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During the summer of 1998. 11 students from Rochester-area high schools 

participated in the Laboratory for Laser Energetics’ Summer High School Research 

Program. The goal of this program is to excite a group of high school students about 

careers in the areas of science and technology by exposing them to research in a state-of- 

the-art environment. Too often, students are exposed to “research” only through 

classroom laboratories that have prescribed procedures and predictable results. In LLE’s 

summer program, the students experience all of the trials, tribulations, and rewards of 

scientific research. By participating in research in a real environment, the students often 



become more excited about careers in science and technology. In addition, LLE gains 

from the contributions of the many highly talented students who are attracted to the 

program. 

The students spent most of their time working on their individual research 

projects with members of LLE’s technical staff. The projects were related to current 

research activities at LLE and covered a broad range of areas of interest including optics, 

spectroscopy, chemistry, diagnostic development, and materials science. The students, 

their high schools, their LLE supervisors and their project titles are listed in the table. 

Their written reports are collected in this volume. 

The students attended weekly seminars on technical topics associated with LLE’s 

research. Topics this year included lasers, fusion, holography, nonlinear optics, global 

warming, and scientific ethics. The students also received safety training, learned how to 

give scientific presentations, and were introduced to LLE’s resources, especially the 

computational facilities. 

The program culminated with the High School Student Summer Research 

Symposium on 26 August at which the students presented the results of their research to 

an audience that included parents, teachers, and members of LLE. Each student spoke for 

approximately ten minutes and answered questions. At the symposium an Inspirational 

Science Teacher award was presented to Mr. David Crane, a chemistry teacher at Greece 

Arcadia High School. This annual award honors a teacher, nominated by alumni of the 

LLE program, who has inspired outstanding students in the areas of science, 

mathematics, and technology. 



High School Students and Their Projects (1998) 

High School Supervisor Project 
Steven Corsello Pittsford Mendon K. Marshall Computer-Aided Design and 

Modeling of Nickel Dithiolene 
Near-Infrared Dves 

Peter Grossman Wilson Magnet R. S. Craxton Group Velocity Effects in 
Broadband Frequency 
Conversion on OMEGA 

Pittsford Sutherland S. Jacobs Joshua Hubregsen A Study of Material Removal 
During Magnetorheological 
Finishing (MRF) 

Analyzing Algorithms for 
Nonlinear and Spatially 
Nonuniform Phase Shifts in 
the Liquid Crystal Point 
Diffraction Interferometer 

Nieraj Jain Pi ttsford S utherland M. Guardelben 

Leslie Lai Pittsford Mendon M. Wittman The Use of Design-of- 
Experiments Methodology to 
Optimize Polymer Capsule 
Fabrication 

Synthesis and Analysis of 
. Nickel Dithiolene Dyes in a 

Nematic Liauid Crvstal Host 

Irene Lippa B yron-Bergen K. Marshall 

F. Marshall Phillip 
Os trornogols ky 

Brighton Investigation of the X-Ray 
Diffraction Properties of a 
Synthetic Multilayer 

An Analysis of the Uncertainty 
in Temperature and Density 
Estimates from Fitting Model 
Suectra to Data 

Michael 
Sc hubme hl 

The Harley School R. Epstein 

Joshua Silbermann Penfield P. Jannimagi Automated CCD Camera 
Characterization 

Abig?il Stem The Harley School J. Knauer Design and Testing of a 
ComDact X-Rav Diode 

Ray Tracing Through the LiquT 
Crystal Point Diffraction 

Amy Turner Churchville-Chili R. S. Craxton 

Interferometer 



A total of 91 high school students have participated in the program since it began 

in 1989. The students this year were selected from approximately 60 applicants. Each 

applicant submitted an essay describing their interests in science, a copy of their 

transcript, and a letter of recommendation from a science or math teacher. 

LLE plans to continue this program in future years. The program is strictly for 

students from Rochester-area high schools who have just completed their junior year. 

Applications are generally mailed out in February with an application deadline near the 

end of March. For more information about the program or an application form, please 

contact Dr. R. Stephen Craton at LLE. 

