


My naive list of common misconceptions in
traditional non-Western educational
systems regarding the ingredients for
producing a good scientist (Many of these
are constantly undergoing changes, and |
apologies if this Is too much of a
generalization, or iIf somewhat outdated):
Emphasis, factual learning and technical

skills--



Must study very hard to learn many hard subjects,

Must be able to solve many textbook-style
problems, the more challenging, the better,

Must know many scientific subjects well, and
acquire the abillity to relate to others the minute

details of these subjects

Must be able to do things fast: if in theory, to solve
equations fast, If in experiment, to carry out the
experiments faster than those less capable



Lacking (scientific process):

Establishing relations, new concepts, causal relations

vetting whether information is factual/trustworthy, or even
when so, whether mis-represented, or mis-interpreted

how to design/make inquiry to differentiate between
different physical scenarios

how to put together different, often simple components,

to produce models/designs of greater complexity and
new capabilities/characteristics, and to do so in new,

Innovative ways

What Is a feasible path toward taking measured risks,
toward greater payoff in innovation/new discoveries



Key Concepts

Phenomenon based—NOT EQUATION
based

Characterization—Statistics /Probability
and Quantification:

Functional Dependence=>» Differentiation,
Organization, Correlation, Connection

Sign Posts = INTUITION
Risk taking—Hypothesis = Creativity
Ownership—Self Motivation



Basic Assumptions

« All those Interested parties, I.e. those who

are interested and engaged In science have
the abllity to develop the necessary logical
thinking and technical skills.

 These skill sets pertain to analytical skills,
experimental techniques, or theoretical
computational methodologies.

=2>KEY TO NEW DISCOVERIES

SCIENCE BASED ON DEDUCTIVE LOGIC!



Aim of Talk

o Stimulate a discussion regarding how to
develop creativity in research in an
efficient and “enjoyable” way

« Highlight the essential ideas In the
scientific process (differentiate between
understanding the process versus rote
learning of scientific facts)—Science Is
lively and pervasive. Scientific discovery
IScan be “fun” and not just tedious!

=» We all can do science, everyday!



Preamble?

We all recognize that in today” s high tech world, science is
pervasive. However, the process of scientific discovery is often
difficult to teach and misunderstood.

Many young people have the misconception that to become a great
scientist, one has to be a sort of “genius,” at least in terms of 1.Q.,
and has to be extremely dedicated, working countless hours to the
detriment of other aspects of life. Moreover, the pay-off in terms of
materials/monetary gain is often NOT commensurate with the
amount of effort.

Although this type of misconception is not all wrong, or all
Inaccurate, it really misses many of the essential aspects of
scientific discovery, and its rewards. Moreover, often, intelligence is
In the eye of the beholder, and many scientists through the ages
have made incredibly meaningful contributions, without necessarily
rising to the level of so-called genius, as measured by some
standardized tests.



Preamble (cont., p. 2)

The above points to the fact that scientific creativity iIs NOT easily
measured by standardized tests. In fact, | would argue that focusing
too strictly on high achievement in course work, or on exams, often
has a detrimental effect on the eventual ability to be creative in the
scientific arena.

In this talk, | will relate the observations | have made in my over 30
years of working with some of the brightest young graduate
students, a couple of whom are probably in the audience. These
observations pertain to what | have come to consider as some of the
key aspects in developing creativity in research.

Of course, creativity iIs sometimes subjective, unless the end results,
In part by deS|gn and in part by luck, turns out to be extremely
iImpactful toward society. Such impact may be technological,
economics, societal, or in other well-recognized ways, enrlches the
lives of a Iarge segment of the populous.



Preamble (cont. p.3)

However, as it turns out, for scientific discourse and discovery,
understanding errors and uncertainties, quantifying them through
statistics and probability, Is in some sense even more fundamental

then learning the scientific knowledge itself.
This is because in order to create the knowledge base, we need
observations of real phenomena, or make real objects. All real

processes have inherent errors and uncertainties. It is only through
a quantitative understanding of such errors/uncertainties that we can

validate or falsity “scientific facts.”



