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Abstract 

In this work we have studied experimentally the optical properties of two examples of nonlinear 

periodic structures: colloidal crystals used as nonlinear distributed feedback structures and 

nonlinear volume holographic elements. The transmission of the colloidal crystals was found to 

be dramatically modified by an incident field whose frequency was tuned within or near the stop 

gap of the crystal. Optical limiting was observed when the frequency of the incident field was 

tuned to the high frequency edge of the stop gap. Optical switching and bistability were observed 

when the frequency was tuned to within the stop gap. The switching intensity was seen to 

decrease as the frequency of the incident light was tuned further into the stop gap. This result can 

not be explained by the simple model of a nonlinear distributed feedback structure. The 

transmission was also found to exhibit temporal fluctuations at high intensities. The nonlinear 

volume holographic structures consisted of a porous photopolymer in which a permanent grating 

was recorded and then was imbibed with a nematic liquid crystal. The diffraction efficiency of the 

grating was switched from high to low using a control beam power of 8.4 mW. The response 

time of the switching was limited by the response time of the thermal nonlinearity of the liquid 

crystal and was measured to be approximately 1 ms. 

VI 



/. Introduction 

In this report we present results of our experimental investigation of nonlinear periodic structures. 

The properties of linear periodic structures and the theoretical predictions for the optical 

properties of nonlinear periodic structures are reviewed first as an introduction. Our 

measurements of the optical properties of nonlinear distributed feedback structures formed from 

colloidal crystals are then presented. The properties of nonlinear volume holographic gratings 

formed from a liquid crystal/porous photopolymer composite are then discussed and the results of 

an optical switching experiment are presented. Publications resulting from this work are found in 

Refs. [1-4]. 

Periodic dielectric structures have been used for some time as interference filters, dielectric 

mirrors and antireflection coatings because of their selective transmission and reflection 

properties. Distributed feedback structures (DFBS) are periodic structures that consist of a large 

number of alternating layers of high and low dielectric constant with light propagating in the 

direction of the refractive index variation. The small difference in refractive index between 

successive layers leads to a very narrow band of frequencies for which the structure is highly 

reflective. This band of frequencies is commonly referred to as a stop gap or stop band. The 

central frequency of the stop gap corresponds to the condition where the wavelength of the light 

inside the structure is equal to one half the period of the dielectric layers. This condition is known 

as the Bragg resonance. 

Recently there has been a great deal of interest in the optical properties of period dielectric 

structures with a large intensity dependent index of refraction. For the case of distributed 

feedback structures when the frequency of the incident light is tuned to a frequency near or inside 

the stop gap, theoretical studies have predicted the transmission to exhibit optical power limiting, 

optical bistability [5-9], self pulsing, chaos [10-13], and soliton formation [14-19]. For the case 

of transmission gratings theoretical studies predict a modification of the diffraction efficiency of 

the structure in the presence of the high intensity field. This modification can be used for 

degenerate two-beam coupling [20]. In our experimental study we have investigated these effects 

using two different material systems. We have studied colloidal crystals as a nonlinear distributed 
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feedback system and have studied composite gratings formed using a porous photopolymer and a 

nematic liquid crystal as switchable gratings [4]. 

I.A. Linear Periodic Structures 

In this work we have been interested in the propagation of light though nonlinear periodic 

structures. To begin the discussion we will first briefly review the optical properties of periodic 

structures whose index of refraction is not intensity dependent. A periodic structure is a material 

whose index of refraction varies spatially throughout the structure. We have studied both the 

transmission geometry and distributed feedback geometry in this work. For the case of the 

distributed feedback geometry, the index variation is along the direction of propagation of the 

light. For the transmission geometry the index variation is perpendicular to the direction of 

propagation. We will first limit the discussion to the specific case of the distributed feedback 

geometry. 
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Figure 1. Schematic diagram of a distributed feedback structure. 

Consider a DFBS with a spatial period for the index variation that is comparable to the 

wavelength of light. Figure 1 is a schematic diagram of the DFBS. The index variation can be 

written as 

n(z) = n0 + n i cos(2ß0z) (1) 



where n is the average index of refraction and nj is the index modulation that is responsible for 

the coupling between forward- and backward-propagating fields in the structure. The quantity 

ß0 = W0JC/A is the spatial frequency of the index modulation where A is the spatial period of the 
index modulation. For this type of structure, certain frequencies of light will not be allowed to 

freely propagate. 

To calculate the transmission, the coupled amplitude equations describing the propagation of light 

through the structure can be solved. Assume that the field inside the periodic structure can be 

written as 

E(z, t) = [A(z)et^+B(z)e-i^]e-im + c.c. (2) 

where A(z) and B(z) are the amplitudes of the forward- and backward-propagating fields, 

respectively. If the slowly varying amplitude approximation is made and only phase matched 

terms are kept the coupled amplitude equations can be written as [21] 

# = /KB<T'
A

P
Z (3a) 

dz 

^. = -iKAe^ (3b) 
dz 

where K = %n\l2n0 is the coupling constant and Aß = ß - ßG is the detuning of the frequency of 
the incident light from Bragg resonance. These equations have been solved analytically [21,22]. 

The predicted transmission of a DFBS of length L and KL=3.0 is shown in Fig. 2. The region of 

low transmission is often referred to as the stop gap. The stop gap is centered at AßL = 0. 

The transmission of a DFBS is strongly dependent on the coupling constant KL. Figures 3a and 

3b show the transmission of DFBS with KL=1 and 2, respectively. From these figures we see that 

the transmission at Bragg resonance (Aß = 0) decreases with increasing coupling strength and 



width of the stop gap increases with increased coupling strength. The width of the stop gap can 

be found to be 

A Wo (4) 

Stop Gap 

Fabry-Perot resonances 

transmission 
reflectivity 

-5 0 

detuning (AßL) 

10 15 

Figure 2. The transmission and reflectivity plotted as a Junction of detuning for a DFBS with a 

KL=3.0 

LB. Nonlinear Periodic Structures 

The transmission of DFBS whose index of refraction is intensity dependent is predicted to exhibit 

optical limiting, optical «stability.[5-9], and self pulsing [10-13]. These theoretical predictions 

will be reviewed briefly in this section. 

In the previous section it was assumed that the index of refraction of the DFBS was not 

dependent on the local field inside the structure. We are now interested in how the transmission 

of such a structure is modified when the spatially varying index of refraction is assumed to be 

intensity dependent. We assume that the index of refraction can be written as 
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Figure 3. The transmission and reflectivity plotted as a function of detuning for a DFBS with 

(a) KL=J.0and(b) KL=2.0. 



/?(*) = wo+/iicos(2ßoz)+»2l£00l2 > (5) 

where n2 is the intensity dependent index of refraction. The intensity dependent index of 

refraction is related to the third order nonlinear susceptibility by 

„2=±2S£ . (6) 

We will assume that n1«ii0 and ^«n^ and make the slowly varying envelope approximation. 

