium liposomes made with sulfate salt (curve c in 

figure 2.7). However, an increase in the absorption is 

observed for both cases. For the samples of sodium 

liposomes made with acetate and sulfate salts a shift of the 

absorption peak is observed with the addition of valinomycin 

(curve c in figures 2.6 and 2.8). External concentrated 

salt is also added to the samples to create further changes 

in membrane potential. Addition of 50 pi of a CHsCOOK at a 

concentration of 3M to the sample of sodium liposomes 

promotes a higher potential gradient for the K+ ions, and 

results in a blue spectral shift (curve d in figure 2.6). 

Addition of 50 pi of NaCl with concentration of 3M to the 

potassium liposomes also results in a blue shift of 

absorption spectrum (curve d in figure 2.5). As mentioned 

above, membranes are believed to be highly permeable to Cl_ 

ions and therefore addition of NaCl should create a more 

negative ionic concentration in the aqueous interior of 

potassium liposomes and thus a change in membrane potential. 

Note that as result of this addition, CI- ions move into the 

liposome interior and leave behind the Na+ ions. The 

liposomes are then ruptured with the addition of Triton X-

100 to the samples, and as a result, a blue shift of 
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spectrum is obtained for the sample of sodium liposomes 

(curve e in figure 2.6). This, along with the effect of 

valinomycin, confirms that the dye absorption properties are 

influenced by the membrane potential changes. In general 

Oxonol VI shows a stable binding to the membrane for both 

potassium and sodium liposomes. As mentioned above the 

liposomes made with acetate salt were stable for longer 

period of time than the liposomes made with sulfate salts. 

There was no sign of lipid or dye aggregations in the 

samples made with acetate salts for days. 

OXONOL V 

Oxonol V is an anionic dye from the Oxonol family. The 

samples of potassium liposomes and sodium liposomes prepared 

in acetate salts are stained with Oxonol V. The absorption 

spectral behavior of Oxonol V in the membrane is presented 

in figures 2.9 and 2.10. Spectral shifts of 

approximately 25 nm between the free dye and the bound dye 

are obtained for both samples. The red shift indicates the 

efficient binding of the dye molecules to the membranes. 

Addition of valinomycin to the samples results in a blue 

shift of the absorption spectrum and an increase of the 

absorption peak (curve c in figures 2.9 and 2.10). The 

spectral shift is larger for the blue part of spectrum in 

sodium liposomes. Further increase in absorption peak is 

observed with the addition of 50 pi of NaCl with 
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concentration of 3M to the sample of potassium liposomes 

(curve d in figure 2.9). As mentioned before, because of 

permeability of the membrane to Cl~ ions, addition of NaCl 

to the sample of potassium liposomes is expected to create a 

more negative interior for the liposomes and thus a change 

in membrane potential is expected. With addition of Triton 

X-100, a 5 nm blue shift is observed for both potassium and 

sodium liposomes (curve e in figure 2.9 and curve d in 

figure 2.10). Oxonol V shows a stable binding to the 

membrane for a long period of time. 

WW781 

This is another anionic potential sensitive dye used 

for the staining of liposomes. The absorption spectral 

response of the dye in the membrane is shown in figures 2.11 

and 2.12. A red shift of approximately 12 nm is observed 

between the free and bound dye for both potassium and sodium 

liposomes made with acetate salts. There is no spectral 

response with the addition of valinomycin to the sample of 

potassium liposome, while a blue shift is observed for the 

sample of sodium liposomes with this addition (curve c in 

figure 2.11 and 2.12 ). Addition of Triton X-100 to the 

sodium liposomes results in a red shift of spectrum (curve d 

in figure 2.12). The spectral response to the addition of 

valinomycin and Triton X-100 shows that dye molecules in the 

sodium liposomes are sensitive to the potential changes 
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across the membrane, whereas they do not respond to these 

changes in the potassium liposomes. 

DilCz(5) 

DilCa(5) is a cationic dye used for the staining of 

liposomes. The spectral response of the dye to changes of 

potential on environment is shown in figures 2.13 and 2.14. 

For both samples of potassium and sodium liposomes made with 

acetate salt a red spectral shift is observed between the 

free and bound dyes. The spectral shift of 12 nm is 

obtained for the sample of potassium liposomes (figure 2.13) 

while the shift of only 6 nm is observed for the sample of 

sodium liposomes (figure 2.14). Smaller shift of absorption 

spectrum for the potassium liposomes indicate that most of 

the dye molecules are free in the buffer than bound to the 

membrane. One reason for the better attachment of the dye 

molecules to the potassium liposomes is their negative 

interior, which makes them more attractive to the cationic 

dye molecules than sodium liposomes with the positive 

interiors. Addition of valinomycin results in a small 

change of absorption in both samples but no shift of 

spectrum is observed (curve c in figures 2.13 and 2.14). No 

spectral shifts are obtained with addition of Triton X-100 

to the samples. We can conclude that potential changes 

across the membrane do not effect the absorption properties 

of this dye in the membrane. 
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DiSC3(5) 

DiSCa(5) is a cationic dye. As shown in figures 2.15 

and 2.16, a spectral red shift of the absorption between 

free and bound dye indicate the binding of the dye molecules 

to the membrane for both potassium and sodium liposomes made 

in acetate salt. This red shift is larger by approximately 

4 nm for potassium liposomes (figure 2.15). The addition of 

valinomycin results in a small change in absorption of the 

dye in both samples while no spectral shift is observed due 

to this addition (curve c in figures 2.15 and 2.16). 

Addition of Triton X-100 to the sodium liposomes results in 

a spectral shift in the blue part of the absorption spectrum 

and an increase in the absorption (curve d in figures 2.16). 

Results obtained from addition of valinomycin and Triton X-

100 indicate that dye molecules do not respond to the 

potential changes of membrane. 

Di l O a (5) 

DilCia(5) is another cationic liphophilic membrane 

probe. Among the selected cyanine dyes (DilC2(5) and 

DiSCa), it has the longest hydrocarbon chain and the largest 

molecular weight. The absorption spectral response of the 

dye is presented in figures 2.17 and 2.18. The absorption 

measurement of the free dye shows peaks at 600 nm and 650 

nm. For the sample of potassium liposomes made with 
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potassium acetate salt a considerable shift of absorption is 

not observed between the free dye and the bound dye (figure 

2.17). This is again an indication that the dye molecules 

are not attached to the membrane. The sign of membrane 

potential may be a valid rejason for this observation 

(positive interior of the potassium liposomes repel cationic 

dye molecules). For the Sctmple of sodium liposomes made 

with sodium acetate salt, absorption spectral response 

indicate the binding of the dye molecules to the membrane 

(figure 2.18). The absorption spectrum undergoes a change 

with addition of valinomycin (curve c in figure 2.18 ). The 

change in absorption is larger for the red part of the 

spectrum. Addition of Triton X—100 to the samples results 

in a drastic change of the absorption spectrum (curve d in 

figure 2.18). This is not a response to the potential 

changes across the membrane, because the same spectral 

changes are obtained when the detergent is directly added to 

the dyed buffer. Therefore the large increase of absorption 

at 600 nm is the result of direct interaction of dye 

molecules with the detergent. 
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Figure 2.7—Absorption Spectra of Oxonol VI (a) free 
dye in sodium sulfate buffer containing 
sodium sulfate salt (b) after addition of 
potassium liposomes (c) after addition of 
valinomycin. 
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Figure 2.3—Absorption Spectra of Oxonol VI (a) stained 
sodium liposomes suspended in potassium 
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Figure 2.11—Absorption Spectra of WW781 (a) free dye in 
sodium phosphate buffer containing sodium 
acetate salt (b) after addition of 
potassium liposomes (c) after addition of 
valinomycin. 
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Figure 2.12—Absorption Spectra of WW781 (a) free dye in 
potassium phosphate buffer containing 
potassium acetate salt (b) after addition 
of sodium liposomes (c) after addition of 
-Unomycin (d) after addition of Triton X-
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Figure 2.14- Absorption Spectra of DilC2(5) (a) free dve 
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Figure 2.17--Absorption Spectra of DilCiB(5) (a) free 
dye in sodium phosphate buffer containing 
sodium acetate salt (b) after addition of 
potassium liposomes. 
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Summary of the Results 

The sign and size of the membrane potential are expected 

to be important factors for the binding of the dye molecules 

to the membrane.42 According to the Nernst equation, the 

samples of potassium liposomes diluted in sodium buffer have 

negative membrane potential (negative interior), while the 

samples of sodium liposomes diluted in potassium buffer have 

positive membrane potential (positive interior). Note that 

the ionic concentration of the potassium and sodium buffers 

are adjusted with a potassium and a sodium salt respectively. 

The effect of membrane potential direction on the absorption 

spectral response for the selected dyes are observed only for 

the cationic dyes. The absorption spectrum of the bound 

cationic dyes undergo a larger shift for potassium liposomes 

than sodium liposomes. Contrary to expectation, the shift of 

the absorption spectrum is the same for potassium liposomes 

and sodium liposomes stained with anionic dyes regardless of 

the sign of membrane potential. In general the spectral 

response of the dye absorption due to the addition of 

valinomycin or Triton X-100 to the liposome suspensions 

suggest that dye molecules are under the influence of 

electric field created across the membrane. The dye 

molecules which respond to the membrane potential can be used 

to detect the membrane rupture. In dye/membrane systems 

under study, the observed absorption spectral responses to 
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the changes of membrane potential are usually small. 

However, a titration technique for dye concentrations and 

dye/1ipid ratios can be used to find an optimum absorption 

change for the dyes inside the membranes. 

Among the selected potential sensitive dyes, Oxonol V 

and VI show the largest spectral shift of the absorption 

between free and bound dye molecules. They have also shown 

the most stable binding to the membrane. Addition of 

valinomycin promotes a larger absorption spectral response 

for Oxonol V, Oxonol VI, WW781 and DilCxs(5) dyes in the 

sodium liposomes bilayers. This, along with the effect of 

Triton X-100, indicate that these dyes respond to the 

existing electric field across the membrane when the vesicles 

are made in sodium phosphate buffer. Two basic mechanism may 

be responsible for the absorption changes of cyanine and 

oxonol dyes in the vesicle suspension. One is the potential-

dependent accumulation mechanism (this is the mechanism 

attributed to the most cyanine dyes with long hydrocarbon 

chain and nonlocalized charge distribution). The other is 

the asymmetric distribution of the dye molecules in the 

membrane (which is often the mechanism responsible for the 

spectral changes of oxonol dyes. Oxonol dyes have localized 

charge distribution, and they are hardly permeable to the 

membrane). In general, dyes with optical responses to the 

electric field of bilayers may be useful for the study of 

structure and dynamics of cell membranes. 



CHAPTER BIBLIOGRAPHY 

1. G. Gregoriadis, Liposome Technology, CRC Press, Inc. 

(1984). 

2. Marc J. Ostro, Liposomes, Marcel Dekker Inc., New York 

(1983) . 

3. C. G. Knight, Liposomes: From Physical Structure to 

Theraputical Applications, Elsevier, New York (1981). 

