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Isaac Newton




Isaac Newton publishes
Opticks

1704

States that white light is

made up of colors

Explains his Corpuscular
theory of light

(light is made up of tiny
packets)

Newton is the first to break light up into a spectrum. He is convinced through
experimentation and observation.



William Wollaston

Wilkam Hyde Wollaston
l17£6-1828|




In 1802 Wollaston passes
sunlight through a prism &
finds dark lines in the
spectrum

William Hyde Wollaston
(1766-1828)

He was trained as a physician but only practiced 7 years. After that he did
research. He contributed to many fields - chemistry, physics, botany,
crystallography, optics, astronomy and mineralogy. In 1802 he discovered that
the sun’s spectrum was not a continuous spectrum but was broken by many
dark lines. He didn’t follow up on this discovery though.
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Joseph von Fraunhofer

Joseph von Frawmholer
(ITATA26)




Joseph von Fraunhofer In 1813 Fraunhofer
(1787-1826) independently rediscovers
Wollaston's dark lines in the
solar spectrum. Finds about 500
lines & labels the most
prominent with letters.

Joseph von Fraunhofer was the youngest of a poor glass grinder's ten children and was orphanedat theage of 11.

He did not receive the luxury of a formal education, but was apprenticed to a Munich mirrormaker andlens grinder.

In 1801, an accident occurred thatalmost cost von Fraunhofer his life, but ultimately worked out to his great benefit.

The bL:II|dIn? that he was workingin collapsed and buried him alive for several hours. His dramatic rescue caughtthe

attention of the court prince, as well as Joseph Utzschneider, a politician with an interest in optics. Von Fraunhofer's

royal patron bestowed a fair sum of money upon him, which he usedto buy himseff out of his apprenticeship and to
urchase a glass cutting and polishing machine. Utzschneider, however, gave friendshipand books tothe boy, which
ueled his self-education.

Employed at a Munich workshop that made scientificinstruments, which was partially owned by Utzschneider, von
Fraunhofer continued to develop his skils in optics. He become a very good lens maker.

By 1809, von Fraunhofer was made partner of the firm, assuming many of the business responsibilities. His designs
continue to be usedin microscopes and other fine optics.

In 1813, he independently rediscovered William Hyde Wollaston's dark lines in the solar spectrum, which are now
known as Fraunhofer lines. He describeda great number of the 500 or so lines he could see using seff-designed
instruments, labeling those most prominent with letters, a form of nomenclature that is still in favor. Fraunhorerlines
would eventually be used toreveal the chemical composition of the sun's atmosphere.

Von Fraunhofer is also renowned for buildingthe first diffraction grating, made ulp of 260 close parallel wires, in 1821.
The rudimentary gratings were soon upgraded, possessing up to 10,000 parallel lines per inch. Von Fraunhofer was
well versed in the mathematical wavetheory ofllght andusedthe gratings to measure the wavelengths of specific
colors and the dark lines in the sdar spectrum. He alsoused them to develop the laws of diffraction.

The once uneducated apprentice advanced farfrom what might be expectedfrom his humble beginnings. Von
Fraunhofer was honored withmembership to the Bavarian Academy of Sciences, given an honorary doctorate from
the University of Erlangen, and is considered founder of the German optical industry. He taught at the University of
Bavaria and was knighted in 1824. Von Fraunhofer may have achieved even greater heights if he had liveda longer
life. However, the self made man contracted tuberculosis and died prematurely in 1826 at 39 years old.
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Robert Bunsen & Gustav Kirchoff




Robert
Bunsen

Gustav
Kirchhoff

Bunsen was a great teacher and his lecture courses were famous. He
continued to research until he was 80. He admitted that he never found time to
marry. Actually a better reason may be that he smelled terrible because of all
the chemicals that he was working with. Emil Fischer's wife said of him: "First |
would like to wash Bunsen and then | would like to kiss him because he is
such a charming man."

Bunsen devoted much of his career to chemistry and organic and inorganic
compounds. During this work he lost the sight of an eye and nearly died of
arsenic poisoning. This convinced him to abandon that research.

With his fellow professor Kirchhoff he then moved on to spectroscopy.

They work hard to catalog spectra for all the known elements
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In the 1850s & 1860s they
experiment with “Flame
Tests" of the elements.

Each element tested burns

with its own color.