Under these conditions the coupled amplitude equations describing the propagation of forward- 

and backward-propagating waves in the structure can be written as [5] 

and 

^ = iKBe-a^2 + rf[\A\2 + 2\B\2]A (7a) 
dz 

4ä = -iKAeaA&-rft2\A\2 + \B\2]B, (7b) 
dz 

where Y=7W2/A is the nonlinear coupling constant. These equations can be solved to predict the 
transmission characteristics of the nonlinear distributed feedback structure. At low intensities, 

light will be transmitted through the periodic structure when the frequency of the light is well 

outside the stop gap. The light will be reflected when the frequency falls within the stop gap. 

However, if the index of refraction of the structure is intensity dependent, the expected low 

intensity behavior can be dramatically modified. For example, consider the transmission of light 

whose frequency is tuned to the center of the stop gap (Aß=0) of a DFBS with a positive intensity 

dependent index of refraction. For low intensities the transmission of the structure will be low 

due to the strong coupling between the forward- and backward-propagating waves. As the 

intensity is increased the average index will increase and the stop gap will appear to shift to lower 

frequencies. This change in index will decrease the coupling between the forward- and 

backward-propagating waves and result in an increase in transmission. 



Figures 4 and 5 show a plots of the transmission that were obtained by solving the coupled 

amplitude equations (7) for the case of a nonlinear DFBS with KL=4.0 and 7LE =1.0 where the 

critical intensity is Ec = 4w0X/37ryAL. Figure 4(a) shows the predicted transmission of the DFBS 
as a function of detuning when the incident intensity is very low (i.e. the nonlinear term in the 

index is not important). The dependence of the transmitted intensity on incident intensity was 

then studied for the three detunings marked (I), (II) and (HI) in Fig. 4(a). Figure 4(b) shows the 

dependence for the case of ÄßL=4.2. The intensities are normalized to a critical intensity. For 

this detuning we see that the coupled amplitude equations predict that the structure will switch 

from a low to high transmission state at specific intensities. Figure 5(a) displays the case when 

the frequency of the incident light is tuned to the center of the stop gap (AßL=0). At this 

detuning we see that the transmission exhibits optical bistability. For certain incident intensities 

there are three possible values of the transmitted intensity. It has been shown that the dashed 

region is unstable, so there are only two possible stable values. [13] 

When the frequency of the incident light is tuned to the low frequency edge of the stop gap the 

solution to the coupled amplitude equations show that the transmitted intensity is multistable for a 

certain range of incident intensities (Fig. 5(b)). On fig. 5(b) the unstable regions are denoted by 

dashed lines. 

Along with the steady state characteristics, the temporal dependence of the transmission has been 

studied extensively. Under certain conditions, some of the bistable states predicted by the 

steady-state theory are found to exhibit temporal fluctuations. Numerical calculations have shown 

that for a field with a frequency tuned the center of the stop gap of a nonlinear DFBS with a large 

KL, the upper branch of the bistability curve predicted by the steady state theory is unstable and 

the transmission of the nonlinear DFBS exhibits periodic self pulsing for intensities above the 

switching intensity [10-12]. If the intensity is increased to many times the switching intensity the 

temporal fluctuations become chaotic. A linear stability analysis performed by de Sterke [13] 

confirmed that there are many regions where the high-transmission state predicted by steady-state 

theory is temporally unstable. He found that as the frequency of the incident field is tuned deeper 

into the stop gap, the system tends to become more unstable. 
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Soliton formation in nonlinear DFBS have also been studied theoretically. When the frequency of 

the incident field is tuned outside the stop gap, soliton formation is possible due to the dispersion 

of the periodic structure and the nonlinearity of the media. These solitons display characteristics 

that are similar to those supported in nonlinear optical fibers. In this limit the nonlinear periodic 

structure is predicted to be useful for pulse compression [14].     When the frequency of the 

incident light is tuned within the stop gap, soliton formation is also predicted and in this case the 

soliton is often referred to as a gap soliton [15-19]. A gap soliton is excited under conditions 

when the transmission is predicted to be bistable. A striking characteristic of gap solitons is that 

they can propagate through the nonlinear DFBS with velocities that are much lower than the 

group velocity of light in such a medium. 

II. Nonlinear Optical Properties of Colloidal Crystals 

Several material systems have been proposed for use as nonlinear DFBS. Many of the proposed 

systems utilize waveguide structures such as optical fibers or planar waveguides.   A desired 

property of these structures is that high intensities can be propagate over large distances. The 

system of a corrugated silicon-on-insulator waveguide has been studied experimentally be Snakey 

et al [23,24]. However in many of these systems other nonlinear effects must be considered such 

as nonlinear coupling effects. In our work we have chosen to use a bulk geometry since the 

nonlinearity of the system is large enough to allow a short sample length. The material we have 

used in this study is a colloidal crystal comprised of polystyrene spheres dispersed in water [1-3]. 

The lattice spacing of the colloidal crystal is comparable to the wavelength of light. The index of 

refraction of the polystyrene is 1.59 and the index of refraction for water at room temperature is 

1.33. The alternating crystal planes create a periodic index of refraction which is utilized as the 

nonlinear DFBS. 

H.A. Colloidal Crystals 

A colloidal crystal is a monodispersed suspension of uniformly charged polymer spheres in water, 

which forms a periodic array due to a screened Coulombic force between each sphere [25,26]. 

The polymer spheres used in our experiments were composed of polystyrene with negatively 

charged ionic sulfunate groups attached to the surface of the spheres. The lattice spacing between 

10 



the airay planes is typically between 0.1 to 10 urn There are three phases that can be formed by 

the colloidal suspension: a face centered cubic (FCC), a body centered cubic (BCC), or an 

amorphous structure. The filling fraction, electric charge per sphere, number of ions in solution, 

and temperature of the suspension are all important parameters in determining the array structure 

of the colloidal suspension. The filling fraction <j>v is the fraction of the total volume occupied by 

the polymer spheres. For high filling fractions and low ion concentrations, such as used in our 

experiment, the suspensions usually form a FCC structure, which is shown schematically in Fig. 6. 

(a) 
polystyrene 
spheres 

[111] plane 

(b) 

Figure 6. (a) A schematic representation of a unit cell of a colloidal crystal in the FCC phase, 

(b) Some spheres have been removed in the figure to show a [111] plane bisecting a unit cell. 

Only the spheres that comprise this plane are shown. 
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For our experiments, monodispersed latex suspensions of 120 nra polystyrene spheres with 

charged sulfonate groups on the surface of the sphere were obtained from the Emulsions Polymer 

Institute at Lehigh University. These solutions were diluted with distilled water until they 

appeared to be iridescent orange in color. The color is due to Bragg scattering of the incident 

light off the [111] plane of the array whose structure is FCC. The color of the reflected light 

indicates the wavelength of the Bragg resonance. By adding the appropriate amount of water, we 

can tune the lattice spacing of the array and thereby tune the center of the stop gap. When 

preparing the sample, we start with a small fraction of the latex suspension that was placed in a 

test tube and decrystallized using an extremely dilute solution of HC1. The ions from the HC1 

screen the individual charges of each sphere reducing the repulsive force between spheres. Care 

must be taken to prevent flocculation during this procedure. The solution was then placed in a 

cuvette with a thickness of 100 ^tm and deionizing resin was placed at one end of the cuvette. 

