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“Old Quantum Theory” (~ 1900 — 1924%)

today’s topic

* dates are approximate! As we will see, physicists debated and revisited each of these topics
over a span of years.



Atomic Structure

By the 1880s, matter seemed to be well
understood: chemical elements consisting of

physical atoms.

Dmitri Mendeleev’s original periodic

table of the elements, 1869
Image is in the public domain.

Cloud chambef Photographs, eaﬂ}i 1900s
© California Institute of Technology. All rights
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Things Fall Apart

Laboratory (Cambridge University), ca. 1897
Lmages are 1n the public domain.

The new findings suggested that atoms can fall
apart, and that they have internal structure. Hence they
are not really “atoms”! (The ancient Greek word
“atom” means “indivisible.”) o

T Petit Parisien
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By 1900, researchers had
identified at least three distinct
types of new radiations. They i
had different properties — some
were easily deflected by magnetic
fields, others could ‘fog’
photographic plates — so
researchers assigned them Lﬁéﬁi E;;;?ﬁ
different names: a, B, ¥, ...

International sensation, then as
How...

2019

© Working Title Films/Shoebox
Films. All rights reserved. This
content is excluded from our
Creative Commons license. For
4 more information, see https://
ocw.mit.edu/help/faq-fair-use/



https://ocw.mit.edu/help/faq-fair-use/

Rutherford Scattering
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Image is in the public domain.

Rutherford’s description of radioactive
“transmutation” (1905): a radium atom emits an &
particle to become a new substance (now identified as
radon); the radon atom emits an & particle to become
“Radium A” (now polonium), and so on, with
characteristic time-scales for each transition.

Ernest Rutherford grew up in New Zealand and won a
tellowship to study at Cambridge University. He studied
under J. J. Thomson at the Cavendish laboratory in the
1890s, just as Thomson was conducting his cathode-ray
experiments.

Rutherford became fascinated by radioactivity, and
identified « rays in the decays of uranium. He also
introduced the concept of a “half-life”: the time during
which the radioactivity of a sample would fall by half.



Rutherford Scattering

Firing Tube

Rutherford-Geiger ionization chamber, 1908
Image is in the public domain.

y lonizing radiation
Ionized gas atom

A chamber is filled with an inert gas. When radiation
enters, it will ionize atoms within the tube. Given the
applied voltage, the ions will flow toward the anode,
completing the circuit. Distinct “pulses” or counts can
then be identified.

© Svjo-2 on Wikimedia Commons. All rights reserved.

This content is excluded from our Creative Commons

license. For more information, see
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Ernest Rutherford grew up in New Zealand and won a
tellowship to study at Cambridge University. He studied
under J. J. Thomson at the Cavendish laboratory in the
1890s, just as Thomson was conducting his cathode-ray
experiments.

Rutherford became fascinated by radioactivity, and
identified « rays in the decays of uranium. He also
introduced the concept of a “half-life”: the time during
which the radioactivity of a sample would fall by half.

Using a new ionization chamber (developed with Has
Geiger, now known as a “Geiger counter”), Rutherford
determined 1n 1908 that a particles carry twice the electric
charge (and have the opposite sign) compared to Thomson’s
B particles.
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Ruther for d Scatterlng Rutherford and his group at Manchester University

2 (UK) quickly turned o particles into a #oo/ to investigate
atomic structure. Beginning in 1909, they directed o
particles from a radon source toward a thin gold foil.
They surrounded the foil with a fluorescent screen, which
would flash when struck by an « particle. (Researchers
needed to sit in a darkened room and let their eyes adjust,
so they could count flashes.)

Schematic of 1909-1911 Rutherford-Geiger scattering experiments.

. . But on rare occasions — about 1 out
Most of the time, the ¢ particles passed through

) , . of every 10° events — the a particle
with no deflection or only a small deflection 0.

would scatter by a /arge angle 0.

gold atoms
within the foil
0
O O |
(04
particle
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Rutherford Scattering

N

Rutherford (1911) argued that this scattering pattern
only made sense if wost of the atom’s mass were
concentrated in a dense “nucleus” in the center: the
atom was 720stly empty space.

The nucleus (like the « particles) must have positive
charge, while the lightweight “electrons,” with negative
charge (identified as Thomson’s f particles), circled
around the nucleus.

: : ‘ 0 L= TTTeS -
45° 90° 135° 180 ° L7 S
// 0 \\\
Number of a particles scattered by deflection angle 6. i © N\
\
! \
I
|
o @ e |
\
Rutherford model of the atom: X 0 /
massive nucleus in the center with | 0 4
positive charge; lightweight electron  “~_ //

surrounding it, with negative charge N -

~
S am=="
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Rutherford Scattering
By 1911, Rutherford had introduced a

- -

e PN ‘solar system’ model of atomic structure. But
\ . .
,/’ - N\ this led to new questions:
\
/
; 0 \
! @ Electrons would be constantly accelerated as
k \ .
! | they moved around the nucleus. According
@ ' -
> @ B to Maxwell’s electromagnetic work,
/ . .
\ @ Y accelerated charges should radiate. Where is
\ [l
% - i all that light?
\\ : ,/
Rt - Even more important: the electrons
Rutherford model of the atom: massive should /ose energy as they radiated. So why
nucleus in the center with positive charge; didn’t electrons qulckly crash into the

lightweight electrons surrounding it, with )
nucleus? Why is matter stable at all?

negative charge.