Determined Fraunhofer
lines are caused by different
chemical elements.

Gustav Kirchhoff (left)
and Robert Bunsen.

Gustav Kirchhoff and Robert Bunsen, working together at Heidelberg studied
spectra of elements during the 1850s and 1860s. (Bunsen invented the
Bunsen burner) They determined that the dark Fraunhofer lines were caused
by elements.



Barium

Strontium ‘

“Could we detect elements in
the spectrum of the sun?”

One evening they saw from the window of their lab in Heidelberg a fire raging
in the port city of Mannheim 15 km to the west.

Using their spectroscope, they detected the lines of barium and strontium in
the flames.

This set Bunsen to wondering whether they might be able to detect chemical
elements in the spectrum of the sun. - He could answer this questions
because of 3 laws Kirchhoff figured out
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Kirchhoff defines 3 Laws of Spectra

1. A hot solid, liquid
or gas under high
pressure will emit a
continuous spectrum

Kirchhoff developed 3 laws related to spectra.

1. Any object (solid, liquid, or gas) that is under high pressure will produce a
continuous spectrum. No breaks.

Solids, liquids, and dense gases emit light of all wavelengths, without any
gaps. We call this a continuous spectrum.
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Kirchhoff defines 3 Laws of Spectra

2. As a continuous
spectrum passes
through a relatively cool,
low pressure gas some
elements will be
absorbed producing an
absorption spectrum

2. If the continuous spectrum of an object is passed through a low pressure
gas, some elements will be absorbed by the gas producing holes in the
spectrum, seen as dark lines.

If there is a source of light behind it, a thin gas will absorb light of the same
wavelengths it emits. We call this an absorption or dark line spectrum.
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Kirchhoff defines 3 Laws of Spectra

3. Ahot gas at low
pressure will produce an
emission spectrum

3. Agas under low pressure will emit only lines of color — an emission
spectrum.

Thin gases emit light of only a few wavelengths. We call this an emission or
bright line spectrum.
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Spectra of stars

Let's consider stars, the main sources of light in the night sky. Fusion
reactions at the center of a star create photons with very high energies --
gamma rays. As those photons fight their way out from the center of the
star to the outer layers, they are degraded down to the visible range. So,
near the outer layers of a star, light of all visible wavelengths is flying
out towards the empty reaches of space.

However, as the photons move through one of the outermost regions of the
star, called the photosphere, some of them are absorbed by atoms in that
layer. The resultis a spectrum which features a bright, continuous
rainbow of color ... but with a few missing wavelengths.
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If we can measure the wavelengths at which light is missing, we can identify
the atoms (or ions) which are responsible for the absorption. Astronomers
have spent years measuring these lines in all types of stars, and collaborated
with physicists and chemists to measure the lines absorbed by known
elements in the lab. In this way, astronomers can often figure out which
chemical elements are inside the outer layers of a star.
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By 1861 Kirchhoff had identified 9 elements in the Sun’s
spectrum!

Sodium, Calcium, Magnesium, Iron, Chromium, Nickel,
Barium, Copper, Zinc

They were successful and by 1861 had discovered the elements sodium,
calcium, magnesium, iron, chromium, nickel, barium, copper and zinc in the
sun.

18
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William Huggins
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William Huggins

“This news came to me like

the coming upon a spring of

waterma dry and thursty

land”

In England, William Huggins, a wealthy amateur astronomer, heard about
Kirchhoff & Bunsen’s work with elements in spectra. He had a private
observatory in London.

He said “ This news came to me like the coming upon a spring of waterin a
dry and thirsty land.”
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In the 1860s Sir William Huggins uses
a spectroscope on the stars
Aldebaran and Betelgeuse.

He identifies iron, sodium, calcium,
magnesium and bismuth,

Huggins fitted a spectroscope to the telescope in his observatory. By carefully
studying each spectrum until he could make sense of their many overlapping
lines, he succeeded in identifying iron, sodium, calcium, magnesium and
bismuth in the spectra of the bright stars Aldebaran and Betelgeuse.
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Absorption line
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An absorption spectrum is produced when a continuum passes through
"cooler" gas. Photons of the appropriate energies are absorbed by the atoms
in the gas. Although the photons may be re-emitted, they are effectively
removed from the beam of light, resulting in a dark or absorption feature. The
atmospheres of stars act as a cooler blanket around the hotter interior of a star
so that typical stellar spectra are absorption spectra.
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Now for some questions
about spectra ...

