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1. Statement of the problem: course goal 
The goal of this pre-entrepreneurial course is to use students’ interest in challenging 
science and technology and to catalyze in them thinking about how to create value from 
their research, building upon examples of successful transformation of idea into market 
value. 
We use exciting opportunity of new technology that promises to revolutionize the life of 
ordinary people and to create jobs to thousands. We hope that such goal with impact on 
the whole civilization will inspire numerous students who are interested foremost in 
technical skills to think about their responsibility to make society better.  
Our approach is providing highlights of the main entrepreneurial concepts and tools in an 
advanced optical teaching laboratory course via the example of photon-counting, the 
cutting-edge technology market which spreads from biotechnology and medicine to 
quantum information, etc..  
As much as wireless communication has impacted daily life already, the abstract theory 
of quantum mechanics promises solutions to a series of problems with similar impact on 
the twenty-first century. Quantum computers will have enormous capabilities and 
quantum communication with single/entangled photons will provide absolute encryption 
security to any message. This year’s June issue of Nature Physics reported about 144 km 
quantum communication on free space using a telescope of optical ground station of the 
European Space Agency. This is a momentous step towards a future satellite-based 
world-wide quantum-communication network. 
To achieve our goal, we are developing a new course concept bringing into a teaching lab 
a prototype of a key-hardware for quantum communication funded by a NSF 
instrumentation grant. This project is a collaboration with the networking company BBN 
Technologies that currently establishes the world’s first quantum key distribution 
network in the Boston area. Over thirty years ago, this same company developed 
ARPANET (the forerunner of today’s Internet). We received US Patent allowance for our 
device. Kauffman foundation money with some matching equipment from the NSF 
permitted us to build a setup for two other teaching experiments based on key concepts of 
quantum information technologies – entanglement and single-photon interference. 
Usually in a science and engineering curriculum students don't have the opportunity to 
work on  real device prototypes and simultaneously learn about  aspects of business and 
entrepreneurship. In addition to technical reports, the students of this course wrote the so-
called summary business plan. It contains all elements of a real business plan, but in a 
shorter version. We hope that this new approach could be very beneficial to many science 
and engineering majors. 
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 2

2. Course schedule and students  
Both experimental setups for two labs (Figure 1) and manuals for four labs were prepared 
during the 2006 Summer with the help of two undergraduate students supported by the 
NSF Summer Program “Research Experience for Undergraduates”. For two other labs, 
we used a single-photon device unit supported by the NSF instrumentation grant. 
Appendix I of this report provides a description of four laboratory experiments. This 
four-credit-hour course was taught for the first time in the 2006 Fall semester twice per 
week, total six hours per week. 

 
Figure 1. Left: two laboratory experiments built using both Kauffman foundation Grant and matching 
equipment; Right: single-photon counting modules used in these experiments. 

Eight students from both the Institute of Optics and Department of Electrical Engineering 
and Computer Science took the course: four undergraduate and four graduate students.       

Undergraduate students: 
Nickolaos Savidis 
Sean White 
Dianne Lancia 
Peter McCarthy 
Graduate students: 
Jie Zhang 
Vikram Jagannathan 
 Zhimin Shi 
 Heedeuk Shin 
To receive 4 credits, undergraduate students were requested to write a summary business 
plan, three technical reports and present one talk.  Graduate students’ entrepreneurial 
efforts were focused on development of a single-photon device prototype and in addition 
to technical reports for other labs on writing an essay equivalent to a journal paper. 
The course setups were also shown and described for Prof. Knox’s course students 
(approximately 20 undergraduate students). 
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3.  How did students get entrepreneurial experience from this course:  
•   First of all, the course provided students an entrepreneurial experience through the 

summary business plan of the real company selling photon counting instrumentation 
products.  Students selected company MagiQ, one of the main players of the 
quantum communication market. This company has a detailed web site and students 
widely used it.  
In students’ 19-page-long summary business plan (see attachment to this report), a 
setup for two lab experiments (single-photon source device prototype) was presented 
as a real product of MagiQ with associated target market, development plan, costs, 
etc. Students learned about the main components and the structure of a full-pledged 
business plan and worked together to produce their own summary business plan.       
They had an example of a real business plan as well as  a possibility of consultation 
with one of its authors. Prof. D. Moore’s group business plan was provided by a 
Ph.D student of Dr. Lukishova Luke Bissell who took Moore’s class on 
entrepreneurship earlier.  