11



Questions?
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Bohr Model

Hy, T X0, . —t-&f-
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Boht’s notes (1913) on atomic and molecular structure

Niels Bohrwas a young Danish physicist, who was a
postdoc in Rutherford’s group between 1911-1913.
He was fascinated by the new Rutherford model of
atomic structure, but also puzzled by the question of
the stability of matter.

Bohr aimed to account for atomic structure from
first principles, with a goal of accounting for all the
elements of the periodic table.

He began by considering electrostatic repulsion
and magnetic effects among electrons in multi-electron
atoms and molecules, seeking equilibrium configurations.
Perhaps such balanced configurations could account
for why matter was stable.

13



Bohr Model

€

Flectromagnetic = — =5 » When that proved cumbersome, he turned to the simplest case of a
> hydrogen atom, with a single electron. Again for simplicity, he considered
muv . . . ,
Blostsiign) = a circular orbit. By balancing the forces, he could solve for the electron’s
r . . : .
E velocity. In these expressions, both v and r were continuous variables.
Z F i = 0 > U2 = —
2_ mr

Next he wposed a new “quantum condition,” that the electron’s
orbital angular momentum could only take specific values. He was

inspired by Planck and (especially) Einstein, who had emphasized
discreteness at a scale set by Planck’s constant A. n=1,2,3, ..,

Now Bohr had two expressions for v; equating them, he could solve for r. The allowable radii for
electron orbits were now discrete:

%3 h2
_ h . “Bohr radius”: ag = —— = 5.3 X 10 m
me2

14



Bohr Model

4a, |

232
n“h .

/ fl—
me?

= N Qg

Discrete orbits

9a,

2 2

e le
(substitute v? = —) S e ——
mr

2
2 1 e

(substitute r=n ao) T

(use definition of ag) : |F = —=———
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Bohr Model

— 4a, 94 : :
+ r: - 0 )
n=>5

n=4
n=3
n=2

1me* [ 1 1
AE — E2 —_ El = — 5 5 P ._2 (fOI‘ n2 > n1> n=1 (Ground State)
2 h ny Us R: “Rvdbere constant”
- . 1 1 Johann
Now Bohr got excited! Balmer spectrum from excited hydrogen atoms: =R|l— —— Balmer,
n% n% 1885

me
from an “excited” orbit to a lower-energy orbit: AE = hv, or: v

T 4nh3 2

Bohr proposed: light would be ezztted whenever an electron jumped 4 1 1
ni  n ]

16



Bohr Model
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{SIXTH SERIES.]

JULY 1913.

1. On the Constitution of Atoms and Molecules.
By N. Boug, Dr. phil. Copenhagen®.

Introduction.

IN‘ order to explain the results of experiments on scattering

of « rays by matter Prof. Rutherfordt has given a
theory of the structure of atoms. According to this theory,
the atoms consist of a positively charged nucleus surrounded
by a system of electrons kept together by attractive forces
from the nucleus; the total negative charge of the electrons
is equal to the positive charge of the nucleus. Further, the
nucleus is assamed to be the seat of the essential part of
the mass of the atom, and to have linear dimensions ex-
ceedingly small compared with the lincar dimensions of the
whole atom. The number of electrons in an atom is deduced
to be approximately equal to half the atomic weight. Great
interest is to bo attributed to this atom-model ; for, as
Ruthorford has shown, the assumption of the existence of
nuclei, as those in question, seems to he necessary in order
to account for the resulis of the experiments on large angle
seattering of the « rays}.

In an attempt to explain some of the properties of matter
on the basis of this atom-model we meet, however, with
difficulties of a serious nature arising from the apparent

* Communicated by Prof. E. Rutherford, F.R.S.

t E. Rutherford, Pbil. Mag. xxi. p. 669 (1911).
1 Seo also Geiger and Marsden, Phil. Mag. April 1218,

Plil, Mag. S. 6. Vol. 26. No. I51. July 1913, B

Bohr was reluctant to publish his new ideas, because he had only
treated hydrogen atoms; his goal had been to account for the
stability and structure of a// the atoms of the periodic table!
Happily, Rutherford convinced Bohr to publish anyway (1913).

Central to Bohr’s explanation was the new “quantum condition”
(J = nh), which restricted electrons to discrefe orbits (r = n’a,); only
for those choices of 7 would the atom remain stable. Bohr had
neither derived nor explained the origin of his proposed “quantum
condition,” but by using it he had been able to reproduce the
Balmer spectrum for hydrogen.

The question still remained: why didn’t this discreteness appear
in ordinary experience? Bohr worked out the “correspondence
principle”: in the limit of large quantum numbers, n >> 1, quantum
systems should reproduce classical behavior.