This program was supported by the U.S. Department of Energy Office of Inertial 

Confinement Fusion under Cooperative Agreement No. DE-FC03-92SF19460. 
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1. introduction 

The world today depends mostly on natural resources for energy. It is inevitable that 

one day these resources will run  out, and it will be neccessary to use a new, cleaner and 

more efficient form of energy. This new energy might possibly be laser'fusion, a rapidly 

developing field. Laser fusion is currently being studied and developed at the Laboratory of 

Laser Energetics at the University of Rochester. Laser fusion has not yet become an efficient 

energy source, but with LLE's Omega laser, it has greatly advanced. The-Omega laser 

system is about the size of a football field,. and has a laser beam which splits into sixty 

different beams before it reaches the target chamber. Here the  sixty beams are aimed at a 

small pellet, which contains two isotopes of hydrogen. 



2. Background of the L.C.P.D.I. 

The Omega laser is a system with many different parts that may cause imperfections. 

There are a multitude of lenses and mirrors, for example, that may not be polished correctly 

and can cause the laser wave front to have aberrations. The Liquid Crystal Point Diffraction 

Interferometer (L.C.P.D.I.) is a device whose main purpose is to read the wave front of the 

laser and measure any aberrations that may be on it. The way the L.C.P.D.I. reads the laser 

wave front and measures these aberrations is very complicated and has yet to be perfected. 

The device consists of two glass plates with a liquid crystal solution and a number of 

glass microspheres sandwiched between them. The laser beam is focused down to a point 

beyond or before one microsphere. As it goes through the L.C.P.D.I., a small portion of the 

rays intersects the sphere, and spread out greatly. This portion creates the reference wave 

front. The rest of the rays do not intersect the microsphere, but instead go through the liquid 

crystal. These rays create the object beam front. The two beam fronts emerge and interfere 

with one another. A CCD camera reads these interference patterns and sends the 

information to a computer. The computer then displays the patterns as light and dark fringes 

which are approximately circular. 

By taking only a small portion of the total rays out for the reference beam, it is 

assumed that the reference beam is free of aberrations. Since the microsphere causes the 

reference beams to diverge so much, a great amount of intensity is lost. The liquid crystal 

is mixed in a dye whose purpose is to absorb some of the intensity of the object beam. This 

is necessary so that the object beam and the reference beam are close in intensity to result 

in a fringe pattern with good contrast. The liquid crystal solution is the aspect that makes the 

L.C.P.D.I. unique. This material is hooked up to a power source. When different voltages 
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are applied to the liquid crystal, the crystals shift their pattern, and because of the 

birefringence of liquid crystal (it has different indices of refraction when measured from differ- 

ent directions), this allows for phase shifting of the object beam. Phase shifting is an 

advantage in diagnosing the wave front. At one phase, only certain positions on the wave 

front can be seen. By shifting the phase, the whole wave front can be scanned through. 

Since every part of the wave front can be seen, the aberrations on it can be diagnosed. 

Voltage Source 
n 

Object beam 
I 

Camera 

Convex lens 
Aberra ted 
wave-front 

Reference 1 beam 

Figure 1 : The Liquid Crystal Point Diffraction Interferometer (L.C.P.D.I.) checks the wave front of the 
laser by interferirrg the front with a reference beam. 

3. Ray Tracing through the L.C.P.D.I. 

A program has been written which traces the rays through thesystem of the L.C.P.D.I. 

and calculates various properties of the rays. Included in the program is- the ability to 

calculate and model the ray trajectories, the optical paths of the rays, the optical path 

differences (O.P.D.) between the-object and the reference beams, the-absorption of the' rays 

in the liquid crystal, and the intensities of each beam. 



3.1 Calculating and modeling the ray trajectories 

With the use of Snell’s Law, the light rays are traced through the system (figure 2). 