4. A. D. Bangham, M. M. Standish, and J. C. Watkins, J. Mod. 

Biol. 13, 238 (1965). 

5. M. J. Hope, M. B. Bally, L. D. Mayer, A. S. Jannof, and 

P. R. Cullis, Chemistry and Physics of Lipids 40, 89 

(1986). 

6. M. I. Gurr and A. T. James, Lipid Biochemistry, John 

Wiely and Sons Inc., New York (1975). 

7. J. F. Mead, R. B. Alfin-Slater, D. R. Howton, and G. 

Popjak, Lipids Chemistry, Biochemistry and Nutrition, 

Plenum Press, New York (1986). 

8. J. A. F. Op Den Kamp, B. Roelofsen and K. W. A. Wirtz, 

Lipids and Membranes: Past, Peresent and Future, Elsevier 

Science Publishing Company, Inc., New york (1986). 

9. W. Hoppe, W. Lohmann, H. Markl, and H. Ziegler, 

Biophysics, Springer-Verlag, New York (1983). 

52 



53 

10. C. Huang and J. T. Mason, Proc. Natl. Acad. Sci. USA 

75, 308 (1978) . 

11. H. Froehlich, Int. J. Quantum Chem. 2, 641 (1968). 

12. A. Evans and R. M. Hochmuth, Current Topics in Membrane 

Transport, Academic Press (9178). 

13. C. Huang, Biochem. 8, 344 (1969). 

14. J. Brunner, P. Skarbal, and H. Hauser, Biochim. Biophys. 

Acta 455, 322 (1976). 

15. D. Deamer and A. D. Bqangham, Biochim. Biophys. Acta 443, 

629 (1976). 

16. J. M. H. Kremer, M. W. J. Esker, C. Pathmamanoharan, and 

P. H. Wieresma, Biochem. 16, 3932 (1977). 

17. S. Batzri, and E. D Korn, Biochim. Biophys. Acta 289, 

1015 (1973). 

18. Y. Kagawa and E. Racker, J. Biol. Chem. 246, 5477 (1971). 

19. M. H. W. Milsmann, R. A. Schwendener, and H. G. Weder, 

Biochim. Biophys. Acta 512, 147 (1978). 

20. H. G. Enoch and P. Strittmatter, Proc. Natl. Acad. Sci. 

USA 76, 145 (1979). 

21. V. Rhoden and S. M. Goldin, Biochem. 18., 4173 (1979). 

22. F. Szoka, D. Papahadjopoulos, Proc. Natl. Acad. Sci. 

USA 75, 4194 (1978). 

23. F. Olson, C. A. Hunt, F. C. Szoka, W. J. Vail, and D. 

Papahadjopoulos, Biochim. Biophys. Acta 557, 9 (1978). 



54 

24. T. M. Allen, A. Y. Romans, H. Kercret and J. P. Segrest 

Biochim. Biophys. Acta 601, 328 (1980). 

25. R. A. Schwendener, M. Asanger, and H. G. Weder, Biochem. 

Biophy. Res. comm. 100, 1055 (1981). 

26. L. T. Mimms, G. Zampighi, Y. Nozaki, C. Tanford, J. A. 

Reynolds, Biochem. 20, 833 (1981). 

27. 0. Zumbuehl and H. G. Weder, Biochim. Biophys. Acta 640, 

252 (1981). 

28. B. Chu, Laser Light Scattering, Academic Press, New york 

(1974). 

29. H. Z. Cummins and E. Pike, Correlation and Light-Beating 

Spectroscopy, Plenum, New York (1974). 

30. F. C. Chen, A. Chrzeszczyk, and B. Chu, J. Chem. Phys. 

M(8), 3403 (1976). 

31. J. H. Goll and G. B. Stock, Biophy. J. 19, 265 (1977). 

32. C. Gahwiller, Powder Technology .25, 11 (1980). 

33. J. de Gier, J. G Mandersloot. and L. L. M. van Deenen, 

Biochim. Biophys. Acta 150, 666 (1968). 

34. A. D. Bangham, M. M. Standish and N. Miller, Nature 208, 

1295 (1965). 

35. S. M. Johnson and K. W. Miller, Biochim. Biophys. Acta 

375. 286 (1975). 

36. L. Louni, J. L. Rigaud and C. M. Gary-Bobo, Proc. of the 

36th international meeting of the Societe de Chimie 

Physique, Paris (1982). 



55 

37. S. M. Jhonson and A. D„ Bangham, Biochim. Biophys. 

Acta 193, 82 (1969). 

38. P. Nicholls and N. Miller, Biochim. Biophys. Acta 356, 

184 (1974). 

39. A. Azzi, U. Brodbeck and P. Zahler, Membrane Protiens, 

Springer-Verlag, New York (1981). 

40. L. M. Loew, G. W. Bonneville, and J. Surow, Biochem. 

17, 4065 (1978). 

41. S. Krasne, J. Biophysical soc. 30., 415 (1980). 

42. A. S. Waggoner, Ann. Rev. Biophys. Bioeng. 8, 47 

(1979). 

43. A. S. Waggoner, C. H. Wang and R. L. Tolles, J. Memb. 

Bio. 33, 109 (1977). 

44. A. Waggoner, J. Memb. Bio. 27, 317 (1976). 

45. C. L. Bashford and J. C. Smith, Methods in enzymalogy, 

Academic press inc. (1979). 

46. C. L. Bashford, B. Chance and R. C. Prince. Biochim. 

Biophys. Acta 545, 46 (1979). 

47. C. L. Bashford, B. Chance, J. C. Smith and T. Yoshida, 

Biophys. J. 25, 63 (1979). 



CHAPTER III 

THE LASER CAVITY 

In order to study the resonant vibration of the 

cellular membrane a linear laser cavity is designed to 

generate stable femtosecond pulses with adjustable 

repetition rate. 1 - 3 The laser is a linear mode-locked dye 

laser with all the functional characteristics of the 

Colliding Pulse Mode-locked ring lasers.4 The cavity is 

particularly designed to have a minimum number of 

intracavity elements to avoid the tedious alignment required 

for the ring lasers. Furthermore, this is a single output 

laser cavity, contrary to the ring lasers. Adjustment of 

the cavity length is possible without disturbing the mode-

locked operation for a range of several centimeters. The 

laser is also capable of generating two and three pulses per 

cavity round trip without a change in pulse duration. 

Combination of the two characteristics of the laser 

(femtosecond pulses and adjustable repetition rate) reveal 

unique possibilities to investigate ultrafast events. 

Moreover, a laser with adjustable cavity length is an ideal 

candidate for hybrid mode locking. Results from numerical 

and analytical study of the laser cavity are presented in 

56 



SI 

this chapter. 

Design Considerations of a Linear Femtosecond Laser 

The basic cavity design is sketched in figure 3.1. The 

laser cavity is a four mirror linear cavity which is 

terminated by a "cyclic interferometer" or an 

"antiresonant ring". The antiresonant ring was first 

proposed by Siegman5-6 to obtain standing wave saturation in 

a linear mode-locked dye lasers. A signal coming to the 

antiresonant ring first encounters the beam splitter and is 

divided into two equal parts. It travels around the ring in 

opposite directions and then recombines, and exits from the 

ring. Since all the signal coming to the ring from an 

external arm emerges into the same arm, the ring 

configuration acts perfectly as an end mirror of the laser 

cavity. The gain medium of the dye laser is Rhodamine 6G 

(R6G) dissolved in ethylene glycol with a concentration of 

2mM. The dye laser is pumped by a CW Spectra Physics argon 

ion laser at a wavelength of 514 nm. The output of the 

argon laser is coupled to the gain medium by a focusing 

mirror of 5 cm radius of curvature. The dye (R6G) 

circulates through a vertical jet nozzle and its temperature 

is stabilized at 19 c°. The vertical jet stream (with 

thickness of approximately 300 pm) is positioned between two 

mirrors Mi and Ma, which constitute the active medium 

section of the laser. Mirror Mz is also the collimating 
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Figure 3.1—Antiresonant Ring Laser Cavity. 
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output mirror. The passive section of the cavity consists 

of an antiresonant ring and a saturable absorber. The 

antiresonant ring assembly consists of a 0.5 mm thick fused 

silica beam splitter which is coated for 50% reflection at 

620 nm on one side and anti-reflection coated on the other 

side, and two broadband mirrors Ma and M4. The dye 

3-3'diethyloxadicarbocyanine iodide (DODCI), with a 

concentration between 2 and 4 mM, dissolved in ethylene 

glycol, is used as saturable absorber. The saturable 

absorber circulates through a vertical jet nozzle, having a 

100 iam opening and operating at a pressure of 60 psi, which 

results in a jet thickness of approximately 50 pm at the 

focal spot of mirrors M3 and M4. Note that the dye jet 

stream is located at the midpoint of the ring between 

mirrors M3 and M4 and adjacent to the beam splitter. For 

stable mode locked operation, the pulses entering the ring 

should collide in the thin saturable absorber. This is 

possible by locating the dye jet stream at equal optical 

distances from the beam splitter. Both amplifier and 

absorber dye jets are run by air-damped pump systems which 

provide vibration free circulation for the dye jet streams, 

and therefore a stable laser operation results. 

The DODCI solution has a lifetime that numbers in 

days, while the amplifier medium can last for months without 

deterioration. Therefore, the saturable absorber solution 

needs to be replaced frequently with a freshly made solution 
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for good mode-locked and short pulse operation of the laser. 

The adjustable repetition rate of the femtosecond pulses is 

made possible by continuous change of the cavity length. 

This is done by mounting the antiresonant ring assembly, 

including the jet nozzle, on an air bearing translation 

stage aligned along the cavity axis. The design is such 

that the precise angular and translational positioning of 

the antiresonant triangle along in directions perpendicular 

to the cavity axis is possible. The beam splitter can also 

be positioned for different angles of incidence as long as 

the emerged beam from the ring is not blocked by mirror Ms. 

The active and passive part of the cavity can be prealigned 

separately, before aligning the whole laser cavity. The 

cavity design considerations facilitate the tedious 

alignment which is usually required for femtosecond dye 

lasers. The possibility of changing the geometry of the 

cavity in a short period of time is one of the advantages 

of this laser over the ring lasers. 

Astigmatism Compensation and Stability Analysis of the 

Laser Cavity 

The mode of operation of the laser depends critically on 

the energy density in the absorbing medium and hence on the 

cross section of the beam in the saturable absorber.7-14 

The four mirror linear laser cavity, illustrated in figure 

3.1, is one of the configurations giving a tight focus in 
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the absorber jet. With tight focusing in the absorber, the 

Kerr effect dominates the phase modulation, and with proper 

dispersion compensation, short pulse operation is obtained. 