Nature of Research

 Research, by nature, involves the unknown. Although this
may seem obvious, in many more traditional approaches to
learning, it is completely de-emphasized and glossed over.

* In many high-powered, and highly-ranked educational
systems, there remains a tendency to teach known facts of
science. This creates a scientific exceptionally literate
society, however, let” s not be mistaken, it DOES NOT
equate to a creative and dynamic society, in which new
knowledge Is consistently and constantly being produced.

 As we are all aware, the latter is what drives economic
prosperity, and in fact, it appears the pace is quickening year-
by-year, month-by-month, and day-by-day.



« Since time Is short, | will stop with all this
Introductory talk, to get into the gist of what
| would like to relate to you.

e It is my belief, after spending some time
searching online—by no means
exhaustively—that the type of issues | am
trying to bring up Is very rarely discussed In
the scientific circle, and to a large extent, Is
NO MORE than some of the known, “best
practices” in scientific research, for those
who are involved on a daily level at the
cutting-edaoe of new knowledage.



Discovery

« Taking Risks

e Fear of the unknown—many students, and
Interestingly, some of the top ones, have a
tremendous fear of the unknown.
Unfortunately, or fortunately, scientific
discovery is ALL about the unknown.

« How can we give young, aspiring students
the skills to go beyond known knowledge,
and TO EXPLORE THE UNKNOWN.



Contrasts: Western versus
Traditional Eastern Education

 Western kids start the discovery process at a
very young age. Many of the very top western
colleagues | know, including Nobel laureates,
have related to me that they were experimenting
with things, or building apparatuses on their own
at a very young age, say around 10 years in
age.

e This contrasts sharply from the traditional
Eastern education, where the best students can
memorize and reproduce all the knowledge that

they have been taught—there are of course,
exceptions.



Measurements and Observations

e Science, whether the physical sciences,
engineering, economics, medicine, social
sciences, etc., all rely on observations and
measurements

« Quantification of properties and
characteristics, and if possible, with
reproducibility to facilitate comparison

e precision and accuracy are essential for
progress!



Example 1--How do you tell the
difference between a and
a

e To illustrate some common sense ideas
Involved In a scientific process, as a first
example let' s take a look at two fun and

familiar animals.
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Satellit/Space Ship

Pioneer
Jupiter Probe
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Importance of

getrate Measurements



Reference value

Accuracy
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Scientific ProcessN
Why S/P so Important

Characterization of Phenomenon through
observation and measurement (experiment)

Derive rules and physical, economic, social
laws, and hypothesis to explain data (theory)

Predictions from new rules and hypothesis

Falsification or validation of hypothesis/rules
through new experimental evidence



Statistics and Probability

* Proper application of statistic and
probability analysis helps ensure
objectivity in viewing the experimental
findings.

* Helps establish bounds and constraints on
possible explanations and theories.



Physics Examples

e Single photon interference

http://www.alvgmbh.de/Products/PMTs___ APDs/tt_detekt/tt_detekt.html#Others

e Single electron interference (quantum-
mechanical interference; wave function
probability)






Young's Double olit Interference Experiment

Laser Light Waves

/ \

Electron Huantum Waves

/ \

/ \

/ \

/' \

/ N\

AN

/N

/ N\

/ \

/ \




« Single photon interference (CCD camera)

http://www.alvgmbh.de/Products/PMTs__ APDs/tt_detekt/tt_detekt.html#Others

» Single electron interference (quantum-
mechanical interference; wave function
probability)

wikipedia



Electron Interfer
Wave-Paliigl

R SCIENTISTS
INEERS WITH
RN PHYSICS, v. 2

Eight Edition / Ninth Edition,
Thomson, Brooks/Cole.

ISBN-13: 978-1-4390-4839-9

Chapters 40, 41, 42.