The vectors which represent the light rays must first be defined. This is done by establishing 

the focal point, and choosing a radius for the arc which represents the wave front. The code 

starts with the desired number of rays on the wave front with even intervals of height (as 

opposed to even intervals of degrees). These rays are each giiven a starting point and a 

direction. With this, the rays are then traced through every interface in the L.C.P.D.I.. The 

first surface is the front of the first piece of glass. At this interface, Snell’s law must be used 

to find the new direction of the ray: 

nl sin& = n2sin8, 
where 8 

the angle of refraction, and n is the index of refraction for the second material. The index 

of refraction used for the first material, air in this case, is 1 .OO and the index of refraction for 

the second material (glass) is 1.50. The values of the angles differ for each ray. When the 

is the angle of incidence, n is the index of refraction for the first material, 0, is 

ray exits the glass medium, it enters the liquid crystal. The index of refraction used for the 

liquid crystal was 1.7. However, this parameter, as well as all others, may be changed. The 

code then determines whether or not the ray intersects the glass microsphere, and if so, 

refracts the ray according to Snell’s law through the sphere. The program continues to trace 

the path all the way through the system, which includes some more liquid crystal (if the ray 

had intersected the sphere), through the second glass plate, out of the plate into the air, and 

finally, to the CCD camera. On the scale of figure 2, the L.C.P.D.I. does not look like much 

more than two glass plates (figure 2). This is because the sandwiched material (the liquid 

crystal and the microsphere) is only 20 pm thick. When a magnificafion is taken of the 
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L,C,P.D.I., it is evident how the rays refract as 1he.y intersect the microsphere (figure 3). 
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3.2 Calculating the optical paths -oi the rays 

The optical path of a ray is the s u m  of the quantity found when t h e  distance the ray 

has traveled in each different material is multiplied by the index of refraction for each 

corresponding materi.al. This determines what phase:ea.ch ray has when it reaches- the-CCD 

camera. In the program,.3k.e. distances -are calculaied. fdr'each' ray.. This--optical path Ts then 

divided by the wavelength o? the. laser to get t h e  optic31 path ii7 yaves-as plotte-d in figure 4. 
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The program graphs these optical distances, and is able to do so for any wavelength of light 

(figure 4). One wave of optical path corresponds to a phase change of 2 n. 
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Figure 3: Refraction as it occurs in the microsphere. The dotted lines are the reference rays, and the 
solid lines are the object rays. The gray area is the liquid crystal. 
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3.3 Calculating the optical path difference (O.P.D.) for eacb ray 

. 

i . , .  . . . , . . -  

The optical path difference (O.P.D.) is the-difference between the optical paths of the 

reference and object beams. The optical path must be found for each beam at the same x 

value, because they were defined at different points. This is done by interpolating both 

optical paths at each of many values of x. The O.P.D. is calculated by subtracting these 

interpolated values of the object beam from the reference beam (figure 5). The 

interferograms are then calculated by interpolating from the 0.P.D. graph. When the O.P.D. 

is an integer number, a fringe will be seen at that position on the CCD camera (figure 6). 

When compared to actual experimental fringes (figure 7) ,  the calculated fringes in figure 6 

are similar in a significant way. They have similar spacing, and have a large space in the 

center. 
Optical Path Difference 
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Figure 5: The optical path difference between the object and reference beams can be graphed by 
the program. The graph on the left is made when the wavelength is infrared, whereas the graph on 
the right is made from a laser with visible light. The solid points are the-places where a fringe-will be 
seen because there is an integer number of waves difference-between the two beams. 
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waves difference between the two beams, a fringe can be seen. These scales are in cm. 

Infrared Visible 
Figure 7: When compared to figure 6, the calculated and actual fringe patterns look very similar, for 
both infrared and visible light. 