The shape of the beam in the absorber has a sensitive 

dependence on the astigmatism distortions introduced to the 

cavity. The astigmatism is a function of cavity geometry 

parameters such as distances between mirrors and angles of 

incidence. The dominant contribution to astigmatism is from 

the folding mirrors M2 and M3. A large fold (16°) at the 

antiresonant triangle of the cavity is inevitable, if a 

small spot size is desired in the absorber. Indeed, the 

small spot size corresponds to a large diameter beam 

returning through the beam splitter. The resulting large 

beam size implies a large clearance angle (approximately 

16°) and hence a large astigmatism. We show that the 

astigmatism introduced by the antiresonant ring part of the 

cavity can be compensated with the amplifier part at the 

other end of the cavity (i.e., a fold of mirror Ma). Note 

that, because of the folded mirrors, the propagating 

astigmatic beam inside the cavity has different spot sizes 

and beam waist positions in the plane of figure and an 

orthogonal plane. Recalling that, when a beam of light is 

incident on the surface of a mirror (or a lens) at a large 

angle from its optic axis, the mirror acts as a surface with 

two radii of curvature and hence has two focal lengths.15-16 

The primary focal line (oftein called tangential focal) is 
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perpendicular to the plane formed by the optic axis and the 

incident beam, and the secondary focal line (often called 

sagittal focal) lies in that plane. In order to achieve a 

stable laser operation, the stability condition should hold 

in both planes simultaneously. The geometry of the cavity 

can be adjusted for the incident beam on the antiresonant 

ring to have different convergence in the two orthogonal 

planes to obtain a round (astigmatic free) and small spot 

size on the absorber. Cavity parameters such as the angle 

of incidence at the amplifier mirror and the distance 

between the mirrors are the important parameters determining 

the size and shape of the incident beam on the antiresonant 

ring. In order to find the optimum cavity configuration(s) 

leading to a tight focus in the absorber (i.e., the 

conditions of geometrical astigmatism compensation), a 

complete analysis of the cavity as a function of various 

geometrical parameters is made. 

The cavity is analyzed using the standard technique of 

Kogelnik1"7 of propagating the complex gaussian beam 

parameter q by successive ABCD matrices representing the 

elements of the cavity including free space propagation. 

Contributions of the absorber and amplifier jet and of the 

beam splitter to the astigmatism are neglected in 

calculations, in consideration of the larger, dominant 

contribution of the folding mirrors. In the calculations of 

the beam parameters, the antiresonant ring is replaced by a 
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combination of the curved mirror Ma and a flat mirror M* 

which is positioned at the absorber jet. The replacement is 

possible because of the symmetric configuration of the 

antiresonant ring. These calculations apply also to a 

configuration where the absorber jet is located at the 

center of curvature of mirror M*. The simplified cavity 

used for the numerical calculation is illustrated in figure 

3.2a. As shown in the figure, 6 is the angle of incidence 

at mirror Mz, d is the distance between amplifier mirrors 

and z indicates the distance between the absorber jet and 

mirror Ma. Numerical calculations are carried out by 

unfolding the cavity and replacing the mirrors with thin 

lenses (figure 3.2b). Recal that, the stability 

conditions and beam sizes in the spherical mirror cavity are 

the same as in an equivalent sequence of lenses.18 

Calculations show that d and 0 are the two important 

geometrical parameters that control the astigmatism 

distortions and spot sizes in the saturable absorber. With 

all the cavity simplifications the resulting ABCD matrix for 

a complete round trip is a product of thirteen matrices. 

After calculating the ABCD matrix elements for a round trip 

(starting and ending at the saturable absorber) and applying 

the self consistency condition for the propagated beam, the 

stability condition reduces to (A2 - 1) < o, where A is the 

first element of the calculated ABCD matrix.1"7-19 The 

elements of the resulting ABCD matrix and details of the 
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calculations are given in appendix A. Note that the 

stability condition should hold simultaneously in both 

orthogonal planes. If the stable regions calculated in two 

planes do not overlap, lasing can not occur. 

As shown in appendix A, the expressions obtained for 

the elements of ABCD matrix are too complex for further 

analytical treatment. Therefore, numerical calculations are 

made to compute the stability regions, as well as the spot 

sizes in the absorbing and amplifying media and mirrors. 

For each value of the angle* 0 and distance d, the stability 

limits z m a x and are computed in the two planes 

separately. The regions for which zmi„-Zn,aX have an overlap 

in two planes are then considered as stable regions. The 

resulting three dimensional stability diagram for the cavity 

with mirrors of radii of curvature of 5 cm at the amplifier 

and 3 cm at the absorber jet is shown in figure 3.3. The 

solutions in which the spot size on any folded mirror 

exceeds 3 mm are excluded. For each value of the angle 0, 

plotted as a function of d and z, the solid and dashed lines 

represent the upper and lower values of the stability range. 

Therefore, each stability volume is limited by the two 

surfaces (shaded areas) corresponding to the limits Z m i n 

(lower surface) and Zm^x (upper surface). As shown in 

figure 3.3, the stability regions are larger for angles 6°< 

0 < 16 (i.e., lasing occurs for a larger range of d and z). 

At angles 0 > 16° a "forbidden" range or "gap" appears 
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between stable domains. In other words, the stability 

region splits into two branches. It was indeed observed on 

the real cavity that, at angles 6 larger than 16°, the laser 

could be aligned for intermirror distances d much smaller 

and much larger than 75.5 mm (75.5 mm is an approximate 

value of d for which splitting of the stable region occurs). 

As shown in figure 3.3, the branch of the stability diagram 

corresponding to d values greater than 75.5 mm reduces to 

one point at 0 = 22°. For 9 = 24° the stability region 

reduces to only one branch for small d values (73.3 mm < d < 

73.7 mm). Calculations show that for large values of angles 

6 for which the astigmatism compensation in the absorber 

take place, the beam in the amplifier jet has an elliptical 

cross section. For efficient coupling between the gain 

medium and pump beam, the cross section of the argon beam 

has to be matched with the astigmatic cavity beam on the 

gain medium. This is possible by adjusting the pump mirror 

geometry. 

Among the calculated stable regions shown in figure 

3.3, we chose to operate the laser at the angle of 9 = 16° 

for which a minimal round spot size is obtained in the 

absorber medium for a broad range of spacing between the 

amplifier mirrors (i.e., a large range of d). The 

corresponding section of the three dimensional diagram is 

shown in figure 3.4. The shaded area represents the stable 

region. The upper and lower limits of the stability range 
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(solid line) as well as the spot sizes in the absorber 

(dotted line) and amplifier (dashed line) are represented. 

Note that subscripts H and V are used for the plane of the 

figure and the orthogonal plane, respectively. wg and w a 

are the beam waists at the gain and absorbing media, 

respectively. Round spot sizes (in the absorbing or 

amplifying medium) are obtained where wh = wv. The values 

of parameters d and z corresponding to the plotted spot 

sizes are given by a thin solid line in the stability 

diagram (inside the shaded area). 

As shown in the figure, there are regions (for 

relatively large range of d) for which beam sizes at the 

absorber (wa) have the same value in two planes (i.e., the H 

and V planes), whereas such regions do not exist for the 

spot sizes at gain medium (w3). This indicates that the 

spot sizes formed in the gain medium (for various values of 

d and z) do not have a circular shape. Therefore, for 

efficient pumping of the laser, the geometry of the pump mirror 

(focal length of the pump mirror and angle of incidence) 

should be carefully selected to have approximately the same 

spot size and shape for the argon beam at the gain medium. 

For the plotted stable region, the minimum beam waist at the 

absorber corresponds to wh = Wv = 1.2 pm, at intermirror 

spacings of d = 75.8 mm and z = 15.18 mm. The corresponding 

beam size at the amplifying mirror (Ma) is wv = 1.17 mm and 

wh = 2.07 mm, and the beam size at output mirror (Mi) is wv = 
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0.14 mm WH = 1.02 mm. In general, calculations show that 

large and astigmatic beam waists are formed at the absorber 

for the regions where the stability volumes are large (i.e., 

zmxn - zmax are large). For example, in figure 3.4, a large 

astigmatic beam waist (WH = 26 pm wv - 2 pm) is formed at the 

absorber for d = 7.46 mm, where Zmin Zmax = 0.08 mm. 

whereas, the smallest round beam waist (1.2 pm) is found at 

the absorber for the regions where Z m m - zmax = 0.0009 mm. 

A cavity with mirrors of radius of curvature of 7.5 cm at 

the amplifier section was also studied. The same trend was 

observed, namely that the tightest focusing occurs where the 

stability range for the parameter z is very small. The 

stability regions corresponding to this cavity is discussed in 

appendix B. For the cavities under study it was not possible 

to have an output without astigmatic distortions, and a very 

small round focal spot in the absorber jet simultaneously. 

However, we have shown that this can be achieved by a change 

in cavity configuration (i.e., by adding a folded mirror to the 

amplifier section of the cavity). The results of a complete 

calculation of a cavity with an additional folded mirror are 

shown in appendix B. 

Numerical study of the cavity has shown that the 

compensation of the astigmatism at the saturable absorber is 

possible by adjusting the geometrical parameters of the 

cavity. Because of the restricted dimensions of the 

stability regions, the optimum parameters of the laser 
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cavity can be precisely identified. For a given angle 0 the 

beam waist in the absorber is a monotonous function of the 

mirror spacings, making it possible to study the operation 

of the laser as a function of absorber saturation. 

Alignment and Operating Characteristics of the Cavity 

A systematic alignment procedure is required for this 

femtosecond laser cavity. All the geometrical parameters to 

be used for a round and small spot size in the saturable 

absorber in one of the stable regions are computed 

numerically. Geometric optics is used to calculate the 

position of the amplifier jet stream. Knowing d (i.e., the 

distance between Mi and Mz), we can calculate the position of 

the fluorescence images through M2 when the point source 

(argon beam waist in amplifier jet) is positioned at the 

center of the mirror Mi. Therefore the point source 

images upon itself through Mi and has its two images through 

Mz (H and V planes) co-located with the direct images of the 

fluorescent spot through M2. Knowing the position of the 

images, the alignment is straightforward. The initial 

alignment is performed putting a flat mirror at the position 

A, as shown in figure 3.2a, of the vertical image of the 

fluorescent spot through mirror M2. The laser beam from 

this three mirror cavity is used to align the antiresonant 

ring. The spacing between the mirrors of the antiresonant 

ring is then adjusted for maximum feedback into the three 
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mirror laser. Proper alignment of the cavity is best 

possible at lower pump power without the saturable absorber 

jet. The laser with 2% output coupler has a threshold of 

400 mw when operated without the absorber. With saturable 

absorber, the laser exhibits the stable mode-locked behavior 

typical of ring lasers.4 With a continuous display of the 

pulse autocorrelation trace on an oscilloscope screen, an 

optimum condition can be easily found for a minimum pulse 

width while the laser parameters are adjusted. Short 

pulses of duration of 50 femtosecond with average power of 

20 mw are routinely obtained. Pulses with repetition rate 

of 145 MHz have peak power of 2.6 Kw, and hence energy of 13 

nJ. The pulses are separated by approximately 6 ns and 

their central wavelength is near 620 nm. The laser 

operational wavelength depends on the concentration of the 

saturable absorber. The wavelength can be tuned from 618 nm 

to 630 nm by changing the concentration of the absorber 

medium from 1 mM to 4 mM. Note that the change of absorber 

concentration does not affect the pulse duration. 

The ability to generate these ultrashort pulses has 

a sensitive dependence on the alignment of the cavity 

elements, in particular the antiresonant triangle. 