The cuvette was then sealed using paraffin wax to prevent evaporation. As ions are removed by 

the resin, the repulsive force between each sphere increases and the array forms. Crystal growth 

begins at the edge of the solution in contact with the resin and grows outward until most of the 

length of the container is filled. The colloidal crystals typically grow with the [111] plane of the 

array parallel to the wall of the cuvette. 

The colloidal crystals are characterized by observing Kossel rings formed by the scattered light 

[27] and measuring the transmission of the crystal as a function of wavelength. Figure 7 shows 

the transmission spectrum for a 100 \im thick colloidal crystal made from a solution of 120 nm 

diameter polystyrene spheres. Also shown in the figure is a theoretical fit to the experimental data 

that was obtained by solving the coupled amplitude equations. The coupling constant used for 

thisfitwasicL=3.5. 

II.B. Nonlinear Optical Properties of Colloidal Crystals 

The nonlinear optical properties of the colloidal crystals were studied using a nonlinear 

interferometer [28]. We conclude from this measurement that electrostriction is the dominant 

intensity dependent effect in these suspensions and we believe it to be responsible for the 

nonlinear phenomena observed such as optical limiting and optical bistability. Electrostriction is 

the tendency for material with a higher dielectric constant to be pulled into regions of space with 

12 



large electric fields. In the experiment an interferometer was used to measure the phase change of 

a probe beam that was induced by the presence of an intense pump beam. To eliminate the effects 

of the index grating of the periodic structure, the frequencies of both the probe beam and the 

pump beam were chosen to be far from Bragg resonance. 

detuning (AßL) 
5 0-5 

575 580 585 
wavelength (nm) 

590 

Figure 7. The transmission spectrum of a colloidal crystal comprised of 120 nm polystyrene 

spheres is represented by the solid line. A fit using the coupled amplitude equations is plotted as 

the dashed line. 

Figure 8 shows a schematic diagram of the interferometer used to measure the nonlinear index of 

refraction of the colloidal crystal. The measurement entailed comparing the interference pattern at 

low intensity, where the nonlinear response is assumed to be small, to an interference pattern 

recorded in the presence of the strong pump beam. 

13 
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Figure 8. Schematic diagram of the nonlinear interferometer. 
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Consider coherent light from the probe laser that enters the dielectric medium with an initial phase 

<|>0. The phase of the wave after passing through the medium is 

A, vac 

where L is the length of the sample, n is index of refraction of the medium and A^ is the vacuum 

wavelength of the probe light. We assume the index of refraction of the medium has an intensity 
dependent contribution and can be written as n = n0 +n2I. The phase can now be separated into 
a linear and nonlinear contribution, 4 = ^nnear+A<(>, where §Uex is the phase at low intensities 

and A<|> is the change in phase due to the nonlinear index of refraction. Using these expressions 

we can write an expression for the nonlinear index of refraction in terms of the induced phase shift 

«2 = 
A(p A, vac /g\ 
2idJ   ' 

Any change in index of the sample will change the phase of the light in one arm of the 

interferometer and therefore shift the resulting interference pattern. 

Two separate lasers where used as pump and probe in this experiment. An argon ion laser was 

used to modify the index of refraction and is referred to as the pump laser. The second laser, 

called the probe laser, was a low power helium-neon laser and was used in the interferometer to 

monitor the change in index. The pump laser only passes though the sample and not the 

interferometer. The pump beam was focused onto the sample to a spot size of approximately 10 

urn. The probe beam was counterpropagating with respect to the pump beam and had a slightly 

smaller radius of 7 u.m. The interference pattern produced by the interferometer was monitored 

using a photodiode array. The interferogram was recorded with the pump beam off as a reference 

pattern. The pump beam was then turned on and aligned to maximize the fringe shift. 

The experimental results that were obtained using a 500 um thick sample are shown in Fig. 9. 

The solid line represents the interference pattern obtained with the pump beam blocked, while the 
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dashed line represents the pattern obtained with a pump beam intensity of 1 MW/cm2. From the 
fringe shift we have estimated the change in index to be Aw = 5 x 10"4, which suggests that the 
volume fraction increased by A<j>v « 0.0025. In addition to the magnitude of the index change, the 
sign of the index change was obtained by noting the direction of the fringe shift and comparing it 

against a known nonlinearity. We noted that the direction of the fringe shift was opposite to the 

direction when an absorptive dye was used as the sample. In the case of the absorptive dye the 

nonlinearity was thermal and therefore the index change was negative. From our measurements 
we estimate that the intensity dependent index of the colloidal crystal is n2 - 5 x 10~10 cm2IW. 

2.5-r 

position on diode array (a.u.) 

— argon laser blocked 
- argon laser (1 MW/cm2) 

Figure 9. The interference pattern produced by the nonlinear interferometer.  The solid line 

represents the interference pattern obtained with the pump beam blocked The dashed line 

represents the interference pattern obtained when the pump beam was unblocked 
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With the interferometer measurement we feel that the positive intensity dependent index indicates 

that the nonlinearity is not a thermal nonlinearity. We believe that the source of the nonlinear 

change in the index of refraction is electrostriction. 

For a nonlinear DFBS with a fixed index grating and a positive intensity dependent index of 

refraction we expect to observe simple switching on the high frequency edge of the stop gap, and 

bistability and multistability for frequencies near the low frequency edge of the stop gap. As will 

be discussed in the next section we see the opposite for the case of the nonlinear colloidal crystals. 

We believe that we obtain these results because in the case of the colloidal crystals the array 

planes are not rigidly fixed in space. For the case when the frequency of the light is tuned near 

Bragg resonance there can be an electrostrictive force that compresses the lattice in the direction 

that light propagates. When the lattice compresses the average index of the DFBS increases as 

the concentration of the polystyrene spheres increases as was seen in the interferometer 

measurement. This increase in index will lead to a shift of the Bragg wavelength to longer 

wavelengths. However, the compression will also lead to a decrease in the lattice spacing which 

will decrease the Bragg wavelength. Of these two effects, we estimate that the decrease in the 

lattice spacing leads to the largest shift in Bragg resonance. 

Near Bragg resonance we expect that the largest electrostrictive effect results from the spatially 

varying electric field inside the DFBS [29]. This contribution is expected to be much larger than 

the electrostriction resulting from either the radial field gradient produced by the Gaussian nature 

of the laser beam or the field gradient resulting from the slowly varying field amplitude along the 

length of the structure. For the case of two counterpropagating beams in a colloidal crystal, the 

field gradient resulting from the spatially varying field was calculated to be two orders of 

magnitude larger than the radial gradient for a spot size of-10 ^im [30]. The theoretical study by 

Russell [29] showed that the field inside a periodic structure oscillates in space on the order of 

one grating period when the frequency of the field is near Bragg resonance. The maxima of the 

oscillations overlap with the high-index layer of the periodic structure when the frequency of the 

incident light is tuned to the low-frequency edge of the stop gap. For this detuning the 
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electrostrictive force will be a minimum. As the frequency of the light is increased toward the 

high-frequency edge of the stop gap the intensity maxima move away from the high index layer 

until at the high-frequency edge the minima overlap the high-index layers. The electrostrictive 

force will therefore be intensity and frequency dependent, and will increase as the detuning from 

the low-frequency edge of the stop gap is increased. 