3.4 Calculating the intensities for each ray 

There are two factors that must  be considered when calculating t h e  intensities of each  

ray. First of all, t h e  d y e  in t h e  liquid crystal absorbs s o m e  of t h e  intensity. To calculate this, 
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the following equatioirmust be used: 

where li, is the relative intensity, e is the constant 2.71. . . , y isthe absorption coefficient 

of the liquid crystal, z is the distance the ray travels through the liquid crystal, and the 

resulting quantity, lout , is the intensity of the beam after it passes through that distance of 

the liquid crystal (For reference, the reduction in intensity is also given in terms of the optical 

density, O.D.). This is not the only factor taken into consideration to calculate the intensity for 

each beam, however: The other factor relates to the fact that the.reference beam diverges 

greatly. This results in a loss of intensity as well. This loss of intensity is calculated by 

multiplying the ray's current intensity by the ratio of its area on the initial wave front to its area 

when it is intersected by the CCD camera. The resulting intensity including both these 

factors may be graphed for each type of ray, the reference and object beams (figure 8). 
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Figure 8: The graph of the relative intensities for each beam. The lighter line is the reference beam, 
and the dark line is the object beam. This graph was made when an O.D. of 2.0 was used and the 
liquid crystal had an index of refraction of 1.7. 

4. Fringe Visibility 

The visibility (V) is the percentage of contrast between the fringes. This is defined as: 

V = (Imax-Imin) 
(Imax+Imin) 

where: 
2 

and: 2 

I is the intensity of the object beam and I r is the intensity of the reference beam. 

The square roots are used because it is the electric fields that are added or subtracted, and 
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the electric field is proportional to the square root of the intensity. A perfed L.C.P.D.I. would 

Intensity of 
reference- 
beam 
Intensity of 
object beam 

have a visibility of 100%. Currently, the best liquid crystal with infrared absorbance that has 

been made uses a distance which gives it an O.D. of 0.3 (an attenuation of 50%). We can 

O.D. = 0.3, O.D. = 0.3,- O.D. = 2.0, 
0.01 cm focus -0.005 cm I 0.01 cm focus 
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- .  
.. . 

01125 o.115- : 0.00% 
. .  

either use the low value of y that we have and make a longer distance, or keep a short 

Visibility 14%. 

distance and look for a bigger y in order to achieve the larger O.D. that is desired. The reason 

that a longer distance is not practical is that the crystals do not align as well when there is a 

23%. . - .  -'790]~- '_ 

thick amount of the liquid. It has been argued that an O.D. of 0.3 for a path length of 20 pm 

can still yield good fringe patterns, only the focus point of the laser beam must be 

manipulated to put more energy in the reference beam. When the1visibitity is calculated for 

three situations, it is evident that even when the focus.of the laser beam is manipulated, a 

larger O.D. is still necessary. 

were better for the second situation in the table, the fundamental idea behind the L.C.P.D.I. 

would be destroyed. This-idea is to take only a small fraction of the incoming wave front in 

order to create the .referen'ce.'beam. -The reas'oning behind. this was because such a  small^ 

. fraction of the wave-frant Could. b.e-assumed, to be fre.e:of aberration: When.fhe--f.ocal p&it is 

. 

_ _  - 
. ,  

manipulated to-focus m'ore.on the-microsp-he're, too many ofjhe-iay&ritersect it, and. bekom'e -: -. I .  
, .  

- . I  

I ,  

, , .  

the refereiice, beam '(figure;$). , .  --: I 
. <-.- ,  , . , 



5. Conclusions 

A ray-tracing model of the  L.C.P.D.1 h a s  been  built, which calculates a n d  models  the 

ray trajectories, the  optical pa ths  of the  rays, the  O.P.D. between the  object a n d  reference 

beams,  the  absorption of the  rays in the  liquid crystal, a n d  the  intensities of e a c h  beam. It 

can  predict a n  actual experiment by manipulating the  different parameters  of the  program. It 

will be useful in optimization a n d  further development of t h e  L.C.P.D.I. 

Evidently, it is necessary  to develop a liquid crystal solution with a n  O.D. greater than 

0.3, a n d  possibly as high as 2.0. This new solution would be able to reduce the  intensity of 

the  object beam sufficiently to  make  it comparable with t h e  reference beam intensity. If this 

were  achieved, the  contrast, or visibility of the  fringes would be better, a n d  the  interferogram 

could be used to diagnose t h e  aberrations in the  laser beam front. Then the  cause of the  

aberrations could b e  fixed. This would result in a near-perfect laser front. If this were  

achieved, then it is possible that laser fusion could be m a d e  more  efficient a n d  possibly used 

as a n  energy source. 
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