Proper positioning of the saturable absorber jet in the 

ring (tight focusing in the dye) is important for the 

short pulse generation. Contrary to the ring lasers, the 

mode-locked operation of the antiresonant ring lasers 
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does not critically depend on the collision of the pulses 

in the saturable absorber. However, stable operation of 

laser at lower pump powers is obtained when pulses are 

colliding in the saturable absorber.1 In passive mode-

locked operation the typical pump powers of 3 to 5 watts 

at 514 nm are required. The laser generates two pulses 

per cavity round trip with slightly higher pump powers 

than required for single pulse operation. The generated 

two pulse trains are equally spaced.1 At higher pump 

powers, a large number of pulses per cavity round trip is 

observed, up to the limit of stable operation when the 

pump power reaches 30 percent above threshold. A 

continuous change of cavity length is possible without 

affecting the mode-locked operation and disturbing the pulse 

duration over a range of approximately 10 centimeter. This 

increases the length of the cavity from approximately 1.00 

meter (corresponding to repetition rate of 150 MHz) to 1.10 

meter (corresponding to repetition rate of 136.36 MHz) in 

the single pulse operation. For changing the cavity length 

over the mentioned range, additional alignment of the laser 

is required to maintain a round and small spot size on the 

absorber. A change of the cavity length of more than 30 cm 

is not possible due to the divergence of the beam in the 

antiresonant ring part of the cavity. 
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Output Characteristics of the Laser 

The femtosecond pulses are measured using the standard 

second harmonic generation autocorrelation technique.4-20-21 

The basic elements of an autocorrelator are illustrated in 

figure 3.5a. Typical intensity and interferometric 

autocorrelation of a train of identical pulses of 

approximately 60 femtosecond duration is shown in figures 

3.5b and 3.6, respectively. In both measurements, the 

parameters of the laser cavity are 0 = 16°, d = 75.8 mm and 

z = 15.1 mm. These parameters correspond to the 

stability region shown in figure 3.4. The interferometric 

autocorrelation exhibits broad wings, indicating a strong 

phase modulation of the femtosecond pulses. This is to be 

attributed to the tight focusing in the antiresonant ring. 

The tight focusing of the femtosecond pulses in the absorber 

(with beam waist of a few microns) results in a complex phase 

modulation for the pulses from the combination effects of 

off resonance saturation of the dye molecules and the Kerr 

effect. 

a) Phase Modulation and Pulse Compression 

Phase modulation of the pulses and dispersion of the 

cavity play an important role in the pulse shaping mechanism in 

femtosecond lasers. 8- 1 4- 2 2- 3 5 The process of self phase 

modulation which occurs within the saturable absorber. 
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impresses chirp (a linear frequency modulation of the 

carrier frequency) on the pulses. The produced chirp can be 

then compensated by the use of a dispersive delay line in 

the cavity. Self phase modulation can produce upchirped as 

well as downchirped pulses. Recall that for upchirped 

pulses the instantaneous frequency of the pulse becomes 

larger during its duration, whereas for downchirp pulses 

frequency decreases within the pulse duration. When short 

optical pulses with linear downchirp pass through dispersive 

materials with positive group velocity dispersion (such as 

glass prisms), their blue spectral components (leading edge 

of the pulse) are delayed with respect to the red spectral 

components (trailing edge of the pulse), and hence pulses 

become compressed.8-10-26 To compress upchirped pulses 

dispersive elements with negative group velocity dispersion 

(such as prism pairs 2 7- 2 8) are often used to delay the red 

spectral components (leading edge) of the pulses with 

respect to the blue spectral components (trailing edge) of 

the pulses. 

In the laser cavity under study, a complex self phase 

modulation of the pulses in the absorber results from the 

Kerr effeet 2 2- 2 4- 2 9- 3°, and off resonance saturation of the 

dye molecules. 8- 1 2- 1 4- 2 4 Therefore, the net self phase 

modulation generated within the saturable absorber is the 

sum of the two effects. However, the Kerr effect, due to the 

nonlinearity of solvent index (n=no+naI), is expected to be 
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a dominating effect for these high intensity pulses. 

Recall that the Kerr effect generally results in phase 

modulation with positive slope near the peak of the pulses 

(i.e., upchirped pulses). Off resonant saturation of the dye 

molecules, due to the detuning of the pulse frequency from 

the center frequency of the saturable absorber can result 

in upchirped as well as downchirped pulses (depending on the 

operational wavelength of the laser being above or below 

resonance frequency of the dye molecules). Recall that 

for the lasers with combination of R6G and DODCI for 

amplifying and absorbing media, off resonance (below 

resonance) saturation of the dye molecules results in 

generation of downchirped pulses. Dispersion in the cavity 

is produced by cavity dispersive elements such as the beam 

splitter, mirrors and dye jets. Net dispersion in the 

cavity can have positive as well as negative values. Pulse 

compression is therefore possible by creating a balance 

between the self phase modulation and dispersion in the 

cavity. 2 2 - 3 5 However, phase modulation created in the 

absorber is often larger in value than existing dispersion 

in the cavity. Therefore, additional dispersive elements 

have to be inserted in the cavity for compensation of the 

phase modulation and further compression of the pulses. As 

mentioned above, in this linear laser cavity, the Kerr effect 

is believed to be a dominant effect due to the high intensity 

of the pulses at the absorber (tight focusing). This is 
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contrary to most ring lasers, where off resonant 

saturation of the dye molecules is a dominating effect, and 

therefore downchirped pulses are produced.s-13- 2 4 The 

influence of the Kerr effect on the phase modulation of the 

pulses is confirmed by increasing the Kerr nonlinearity of 

the absorbing medium.36 The details are discussed in 

appendix C. The dominating Kerr effect results in a net 

positive self phase modulation and hence generation of 

upchirped pulses; therefore for the further compression of 

such pulses negative dispersion has to be inserted in the 

cavity. As shown in figure 3.1, the quartz prism pairs are 

used to introduce negative dispersion to the cavity without 

introducing any beam deviations.27-28 The four prism 

sequence was first suggested by Fork et all 2 7 for chirp 

compensation and compression of the femtosecond pulses. The 

symmetrical arrangement of the quarts prisms is specially 

designed for continuous adjustment of dispersion through 

zero. The configuration is such that the transmitted beam 

is colinear with the incident beam, and therefore no spatial 

beam deviation is introduced to the cavity with the 

insertion of prisms. All prisms are cut for minimum 

deviation operation at Brewster's angle to minimize the 

reflection losses. The intracavity dispersion can be 

changed by translation of only one prism (i.e., change of the 

glass path length inside the cavity). The amount of 

negative dispersion is determined by the prism separation 
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L, 2 7 whereas the amount of positive dispersion is determined 

by increasing the amount of glass in the cavity. Note that 

for the prism sequence to introduce negative dispersion (for 

the compensation of the generated upchirped pulses), L 

should be large enough to compensate the positive dispersion 

of the prism material in addition to the other sources of 

positive dispersions in the cavity. 

b) Passive and Hybrid Operation of the Laser 

Hybrid mode-locking of the laser is performed by 

pumping the passively mode-locked dye laser with a mode-

locked pump laser. The CW argon ion laser is acousto-

optically mode-locked to produce train of 150-200 ps pulses 

with repetition rate of 240 MHz. The cavity length of the 

dye laser, being adjustable*, makes synchronous pumping 

of the dye laser possible without an additional alignment. 

Recall that a dye laser with mirrors of 5 cm radius of 

curvature can not operate at a length equal to the length of 

the argon ion laser. Therefore, hybrid mode-locking is 

performed by adjusting the dye laser cavity length to 

2/3 of the length of the argon laser. 

For passive and hybrid operation of the laser, no 

significant difference in the pulse duration or stability is 

observed. However, the output power of the laser is larger 

by a factor of 2 when it is hybridly mode-locked. The 

intensity autocorrelation of the hybridly mode-locked laser 
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presents the same characteristics as the intensity 

autocorrelation of the passively mode-locked laser. 

However, interferometric autocorrelation and pulse spectra 

are drastically different, indicating a stronger phase 

modulation for the passive mode-locking operation than in the 

case of hybrid mode-locking. The output of the laser is 

fully analyzed in phase and amplitude for both passive and 

hybrid operation of the laser by a technique described in 

appendix D. Figure 3.7a and 3.7b represent the pulse 

intensity and instantaneous frequency for the passively and 

hybridly mode-locked lasers, respectively. 

In the case of passive mode-locking (figure 3.7a), a 

complex phase modulation is obtained as a result of both 

Kerr effect and off resonant saturation of the dye 

molecules. The complexity comes from the fact that both 

effects have the same order of magnitude. Contrary to some 

ring lasers6-13, the Kerr effect produced within the absorber 

is not negligible and is comparable with the effect from off 

resonant saturation. To confirm the influence of the Kerr 

effect, the spot size at the absorber is slightly increased 

by changing the intermirror distance d. A decrease of 

intensity at the absorber results in an increase of the 

pulse width and more glass (i.e., less negative dispersion) 

is needed for chirp compensation. In figure 3.7a, the dashed 

line represents the contribution of Kerr effect to the pulse 

phase modulation. The actual frequency modulation (dotted 
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line) shows that there is still a comparable contribution 

from the off resonance saturation of the dye molecules to 

the self phase modulation. In figure 3.7b, in the case of 

hybrid mode-locking, because of the synchronous pumping of 

the laser, there is a higher intracavity power, and hence 

more contribution to the phase modulation results from the 

Kerr effect. As shown in figure 3.7b, the instantaneous 

frequency (dotted line) is increasing almost linearly during 

the pulse, and a simple upchirp results. 

The pulse spectrum for passively mode-locked and 

hybridly mode-locked cavities are presented in figure 3.8a 

and 3.8b, respectively. The asymmetric spectrum in both 

cases confirms that, even for the shortest pulses, the phase 

modulations are not completely removed and therefore the 

generated femtosecond pulses are not bandwidth limited. 

This is because, the combination of the two effects (Kerr 

effect and off resonant saturation) results in a complex and 

nonlinear frequency modulation (chirp). A complete 

compensation of such a phase modulation is not possible with 

a dispersion introduced to the cavity by the prism pairs. 
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CHAPTER IV 

MEASUREMENT OF RESONANT VIBRATION OF LIPOSOMES 

According to the theory presented by Froehlich,1-5 the 

cellular membrane are capable of coherent elastic vibrations 

in the frequency range of 1011 to 1012 Hz. The proposed 

frequency range is to be considered as a rough order of 

magnitude. The hypothesis is based on the exceptional 

dielectric properties of the biological membrane. It is 

thought that a nearly undamped oscillation occurs at 

segments of the macromolecules of membrane with electric 

dipolar oscillatory character. The molecular segments 

capable of such a high-frequency oscillations are most 

probably the repeated hydrogen bonds in the long hydrocarbon 

chains of the macromolecules. The membrane potential 

polarizes the macromolecules (or components of the 

macromolecules) and the dipole oscillation occurs when 

metabolic energy is locally supplied to the system. The 

supplied energy is then shared with the other dipoles of the 

membrane through the long-range coulomb interactions 

(r-3).6 If the energy loss of the system is negligible 

compare to the supplied energy, the dipoles present in the 

membrane tend to oscillate coherently. For supplied 
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energy exceeding a certain value, a stable state of 

oscillation is reached and a very strong coherent excitation 

of a single mode occurs. The theory of the membrane 

oscillation successfully accounts for many observations.7•s 

The existence of such a high frequency ofoscillations in 

mammalian and bacterial cells has been shown experimentally 

by microwave spectrometry9-12 and laser Raman 

spectroscopy.10 Although these vibrations have been the 

subject of interest for many years, little has been done 

experimentally for the direct measurement of the membrane 

oscillations. In this chapter an optical detection 

technique is presented to measure the high frequency 

vibration of membrane bilayers by the use of femtosecond 

laser pulses of adjustable repetition rate. 