II.C. Optical Power Limiting 

An optical power limiter is a device with a constant transmission at low intensities and an ever 

decreasing transmission at high intensity. Ideally, an optical limiter prevents the transmitted 

intensity from exceeding a prescribed intensity. An optical limiter may therefore be used to 

protect sensitive equipment such as a photodetector from large fluctuations in intensity that may 

cause optical damage. Optical power limiting has been observed in several optical systems that 

employ an intensity dependent index of refraction. The majority of these systems use the self 

defocusing effect in combination with an aperture. The size of the beam inside the limiter is 

intensity dependent and therefore the transmission through the aperture intensity dependent 

[31,32]. 

Nonlinear DFBS have been predicted to exhibit power limiting for frequencies near the edge of 

the stop gap [4]. For a colloidal crystal the largest change in transmission will result from the 

change in lattice spacing when the crystal is illuminated by high intensity light whose frequency is 

tuned near the stop gap. The experimental setup used to measure the transmission of the colloidal 

crystal is illustrated in Fig. 10. An argon ion laser operating on the 514 nm lasing transition was 

used as the high intensity light source. Since the source was not tunable, the lattice spacing of the 

crystal was chosen so that the high frequency edge of the stop gap coincided with the frequency 

of the laser. A beam chopper with an on and off time of-100 us was used so that the response 

time of the limiter could be measured. Following the chopper, a beam sampler was placed in the 

laser beam to monitor the incident light. The laser beam was then focused to a spot size of-45 

Urn at the sample. The sample was placed at the center of the confocal region of the focused 

beam. The transmitted light was then focused onto a detector. 
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Figure 10. The experimental setup used to characterize the optical limiting. 

19 



For these experiments, the sample used consisted of a suspension of 86 urn diameter polystyrene 

spheres contained in a 100 urn thick cuvette. The Bragg wavelength was estimated by measuring 

the angular size of the Kossel ring. For the samples used in this experiment, the angular size for 

an illumination wavelength of 514 nm was measured to be -6° which means that the center of the 

stop gap was at ~510 nm. 
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Figure 11. Transient behavior of the transmitted intensity for an incident intensity of 100 

kW/cm' 

To measure the response time of the optical limiting, the signals from the photodetectors were 

recorded as a function of time using a digital oscilloscope. The light from the laser was chopped 

such that a pulse with a duration of 6 ms would pass through the crystal approximately once per 

second. Fig. 11 shows the transmitted intensity plotted as a function of time for an incident 

intensity of 100 kW/cm2. Although there is a very slight decrease in transmission after the shutter 

is first opened, the transmission is fairly constant with time. At this intensity the nonlinear effects 

are small. Fig. 12 shows the transient behavior of the transmitted intensity for higher intensities. 

The transmission through the sample is high initially and drops to a lower steady state value. 
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When the shutter first opens the transmission through the sample is nearly the same as the 

transmission at low intensity. As the sample responds to the field, the transmission drops until the 

system reaches an equilibrium. The response time was measured to in the range 100 |is to 350 us. 
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Figure 12. Th   transient behavior of the transmitted intensity for incident intensities of (a) 150 

kW/cm2, (b) 30  kW/cm2, and (c) 500 kW/cm2. 
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To characterize the optical limiting we measured the steady state transmission of the colloidal 

crystal as a function of incident intensity. Preliminary transmission measurements showed that the 

samples experienced damage when exposed to intense light (I > 100 kW/cm2) for approximately a 

second or longer. We therefore limited the illumination time to several milliseconds so that the 

time average intensity remained low. The transmission measurements were taken after the system 

reached steady state. 

Figure 13 shows a plot of the transmitted intensity versus incident intensity for a frequency that is 

tuned to the high frequency side of the stop gap (X,=514 nm). From this data we can see that the 

transmission of the colloidal crystal decreases at high intensities. At low intensities the 

transmission of the sample was measured to be nearly 30%. As the incident intensity was 

increased, the transmission remained roughly constant up to an incident intensity of-80 kW/cm . 

At higher intensity the transmission drops rapidly. The limiting intensity for the sample was 

approximately 15 kW/cm . 
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Figure 13. The transmission of the colloidal crystal is shown for wavelengths of 514 nm (solid 

circle) and 528 nm (open circle). 
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II.D. Optical Switching and instability 

To study the switching properties of the colloidal crystals we have measured the transmission for 

the case when the frequency of the laser is tuned with in the stop gap. In this case we find optical 

switching, optical bistability and multistability. 

The experimental apparatus used to study optical switching and optical bistability is shown 

schematically in Fig. 14. The dye laser was operated with Rhodamine 6G to provide a tunable 

source in the wavelength range 560 nm to 610 nm. The laser beam was focused through the 

sample with a 63 mm focal length lens. The spot size at the sample was measured to be 10 urn 

and the confocal parameter of the laser beam was 8 mm, which was much longer than the cell 

length of 100 um. The light transmitted through the sample was focused onto a calibrated 

detector located directly behind the sample holder. 

The measured transmission is plotted as a function of wavelength in Fig. 15 as the solid line. This 

data was taken at low intensity (50 W/cm2) while the laser wavelength was scanned from 

approximately 570 nm to 595 nm. A calculated plot of the transmission of a periodic structure 

with a coupling constant KL=3.5 is shown in Fig. 15 as the dashed line. The theoretical plot was 

fit to the experimental data by adjusting the Bragg wavelength and the coupling constant in the 

coupled amplitude equations. The value of L was held fixed at 100 urn. The letters and arrows 

indicate wavelengths at which the data plotted in Figs. 16-19 were recorded. 

When the laser was tuned to a wavelength of 583.0 nm, labeled (A) in Fig. 15, the transmission of 

the sample was found to be nonlinear and showed a gradual increase in transmission as a function 

of increasing intensity. Fig. 16(a) shows the transmitted intensity plotted as a function of incident 

intensity at this detuning. When the laser is tuned deeper into the stop gap a more rapid increase 

in transmission is observed as shown in Fig. 16(b). The wavelength of the laser for this case was 

582.5, which is denoted by point (B) in Fig. 15. 
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Figure 14. The experimental setup used to observe optical switching and bistability. 
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Figure IS. The transmission of a 100 \un sample is plotted as a function of wavelength. The 

letters indicate different detunings at which the data plotted in Figs. 16-19 were recorded The 

theoretical fit to the experimental spectrum is shown by the dashed line. 

For a wavelength of 582.0 nm (point (C) in Fig. 15) The transmission of the sample shows a 

discontinuous increase at a critical intensity. Fig. 17(a) shows the transmitted intensity plotted as 

a function of incident intensity for this case. The switching intensity is approximately 75 kW/cm . 

