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Isaac Newton

(1642-1727)
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The Great Plague killed an estimated 100,000

people—
population—

It was the last plague in Europe.

almost a quarter of London's
in 18 months.
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Woolsthorpe Manor
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Newton returned home. He built bookshelves and made a small study for
himself. He opened the nearly blank thousand-page commonplace book
he had inherited from his stepfather and named it his Waste Book. He
began filling it with reading notes. These mutated seamlessly into
original research. He set himself problems; considered them obsessively;
calculated answers, and asked new questions. He pushed past the
frontier of knowledge (though he did not know this).
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Newton's Waste Book (MS Add.4004)

Much of Newton's important work on calculus is developed in this large
notebook, which he began using in 1664 when he was away from Cambridge
due to the plague. Newton inherited the book from his stepfather Rev
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The plague year was his transfiguration. Solitary and almost

incommunicado, he became the world’s paramount mathematician.
Newton Gleick
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Although he had been undistinguished as a Cambridge student,
Newton's private studies at his home in Woolsthorpe over the

subsequent two years saw the development of his theories on calculus,
optics, and the law of gravitation.
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Poor Mr Newton, we fell right onto his head...
Hope he'll be OK...



“After dinner, the weather being warm, we went into the garden and drank tea,
under the shade of some apple trees...he told me, he was just in the same
situation, as when formerly, the notion of gravitation came into his mind. It
was occasioned by the fall of an apple, as he sat in contemplative mood. Why
should that apple always descend perpendicularly to the ground, thought he
to himself...”

...without the ground, it will reach the center of the earth eventually.....

Memoirs of Sir Isaac Newton’s Life, written by William Stukeley
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Newton's own copy of his Principia, with hand-written corrections for the
second edition, in the Wren Library at Trinity College, Cambridge.
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E, = ma, nsin@ = m— cos 6
r

E, = ma,, ncosd —mg =0 v =,/rgtanf
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n
To jump up, this
player will push
down against the
O iy~ il N = floor, increasing
F\- lFblockon runner the upward reaction
! -
3 force n of the floor
. F'\ w on him
W : 2
T'he force of the starting block on the § =
runner has a vertical component that ||u.~ player is a

counteracts her weight and a large freely falling object

horizontal component that accelerates her

©

. The water exerts a buoyancy force that
y ¥ counters the swimmer’s weight

F buoyancy

e s 4.,
¥ "lhruq ’«Ir;lg

Kicking causes the “v.\ICI to

exert a forward reaction force,

Thrust is countered by drag

forces exerted by the water

=l

or thrust, on the swimmer.

on the mov Ing swimmer
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v=0

Object

is at rest.

Static friction is opposite

the push to prevent motion.

Free-body diagram

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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F 1 balanced by f, and
the box does not move.

j_r; F push
*

As F,, increases, f, grows . . .

F

push
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w
No applied force,

box at rest.
No friction:

=0

(e)
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Weak applied force,
box remains at rest.
Static friction:

Js < mn

(e
Ji

™~

w

Stronger applied force, Box sliding at
box just about to slide. constant speed.
Static friction: Kinetic friction:

Js = pgn /fk = pyn

Y

v

Box at rest; static friction Box moving; kinetic friction

equals applied force.

is essentially constant.

i B R
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TABLE 6.1 Coefficients of friction

Static Kinetic
Materials M M

Rubber on
concrete

Steel on steel
(dry)

Steel on steel
(lubricated)

Wood on wood
Wood on snow
Ice on ice
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(a) Pulling a crate at an angle h/T sih 30

n+Tsin30°— Mg =20

T cos30°—n -y, = Ma



Mgsina —n -y, = Ma




Bugwn
u, = 0.80 m =50kg
/ s = 0.60
\w[ v Find
' f. where 0= 20°
17/ 0 where cabinet slips

NOrmal 7 /

Friction f; Gravity fG

n—Mgcosf =0
Mg sing —f, =

Mgsin@, = Mg cos 0, - ug
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behavior of the block?

9.98 <= Two  blocks
with masses 4.00 kg and
8.00 kg are connected
by a string and slide
down a 30.0° inclined
plane (Fig. P5.98). The
coefficient of Kkinetic
friction between the

4.00-kg block and the plane is 0.25; that between the 8.00-kg
block and the plane is 0.35. (a) Calculate the acceleration of each
block. (b) Calculate the tension in the string. (¢) What happens if the
positions of the blocks are reversed, so the 4.00-kg block is above

the 8.00-kg block?
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Two surfaces
in contact

Very few points

are actually (

in contact. F(107'*N)
6.0 —

GNP INNGY 3.0 |-
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1 | 1 = ' | x(10719m)

-3.0 |-

Molecular bonds forn
between the two mate _
These bonds have to t ™
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[ —+77 Lennard-Jones

F(10712N)
6.0 —

x (10719 m)
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Residual E-M force in action: the
atoms are electrically neutral, but
the electrons in one are attracted
to the protons in another, and vice

versa!
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i‘ The Four Fundamental Interactions