Our experiment is performed on liposomes. The liposome 

preparation technique discussed in chapter II, leads to the 

formation of unilamellar vesicles of diameter of 176 nm with 

the size distribution of ±1.7%. These shell-like spheres 

made of pure lipid (egg lecithin) bilayers are the 

simplified models for the study of the cellular membrane. 

The well defined membrane of the prepared unilamellar 

vesicles and their highly uniform size distribution make 

them excellent candidates for our experiment. As shown in 

chapter II, for the liposome bilayers made of pure egg 

lecithin an approximate resonance frequency of 238 GHz is 

estimated. 
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The high frequency dipolar oscillations in the living 

cells are thought to be triggered by their active 

metabolism.1 Therefore these oscillations do not exist in 

inert cells. Since liposomes are models of inert cells, a 

mode of oscillation should be excited in the dipolar array 

of their bilayers. A train of femtosecond laser pulses is 

used to excite a mode of oscillation in liposomes through 

the dye molecules attached to their bilayers. Our method is 

to illuminate a sample of stained liposomes with the 

femtosecond laser pulses. The laser pulses are absorbed by 

the dye attached to the membrane. The periodical excitation 

of the dye molecules by the laser pulses is then 

transferred into the vibration modes of neighboring lipid 

molecules in membrane. The repetition rate of the pulses 

is then continuously changed. If the excited mode of 

vibration in the membrane has a resonance at a multiple of the 

repetition rate of the pulses, the threshold for rupture of 

membrane will be reduced. The disruption of membrane 

structure is then detected through the change of absorption 

of the attached dye molecules (because of the suppression of 

a transmembrane potential), and therefore the transmitted 

beam. Recall that the dye molecules used for 

transferring the periodical pulse energy to the membrane 

lipid molecules are also potential sensitive. Their 

absorption spectrum will be shifted when the membrane is 

ruptured and the potential across the membrane is abolished. 
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As mentioned above, the measurement technique requires 

femtosecond pulses with adjustable repetition rate. The 

linear laser cavity14, discussed in chapter III, is 

specially designed to fulfill the experimental requirements. 

Short bursts of energy from the laser pulses will excite a 

white spectrum of frequencies up to that corresponding to 

the pulse duration. Note that, for the proposed frequency 

range of 1 to 1000 GHz, a source of ultrashort pulses is 

needed. Adjustable repetition rates are also required for 

the scanning of the resonance frequency. The designed laser 

produces stable pulses as short as 50 femtoseconds and a 

repetition rate that can vary from 145 MHz to 155 MHz. 

These two combined characteristics of the laser make it a 

unique device for the suggested measurement technique. The 

laser pulses have average power of 20 mw and wavelength of 

about 620 nm. Details of the laser cavity were presented in 

chapter III. 

Experimental Setup 

The experimental arrangement used for measurement of 

the resonance vibration of large unilamellar vesicles is 

shown schematically in figure 4.1. A HeNe laser beam with 

the wavelength of 632 nm is used as a probe beam to detect 

the changes in the sample of liposome suspension. The 

transmitted probe beam through the sample is continuously 

monitored in the setup. This is done by splitting the HeNe 
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laser beam in two parts. One part is sent directly to the 

detector Di and the other, used as a probe, is sent to the 

detector Dz after passing trough the sample of liposome 

suspension. The sample holder is a flat capillary of 0.5 mm 

thickness with open ends. An apparatus is used to push the 

sample through the capillary with a controllable flow. The 

femtosecond laser pulses are aligned along the same path in 

the sample as the HeNe beam probe beam. The HeNe 

polarization is adjusted to be completely reflected from the 

polarizers, while the polarization of femtosecond pulses is 

adjusted by a >-/2 plate to be completely transmitted through 

the same polarizers. This arrangement is for the detector 

Ds to collect only the dye laser beam out of the sample. To 

assure that there is no leak from pump beam to the detector 

Da, a HeNe filter is also used in front of the detector Dz. 

A manual shutter is used to avoid the passage of femtosecond 

pulses through the sample for the primary alignment of the 

setup. Lenses Li and La are used to focus and collect the 

dye laser and probe beams before and after the sample. The 

signals from detectors Di and Dz are sent to the 

differential channels of a lockin-amplifier. The difference 

between the signals on Di and Dz are then taken by the 

lockin-amplifier and the resulting output is sent to the 

digitizer and the computer to be analyzed. An output of the 

lockin-amplifier (i.e., D1-D2) is also sent to the recorder 

and oscilloscope for the direct observation. 
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The set up is initially adjusted for equal signals on 

both HeNe detectors while the shutter is closed and the 

sample in the capillary is not flowing. The absorption of 

the HeNe beam by the sample of liposomes in one arm is 

compensated by the use of an adjustable attenuator in the other 

arm. The HeNe intensity is adjusted such that it does not 

damage the liposomes. The alignment results in a stable 

output signal, which is used as a zero background (figure 3.2). 

Therefore with the setup aligned for Di - Da = 0, the 

perturbations in the sample are then detectable through the 

changes of the background signal. 

Laser Study of Large Unilamellar Vesicles 

In order to study interaction of laser light (pulsed 

and CW) with liposome suspensions, several experiments were 

performed. As mentioned above, before each measurement the 

set up was aligned for the zero background (i.e., Di-Dz=0). 

This was done by balancing the two arms of HeNe beams while 

the stained liposomes are in one arm and the shutter is 

closed (i.e., the laser pulses are off). This preliminary 

alignment is to detect sudden changes in the sample (such as 

liposome rupture) which results in a signal over the zero 

background. 

The sample of liposome suspension is made following the 

procedure of chapter II. 50 pi of liposomes made in 

potassium phosphate buffer containing potassium acetate salt 
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are diluted in 950 pi of sodium phosphate buffer containing 

sodium acetate salt. Valinomycin is added to the sample to 

promote the flux of K+ ions and therefore creates an 

electric field across the membrane.15 The sample is then 

stained with 0.28 pg of Oxonol VI. Calculations16 show that 

this makes a total of approximately 570 dye molecules per 

liposomes. Oxonol VI is chosen as a membrane stain 

basically because it is categorized as one of the fast 

responding dyes to the membrane potential changes (order of 

ps), and has a strong absorption at the laser wavelength. 

Furthermore, Oxonol VI has shown a stable binding to the 

membrane system under study. The stained sample of 

liposomes are injected into a flat capillary. An apparatus 

is used to push the sample through the capillary with 

adjustable flow rate. The capillary is basically used to 

minimize turbidity and thermal convection in the sample. 

Our preliminary experiment was to illuminate a stained 

sample of liposomes with the laser pulses of constant 

repetition rate. This was to check the experimental 

setup and to make a general observation of the interaction 

of the laser beam with the liposome suspension. The sample 

of liposomes in the capillary was irradiated with the laser 

beam focused to a spot size of 3 pm. The spot size in the 

sample (wos) is calculated using the laser equation stated 

below 
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where, W02 is the beam waist (focussed spot) in the sample, 

woi is the beam waist of the dye laser (before lens), X is 

the laser wavelength, z is the distance of the dye lasers 

beam waist from the lens, and f is the focal length of the 

lens. The average power of the laser pulses at the sample 

is reduced to 4 mw after passing through the optics of the 

setup. Figure 4.2 shows the results obtained from the 

interaction of laser light with the liposomes suspension. 

The recording from a to b is output of the lockin-amplifier 

for the balanced arms of HeNe (i.e., Di-D2=0), a zero 

background. At point b the shutter is opened (i.e., the laser 

pulses are on). As a result, a sudden change of the signal 

level from point b to point: c is observed. From point c to 

point d, the shutter is kept open and a stable signal is 

recorded. At point d the shutter is closed and the passage 

of the laser beam through the sample is blocked. The level 

of the signal changes back to the zero background (d-e) in 

two minutes and remains stable for the 5 minute recording 

period (e-f). At point f, the shutter is opened again. The 

same signal over the background is obtained (f-g). The 

laser pulses are off and on again at points h and i 

respectively. The same signals as in points d and f are 
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observed. Note that, the above observations are for a 

sample of liposomes without a flow. At point j a flow of 

sample through the capillary results in a sharp rise of the 

signal to the background level. 

The obtained data can be interpreted as follows. The 

interaction of laser light with the stained liposomes 

results in the strong thermal excitation of the dye 

molecules and hence the rupture of membrane occurs. The 

absorption shift of the dye molecules in the sample due to 

the membrane disruption is then detected by the transmitted 

HeNe probe beam (i.e., when Di-Dz^O). This reproducible 

effect is shown at points b, f and i of figure 4.2. By 

closing the shutter the damage to the liposomes is 

discontinued and ruptured liposomes in the beam volume are 

replaced in time. This is shown by the decay of signals, 

starting at points d and h. The time constant of the 

replacement signal is almost twice larger than the time 

constant of the damage signal. The obtained stable signals 

over the zero background (c-d, and g-h) strongly suggests 

the rupture of liposomes. As it is shown at point k, the 

flow of sample can replace the ruptured liposomes in a 

shorter time. Signal maintains its original level (zero 

background for undamaged liposomes) from point 1 to m while 

the sample has a constant flow in the capillary and the 

laser beam is focused into the sample. By adjusting the 

flow of sample in the capillary the signal level can be 
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adjusted between points b and c. In this case all the 

liposomes in the beam volume are not destroyed by the laser 

light intensity and a further damage to the liposomes is 

still detectable through a change of transmission. The 

above experiments are repeated many times with different 

batches of liposomes and the same effects for the 

interaction of laser light with liposomes are observed each 

time. 

To confirm that the obtained results shown in figure 

4.2 are only due to disruption of liposomes bilayers the 

following experiments were performed. The above experiments 

are repeated for the samples of dyed buffer, stained 

micellar solution and liposomes suspension free of dye 

molecules. A change in the HeNe probe beam is not detected 

for any of these samples when they are irradiated with the 

laser pulses. Therefore, the observed signals of figure 4.2 

(c-d, g-h and j-k) are not due to the dye saturation or any 

other effects rather than liposome destruction. The results 

presented in figure 4.2 indicate that the rupture of the 

liposome structure is detectable through the transmitted 

probe beam. 

The rate of damage to the liposomes increases with 

increase of the intensity of the laser beam in the sample. 