When the laser was tuned to 581.7 nm the transmission was bistable, which is shown in Fig 17(b). 

This case is denoted by point (D) on Fig. 15. We found that both the high transmission branch 

and low transmission branch were stable over time periods exceeding several minutes. 
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Figure 16.  The dependence of the transmitted intensity on the incident intensity is shown for the 

case when the laser is tuned to (a) 583.0 nm and (b) 582.5 nm. 
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Figure 17. The dependence of the transmitted intensity on the incident intensity is shown for the 

case when the laser is tuned to (a) 582.0 nm and (b) 581.5 nm. 
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Figure 18. The dependence of the transmitted intensity on the incident intensity is shown for the 

case when the laser is tuned to (a) 581.0 nm and (b) 580.7 nm. 
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As the laser was tuned to even shorter wavelengths the transmission was also bistable. However 

as the wavelength was tuned deeper into the stop gap the switching threshold was observed to 

decreased. Fig. 18(a) and (b) shows the transmission plots recorded at wavelengths of 581.0 nm 

and 580.7 nm respectively (points (E) and (F) on Fig. 15). When the wavelength was tuned even 

deeper into the stop gap the transmission was observed to be multistable, as can.be seen in Fig 

19(a). Fig 19(a) was recorded at a wavelength of 580.5 nm. 

For even shorter wavelengths the transmission of the system was unstable with respect to time. 

The case of the wavelength of 580.2 nm (point (G) on Fig. 15) is shown in Fig 19(b). At 

intensities greater than 4 kW/cm2 the transmission would rapidly switch between high and low 

values and only an average value is plotted on the figure. 

The switching characteristics observed using the colloidal crystal are similar to those predicted by 

the coupled amplitude equations as can be seen in Figs. 4 and 5. One trend that can be seen in 

Figs. 4 and 5 is that as the frequency is tuned deeper into the stop gap the switching intensity is 

expected to increase. However in our experiment we observe that the switching intensity 

decreases as the frequency of the laser is tuned deeper into the stop gap. We believe that the 

detuning dependence of the electrostrictive effect discussed above, which results from the rapidly 

varying field inside the DEBS, may help explain the decrease in the switching intensity. However 

more theoretical and experimental work is needed to verify this conclusion. 

We have also studied the spatial intensity distribution in the far field for the transmitted light and 

found that as the intensity was increased these patterns changed significantly. The spatial 

distribution of the transmitted beam was found to be dependent on the transmission state of the 

colloidal crystal. The patterns became more complex when the transmission of the sample was 

switched to a second or third upper branch. The experimental setup used to study the spatial 

distributions was essentially the same as shown in Fig. 14 except that the lens and detector 

following the sample were replaced by a viewing screen located ~2 m behind the sample. 
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Figure 19. The dependence of the transmitted intensity on the incident intensity is shown for the 

case when the laser is tuned to (a) 580.5 nm and (b) 580.0 nm. 
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To study the spatial distribution of the intensity the wavelength of the dye laser was tuned near 

the high frequency edge of the stop gap, which is where the multistable behavior was observed. 

At low intensities the laser is strongly attenuated while passing through the sample. At this 

detuning there is very little change in the spatial distribution and the transmitted beam has a 

gaussian profile. Figure 20(a) shows the transmitted light at low intensity. In addition to the 

strongly attenuated transmitted beam the Kossel ring which is formed in the scattered light is also 

visible. 

When the intensity is increased and the transmission switches to a high state, the spatial 

distribution of the transmitted light changes abruptly. Figure 20(b) shows the far field intensity 

distribution when the transmission has switched to the first upper branch. The beam has expanded 

and is slightly asymmetric. At even higher intensities the spatial pattern is more complex. Figure 

21(a) shows the case when the transmission has switched to the second upper branch. This 

pattern is very asymmetric and was found to depend on crystal orientation but not on the laser 

polarization direction. The higher transmitting branches were temporally unstable which made it 

difficult to record the spatial distribution of the transmitted light. Figure 21(b) shows a pattern 

obtained slightly below the threshold for oscillation. 
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Figure 20.   (a) The transmitted light is shown for the condition where the crystal is in a low 

transmission state. The central spot is the transmitted laser while the surrounding black disk is 

the Kossel ring, (b) Same as (a) except the crystal is now in a high transmission state. 
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Figure 21. The spatial distribution of the transmitted laser beam for the case when the system is 

in the (a) second highly transmitting state and (b) third highly transmitting state. 
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U.E. Pump-Probe Measurements 

To further characterize the interaction of the light with the colloidal crystal under the conditions 

where we observe optical Instability we studied the transmission spectrum with a weak probe laser 

when the crystal was illuminated by a strong pump laser. Figure 22 shows the experimental 

apparatus used for these measurements. The measurement was performed using two 

counterpropagating beams from two separate dye lasers. The first laser was used to switch the 

crystal to a high transmission state while the second laser, which was much weaker, was used to 

measure the transmission spectrum of the crystal. The plane of polarization of the probe beam 

was adjusted to be perpendicular to that of the pump beam so that polarization techniques could 

be used to separate the pump and probe light. In addition, to further discriminate between the 

pump and probe beams, the probe beam was chopped at a frequency of 2.5 kHz and a lockin 

amplifier was used to detect the transmitted light. The probe beam was focused to a spot size of 

~5 urn at the sample. The pump beam was focused into the sample at the same location as the 

probe beam and had an intensity of approximately 60 kW/cm . 

The low intensity transmission spectrum without the presence of the pump beam was recorded 

first. The transmission spectrum recorded is shown in Fig.23(a). For this colloidal crystal the 

center of the stop gap was located at 589.75 nm. The solid line in Fig. 23(b) shows the 

transmission spectrum recorded in the presence of the strong pump laser that was tuned to a 

wavelength of 590.25 nm. The dashed line shows the spectrum recorded with no pump beam. 

From this data we see that the center of the stop gap shifted to a shorter wavelength in the 

presence of the strong pump beam as we would expect theoretically. In addition, there is some 

new structure present on the long wavelength side of the stop gap that includes a peak in the 

transmission coinciding with the wavelength of the pump laser. 

The transmission spectrum taken when the wavelength of the pump beam was tuned to 588.75 nm 

(which is near the center of the stop gap) is shown by the solid line in Fig. 24(a). For this case the 

stop gap is much wider than the original stop gap. However the most dramatic feature is the 

sharp transmission peak located at the wavelength of the pump beam. Similarly as shown in Fig. 
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24(b), when the pump beam is tuned to 587.75 nm there is still a narrow transmission peak at the 

wavelength of the pump beam. 
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Figure 22. Experimental setup used for the pump-probe experiments. 
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Figure 23. The transmission spectrum is shown for (a) the case of no pump beam and (b) the 

case when the pump beam was tuned to 590.25 nm. The thin solid line indicates the wavelength 

of the pump beam while the dashed line represents the position of the original stop gap recorded 

with no pump beam. 
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Figure 24. The transmission spectrum is shown for (a) the pump beam tuned to 589.75 nm and 

(b) the pump beam tuned to 58 7.75 nm. 
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Figure 25. The transmission spectrum is shown for (a) the pump beam tuned to 585.75 nm and 

(b) the pump beam tuned to 584.75 nm. 
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When the pump laser is tuned to the blue edge of the stop gap we find that there is a much smaller 

modification to the transmission of the probe laser. Fig. 25(a) shows the spectrum recorded when 

the wavelength of the pump laser was tuned to 585.75 nm. When the pump laser is tuned even 

further to the blue (584.75 nm) we see almost no visible distortion in the stop gap and only a blue 

shift of the central wavelength, as shown in Fig. 25(b). 