,/—‘\

All forces in the world can be
attributed to these four interactions!
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Uranium-238

Z=92, N=146
A=238
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10 m
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L L

100 m
If an atom could be expanded to the size of a football stadium, the nucleus would be the size of a
single blueberry. (credit middle: modification of work by “babyknight” /Wikimedia Commons;
credit right: modification of work by Paxson Woelber)
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Enrico Fermi
1901 —1954




Atomic bomb

J. Robert Oppenheimer
1904 —1967
New York City



Sun and fusion % Fl&

4 A
J) Proton He . )
J Neutron

4p* - 2He...........
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'H+ H-*H + e+ v (Q=0.42 MeV) 'H+'H->%H+e'+ v (Q=0.42 MeV)

e'+e = y+y (Q=1.02MeV) e'+e =7+ (Q=1.02MeV) H J\/J H H )\/) H
* * « \D < \1)
H+'H->%He+y (Q=5.49 MeV) H+'H->%He+y (Q=5.49 MeV) l | l
v Y HGY DH HY e
. \/ \/
SHe + *He = 'He + 'H+ 'H (Q=12.86 MeV) Y/l l\Y
4p* > 2He + 2e*t + 2v, + Energy ) He *He ()

PN
1H ) )1H

A

4
o) Proton He )
QD Neutron Gamma ray Y

Positron Neutrino D

With the current rate of burning, the sun will last for another five billion years.
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l Alpha
- Radiation
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Alpha Decay of a Uranium-238 nucleus fE[g[ = %)F? E’j a?z*z

Parent nucleus ' He
emitted o particle

Key
deeay \ @ proton
event © neutron

Daughter nucleus

238U N 234-Th + 4He

Alpha Decay

If a nucleus emits an a particle (gHe), it loses two protons and two neutrons.

Therefore, the atomic number Z decreases by 2, the mass number A decreases

by 4, and the neutron number decreases by 2. The decay can be written as
IX—> 473V + 4He (13.12)

where X is called the parent nucleus and Y the daughter nucleus. For exam-

ple, 238U and 225Ra are both alpha emitters and decay according to the
schemes

BIU—> BATh + $He (13.13)
220Ra—> %22Rn + gHe (13.14)

The halflife for the 238U decay is 4.47 X 109 years, and that for 226Ra decay is
1.60 X 103 years. In both cases, note that the mass number of the daughter
nucleus is 4 less than that of the parent nucleus. Likewise, the atomic number
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NATIONAL MUSEUM OF
NATURAL HISTORY in Paris.
On the second floor, at the
left-hand side of the I)Uiidin;, 1S
the window in which
Becquerel exposed uranium
compounds to sunhght,
mistakenly believing that the
invisible penetrating radiation,
which we know today as
radioactivity, was associated
with phosphorescence. The
bust in the alcove depicts
naturalist Georges Cuvier, long
associated with both the
museum and the French
Academy of Sciences. (Photo
obtained in 1965, courtesy of
Yves Le Grand, who occupied
the chair ar the museum once
held by Becquerel.) FIGURE 2

ELECTROLUMINESCENCE from
this Gassiot cascade delighted
and mystitied 19th century
audiences. The cascade
consisted of a large goblet of
uranium glass, lined with un
foil. When the goblet was
placed on a metal plate,
covered with a bell jar, and
brought to the proper degree
of evacuation, a machine for
generating static electricity that
was connected to the 'Vnil .lllLl
plate caused, in the words ol
historian E. Newton Harvey,
“spectacular electraluminescent
effects . . . in the gas which
seemed to flow over the edge
of the goblet.” (Photo from
the frontispiece to A. Privat
Deschanel, Elementary Treatise
on Natural Philosoplry, vol. 3
[Blackie & Son, London,
1888]) FIGURE 3
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Uranium, ,U

Uranium is weakly radioactive because all
1sotopes of uranium are unstable. Uranium
decays slowly by emitting an a particle.

Urantum-238 (99.2739-99.2752%)),
Uranitum-235 (0.7198-0.7202%)

The half-life of Uranium-238 1s about 4.47 billion years and
that of Uranium-235 1s 704 million years.
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F-igure 13.16 depicts the spontaneous decay of 226Ra. As a general rule,
(1) the sum of the mass numbers A must be the same on both sides of
the equation, and (2) the net charge must be the same on both sides of the
equation. In addition, the total relativistic energy and momentum must
be conserved. If we call M the atomic mass of the parent, My the mass of
the daughter, and M, the mass of the alpha particle, we can define the disin-
tegration energy O:

Q= (Mx — My — M) c? (13.15)

Note that atomic mass rather than nuclear mass can be used here, because the
electronic masses cancel in an evaluation of the mass differences. Qis in joules
when the masses are in kilograms, and c¢is the usual 3.00 X 108 m/s. However,
when masses are expressed in the more convenient unit u, the value of Q can
be calculated in MeV with the expression