This is shown in figure 4.3 for the laser light being 

focused (with beam waist of approximately 3 pm) and out of 

focus (with spot size of approximately 75 pm) in the sample 
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of liposomes suspension. Spot size of 75 pm is obtained by 

moving the lens away from the sample by a distance of 

approximately 1 mm. The spot size in the sample (w(z)) due 

to the displacement is given by the following equation 

A z 
W(z) = WO ( 1 + ( )2)l/2 

where, w(z) is the beam size at distance z from the focused 

spot (wo) in the sample, and X is the laser wavelength. In 

figure 4.3, from a to b the zero background is shown; at 

point b the shutter is opened and at point c the damaged 

liposomes are replaced (by the flow of sample). The damage 

rate to the liposomes is higher for the case of focused 

light. This is obvious from the time constant of the 

obtained signals of figure 4.3. Complete damage to the 

liposomes is done in three minutes with the light focused in 

the sample, whereas it takes about 5 minutes for the laser 

beam to damage the liposomes when the light is not focused 

in the sample. 

The above experiments are also performed with the 

continuous laser beam. The laser operates in CW mode by 

taking the absorber jet out of the cavity. The same 

results of figure 4.2 are obtained for the interaction of CW 

laser light with liposomes. 
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Measurements With Variable Repetition Rate 

To measure the resonance vibration of bilayers of large 

unilamellar vesicles, the liposome suspension is 

illuminated by the laser pulses of 50 femtosecond duration 

in the experimental setup of figure 4.1. The sample of 

liposomes has an optimized flow of 70 pm/s through the 

capillary. Such a flow rate replaces liposomes in the beam 

volume with the same rate than they are destroyed by the 

laser light intensity. This is to detect only the damage 

signal(s) due to the resonance vibration and avoid the 

detection of the signal(s) due to the nonresonant damage 

(such as intensity damage). The repetition rate of the 

pulses are then tuned by continuous change of the cavity 

length. The periodic excitations created by the laser pulses 

are transferred to the bilayers through the absorption of 

the dye molecules attached to the membrane. As the 

repetition rate of the pulses is changed, different modes 

of vibration are excited in the liposomes bilayers. For the 

repetition rate of the pulses which is at a submultiple of 

the resonant frequency of the bilayers, a large amplitude of 

oscillation is created, resulting in an increased rate of 

destruction of liposomes. The rupture of membrane (a sudden 

change in the sample and the created perturbation in one 

arm) is then detected through the transmitted HeNe probe beam. 
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The laser cavity length can be continuously changed 

through a range of 10 cm with stable laser operation. This 

is equal to a total change of over 10 MHz in the pulse 

repetition rate, when the laser is operating one pulse per 

cavity round trip. The same range of cavity length can be 

changed for the laser aligned to produce two or three pulses 

per cavity round trip. However, the pulses are not as 

stable with this mode of laser operation and occasional 

alignments are needed during the scan. The repetition rate 

of the laser pulses are changed with the rate of 0.86 KHz/s. 

This is done by the use of a motor which drives the whole 

ring assembly of the laser with a constant speed. The 

measurement is performed for the range of 10 MHz where the 

laser has the most stable one pulse operation. The initial 

repetition rate of the pulses is kept at 145 MHz. This 

corresponds to a cavity length of 1.034 m. Therefore, with 

the continuous decrease of the cavity length, a range of 145 

to 155 MHz is continuously scanned. The experiment is 

repeated several times with different samples of liposomes 

prepared with the same procedure. The output of the lockin-

amplifier is sent to the digitizer and a computer. A total 

of 28000 data points is taken at each run for the scanned 

range of 10 MHz. The repetition rate of the pulses 

corresponding to each data point is also recorded. This is 

to determine the exact frequency at which the damage to the 



104 

bilayers occurs. The digitized data points are then plotted 

vs the frequency (repetition rate). In each set of plotted 

data some small peaks are observed. The ratio of the noise 

to signal is usually too large for the visual comparison of 

the data sets. To reduce the random noise and enhance the 

signal to noise ratio, an average is taken for the obtained 

data sets. The averaging is done for the data sets of 

independent experiments (i.e., the same range of frequency 

is scanned for different batches of liposomes at different 

times). Figure 4.4 shows the transmitted probe vs frequency 

obtained from averaging of 8 independent sets of data. A 

peak is observed at the repetition rate of 146.606 MHz. 

This may be a multiple of resonance frequency of thr large 

unilamellar vesicles under study. However, to confirm the 

obtained frequency, more experiments are needed. 

We have attempted a new method of detection of 

resonances in liposomes bilayers. The laser light (pulsed 

or CW) with sufficient intensity results in disruption of 

liposomes structures. The most possible cause for this off 

resonance damage to the liposomes is the thermal excitation 

of the dye molecules attached to the membrane through the 

absorption of the laser light. The sample is flowing 

continuously through the beam volume at a rate such that 

destroyed liposomes are replaced. Therefore, an increase in 

the destruction rate of liposomes occurring near resonance 

should lead to a change in sample transmission. Some 
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improvements are needed to obtain larger signals and a much 

better signal to noise ratio. Removing the dust particles 

and possible micellar aggregation from the liposome 

suspension before each measurement and minimizing the 

kinetic perturbation in the flow of sample may result in 

some noise reduction. Enhancement of the absorption 

spectral response of the dye molecules in the membrane may 

also result in a larger signal(s). To do so a titration 

technique may be used to find an optimum dye concentration 

in the membrane. 
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CHAPTER V 

SUMMARY AND DISCUSSION 

The dynamical properties of the cellular membrane 

constitute a topical problem of the physics of membranes. 

We have attempted to apply a new technique to detect and 

measure the resonance frequencies of the molecular array of 

biological membranes. Considering the complexity of the 

biomembranes, a model system of well-defined lipid molecules 

is used to study the resonance vibration of the membrane 

bilayers. Artificial membranes, known as liposomes,1-2 are 

found to be similar to the biological membranes in many 

respects. They simulate the important properties of 

biomembranes and enable one to study the complex behavior of 

the biological membranes on a much simpler model. Liposomes 

of a single bilayer are routinely prepared in our laboratory 

using the standard technique of detergent removal from a 

mixed micellar solution.2"6 The technique leads to the 

formation of liposomes of 176 nm diameter with a highly 

uniform size distribution. Liposomes and their preparation 

technique are fully discussed in chapter II. 

An attempt to detect changes in the structure of a cell 

membrane requires a clear definition of its structure; and 
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to understand the functionality of a cell membrane, it is 

necessary to study both its structure and dynamics of its 

behavior. Cellular membranes are an active and 

semipermeable shells which take a direct and very important 

part in all the functions of the cell. They are dynamical 

organized systems which provide a complex transport of small 

ions and molecules moving against the opposing chemicals and 

electrochemical potential gradient. Lipid molecules 

presented in the membranes have a liquid crystalline 

property. This is determined by the fact that the lipid 

molecules are in a molten state above a critical 

temperature. In series of papers presented by 

Froehlich,7-13 the existence of the coherent, elastic and 

nearly undamped oscillations of membrane macromolecules is 

postulated. Transition of the biological systems to a 

coherent vibration due to the active metabolism of the cells 

is a complex nonlinear process and not well understood. It 

is thought that metabolic activities can trigger a normal 

mode of oscillation in biological systems, and that can be 

the main cause of cell division and uncontrollable cell 

growth (cancer) in tissues. Recall that depending on the 

molecular compounds of the cell membranes, modes of 

vibrations in frequency range between 1 to 1000 GHz is 

estimated for the biological systems. 

In order to simulate the biomembrane and detect the 

resonances in liposomes bilayers, an electrochemical 
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potential of 75 mV is created across the liposomes bilayers. 

This was done by creating an ionic concentration difference 

between interior and exterior of the bilayers. Note that, 

the lipid molecules become highly polarized due to the 

electric field maintained across the membrane. To trigger 

an electrical oscillatory mode in the lipid molecules of 

bilayers, liposomes are stained with dye molecules and 

illuminated by the laser pulses. Recall that liposomes do 

not display metabolic activities and the mentioned coherent 

oscillations do not occur naturally in resting cells. The 

periodic energy of the laser pulses are then transferred to 

the lipid molecules of the liposomes through the 

thermalization of laser energy absorption in the inserted 

dye molecules. To measure the resonant vibration of the 

dipolar array of the bilayers, the stained liposomes are 

irradiated with femtosecond pulses just below their damage 

threshold. The attached dye molecules transfer the periodic 

energy of the laser pulses to the membrane system. The 

repetition rate of the laser pulses is then continuously 

changed. As the pulse repetition rate approaches the 

resonance frequency of the bilayers or a submultiple of that 

frequency, a large amplitude of oscillation is built which 

leads to the permanent deformation of the bilayers. The 

experimental set up presented in chapter IV is capable of 

detecting the rupture of membrane and/or a sudden change as 

a result of rupture through the the transmitted beam. In 
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order to choose a suitable dye (i.e., a dye which binds to 

the membranes and has a relatively fast response to the 

potential changes across the membranes), the absorption 

spectral responses of several potential sensitive dyes from 

the family of Oxonol and Cyanine dyes are studied in 

liposomes bilayers. Liphophilic dyes are basically selected 

to have strong absorption at the wavelength of the laser 

(near 620 nm). Small responses to potential changes across 

the membrane are observed for some of the dyes. However, a 

titration technique may be used to find an optimum dye/1ipid 

ratio for a stronger spectral response,15 which may also 

lead to the detection of a stronger signal as the membrane 

ruptures. Many different mechanism are postulated for the 

spectral responses of the potential sensitive dyes in the 

membrane in the time scale of microseconds to seconds. 

Oxonol dyes are believed to be among the fast responding 

dyes (order of microseconds) to the changes of membrane 

potential.16 Their optical signal occurs because of 

potential dependent changes of dye molecules localized on or 

very near the membrane. The membrane dynamics can be 

studied in the time scale of the membrane events (i.e., real 

time), through the proposed detection technique, if probes 

with instantaneous response to the changes of field across 

the membrane are used. An instantaneous response to the 

potential changes of membrane is possible if the dye 

molecules attached to the membrane obey the mechanism known 
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as the Stark effect. This is a mechanism for electric field 

induced shift of the energies of electronic transition of 

the dye molecules and strongly depends on the orientation of 

the dye molecules inside the membrane. In fact, dye 

molecules with molecular structures similar to the lipids of 

membrane (i.e., hydrophobic tail and hydrophilic head 

groups), tend to position themselves in the membrane 

parallel to the lipid molecular array, and therefore in the 

direction of the electric field. Such probes respond 

instantaneously to the membrane rupture as a result of the 

abolished potential across the membrane, and therefore their 

absorption changes are detectable in real time. Potential 

sensitive probes with instantaneous response time to the 

membrane fields have not been synthesized yet. Most of the 

existing probes are nonpolar or semipolar and mechanisms 

other than the Stark effect are believed to be responsible 

for their spectral behavior in the membrane.1-7 

The detection technique presented in this work, can be 

applied to all ultrafast oscillatory systems for the 

observation of events in real time. In principle the 

detection technique can be modeled to standard and well 

known stroboscopy techniques. This means that when a 

periodically oscillating system (such as biological 

membranes) is illuminated with a light source of adjustable 

frequency (laser pulse), the motion appears at rest and it 

can be studied for illumination frequencies equal to or a 
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submultiple of the frequency of the oscillation of the 

system. Note that for such an observation the time of 

illumination should be shorter than the period of 

oscillations. A unique source of femtosecond pulses, a 

linear mode-locked dye laser,14 is designed to match the 

essentials of the measurement technique. The laser is 

capable of generating stable femtosecond pulses with 

adjustable repetition rate. Pulses have duration of 50 

femtosecond, average power of 20 mw and central wavelength 

of near 620 nm. A continuous change of the repetition rate 

of pulses is possible by a continuous change of the cavity 

length. In general, the laser has the functional 

characteristics of the ring lasers.18-19 However, fewer 

intracavity elements, ease of alignment and a single output 

are some advantages of this laser over the ring lasers. A 

complete analytical study of the laser cavity is made and 

geometrical parameters are calculated to compensate for the 

astigmatic distortions in the cavity. Stability regions 

for different geometrical parameters are also calculated. 