       The main components of the written summary business plan included: 
       Executive Summary; 
I. Company Description;  
II. Description of  Product (Single-Photon Source unit);  
III. Strategy and Implementation (Target Market, Milestones, Distribution, 

Management Responsibilities);  
IV.  Marketing and Promotions (Situation Analysis, SWOT Analysis, Promotion, 

Web Site Analysis, Marketing and Promotion Summary); 
V.  Management Team; 
VI.  Financial Analysis (Balance Sheet, Income, Costs, Revenues, Cash Flow). 
Undergraduate student Nickolaos Savidis took earlier course on accounting in the 
University Business School. This helped the group to write a Financial Analysis part. 
Nickolaos was able to use his accounting background and apply it to an aspect of 
optics by creating the four basic spreadsheets needed for the financials.   

•   Students learned an entrepreneurial mindset and inspiration on the hardware for the 
cutting-edge, photon-counting instrumentation technology, for which a market is 
developing today.  Learning technical skills they were simultaneously exposed to 
case studies of how real companies are using these instruments to create a market 
value from the ideas, and what challenges they are faced with. They worked on a real 
device prototype for quantum communication network 

•  As a result of a visit by Dr. Lukishova to the collaborating company BBN 
Technologies the possibility arose for students who passed this course to have a paid 
summer  job at this company, working on a quantum key distribution network. 

•  Students learned the existence of competitive technologies as well as the importance 
of being open to new ideas. The same photon counting equipment used for quantum 
information is used in biomedical technology.  Table 1 showing areas of application 
of photon-counting instrumentation was discussed in this course. 
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Table 1. Areas of  applications of photon counting  instrumentation (prepared by organizers of second 
international workshop “Single Photon: Sources, Detectors, Applications and Measurements Methods”  
(Teddington, UK, 24-26 October 2005)). 

 
4.  Future plans 
• We are planning to continue to teach this course every Fall semester developing 

further entrepreneurial, technical and educational components of it. Our first 
experience on introduction of the entrepreneurial components into an optics course 
was successful according students’ comments (see Appendix II). We hope that we are 
on a right track on putting the seed of entrepreneurial spirit in the mind of engineering 
students who would not otherwise plan to take any business classes.  

      We need more contacts with professionals in business education and with 
entrepreneurs. We also will ask for their help in development of the entrepreneurial 
part of the course to satisfy their requirements. 

• Establishing  students’ contacts with BBN Technologies and other companies. 
• This July, we were awarded a NSF educational grant for the proposal “CCLI-Phase I: 

Quantum Optics Laboratory for the Undergraduate Curriculum – Teaching Quantum 
Mechanics with Photon-Counting Instrumentation”. This is a collaborative proposal 
through a subcontract with the Monroe Community College Optical Technology 
Division preparing optical technicians for Industry.  
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      It will be a new challenge for us to disseminate our experience with a new course 
approach among less advanced students. Approximately 30% of MCC students are 
minorities. In addition, the project budget provides an interactive-workshop-
participants support of historically black college teachers (e.g., Norfolk State 
University) to share our experience with them. High-school teachers (including 
Rochester downtown and suburbs) will be invited as well. 

 
5.  Publications and Talks 
There are two type of publications with students of this course as co-authors (N. Savidis, 
S. White, Z. Shi, H. Shin):  
• Course development (A): 
• Single-photon-source device development (B):  
1A. “Quantum optics teaching laboratory”, Svetlana G. Lukishova, Anand K. Jha, 

Nickolaos Savidis, Sean White, Luke Bissell, Laura Elgin, Carlos R. Stroud, Jr., 
Proceedings of 9th Rochester Conference on Coherence and Quantum Optics CQO9, 
June 10-13, 2007, Rochester, NY, paper JWC8. Summary business plan attracted 
interest of participants 

2A. Invited: “Quantum Optics and Quantum Information Teaching Laboratory Course”, 
S.G. Lukishova, C.R. Stroud, Jr., L. Bissell, A. K. Jha, L. Elgin, N. Savidis, Sean 
White, Frontiers in Optics, Special Symposium “Quantum Optics and Quantum 
Information Teaching Experiments”, Rochester, NY, October 12 (2006). 

1B. “Room-temperature single photon sources with fluorescent emitters in liquid crystal 
hosts”, Svetlana G. Lukishova, Luke Bissell, Simon K.H. Wei, Ansgar W. Schmid, 
Zhimin Shi, Heedeuk Shin, Russell Knox, Patrick Freivald, Robert W. Boyd, Carlos 
R. Stroud, Jr., Shaw H. Chen, Kenneth Marshall, Proceedings of the International 
Conference on Quantum Information ICQI, June 13-15, 2007, Rochester NY, Paper 
IThE3. 

2B.“Single photon source on demand based on single-colloidal-quantum-dot fluorescence  
in chiral photonic bandgap liquid crystal hosts”, L.J. Bissell, Z. Shi, H. Shin, S.G. 
Lukishova, S.M. White,  M.A. Hahn , R.W.  Boyd, C.R. Stroud, Jr., T.D. Krauss, 
Technical Digest, QELS 2007, 6-11 May 2007, Baltimore, MD, paper JMC4. 