These pump-probe measurements demonstrate that the transmission of the colloidal crystal is 

dramatically modified in the presence of a strong pump beam and that this modification is strongly 

dependent on the wavelength of the pump laser. Two principal changes in the transmission 

spectra were found to take place. First, the center of the stop gap appears to shift to higher 

frequencies. Second, a large increase in transmission appears at wavelengths centered about the 

wavelength of the pump laser. The shift in the stop gap appears to support the theory presented 

in the previous section where the colloidal crystal compresses due to an electrostrictive force. As 

the lattice spacing decreases, the Bragg wavelength should decrease, producing a blue shift of the 

stop gap. 

We don't feel that the sharp peak in the transmission can be explained by just a simple 

compression of the lattice. One explanation of this feature that seems possible is that there is 

enough force on the lattice to cause a discontinuous jump in the lattice periodicity. This kind of a 

discontinuity is often referred to as a defect [33]. A discontinuous jump in the lattice can 

dramatically modify the transmission spectrum of the periodic structure. Consider the simplest 

type of defect that can form where either an excess of dielectric material is added or dielectric 

material is removed from the center of the periodic structure. Each uniform period section 

behaves as a mirror that will reflect any light whose frequency falls within the stop gap of the 

structure. The phase slip between the two highly reflective sections acts as a Fabry-Perot cavity 

and the structure can be highly transmitting for some frequencies that were reflected for the case 

of a uniform DFBS. To demonstrate this point we calculated the transmission of a periodic 

structure with a quarter wavelength phase slip. The dashed curve in Fig. 26 is a plot of the 

transmission calculated using the coupled amplitude equations assuming quarter wavelength phase 

slip at the center of the structure, a coupling value of KL=3.5, and A=216 nm. In addition to the 
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phase slip we have included a uniform compression of the lattice by 0.5% in the direction of 

propagation of the light. The solid line in Fig. 26 shows the experimentally measured transmission 

for the case when the pump laser was tuned to a wavelength of 588.25 nm. We can see that the 

phase slip results in a narrow transmission feature that is similar to what we see in our 

experimental measurements. The compression of the lattice results in the slight asymmetry that 

we see in the experiment. 

 1 1 1 1 1 1- 

582      584      586      588      590      592      594 
probe laser wavelength (nm) 

596 

Figure 26. The transmission spectrum for the case when the pump beam is tuned to 588.25 nm 

is shown by the solid line. The dashed line shows the calculated curve for the case of a quarter 

wavelength phase slip in the center of the structure. 

At this point we do not have definite proof that defect formation is responsible for the narrow 

feature in the transmission spectra. However many of the characteristics suggest that there is a 

phase slip in the periodic structure. More theoretical and experimental work is required to verify 

that this model is correct. 
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ILK Temporal Instabilities 

Temporal instabilities have been predicted and observed in many different nonlinear optical 

systems. Nonlinear ring cavities [34], nonlinear Fabry-Perot resonators [35], and 

counterpropagating beams in a Kerr medium [36] have all been shown to exhibit self-pulsing and 

optical chaos at high intensities. There has also been interest in temporal instabilities in the 

transmission of nonlinear DFBS. These structures are predicted to exhibit temporal fluctuations 

in the transmission light under certain conditions as were discussed in the first section of the 

document. 

In our experiment, temporal fluctuations were observed when the incident intensity was increased 

above the range of intensities where optical switching was observed. At these intensities, a 

periodic fluctuation in the transmission was observed. We found that the onset of the 

self-oscillations occurred at a much lower intensity near the high frequency edge of the stop gap. 

We also found that the frequency of the oscillations ranged from about 20 to 700 kHz and 

depended on the specific sample, incident intensity and the frequency detuning from the center of 

the stop gap. In addition to the oscillations in the transmitted intensity the spatial pattern of the 

transmitted light also fluctuated. 

The temporal fluctuations of the transmission of a colloidal crystal were studied as a function of 

intensity and detuning from the center of the stop gap. The data collected as a function of 

intensity were taken using a crystal whose stop gap was located near 514.5 nm. Therefore an 

argon ion laser was used in these experiments. The laser detuning was near the high frequency 

edge of the stop gap. Studying the temporal fluctuations over a large range of intensities was 

difficult because the intensities needed for the experiment were near the damage threshold of the 

crystals. The experimental setup used to characterize the temporal instability was the same as that 

used for the optical limiting or optical switching experiments. The samples were colloidal crystals 

made of suspensions of 120 nm polystyrene spheres. 
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Figure 27. Transmission of the colloidal crystal plotted as a function of time. The wavelength 

of the incident laser beam is tuned to the high frequency edge of the stop gap.  The incident 

intensity is (a) 70 kW/cm2, (b) 80 kW/cm2 and (c) 105 kW/cm2. 
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At intensities below 50 kW/cm2, the sample appeared to be in the low transmission state and no 

temporal fluctuations were observed in the transmitted light. For an intensity between 50 and 70 

kW/cm2 the sample appeared to switch to a high transmission without any temporal instability. 

Above 70 kW/cm2 temporal fluctuations began to appear in the transmitted light, as shown in Fig. 

27(a). At an intensity of 80 kW/cm2 the fluctuations appeared to be somewhat periodic and the 

using fourier analysis the dominant oscillation frequency was found to be 630 Hz (Fig. 27(b)). 

More distinct oscillations were observed as the incident intensity was increased. Fig. 27(c) is a 

plot of the transmitted intensity for an incident intensity of 105 kW/cm . The dominant oscillation 

frequency in this case is about 515 Hz. As the incident intensity was increased further, as shown 

in Figs. 28(a-c), the oscillation frequency continued to decrease. Beyond an intensity of 200 

kW/cm2 the fluctuations appeared to cease. 

To study the characteristics of the temporal fluctuations as a function of detuning we used a 

tunable dye laser and a colloidal crystal with a stop gap centered at approximately 580.0 ran. The 

low intensity transmission spectrum for the crystal is shown in Fig. 29. The transmission of the 

sample exhibited bistability when the wavelength of the incident light was tuned to the center of 

the stop gap. The transmission appeared to switch to a high state when the incident intensity was 

between 40 and 60 kW/cm2. Temporal fluctuations were not observed when the wavelength of 

the incident light was longer than 580.4 nm. Fig. 30(a) is a plot of the transmission of the crystal 

as a function of time for a wavelength of 580.4 nm. The incident intensity was held constant at 80 

kW/cm2. As the laser was tuned to higher frequencies, the frequency of the oscillations increased. 