This enables one to find the cavity configuration(s) for 

which a small and nonastigmatic focus occurs in the 

absorber. Calculations show that round spot sizes of only 

a few microns in diameter can form in the absorber. Such a 

tight focusing results in a complex phase modulation within 

the absorber. Passage of high intensity pulses (as a result 

of the tight focusing) through the absorber enhance the Kerr 
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effect and therefore upchirped pulses are generated. For 

the compensation of upchirped pulses negative dispersion 

(pairs of prisms20) is introduced to the cavity. Contrary 

to the ring lasers, with all the compensation, generated 

pulses are not bandwidth limited. This has to be attributed 

to the competition of Kerr effect and off resonant 

saturation of the dye molecules within the saturable 

absorber. Recall that in some ring lasers,21 Kerr 

effect is not significat, and off resonance saturation of 

the dye molecules dominates, and is responsible for the 

generation of downchirped pulses. Engineering of the laser 

cavity and its output characteristics are fully described in 

chapter III. 

Chapter IV contains details on experimental procedure. 

For single bilayer liposomes, made of pure egg lecithin and 

stained with potential sensitive dye Oxonol VI, small 

signal(s) are obtained indicating a resonance frequency of 

submultiple of 146.606 MHz for the bilayers. There are 

number of steps that could be taken to improve the 

measurement technique. Signal to noise ratios could be 

improved by sending both beams of HeNe through the sample of 

liposomes suspension. Since the same random noise due to 

the Brownian motion of the suspended vesicles appear in both 

arms of the HeNe, some noise reduction may result in the 

output of the lockin-amplifier. Scanning the same cavity 

length with a laser operating at two or three pulses per 



115 

cavity round trip is another way to check the obtained 

result. In other words, the same resonance has to be 

observed at the second and third multiple of the obtained 

frequency. Performing the experiment with sodium liposomes 

instead of potassium liposomes may also result in signal 

enhancement. This is because negatively charged dye 

molecules such as oxonol VI are more attracted to the 

bilayers with positive interiors.16 Therefore, more dye 

molecules may accumulate in the bilayers of liposomes with 

positive interiors, and a larger signal may be obtained when 

the membrane ruptures. Recalling that, dilution of sodium 

liposomes (which are made in sodium buffer containing a 

sodium salt), in potassium buffer (containing a potassium 

salt) results in liposomes with high concentration of 

ions in their interior compartments. Larger absorption 

spectral shift of the dye molecules resulting from the 

membrane rupture may also lead to the signal enhancement. 

The spectral response of the dye molecules to the membrane 

potential may be enhanced by the use of different 

concentrations of the dye molecules in the membrane. 

From what has been said it follows that the electro 

dynamical property of the membrane is one of the central 

areas of interests in biophysics. Electrical vibrations due 

to excitations of the proposed type have important 

biological consequences. It is believed that such 

excitations lead to selective long range interactions 
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between the neighboring cells in a tissue, and that play a 

key role in cell division processes and control in growing 

tissues.7-12 Lack of such interactions may result in 

uncontrollable growth of the cells and development of 

cancer.22 The movement of the cell and cell growth have 

been also related to its surface modulations. The method of 

measurement of the frequencies of coherent electric 

vibration of cellular membranes presented here is a 

pioneering technique for the study of submicroscopic 

biomembrane dynamics. The measurement technique may have 

significant applications, particularly in medicine. Since 

unstable and uncontrollable cell growth is strongly 

related to the membrane polar oscillations, measurement of 

such frequencies may provide answers to the cancer problem. 
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Numerical calculation are carried out to find stability 

parameters for the antiresonant ring laser cavities. 

Calculations are based on the ABCD law1 of propagation of 

Gaussian beams with complex beam parameter q. Spot sizes 

and waist positions at the amplifier and absorber jet as 

well as any other location in the cavity are found by the 

use of ray tracing technique. Recalling that beam 

parameter q, which contains information about size and 

radius of curvature of the beam inside the cavity, can be 

calculated for any location inside the cavity if the 

elements of the ABCD matrix are known for that particular 

location.1 

In the calculations, the cavity is first unfolded 

by replacing the tilted mirrors with lenses of focal length 

of f = (R cos(0))/2 and f = R/2(cos(0)) for the tangential 

and saggital planes, respectively,1-7 where 0 is the angle 

of incidence and R is the radius of curvature of the mirror. 

Recalling that, an incident beam on a folded mirror form two 

focal lines in mutual perpendicular planes. The distance 

between the two focal lines is determined by the angle of 

incidence and the radius of curvature of the folded mirror.2 

As noted by Boyd and Kogelnik,5 the stability conditions and 

the beam size in the spherical mirror resonators are the 

same as in an equivalent sequence of lenses. Therefore, the 

stability of the cavity can be studied in a simplified cavity 
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configuration, for which the mirrors are replaced with thin 

lenses. The simplified cavity and the equivalent sequences 

of lenses were shown in figures 3.2a and 3.2b respectively. 

The amplifier jet stream and the beam splitter are ignored 

in the calculation because they are too thin to give a 

significant contribution to the astigmatism. Because of the 

symmetric configuration of the antiresonant ring, a mirror 

and absorber jet stream is replaced by a flat mirror. 

To find the beam parameter q at the absorber, for one 

complete round trip (starting and ending at the absorber 

jet), a total of thirteen matrices are to be considered, the 

resulting ABCD matrix, following the ray tracing technique1 

is: 

M4 «M3 4 «M3 >M23 •M2 -Ml2 «Ml «Ml2 • Ms • Ma 3 «M3»M34 »M4= [A B] 
[C D] 

where: 

M4 = 

M34 = 

Ma = 

M23: 

M2 = 

Ml2 = 

Mi = 

1 0] representing a flat mirror at the position of 
1 0] absorber. 

1 z] representing a propagation by a distance z. 
0 1] 

1 0] representing a lens of focal length of fs. 
-l/f3 1] 

1 1] representing a propagation for a unit distance. 
0 1] 

1 0] representing a lens of focal length of fz. 
-l/f* 1] 

d] 
1] 

representing a propagation by a distance d. 

1 0] representing a lens of focal length of fx 
•1/fi 0] 
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The elements of the resulting matrix is computed by use of 

the algebraic formula manipulation language MACSYMA. The 

elements of the transmission matrix are presented below 

A = Ai»A2 + Bx»Ca 

B = Ax•B2 + B1•Dz 

C = Ci•A2 + D x•C 2 

D = C1.B2 + Di•D2 

Where: 

(d - fz) fs + (d + 1) fa + d 
Ai = -

Bj 

Cx = -

Dx = -

faf: 

(f3 - z) (d - fa —df2) + z f3 (d—f2) 

f 2 f 3 

(f2 + 2fX - d) ( f 3 - 1) + (2fx - d) f 2 

2fX f2f3 

(fa + 2fx - d) (zf3 + f 3 - z) + (d - 2fx)(f3 - Z)f 2 

2fxf2f3 

A2 = Dx, B2 = Bx, Ca = Cx and Da = Ax. 

Note that the elements should be calculated in two 

orthogonal planes by using the two different focal lengths 

in the calculations separately. For a complete round trip, 

self consistency condition1 (i.e. q =(A«q + B) / (C*q + D)) 

is required for the stability . The resulting beam 

parameter is then 
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1 D - A D - A 
= - i [ 1 - ( )2 ] 1 / 2 ( 1 ) 

q 2B 2 

Recalling that the reciprocal beam parameter is also given by 

1 1 . 
= - i (2) 

q R n it w 2 

where, R is the radius of curvature of the beam, X is the 

wavelength , w is the spot size, and n is the index of 

refraction of the medium. For a complete round trip, 

starting and ending in the saturable absorber (where the 

gaussian beam is focused, i.e. R = ®), the matrix 

elements A and D are found to be equal. This reduces the 

stability condition of the cavity to A 2 - 1 < 0. Our 

numerical calculation and search for stable regions of the 

cavity is biased on this condition. Note that, the 

stability condition should hold in two orthogonal planes 

simultaneously in order to have the lasing action. The beam 

waist in the absorber can be found using equations (1) and 
( 2 ) 

X Bi 1 / 2 

Wx = ( ) ( ) (3) 
n n D± - A± 

[ 1 - ( )2 ] 1 / 4 

2 

With i = H for the plane of figure and i = V for the 

orthogonal plane. Note that round spot sizes in the 

absorber are formed when wh = wv. 
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The beam parameter q and hence the spot sizes and 

shapes at any location inside the cavity (such as amplifying 

medium and output mirror) can be obtained by following the 

above procedure. Knowing stability parameters of the 

cavity, enables one to choose a cavity configuration for the 

best laser operation. 
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Stability of a laser cavity with the mirrors of radii of 

curvature 7.5 cm at amplifier jet, and mirrors of radii of 

curvature of 3 cm at the absorber jet is studied. Numerical 

calculation are used to find cavity parameters for which 

astigmatism distortion is compensated at the saturable 

absorber. A three dimensional stability diagram of the 

cavity is presented in figure B.l. Solid and dashed lines 

are representing the stability limits in z. Calculations 

show that the smallest focusing occurs where the stability 

range for the parameter z is small. For small angles 0 

(between 1° and 10°), the stability volumes are large, and 

minimum spot sizes are of the order of 10 pm (except for the 

edges of stability regions). The spot sizes are generally 5 

Jim in the large stability regions between 13° and 19°. For 

larger angle 0 (6 > 20°), the stability region splits into 

two branches (as in the case of the cavity discussed in 

chapter III). The smallest spot sizes are found for large 

angles for values of d larger than 112.5 mm. Round spot of 

the size of 1.1 pm is obtained in the saturable absorber for 

the angle 0 = 24°, d = 116.1 mm and z = 15.1 mm. 

