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What is the aim of this talk? 

As a student, life is relatively simple!

As we study science at more advanced levels, we encounter the “ecosystem” of research organization
& funding.

We also encounter an apparent “conflict” between the scientific community that generally wants to
do curiosity-driven research, and funding agencies who increasingly support only applied objectives.

This talk gives some of the background history, and some examples of where applied research has led
to very fundamental discoveries, and where fundamental research has led to completely unexpected
applications.



Context – some definitions 

Basic or Pure or Fundamental research is driven by curiosity in a scientific question.

The main motivation is to expand knowledge, not to invent something.
Potential commercial value is not a motivation.
It is usually long term (5 – 100+ years … ).

Applied research is directed towards specific goals and solving practical problems.

There is no intention to acquire knowledge for knowledge's sake. 
Applied research is often directly related to a commercial need.
It is usually short term (weeks to years).



Some scientists look negatively upon applied goal-driven research

“We prided ourselves that the science we were doing 
could not, in any conceivable circumstances, have 
any practical use. 

The more firmly one could make that claim, the more 
superior one felt “

- describing 1930s Cambridge

Basic research with no practical goals in mind is often considered to be that which leads to the most 
important discoveries.



Photonics is a field where there are many examples of practical technologies that have
arisen from both curiosity-driven research and industrial development.

As science is more in the spotlight, we need to know how to talk about this.



How solving an industrial & societal problem led to quantum mechanics

Quantum mechanics had its origins in the very practical question of comparing light 
emission from gas and electric light sources 

But critically, the scientific environment also strongly encouraged fundamental questions! 



It took Einstein to see the possibility of stimulated emission 

In 1916-1917 Einstein saw that the quantum nature of light implied that directional 
stimulated emission could occur when a photon was incident upon an excited atom



Developing the maser and laser along different lines  

In 1953, Townes & Gordon developed the 
maser – microwave amplification by 

stimulated emission of radiation  

Charles Townes Jim Gordon

Also: Fabrikant, Purcell, Pound, Zeiger, Weber, Bloembergen, Feher, Kikuchi, Schawlow, Gould, Javan … 

In 1960, Maiman built the first working laser, using 
very pragmatic principles of engineering

“I was obsessed with simplicity.  I was adamant about 
avoiding cryogenics”

Ted Maiman



The maser and laser were rapidly recognized with Nobel Prizes 



“ prizes to those who, during the preceding year, have
conferred the greatest benefit to humankind.” 

Physics: The most important discovery or invention in the field of physics
Chemistry: The most important chemical discovery or improvement

Physiology or Medicine: The most important discovery in physiology or medicine
Literature: The most outstanding literary work in an idealistic direction

Peace: The most or best to advance fellowship among nations



Over 35 Nobel Prizes associated with light

Physics

(more than 15 since 1960) 



Nobel prizes associated with masers, lasers, and nonlinear optics

Ted Maiman
1960

Advanced Photonics 2, 050501 (2020)



Even more if you include applications in astrophysics

Ted Maiman
1960

Laser interferometery to detect 
gravitational waves 

Laser guide stars to image 
black holes 

Precision spectroscopy 
for exoplanet discovery

Not to mention particle physics: APDs & PMTs used at CERN, Super-K etc.                 



We tend to forget about the maser, but …

Penzias and Wilson used masers to detect the cosmic microwave background

Basic research and instrumentation enable discovery!  



This is a remarkable circle involving blackbody radiation 

19651900

Lighting  Black body  Quanta  Stimulated emission MASER  Black Body  Cosmology



Instrumentation enables discovery!  
Special Relativity 1887 General Relativity 2016



Humbling Nobel comparisons … 



Some important words from Charles Townes 

Charles Townes

“What industrialist, looking for new cutting and welding 
devices, or what doctor, wanting a new surgical tool as 
the laser has turned out to be, would have urged the 
study of microwave spectroscopy? 

The whole field of quantum electronics is almost a 
textbook example of broadly applicable technology 
growing unexpectedly out of basic research.”