Back to color ...

Break for worksheets & demo
1. Types of Spectra worksheets

2. Then demo with dish of colored flame (element crystals & methanol) — put
enough crystals. Methanol will burn burn but then the crystals will burn

24
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John Dalton

Early 1800s

Atoms Are
Solid Spheres
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JJ Thomson

clectrons
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Plum Pudding Model
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Ernest Rutherford

Rutherford's Scattering
Experiment

Rutherford’s — !.jx' p mml‘-- \
Gold Foil (B . =[ foil )
Experiment articlc

A

film loop

1800s John Dalton —atoms are solid balls

JJ Thomson'’s plum pudding

Rutherford discovers the nucleus with the gold foil experiment
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Results of Rutherford's Gold Foil Experiment

» Thomson's Atom
* diffuse mass and charge — 8

+ Rutherford's Atom

B
* concentrated mass and  »

positive charge at the — e —- §
nucleus » ) nuoleus

.
* electrons roam empty

space around the
nucleus

Rutherford expected all the alpha particles to go through the atom.

BUT some bounced backwards. WHY? It was like they were hitting
something and bouncing back.

He comes up with new design.
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Niels Bohr
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In 1913 Niels Bohr came to work in the laboratory of Emest Rutherford. Rutherford, who had a few years
earlier, discovered the planetary model ofthe atom asked Bohrto work onit because there were some
problems with the model: According to the physics of the time, Rutherford's planetary atom should have
an extremely short lifetime. Bohrthought aboutthe problem and knew ofthe emission spectrum of
hydrogen. He quickly realized that the two problems were connected and after some thought came up
with the Bohr model'of the atom. Bohr's model of the atom revolutionized atomic physics.

Bohr's new design is like a solar system. This design explains spectra.

The Bohrmodel consists of four princples:

1)Electrons assume only certain orbits around the nucleus. These orbits are stable and called
"stationary" orbits.2)Each orbithas an energy associated with it. For example the orbit closest to the
nucleus hasan energy E1, the next closestE2 and soon.3)Light is emitted when an_electron jumps from
a higherorbit to a lower orbit and absorbed wheniit jumps from a lower to higher orbit. 4)The energy and
frequency of lightemitted or absorbed is given by the difference between thé two orbit energies, €.g.,

Bohr's model of the atomiis ierﬁriantb CaLi eitinfroducedthe conc ptofthe.ctqyapt min eﬁglaiang
atomic FO erties. However, Bq r?ﬁnoaiel ima [}/ne edr%Ylsmn ecausei akl)efato explainthe
natur $G%Fﬁgrrnmscrﬂ$recomp1l ateci ag took roughly another decade before a new more

the mods
comple eory was developed - the niodern atomic theory.

raditional (classical) sics, had assumed thatpartides were partides and waveswere waves and
R S e L

Werngr Heisen_berg elucidatedthe UncertaintyP_rincipIe (_1 923) . _ _
B e e WS R s S N e
sEate ALtk o) o%gerva |on||;[1)e ered with t cityo sma! ar\g%esgu as
g rons. TNIS'i I .

e%c ! elocation an %
ec s thé case bécalse observation requires |% and aémomfn enr{?
uncesqff anelectron momen m%x angecan cf‘ur tween t an q_eectronwhl?]h eansthe
eenaltered by the actof measurement. This scenerio has

electrons location.an veocn}/have
important implications to what we can measure at the atomic level.
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Erwin Schrodinger
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Orbitals

25 orbitad Nucleus

2p orbitals

1s orbital \

3s orbital

Erwin Schrodingertookthe ideas developed by de Broglie, Heisenberg (uncertainty principle — can't
observe an electron without disturbingit’s velocity or position) and others and putthem togetherin a
single equation thatis named after him. Solving this equation can in principle predict the properties and
reactivity's of allatoms and molecules.

)
Energies are quantized:

Atoms and molecules cannot have any energybutonly certain energies. This means that energies are
"quantized".

Il

The orbitals, associated with each energy, determine where the electrons are located.