In order to have tight focusing in the absorber along 

with astigmatically compensated beam in both absorber and 

output mirror, another cavity is designed. Such a 

calculation could not be fulfilled in the cavities studied 

previously. In order to have a compensation for the 
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astigmatism distortions of the output beam, the cavity is 

extended with another fold. The cavity configuration and a 

three dimensional stability diagram are presented in figure 

B.2. As shown in the figure, mirror Mi is folded with the 

same angle as mirror Mz (i.e., 20) and a flat mirror is added 

to the cavity as an output mirror. A complete calculation 

is made as a function of the additional folded section (h), 

as well as of the distance between folded mirrors (d). The 

stability regions shown in figure B.2 are for the cavity 

with the length of 1.97 meter to match the length of the 

argon ion laser for hybrid mode-locking operation. The 

mirrors at the amplifier and absorber section have the radii 

of curvature of 7.5 cm and 5 cm respectively. Results of a 

complete calculation show that stability regions for such a 

cavity length are very limited with mirrors of smaller radii 

of curvature. In the stability diagram, the flat output 

mirror is located at a distance of h = 0.2 m from mirror Mx. 

Large stability regions are found for angles 0 between 8 and 

14 degrees. The smallest round spot sizes (3pm) are found 

for 0 =15°, for a range of d values from 75.5 mm to 76.5 mm, 

and z close to 25.5 mm. The astigmatism on the folded 

mirrors are found to be much smaller than the case of non-

extended cavity. Spot sizes of 0.72 mm and 0.79 mm are 

obtained on the on the folding mirror in the tangential and 

sagittal planes respectively. For the above parameters a 

round out put of the size of 1.6 mm is obtained. For the 
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large values of the cavity extension (for instance h = 0 . 4 2 5 

m) the stability diagram splits in two regions corresponding 

to small d values ( 7 3 . 7 mm < d < 74 mm) and large values 

for d ( 76 mm < d < 78 mm). Smallest spot size in the 

absorber are found in the first region. At d = 7 3 . 8 5 mm, 

z = 2 5 . 6 2 spot size of wv = 1 . 3 8 pm and WH = 1 . 3 9 jam are 

found at the expense of a astigmatically distorted output beam 

(the radii of curvature of the beam on the output mirror are 

WH = 1 . 9 mm and wv = 0 . 8 mm). Circular output beam can be 

obtained by increasing d to 7 6 . 1 8 mm for z = 2 5 . 5 6 mm, at 

the expense of a large spot in the absorber (WH = 25 pm and 

wv = 3 . 6 pm). A cavity with a nonastigmatic output beam is 

an ideal laser cavity for the experiments in which the 

uniform wave front of the laser output has an importance. 
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Figure B.2—Three dimensional stability diagram for the 
cavity with an additional mirror. 
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Contribution of the Kerr effect to the phase modulation 

of the femtosecond pulses in a passively mode-locked laser 

is verified by increasing the Kerr nonlinearity of the dye 

solvent (ethylene glycol). A highly nonlinear organic 

material, 2-methyl-4-nitroaniline (MNA), is mixed in the 

DODCI solution to increase the nonlinear susceptibility of 

the solvent of saturable absorber. MNA has a higher 

nonlinear index of refraction than the solvent ethylene 

glycol and its absorption peaks around 410 nm, which is far 

from lasing wavelength. Therefore the addition of MNA will 

raise the nonlinear refractive index of the saturable 

absorber solvent without effecting the absorption losses. 

After this addition, the immediate effect observed was the 

increase of the laser stability. There was no modification 

of the intensity autocorrelation of the pulse train. The 

spectrum showed a slight increase of the short wavelength. 

However, the interferometric autocorrelation (figure B.l) is 

different from the interferometric autocorrelation of the 

output of the laser without MNA (figure 3.5). The asymmetry 

of the autocorrelation is to be attributed to the stronger 

self phase modulation of the pulse and hence pulse 

broadening in the 2 mm thick beam splitter of the 

correlator. The beam of one arm of the autocorrelator makes 

one more passage through the glass, and suffers more 

broadening as a result of dispersion of the glass than the 
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beam in the other arm. Broadening of the 60 fs pulses 

through dispersion by 2mm of glass should be negligible (as 

shown in figure 3.5 without: using MNA), unless the pulses 

have strong phase modulation.2 Addition of MNA did not 

affect the pulse duration. However using MNA with higher 

concentrations may result in pulse compression.1 

The result obtained from increasing the Kerr 

nonlinearity of the solvent strongly suggest that Kerr 

effect impresses a frequency modulation upon an intense 

light pulse within the saturable absorber. Contrary to some 

ring lasers,3-5 this is a strong effect and is comparable to 

the effect from off resonant saturation of the dye 

molecules. The influence of the kerr effect has to be 

attributed to the tight focusing at the saturable absorber. 

The competition of the two effects within the saturable 

absorber results in a complex frequency modulation. 

Asymmetric pulse spectrum indicates that, the complete 

compensation of the phase modulation is not possible and 

chirped pulses are generated. 
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The second order intensity autocorrelation1-4 is the 

most common technique used for the measurement of ultrashort 

pulses. The autocorrelator is basically a Michealson type 

interferometer with an adjustable delay in one arm. The 

pulses are sent to the interferometer are split into two 

identical pulses and recombined at a time delay x. The 

output of the autocorrelator is then the overlap of the two 

pulses as a function of delay. The fast scanning of delay 

results in an intensity autocorrelation, while the slow 

scanning of delay result in a fring resolved interferometric 

autocorrelation. The intensity and interferometric 

autocorrelation reveal informations on pulse duration and 

coherence, but none of the measurements will give 

information on pulse shape. However, by iterative fitting 

of the intensity autocorrelation, interferometric 

autocorrelation and spectrum, information on pulse shape can 

be obtained.3 Another technique for determination of 

femtosecond pulses in phase and amplitude is recently 

developed4-5 and is successfully checked against iterative 

fitting method. One advantage of this new technique is that 

the complete pulse information can be extracted from a 

single crosscorrelation measurement. The method is used to 

analyze the output of the antiresonant ring laser.6 The 

results are shown in figures 3.7a and 3.7b. The pulse shape 

determination is briefly outlined below. 
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The measurement set up, shown in figure D.l consist of 

a standard correlator with a block of glass (5 cm of BK7 or 

SF5) inserted in one arm. The laser pulses are sent to the 

correlator. As the delay is being scanned, the detector 

records the interferometric second order crosscorrelation 

between the short laser pulse (Ei) and the pulse broadened 

by the normal dispersion of the glass (E2). The output of 

the correlator, coupled to a minicomputer, is digitized and 

recorded as a function of delay. This is a fring resolved 

interferometric crosscorrelation measurement of the laser 

pulses. The intensity crosscorrelation is then obtained by 

numerical averaging of the above measurement. The method is 

to obtain information on pulse amplitude from the intensity 

crosscorrelation, and information on phase of the pulse from 

the interferometric crosscorrelation. 

Intensity crosscorrelation (obtained from the averaging 

of data) is deconvoluted to give the intensity profile of 

the pulse broadened by the glass. The deconvolution is done 

by using the following equations. The intensity 

crosscorrelation function g(t) is given by4 

g(^) = Ii(t-T) Iz(t) dt (D.l) 

and the Fourier transform of the above expression is 

F [g(T)] = F [I*i(t)] . F [I2(t)] (D.2) 
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Recall that the Fourier transform of a convolution is 

given by the product of the individual transforms with 

folding of one of the functions.7 In equation (D.2) the 

intensity spectral profile of E2 (F[Ia(t)] = Iz(w)) is 

obtained by making a rough estimate for the short pulse Ei, 

and computing the Fourier transform of the intensity 

crosscorrelation (F[g(t)]). Therefore, the temporal profile 

of the pulse after glass (Iz(t)), and hence its amplitude 

(Ix,z a |Ei.2|2) can be found by computing the following 

inverse Fourier transform 

F [g(x)] 
l2(t) = F-1 [ ] 

F [I*i(t)] 

Note that, pulse Ei is assumed without a phase modulation 

and its duration is estimated from the measured intensity 

crosscorrelation. Having Ei (estimated) and E2 (computed), 

the crosscorrelation function of the two pulse can be 

constructed. Note that, this is the crosscorrelation 

function of the assumed unmodulated pulse. 

The information on the phase of the pulse is obtained 

by comparison of the constructed crosscorrelation function 

and the actual data. Following is a brief procedure for 

calculating the phase of the pulses. In general the output 

of the correlator is given by 

S(T) a (jEx(t-r) + E2(t)|
2)2 dt (D.3) 

which has all the information on pulse (i.e equation D.3 
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includes intensity and interferometric crosscorrelation 

terms). Assuming, 

Ei(t-t)=ei(t-x). e
± w C> 

the short pulse of the laser, and 

E2(t)=ea(t) .e±*ct=,e±wt 

the pulse after glass, and substituting them in equation 

D.3, the crosscorrelation function C(T) which includes 

interference terms (terms involving phase of the pulse) can 

be extracted to be: 

C(-C) = {2ex(t-x) e2(t) cos2(wt-#(t)) (D.4) 
4 ei(t-x) ea(t) (ei2(t) + e22(t)) 
cos(wx+<i>( t)} dt 

Now equation D.4 is used to obtain the phase of the 

pulses. This is done by comparing the two crosscorrelation 

functions, one function measured for a phase modulated pulse 

(actual data where # * 0) and the other computed for the 

unmodulated pulse (where # = 0). To do the comparison, 

function DELTA is defined as the difference of the envelops 

of the two crosscorrelation functions. Note that, the 

envelopes of the crosscorrelation functions (maxima and 

minima of the fringes) are sensitive to the phase and 

therefore are to be considered. Function DELTA is defined 
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DELTA ("C) — (Cmu + Cmi) ~ (Ccu + Cci) (D.5) 

where f Cmu and Cmi are the upper and lower envelops of the 

measured function and Ccu and Cci are the upper and lower 

envelops of the computed function (without phase modulation, 

i.e §=0 in D.4). Now by substituting WT = 2rcN for upper and 

WT = n(2N+l) for lower envelop in equation D.4 (i.e maximum 

and minimum of the fringes in crosscorrelation function, 

where N is an integer), function DELTA becomes 

DELTA (r) ei2(t-x) e22(t) [cos24>(t)-l] dt (D.6) 

For equation (D.6), a similar deconvolution procedure as in 

equation (D.l) is used to obtain phase of the broadened 

pulse (i.e €>(t)). 

Having the complete description (i.e phase and 

amplitude) of pulse after glass, it is possible to calculate 

the phase and amplitude of the pulse before glass by 

"reverse propagating"5-6-9 of the pulse through the glass. 

In other words, the Fourier transform of the broadened pulse 

multiply by the known transfer function of the glass, leads 

to the Fourier transform of the original pulse. 

i.e F[Ex] = e
_ : l k C w ) t a • F[Ez] (D.7) 

The transfer function of the glass is given by e - l k C w ) t a, 
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where d is the effective length of the glass, k(w) = wn(w)/c 

and n(w) is frequency dependent refractive index. Values 

for n(w) are given in standard tables for different 

wavelengths. By taking an inverse Fourier transform of 

equation (D.7), the complete temporal information on the 

original laser pulse (Ex) is obtained. Therefor, the above 

pulse determination technique leads to the information on 

pulse amplitude, phase, and instantaneous frequency (d$/dt)of 

the femtosecond pulses. 
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DELAY 

x PULSE 

Figure D.1—Experimental set up for the crosscorrelation 
measurement. 
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