Townes, C. H. How the Laser Happened: Adventures of a 
Scientist. Oxford University Press (1999)



War is probably the most well-known example of “goal-driven” research

“The aim of this project is to produce a practical military weapon”



Science and technology accelerated by war … 

Fat Man (Nagasaki, August 9 1945)

NagasakiHiroshima

Little Boy (Hiroshima, August 6 1945)



The Press seemed to like the idea of “goal driven research”



One of the most important people you have likely never heard of 

Vannevar Bush 1890-1974
Initial manager of the Manhattan Project until 1943
Bits of information; Shannon (1936)

In a 1945 article As we May Think, he anticipated the 
World Wide Web via the Memex (Memory Extender) 

A memex is a device in which an individual stores all his 
books, records, and communications, and which is 
mechanized so that it may be consulted with exceeding 
speed and flexibility.

The essential feature of the memex [is] the process of tying 
two items together…at any time, when one of these items is 
in view, the other can be instantly recalled merely by tapping 
a button



Vannevar Bush 1890-1974
Initial manager of the Manhattan Project until 1943
Bits of information; Shannon (1936)

In a 1945 report Science the Endless Frontier, he created a 
funding system for scientific research and the structure of 
research organisation.

• “Basic research is the pacemaker of technological progress”

www.nsf.gov/about/history/nsf50/vbush1945.jsp

This idea which we take for granted was first written down in 1945

Basic Research Applied Research Development Production

One of the most important people you have likely never heard of 



But this approach does not describe the two way flow of ideas 

1997: Pasteur's Quadrant - Basic Science & Technological Innovation
Donald E. Stokes 1928-1997

Political Scientist, NSF Advisor 

•A more useful approach adds another dimension to describe how pure and applied research interact

Driven by practical needs

Quest for
fundamental

understanding
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Pasteur – science inspired by need

Arbois

Motivation :  spoilage, disease …  
Results :  microbiology, germ theory of disease … 



Pasteur’s quadrant and modern university funding





€

FUNDING



Which leads to the question … 

This may seem restrictive, but there are many examples of fundamental 
research concepts being developed from goal-driven objectives

However, it is of course essential that there is always the freedom (and time) 
to be able to follow up any new ideas

We now look at some stories from nonlinear science and nonlinear fibre optics



The practical origins of the science of nonlinear waves

Glasgow-Paisley-Ardrossan canal 1835



The 1830’s – the curious history of the soliton
In August 1834, Russell was studying how canal boat speed depends on hull shape when a rope in the 
towing apparatus broke, resulting in the unexpected propagation of a solitary wave over 4 km in the canal.   

the boat suddenly stopped – not 
so the mass of water in the 
channel which it had put in 
motion ... assuming the form of a 
large solitary elevation …

Russell : British Association for the Advancement of Science, Annual reports 1837, 1839, 1844            

John Scott Russell
(1808-1882) 

Bridge 11, 
Hermiston Walk, 

Heriot Watt University



Developing theories of nonlinear wave equations
•Confirmation and theory

•KdV shallow water wave equation

1865: Henri Bazin (Canal de Bourgogne)  
1871: Joseph Boussinesq
1895: Korteweg – de Vries

Canal de Bourgogne
J. E. Allen,  The Early History of Solitons (Solitary Waves) Phys. Scr. 57 436 (1998)



The Korteweg – de Vries solution was a PhD problem

The solitary wave was studied by Diederik Korteweg (1848–1941) from the University of Amsterdam who 
proposed its study to his student Gustav de Vries (1866–1934) who started his Ph.D. in 1891.

To my regret I am unable to accept your dissertation in its 
present form. 

It is obviously a disappointment for you who must have 
deemed to have already almost completed your task, to 
discover that you have apparently only completed the 
preparatory work. 

In the meantime do not be down-hearted. With pleasure I 
will do my best to help you mount the horse...

Korteweg

de Vries

De Vries’s initial PhD thesis submission was rejected by Korteweg in a letter of October 1893  



Nonlinear science became a focus with the development of computers

During the Manhattan Project, Fermi had wondered about the application of numerical techniques to 
explore the fundamental properties of coupled systems 



The first numerical experiment in nonlinear science - 1955

It was expected that nonlinearity would couple 
energy from one initially excited mode into all 
the modes of the system.

The “intuition” was that the initial energy would 
be distributed towards (thermodynamic) 
equipartition amongst the modes  

What was observed was totally different ! 