Fig. 30(b) is a plot of the data recorded at a wavelength of 579.7 nm and Fig. 30(c) shows the 

time dependent transmission for a wavelength of 579.2 nm. Figs. 31 shows the temporal behavior 

of the transmission as the wavelength of the laser is tuned further towards the blue. From these 

graphs we can see that the decreases as a function of decreasing wavelength. 
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Figure 28. Transmission of the colloidal crystal plotted as a function of time. The incident 

intensity is (a) 130 kW/cm2, (b) 150 kW/cm2 and (c) 190 kW/cm2. 
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Figure 29. Transmission spectrum of the colloidal crystal used to study the wavelength 

dependence of the temporal instabilities. The solid line shows the experimental measurements 

and the dashed line shows the theoretical fit. 

At this time we do not have a working model of the temporal instability in the colloidal crystal 

system. This system differs significantly from the nonlinear DFBS modeled previously. The 

nonlinearity of the system is not a simple Kerr nonlinearity and the response time of the 

nonlinearity is much longer than the transit time through the crystal. Further experimental work 

and theoretical modeling as needed to understand the origin of the temporal fluctuations. 
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Figure 30. The temporal dependence of the transmission of the colloidal crystal for an incident 
intensity of 80 kW/cm2 and an wavelength of (a) 580.4 nm, (b) 579.8 nm and (c) 579.2 nm. 
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Figure 31. The temporal dependence of the transmission of the colloidal crystal for an incident 

intensity of 80 kW/cm2andan wavelength of (a) 579.0 nm, (b) 578.8 nm and (c) 578.4 nm. 
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III. Switchable Gratings 

Diffi-active optical elements with diffraction efficiency that can be controlled in real time are under 

investigation for use in reconfigurable optical interconnects, machine vision, image processing, 

and many other applications. Recent work has concentrated on methods to electrically switch the 

diffraction efficiency of holographic optical elements, which can be used to redirect beams of 

light. Diffraction gratings recorded in polymer dispersed liquid crystals [37], DMP-128 gratings 

imbibed with a nematic liquid crystal [38,39], liquid crystal/surface relief hologram combinations 

[40,41], and liquid crystalline photopolymers [42] have been used as electrically switched 

elements. We present results that demonstrate optical control of the diffraction efficiency of 

volume holographic optical elements. Polaroid Corporation's DMP-128 was used to form the 

host gratings. These gratings were imbibed with the nematic liquid crystal 5CB, which was 

chosen for its relatively low clearing temperature. A thermal nonlinearity of the liquid crystal was 

utilized to achieve the switching behavior. 

Volume phase transmission gratings were recorded with a spatial frequency of 1580 mm" by 

exposing the DMP-128 photopolymer to the interference pattern produced by two plane waves of 

wavelength 0.6328 um. Each plane wave subtended an angle of 30° from the recording plane 

normal and were incident symmetrically on opposite sides of the normal. The exposure of these 

gratings was varied to maximize the diffraction efficiency of the first diffracted order after the 

grating was imbibed with the nematic liquid crystal. 

Once the DMP-128 gratings are processed they are porous. To imbibe the gratings they were 

coated with 5CB liquid crystal, covered with a thin glass plate, and heated on a hot plate. At a 

temperature of approximately 35° C the grating became transparent. At this temperature the 

liquid crystal becomes isotropic with an index of refraction of 1.57 -1.60 [43,44] Since the index 

of refraction of the DMP-128 is approximately 1.57 [38,39] the refractive index modulation of the 

grating is nearly eliminated at this temperature. The clearing and reappearing of the grating are 

reversible and many cycles were observed without variation. 

48 



A pair of OFF and ON states of the diffractive element can be attained several different ways. To 

illustrate the different methods we have calculated the normalized diffraction efficiency as a 

function of refractive index modulation for a 60 urn thick grating using the method of thin grating 

decomposition [45]. The results of this calculation are shown in Fig. 32. Fig. 32 shows that 

increasing index modulation results in many cycles of maximal and null diffraction efficiency, 

which is expected since the calculation was done for the quazi-Bragg regime. The figure shows 

that peak efficiencies in the high modulation maxima begin to decrease slightly. This is expected 

since the grating is not deep within the Bragg regime [46]. In one case, if any of the refractive 

indices n„, n,, or ^ of the liquid crystal closely match the index of refraction of the bulk DMP-128 

material, then the liquid crystal exhibiting that index can effectively eliminate the spatially varying 

modulation of the composite grating. This zero modulation is shown as point (a) in Fig.32. 

When the liquid crystal is switched to one of the other orientations or states, the mismatch in 

index between the liquid crystal and photopolymer grating can be used with an optimized 

exposure (which controls the degree of porosity of the grating and hence modulation) to 

maximize the diffraction efficiency as shown by points (b) and (d) in the figure. If a close match is 

not available between the liquid crystal and photopolymer indices, then a second technique can be 

used in which the grating modulation is never zero, but is switched between high efficiency [e.g., 

points (b) or (d)] and zero efficiency [e.g., point (c)]. 

In this experiment the thermal nonlinearity of the liquid crystal [43] was utilized to switch the 

diffraction efficiency. Below the clearing temperature the liquid crystal is in the nematic state 

(n =1.74-1.67, n0=1.54-1.51) and exhibits a refractive index different from that of the DMP-128 

host (nDMP~1.57). Above the clearing temperature, however, the liquid crystal becomes isotropic 

and exhibits a refractive index (nr 1.60-1.5 7), which is close to that of the DMP-128 host. At 

temperatures near the nematic-isotropic phase transition a small change in temperature can 

produce a relatively large change in grating modulation, and a corresponding large change m 

diffraction efficiency. 
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Figure 32. Normalized diffraction efficiency as a function of refractive index modulation for a 

60 \i m thick sinusoidal phase grating. The theoretical curve was calculated using thin 

grating decomposition. Grating switching can be obtained between peak values (b, d, etc.) and 

either zero modulation or nonzero modulation values (e.g., c) that result in minimal diffraction 

efficiency. 

The thermal nonlinearity was characterized by measuring the diffraction efficiency of the liquid 

crystal composite grating as a function of temperature. The composite grating was mounted 

inside an oven whose temperature could be controlled between room temperature and 40° C. 

Figure 33 shows the diffraction efficiency that was measured using a helium-neon laser operating 

at a wavelength of 0.6328 urn. The diffraction efficiency was seen to initially decrease as the 

temperature was increased, and then the diffraction efficiency increased as the temperature was 

increased further. From this result we can see that the grating modulation at room temperature 

was greater than that necessary for 100% diffraction efficiency. As the temperature of the liquid 

crystal is increased from 25° C to just below 35° C (the clearing temperature of the 5CB liquid 

crystal), n0 changes from 1.52 to 1.53 and ne changes from 1.68 to 1.65. This change in index of 

the nematic liquid crystal results in enough index modulation change to modulate the diffraction 

efficiency from high to low. For the grating used in this experiment, the exposure was adjusted so 

that a maximum in diffraction efficiency occurs near the clearing temperature of the hquid crystal. 