3B. “Single-colloidal-quantum-dot fluorescence antibunching in chiral photonic bandgap 
hosts at room temperature”, L.J. Bissell, Z. Shi, H. Shin, S.G. Lukishova, S.M. White,  
M.A. Hahn, R.W.  Boyd, C.R. Stroud, Jr., T.D. Krauss, Technical Digest, IQEC 
2007, 17-22 June 2007, Munich, Germany, paper IC-6-TUE. 

4B. “Room-temperature single photon sources”, Svetlana G. Lukishova, Luke Bissell, 
Simon K.H. Wei, Ansgar W. Schmid, Zhimin Shi, Heedeuk Shin, Russell Knox, 
Patrick Freivald, Robert W. Boyd, Carlos R. Stroud, Jr., Shaw H. Chen, Kenneth 
Marshall, BBN Technologies Quantum Information Seminar, June 29, 2007. 
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6.  Appendix I: Description of Laboratory Experiments: 
Quantum optics and quantum information teaching laboratory course consists of four 
experiments: (1) entanglement and Bell’s inequalities, (2) single-photon interference, (3) 
confocal microscope imaging of single-emitter fluorescence, (4) Hanbury Brown and 
Twiss setup. Fluorescence antibunching.  
Lab  1.  Entanglement and Bell’s inequality violation  
The schematic of teaching experiment to produce polarization-entangled photons and 
Bell’s inequalities’ violation measurements is shown in the Figure 1A, left. In this 
experiment we use spontaneous parametric down conversion process in two  type-I BBO 
crystals. Light from a 15 mW, 408 nm cw pump diode laser passes through a blue filter 
and then a quartz plate. A mirror re-directs the beam through a pair of BBO crystals that 
are mounted back-to-back with one rotated 90o from the other about the beam 
propagation direction. Down-converted photons from the crystals are detected by a pair 
of  single-photon counting avalanche photodiode modules (APDs) mounted on the rails 
This enables these two APDs to be on two diametrically opposite points of the down-
converted cone. In this arrangement each crystal can support downconversion of one 
pump polarization.  
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Figure 1A. Left: Schematics of entanglement and Bell’s inequalities experiment Right: 
Experimental polarization correlations. 

A 45o polarized pump photon can downconvert in either crystal, producing a polarization 
entangled pair of photons. Quartz plate rotation compensates phase Δ  introduced by the 
crystals.  
 
                                              isis HHiVVVH )exp( Δ+→+  

Coincidences are detected by a fast logic circuit (counter) card inside a PC. Figure 1A, 
right shows  ~ coincidence count dependence on a relative angle  between 
two linear polarizers  A and  B  located in front of each APD. In this experiment an angle 

 of  a linear polarizer B varies at two different fixed angles 

)(cos2 β−α β−α

β α  of  a polarizer A. 
Calculation of Bell’s inequality in the Clauser-Horn-Shimony-Holt form shows its 
violation (parameter S~2.65) . 
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Lab 2. Single photon interference (Young’s double slit experiment and Mach-Zehnder 
interferometer) 
Young’s double slit experiment shows wave-particle duality. Measurements were made 
using He-Ne laser beam, attenuated to a single photon level and  EM. cooled CCD 
camera iXon of Andor Technologies (Figure 2A, left). Mach-Zehnder interferometer 
(Figure 2A, right) is used for the demonstration of a single-photon interference after 
removing “which-way” information (identification of the path). 
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Figure 2A,Left: Single-photon interference using Young’s double-slit at different exposure time. Right: 
Mach-Zehnder interferometer schematics for “which-way experiment. 

Lab. 3. Confocal microscope imaging of single-emitter fluorescence (single-photon 
source unit was used) 
8 ps pulse duration, 76 MHz pulse repetition rate excitation at 532-nm was used for 
confocal microscope single-emitter fluorescence imaging (Figure 3A). DiI dye and CdSe 
colloidal  quantum dots are used as emitters.  
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Figure 3A. Left: Photograph and schematics of a home-built confocal microscope. Right: User interface for 
single-emitter fluorescence imaging (software was written by A. Lieb). Images show DiI-dye single-
molecule fluorescence. 

Lab. 4. Hanbury Brown and Twiss setup. Fluorescence antibunching (single-photon 
source unit was used) 
Figure 4A, left shows Hanbury Brown and Twiss setup for fluorescence antibunching 
measurements. A typical confocal fluorescence microscope image of a single CdSe 
quantum dot in a 1-D photonic bandgap chiral liquid crystal host (prepared by students) is 
shown in Figure 4A, right as well as histogram of coincidence counts of this quantum dot 
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fluorescence showing fluorescence antibunching under pulsed, 532-nm  irradiation. 
TimeHarp 200 PC card was used for a start-stop measurements. 
 