During the Manhattan Project, Fermi had wondered about the application of numerical techniques to 
explore the fundamental properties of coupled systems 



A slightly later numerical experiment in nonlinear science - 1962

Conrad Lorenz discovered chaos in atmospheric convection, opening up the domains of chaos, nonlinear 
science & complexity with impact in both basic and applied sciences  

Syukuro Manabe and Klaus Hasselmann "for the physical 
modelling of Earth's climate, quantifying variability and 
reliably predicting global warming" 

Giorgio Parisi "for the discovery of the interplay of 
disorder and fluctuations in physical systems from atomic 
to planetary scales."



Nonlinear optics with lasers - 1961

1960
1961

The power & spatial coherence of  lasers enabled the study of the nonlinear response of matter to light

(but the first evidence of the second harmonic was removed as a speck of dirt) 



Luckily for us … 



1963 – the mode-locked laser & birth of ultrafast optics

33 ns = (30 MHz)-1

Phase-locked modes in a standing-wave optical cavity



1963 – the mode-locked laser & birth of ultrafast optics

Locking phases of the optical cavity modes oscillating beneath gain curve creates a train of ultrashort pulses 

Karl Gürs, Innere Modulation von optischen Masern 
Z. für Physik, 172, 163 (1963) 

Gain curve

Time 
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1965 – Optical Solitons were first observed in the spatial domain 

n = n0 + n2 I(x)



1966 - low-loss optical waveguide development

• Reliable techniques for fabricating small-core waveguides yielded the birth of fibre optics

1933-2018

• Details:  (i)  total internal reflection 
• (ii) the binary sequences converted to ASCII spell K A O                



1970s & 80s Temporal Solitons as invariant information carriers 

Solitons in optical fibres

Nonlinear Schrödinger equation

1973: Theory: Hasegawa & Tappert
(origin in plasma physics) 

1980: Experiment: Mollenauer, Stolen, Gordon

co-moving time

Kerr nonlinearity

instantaneous power (W) 

Stable propagation of temporal solitons 
from the balance between dispersion
and self-phase modulation (temporal self-
focussing)



1970s & 80s Temporal Solitons as invariant information carriers 

Solitons in optical fibres

Nonlinear Schrödinger equation

1973: Theory: Hasegawa & Tappert
(origin in plasma physics) 

1980: Experiment: Mollenauer, Stolen, Gordon

co-moving time

Kerr nonlinearity

instantaneous power (W) 
Linn Mollenauer 1937-2021 



Solitons in mode-locked lasers - 1984

Fibre soliton concepts could be immediately applied to mode-locked laser design



Temporal & spatial solitons in a Kerr lens mode-locked (KLM) Ti:Sapphire



Temporal & spatial solitons in a Kerr lens mode-locked (KLM) Ti:Sapphire

•Temporal soliton dynamics 
•dispersion management

•Spatial soliton dynamics 
•diffraction management



Nobel Prize 2005. A fs KLM laser + fibre solitons = a frequency comb



High power lasers had problems though because of spatial self-focussing



The Chirped Pulse Amplifier System

M

M
M
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The 2018 Nobel prize in physics – ultrafast lasers  



The 2018 Nobel prize in physics – ultrafast lasers  



Many recent Nobel Prizes stress applications of basic research



Think about what we use in our PCs and phones for example …

Transistors 



Think about what we use in our PCs and phones for example …

Optoelectronics and the Integrated Circuit 



Think about what we use in our PCs and phones for example …

The Hard Drive



Think about what we use in our PCs and phones for example …

Fibre 
Communications

CCD sensor & digital
photography



Think about what we use in our PCs and phones for example …

Blue LEDS, Flat Panel Displays



Think about what we use in our PCs and phones for example …

Lithium-ion batteries



The main points of this talk 

1.  Fundamental and applied research have a long history of co-existence 

2. Examples from the history of nonlinear physics illustrate how this leads to unexpected 
connections of tremendous benefit

3.  Recent developments in photonics show that such connections continue to occur

4. It is vital that even if we are doing applied research, our “systems” allow us the time to 
follow up fundamental directions of research



Above all … 

It is vital that even if we are doing applied research, our “systems” allow us the time to follow up 
fundamental directions of interest. Sometimes a pre-defined project approach to achieving a goal 
imposes constraints that could be removed if we looked in another direction.

T. E. Hansch
Nobel Lecture Stockholm 2005
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