When the composite grating is heated above the clearing temperature of 35° C, the hquid crystal 
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undergoes a phase transition to the isotropic state. In this state the index of refraction of the 

liquid crystal is very close to the index of refraction of the photopolymer and hence the index 

modulation is close to zero, which results in low diffraction efficiency. For the optical switching 

experiment the composite grating was heated to a temperature of between 34.4° C and 34.8° C. 

In this range only a small temperature change is required to produce a large change in the index of 

refraction of the Uquid crystal and a corresponding large change in diffraction efficiency. 
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Figure 33. The temperature dependence of the diffraction efficiency. 

The optical switching experimental configuration is illustrated in Fig. 34. A small region of about 

20 um 2 on the composite grating was illuminated with a focused helium-neon laser beam. This 

beam acted as a probe to measure the diffraction efficiency of the grating. Also incident on the 

same region of the grating region, but from the opposite side of the element and in a 

counterpropagating direction as shown in Fig. 34 was a focused beam with a wavelength of 

0.5145 urn from an argon ion laser. This beam illuminated a slightly larger area of the grating 

than the probe beam. The diffracted portion of the probe beam was detected after it passed 

through an interference filter (with a transmission peak centered at ^=0.6328 urn) which was used 

to isolate the probe beam from any of the green control beam that was scattered or reflected from 

the sample. The control beam was modulated by a chopper, and the detected signal was recorded 
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by a digital oscilloscope. For this experiment, a small amount of Rhodamine 6G dye was added 

to the liquid crystal before imbibing the grating. The resulting composite then exhibited on the 

order of one percent absorption at a wavelength of 0.5145 urn, while negligible absorption was 

observed at a wavelength of 0.6328 urn. During the experiment the sample was placed inside an 

oven that was used to bias the temperature of the nonlinear grating near the clearing temperature 

of the liquid crystal. The experimental results of the switching behavior at a temperature of 34.7 

°C and control (argon ion laser) beam power of 8.4 mW are shown in Fig. 35. The diffraction 

efficiency is switched between high and low states with a time constant (1/e) of 0.9 ms. 

mirroi 

chopper argon-ion laser 

spatial filter 

Figure 34. Experimental setup used to measure the modulated diffraction efficiency of the 

composite gratings. A control beam from an argon ion laser was used to switch the diffraction 

efficiency of a small region of the nonlinear composite grating. The beam from a helium-neon 

laser was used to monitor the diffraction efficiency. 
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Figure 35.     Optically controlled switching of the diffraction efficiency of the composite grating 

for a control beam power of 8.4mW. The diffraction efficiency is switched between high and 

low values with the absence or presence of an optical control beam, respectively. 

Experimental results of the switching behavior at various bias temperatures are shown in Fig. 36. 

The diffraction efficiency is plotted as a function of time with a control (argon ion laser) beam 

power of 8.4 mW. At a constant control beam power, as the bias temperature of the composite 

grating is increased the depth of modulation of diffraction efficiency increases, which can be seen 

by comparing curves (a) - (c) of Fig. 36. However as the bias temperature is increased closer to 

the clearing temperature the depth of modulation decreases as the liquid crystal apparently never 

fully recovers to the nematic state. Hence the peak diffraction efficiency at these temperatures is 

much lower as can be seen in curves (d) and (e) of Fig. 36. 

Figure 37 is a plot of the diffraction efficiency vs. time for a bias temperature of 34.4° C. We 

chose this temperature since it is as far from the clearing temperature as we can go before the 

diffraction efficiency with no control beam starts to drop. At this temperature a higher control 

beam power is required to obtain nearly 100% modulation of the diffraction efficiency. 
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time (ms) 

Figure 36. Optically controlled switching of the diffraction efficiency of the composite grating 

for a control beam power of 8.4 mW. The diffraction efficiency is switched between high and 

low values with the absence or presence of an optical control beam, respectively.  The five 

curves are taken at bias temperatures of (a) 34.4? C, (b) 34. T C, (c) 34.8? C, (d) 34.9° C, and (e) 

35° C. 

In the context of beam steering, the optical switching mechanism that we have investigated has 

many desirable features. For example the wavelength of the control beam can be well removed 

from that of the signal beam, and thus spurious signals are easily blocked. Since the native 

absorption of the pure liquid crystals is negligible in the visible and near infrared, a multitude of 

signal and control wavelengths can be accommodated by proper choice of the dye used. Further, 

since the absorption feature is typically only on the order of 100 nm broad, many different signal 

wavelengths or broadband signal beams can be used. Although in this experiment a relatively low 

switching power of 8 mW per channel is demonstrated, these results were obtained with a very 

low absorption of the control beam (on the order of one percent). As this absorption is increased 

by increasing the dye concentration we expect that this switching power may be reduced 

significantly, perhaps to the microwatt regime. Any decrease in switching power required per 

channel will be particularly valuable since we are nearly in the regime where scaleable arrays of 
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microlasers (e.g., vertical cavity surface emitting lasers, VCSELs) can be used as the source of 

control beams. 
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Figure 3 7.      Optically controlled switching of the diffraction efficiency of the composite 

grating at a bias temperature of 34.4° C. The three curves are recorded at control beam powers 

of (a) 9.5 mW, (b) 12.6mW, and(c) 49.6 mW. 

IV. Conclusions 

In this work we have studied the optical properties of nonlinear periodic structures. Two 

experimental systems have been studied: colloidal crystals and photopolymer/liquid crystal 

composite gratings. The colloidal crystals were used as nonlinear distributed feedback structures. 

The transmission of the colloidal crystal was seen to display optical limiting, optical switching and 

bistability, and temporal instabilities. We found that the switching intensity decreased as the 

frequency of the incident light was tuned deeper within the stop gap. This dependence can not be 

explained by the simple theory of nonlinear distributed feedback structures. Further work is 

needed to explain this result. In addition, a narrow spectral feature in the transmission spectrum 
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was observed in a pump-probe experiment. This narrow spectral feature also can not be 

explained by the simple theoretical models. More experimental and theoretical work is needed to 

explain this spectral feature and to determine whether this feature is related to the decrease in the 

switching intensity. 

We have observed optical switching of the diffraction efficiency of a volume holographic optical 

element. The nonlinear grating consisted of a grating recorded using Polaroid Corporation's 

DMP-128 photopolymer that was filled with 5CB nematic liquid crystal. A thermal nonlinearity 

of the liquid crystal was utilized. Nearly 100% modulation of the diffraction efficiency was 

achieved with a control beam power of less than 10 mW. The time response of the switching was 

measured to be less than 1 ms. Further work is needed to investigate the potential for reducing 

the switching power requirements by increasing the dye concentration in the liquid crystal. In 

addition, future work that investigates the doping of other nonlinear materials into the composite 

gratings would be useful. The use of other nonlinear materials would make a faster response time 

possible. 
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