17



Bohrt’s Correspondence Principle

According to Maxwell’s electrodynamics, V,, ..o, Should be egual to

V,

mechanical>

1 v

Vmechanical =— 75 —
T 2nr

5 1 e
use v = * Vmechanical —
mr 21 /mr3/2

According to Bohr’s atomic model, V,, .00 1S given by the energy difference

between discrete electron orbits:

me* [ 1 1

Vradiation = 5
OREOR T 4mh3 |2 nd
1

(use definition of ag) : Vradiation =

(consider Ng =Ny + ATL, An K nl) . Vradiation = m—g (]- T O[(An/n1)2])

18

the frequency of the mechanical motion of the moving charge:

Vradiation ( e? An) (2'”\/%7'

Vmechanical

Vradiation

Vmechanical

for transitions between neighboring
states n; and n, = ny + 1, for ny >> 1.




Bohrt’s Correspondence Principle

According to Maxwell’s electrodynamics, V,
V,

mechanical>

should be egual to

adiation
the frequency of the mechanical motion of the moving charge:

1 v

Vmechanical = T — s

1 e

2
2 € "

usev = — |, : hanical = — ——

( ’]") mecnanica. 27[' /_7'3/2

Vradiation ( 62 An) (271'\/% fr3/2)
€

3
Vmechanical ha() ny

According to Bohr’s atomic model, v, 1s given by the energy difference

adiation
between discrete electron orbits:

Vradiation

=An—1

(use definition of ag) : Vradiation = =— | = Vmechanical
2hay | ng
: e’ An 2 for transitions between neighborin
(consider ny = ny + An, An K n1) : Vradiation = 1 (1 + O[(An/n,) ]) g g
Gg Ty states n; and n, = ny + 1, for n; >> 1.
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Bohr Model
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of atomic structure, and successfully accounted for the
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1. On the Constitution of Atoms and Molecules.
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Introduction.

IN order to explain the results of oxperiments on scattering

of « rays by matter Prof. Rutherford} has given a
theory of the structure of atoms. Aeeordin§ to this theory,
the afoms consist of a positively charged nucleus surrounded
by a system of electrons kept together by attractive forces
from the nucleus; the total negative olnr?o of the electrons
is equal to the positive clmrﬁ of the nucleus. Further, the
nuclens is assumed to be the seat of the essential part of
the mass of the atom, and to have linear dimensions ex-
ceedingly small compared with the linear dimensions of the
whole atom. The number of electrons in an atom is deduced
to be approximately equal to half the atomic weight. Great
interest is to bo attributed to this atom-model ; for, as
Rutherford has shown, the assumption of the existence of
nuclei, as those in question, seems to he necessary in order
to account for the resulis of the experiments on large angle
seattering of the « raysi.

In an attempt to oxplain some of the properties of matter
on the basis of this at del we meet, h , with
difficulties of a serious nature arising from the apparent
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Questions?
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de Broglie’s Hypothesis

In his 1924 Ph.D. dissertation, a French aristocrat, Louis de Broglie, otfered a hypothesis to account for
Boht’s strange quantum condition, J = nh. He began with Einstein’s work on photons (which had
recently been set on a more solid footing, given Arthur Compton’s X-ray scattering results):

E hv —— h
p = — = — — —_—
& C Then de Broglie simply asserted that the A
h same relation should hold for watter. 5 — h
muv

For a thrown baseball, A, ... ~ 1072 m, totally unobservable on human scales. But A ~ 10" m ~ a,

electron
for an electron, the “waviness’ was o7 the same scale as the electron’s own orbit.

What if stable 2Tr = n\
electron orbits arose 5
from constructive 2Tr = n —>
interference of the s
corresponding waves? =:1.J = mur = nh
constructive interference destructive interference
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de Broglie Waves

incident
electron beam

crystal of Nickel

moveable
detector

scattered
electron beam

In 1927, Clinton Davisson and Lester Germer, at Bell
Labs, found electron scattering results consistent
with the concept of de Broglie waves: the scattered
intensity showed a distinctive znterference pattern.
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“Old Quantum Theory”

Between 1900 — 1924, physicists dramatically reassessed their assumptions about /ghr and
matter. In contrast with the great triumph of 19th century physics — the wave theory of light —
several physicists began to explore discrete or particle-like attributes of light (blackbody radiation,
Einstein’s light-quantum hypothesis, and Compton scattering). Meanwhile, de Broglie could only
salvage Boht’s new “quantum condition,” J = n#h, by suggesting that matter had wave-/ike
properties.

By the early 1920s, each of the successes of the emerging quantum theory seemed
to follow a pattern: begin with classical expressions for force or energy, and then
append some new, unexplained “quantum condition” (E = hvorJ = nh or A = h/p).
Though many of these models could account for (otherwise puzzling) experimental
results, it was not clear whether each new model for a given phenomenon was
consistent with other (equally ad hoc) models.

Quantum theory seemed to many physicists to have become a disorganized grab-
bag of heuristic guesses and disjointed models, united only by their invocation of
Planck’s constant 4 and some sort of conceptual break with 19th century physics.

24
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