Thisis a bit of archaic notation leftover from nineteenth century spectroscopy--rather silly, but everyone
uses it, so we're stuck with it. If you must know, s stands for "sharp," p is for "principal," and d is for
"diffuse"-supposedly they refer to the appearance of various spectral lines. The next one is calledf, for
"fundamental"; mercifully, the subsequent ones just go alphabetically: g, h, etc.

32



elociron Bohr Model of Hydrogen Atom

<
omission

With these conditions Bohr was able to explain the stability of atoms as well as the emission
spectrum of hydrogen. According to Bohr's model only certain orbits were allowed which

means only certain energies are possible. These energies naturally lead to the explanation of
the hydrogen atom spectrum:

Bohr's model was so successful that he immediately received world-wide fame. Unfortunately,
Bohr's model worked only for hydrogen. Thus the final atomic model was yet to be developed.
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Different names (lyman, balmer, etc) are named for the energy level where the
electron is either falling back to (emission) or moving from (absorption)

We can only see Balmer Series = visible light

Series keep going out, but the intensity is fainter and fainter, because the
events are rarer and rarer. Not all of them are named.
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Very Hot stars
*See absorption lines
from ions
* Too hot for nucelus
to hold unto electrons

CaUDON= b MM

, . Hot stars
| I ;l ﬂ '! A *Only see absorption
on N sr——y lines from atoms

. I
| | -
7000 K |8 I ’ | l “ t§ 1]_ F *‘Bonds between
SOMIM —sMsgusuns —— OXyGen et molecules broken

800 K | 11K -

- Oy Qen Cooler stars

L | R
- . lines from molecules

i M *Not hot enough to
break bonds

TRanium Qude — L Mathytacine (CH)

The temperature of the stellar photosphere determines the rate and severity of
collisions between molecules, atoms and ions which in turn determines:

1. the molecular equilibrium - if the star is too hot, fragile molecular bonds will
be broken apart. Most molecules such as TiO are seen only in spectra of
the coolest stars ( T = 3000 -- 4000K). Strong molecules such as CH and
CN can be seen in somewhat hotter stars like the sun.

2. the ionization equilibrium - the hotter the temperature, the higher the
ionization state of the atoms in the stellar atmosphere will be. Atoms are
ionized (or partially ionized) when they lose or gain an electron. In cool
stars most atoms will be neutral. At higher Temperature, easily ionized
atoms such as Na, Ca, etc, will be ionized; above T = 10,000K hydrogen
becomes ionized and above about 15,000K helium becomes ionized.

3. the number of atoms in excited states. At low T, almost no H atoms are in
the n=2 orbit, capable of absorbing "Balmer" photons, but as T increases
the n=2 population increases and we see the hydrogen features, reaching
a maximum in stars with T = 10,000.

O >33,000
B 10,500 — 30,000
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A 7500 — 10.000
F 6000 — 7000
G 5500 — 7000
K 4000 — 5000
M 2600 - 3500
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Norman Lockyer & Pierre Jansen
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By 1868 the spectra of all known elements is known

During the 1868 solar eclipse,
Norman Lockyer & Plerre Jansen
found a unknown pattern of lines

in the solar spectrum.
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Lockyer names the new element “Helium" after helios, the
Greek word for the Sun. Helium wasn't found on Earth until
1895, 27 years later.

In 1868 the French astronomer Pierre Janssen first detected helium as an
unknown yellow spectral line signature in light from a solar eclipse.

Since then large reserves of helium have been found in the natural gas fields
of the United States, who is by far the largest supplier of the gas.

On 26 March 1895 British chemist William Ramsay isolated helium on Earth by
treating the mineral cleveite with mineral acids. Ramsay was looking for argon
but, after separating nitrogen and oxygen from the gas liberated by sulfuric
acid, noticed a bright-yellow line that matched the D3 line observed in the
spectrum of the Sun.[14] These samples were identified as helium by Lockyer
and British physicist William Crookes.

It was independently isolated from cleveite the same year by chemists Per
Teodor Cleve and Abraham Langlet in Uppsala, Sweden, who collected
enough of the gas to accurately determine its atomic weight.[15]

Helium was also isolated by the American geochemist William Francis
Hillebrand prior to Ramsay's discovery when he noticed unusual spectral lines
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while testing a sample of the mineral uraninite. Hillebrand, however, attributed
the lines to nitrogen. His letter of congratulations to Ramsay offers an
interesting case of discovery and near-discovery in science.
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