FIG. 2: SEM image of an 8 nm wide wire 20 gm long.
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Quantum Mechanics

Characterization—Balmer, Lyman,
Brackett series of hydrogen spectra

Photo-Emission
Blackbody Radiation
Compton Scattering



Sign Post(s)

 Maxwells Equations
 Radiation by an Accelerated Charge

* Together = Contradiction with EXxisting
Understanding/Paradigm



Hypotheses

Planck
Bohr Quantization

Schroedinger Equations/Heisenberg
Matrix Formulation

Uncertainty Principle



Consequences

* Local Hidden Variable vs. Nonlocality and
wave description

* Einstein-Rosen-Podovsky (sp)
* Bell Inequality
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Need for Quantum Physics

* Problems remained from classical mechanics that
relativity didn” t explain

« Attempts to apply the laws of classical physics to
explain the behavior of matter on the atomic scale
were consistently unsuccessful

 Problems included:

— Blackbody radiation
* The electromagnetic radiation emitted by a heated object

— Photoelectric effect
 Emission of electrons by an illuminated metal



Quantum Mechanics Revolution

Between 1900 and 1930, another
revolution took place in physics

* A new theory called quantum mechanics
was successful in explaining the behavior
of particles of microscopic size

e The first explanation using quantum theory
was introduced by Max Planck

— Many other physicists were involved in other
subsequent developments



Blackbody Radiation

* An object at any temperature Is known to
emit thermal radiation

— Characteristics depend on the temperature
and surface properties

— The thermal radiation consists of a continuous
distribution of wavelengths from all portions of
the em spectrum



©2004 Thomson - Brooks/Cole




Blackbody Experiment Results

* The total power of the emitted radiation
Increases with temperature

— Stefan” s law (from Chapter 20):
2 = oAeT?
 The peak of the wavelength distribution

shifts to shorter wavelengths as the
temperature increases

— Wien' s displacement law
— Aoy ] = 2.898 X 1023 m.K

max
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Rayleigh-Jeans Law

* An early classical attempt to explain
blackbody radiation was the Rayleigh-
Jeans law

21rck 5T

A4

I[(AT)=

« At long wavelengths, the law matched
experimental results fairly well



Rayleigh—Jeans law

Experimental
data
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Photoelectrons

Variable power

supply
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Current

High intensity

Low intensity

Applied voltage




Metal 1 Metal 2
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(d) Twosslit electron pattern
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A(nm) 486.1 656.3

364.6 410.2 434.1
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Other Hydrogen Series

Other series were also discovered and

their wavelengths can be calculated

g I
Lyman series: !—:RH§L1#n—2%n—2,3,4K

RH§312# 0 1=4,5,6)

>|A

Paschen series

_ 1




Positive charge
distributed
throughout
atom

Electron
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The Bohr Theory of Hydrogen

* In 1913 Bohr provided an explanation of
atomic spectra that includes some
features of the currently accepted theory

e His model includes both classical and non-
classical ideas

e He applied Planck’ s ideas of quantized
energy levels to orbiting electrons



© Thomson Higher Education



Bohr’ s Assumptions, 2

* Only certain electron orbits are stable

— These are the orbits in which the atom does
not emit energy in the form of electromagnetic
radiation

— Therefore, the energy of the atom remains
constant and classical mechanics can be

used to describe the electron’ s motion

— This representation claims the centripetally
accelerated electron does not emit energy
and therefore does not eventually spiral into
the nucleus



Bohr' s Assumptions, 3

« Radiation is emitted by the atom when the electron
makes a transition from a more energetic initial state
to a lower-energy orbit

— The transition cannot be treated classically

— The frequency emitted in the transition is related to the
change in the atom’ s energy

— The frequency Is independent of frequency of the
electron’ s orbital motion

— The frequency of the emitted radiation is given by
 If a photon is absorbed, the electron moves to a higher
energy level



Bohr' s Assumptions, 4

* The size of the allowed electron orbits Is
determined by a condition imposed on the
electron’ s orbital angular momentum

 The allowed orbits are those for which the
electron’ s orbital angular momentum
about the nucleus Is quantized and equal
to an integral multiple of \nbar = h/2n




Schrodinger Equation

 The Schrodinger equation as it applies to
a particle of mass m confined to moving
along the x axis and interacting with its
environment through a potential energy
function U(X) Is
C 2 dy
- 2m dx®

+ Uy= Ey

 This Is called the time-independent
Schrsdinger equation