Fluorescent 
light

Single photon 
counting avalanche 
photodiode modules

Nonpolarizing 
beamsplitter

Start

Stop

PC data 
acquisition card

Fluorescent 
light

Single photon 
counting avalanche 
photodiode modules

Nonpolarizing 
beamsplitter

Start

Stop

PC data 
acquisition card

 
 
 
 
 
Figure 4. Left: Schematics of a Hanbury Brown and Twiss setup. Right:  Single quantum dot fluorescence 
image in a 1-D chiral photonic bandgap liquid crystal host and antibunching histogram under pulsed laser 
irradiation.  
 
7. Appendix II. Undergraduate students’ suggestions regarding entrepreneurial 
part of the course 
By e-mail four undergraduate students were asked to answer two questions: 
(1).How did you get entrepreneurial experience from this course? 
(2) What are your suggestions for improvement of the entrepreneurial part of the course?  

First student suggestions: 

(1) First, the course obviously gave us an entrepreneurial experience through the 
summary business plan. We learned about the main components of a business plan 
and worked together to produce ours. Having the sample business plan from a 
previous group was extremely helpful because it gave us a good model to work from. 
You were also able to provide support and feedback on any questions we had. In a 
science and engineering curriculum you don't usually have the opportunity to work on 
something like this and learn about this aspect of business and entrepreneurship. It is 
something that could be very beneficial to many science and engineering majors. 

 (2) There aren't really very many ways that you could improve this part of the course. 
The sample business plan was very helpful, and you were available to help as well. 
However, it would have been very interesting if we could have worked with business 
students to prepare a more complete plan. But that would probably be a very time 
consuming project and it might take away from some of the work in the lab, which is 
also important. 

      All in all, this was one of the most interesting classes I've taken. It's also 
very well balanced between the laboratory work and he entrepreneurial aspect. I 
really hope that many more students get to have the same experience that I had. 

Second student suggestions: 

(1) I thought about how I attained entrepreneurial experience and I first started at the base 
of the term. I began by defining entrepreneurship as being one who organizes, 
manages, and assumes risks for the business. This class focused on an aspect of 
organization of management based along the lines of understanding the financials of a 
business. With the business summary plan I was able to final use my accounting 
background and apply it to an aspect of optics by creating the four basic spreadsheets 
needed for the financials. We as a group were able to learn the structure of a business 
plan. I feel that this will allow me to have a set structure for a business summary if I 
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was ever asked to do so at corporation that I might work at in the future. Having an 
outline to explain the management of the system is a great starting point. 

(2) The course did not focus on the risk of being a start up company. If it also included 
the risks associated with an optics company such as possibility of it failing, other 
companies competing for the market and other risk factors such as over spending it 
would improve the entrepreneurial aspect of things. 

Third student suggestions:  

(1) The largest factor contributing to entrepreneurial experience was the 
opportunity to work directly with the types of optical system used in the 
laboratory course, and then be able to discern how one would go about marketing 
such products. In essence, the best experience came from learning the fundamental 
theory and usage procedures of the systems used, and then using that scientific insight 
to decide how best to sell a related product. This two-part approach toward learning 
about the optical systems used in the lab was very beneficial for valuable laboratory 
experience and also for real-world experience since simply collecting good data or 
designing a system is only one aspect of a very long and complex process toward 
success. 

Thus, combining science and business into one course was beneficial toward 
attaining a better understanding of future career success.  

 (2) I believe that we could have benefited a bit more from information 
regarding what current related companies are spending on marketing, research, 
employment, etc., as well as how much they spend, would have been very beneficial 
to writing the final business report. The designation of funds and allotment of 
personnel and time were factors that we as a group felt a bit unfounded in deciding. 
Since I personally had little to no business experience, it was difficult to conceive 
how to address many of these factors. Example company descriptions or something 
alike would have been greatly beneficial. 

Fourth student suggestions: 

(1)  I received entrepreneurial experience in three ways: 
• By conducting experiments which have imminent industrial application, I was able to 

see how scientific theories and concepts can be applied to potential real-world 
products and applications. I feel as though I was in a research and development 
environment where I had to consider the practical uses of what we studied.  

• In preparing laboratory reports, the possible applications of our experiments could be 
compared to the research of others though selective use of journal papers which may 
share similar theoretical concepts. 

•  By writing a summary business plan, one of our experiments could be presented as a 
real product with associated target market, development plan, costs, etc. 

(2) The entrepreneurial component of the course was well integrated into the course, so I 
don't feel major changes need to be made. For the future, it may be helpful to have a 
meeting with somebody from the business school who can give advice as to why business 
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plans are prepared and the importance of each section. Also, having more business plan 
examples would be helpful.  
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