Q= (Mx — My — M) X 931.494 MeV/u (13.16)

The disintegration energy Q appears in the form of kinetic energy of
the daughter nucleus and the a particle. The quantity given by Equation 13.16
is sometimes referred to as the Q value of the nuclear reaction. In the case of
the 226Ra decay described in Figure 13.16, if the parT(-bxt@l@us-bsj rest when
it decays, the residual kinetic energy of the productyis 4.87 MeV. Most of the
kinetic energy is associated with the alpha particle because this particle is

much less massive than the recoiling daughter nucleus, 222Rn. That is, because
momentum must be conserved, the lighter a particle recoils with a much

higher speed than the daughter nucleus. Generally, light particles carry off
most of the energy in nuclear decays.
It is fairly easy to calculate the fraction of the disintegration energy carried

Disintegration energy Q
/N

K, =0
2§gRﬂ. Ra
Pra=0

Before decay

Ko
Ka
222
gRM @ P '
PR
After decay

Figure 13.16 Alpha decay of
radium. The radium nucleus is
initially at rest. After the decay,
the radon nucleus has Kinetic
energy K, and momentum
Prn, and the alpha particle has
kinetic energy K, and momen-
tum p,.
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tunneling. In this process, a heavy nucleus decays to a lighter one by the emission
of an a-particle, that is, the nucleus He*. Using a compact notation, the process
can be written as

Z yvA (Z-2) yy(A—4 2171.4
XA — YWY 4 He (11.53)

where Z, N, and A are, respectively, the numbers of protons, neutrons, and total
nucleons in the nuclear species denoted by X (the “parent”) or Y (historically
the “daughter” nucleus).

Because this is a two-body decay, the energy of the emitted « is determined
uniquely from conservation of energy and momentum, and can be calculated
from a knowledge of the masses of the parent and daughter nuclear species. For
the nuclei for which «-decay is an important decay mechanism, the range in
numerical values for the appropriate dimensionful parameters in the problem is
not very large,

R~2-4F, E,~2-8MeV, and Z ~ 50-100 (11.54)
while the observed lifetimes have been measured over an incredibly large range

T~ 107 s—10"1%5 (11.55)



A simple model for this process assumes that the «-particle moves in the
potential of the daughter nucleus, modeled by a combination of an attractive
square well (as in Section 8.2), along with the mutual Coulomb repulsion. This
can be written as

-V forr < R
Vi(r) = (11.56)

Z1ZhKe?/r forR < r
We would then take Z1 = Z, = 2 and Z, = Z — 2 where Z is the charge of
the parent nucleus. This potential is illustrated in Fig. 11.16 and the a-particle
is assumed to have positive energy E, equal, to its observed final kinetic energy;
the model pictures the a-particle as “rattling around” inside the nucleus with a
small (exponentially so) quantum tunneling probability of escaping each time
it “hits” the Coulomb barrier. The tunneling probability for this process is then

/ Ke?Z,Z,r
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Figure 13.21 Successive decays
for the 2%2Th series.
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Figure 13.21 Successive decays

for the 22Th series.

Four Radioactive Series

Radioactive nuclei are generally classified into two groups: (1) unstable nuclei
found in nature, which give rise to what is called natural radioactivity, and
(2) nuclei produced in the laboratory through nuclear reactions, which
exhibit artificial radioactivity. There are three series of naturally occurring
radioactive nuclei (Table 13.5). Each series starts with a specific long-lived
radioactive isotope whose halflife exceeds that of any of its descendants. The
three natural series begin with the isotopes 238U (Uranium Series), °U
(Actinium Series), and ?*2Th (Thorium Series), and the corresponding
stable end products are three isotopes of lead: 206pp,, 207Pb, and 298Pb. The
fourth series in Table 13.5 is an artificial radioactive series called the Neptu-
nium Series because Neptunium is the longestlived member of the series
other than its stable end product, 209Bi. The element 237Np 1S a transuranic
element (one having an atomic number greater than that of uranium) not
found in nature. This element has a halflife of “only” 2.14 X 106 years, much
less than the age of the Earth; consequently, any 237Np present when the Earth
was created would long since have decayed away.

Figure 13.21 shows the successive decays for the **°Th series. Note that

232Th first undergoes a decay to 228Ra. Next, 2?’Ra undergoes two successive 3

Table 13.5 The Four Radioactive Series

Series Starting Isotope Half-Life (years) Stable End Product
Uranium 2%§U 4.47 X 1079 Qgng
Actinium 2?,23U 7.04 X 108 2g;Pb
Thorium 2%%Th 1.41 x 10'° 2gng

Neptunium 2%57;Npa 2.14 X 10° 2?;?;Bi
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Figure 10.2 Electron energy distribution from neutron beta decay. (Solid line is the
theoretical curve; dots are experimental data.) [Source: C. J. Christensen et al., Phys. Rev.
D5, 1628 (1972), Figure 4.]
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LIGHT UNFLAVORED MESONS
(S= C= B =0)

For | =1 (=, b, p, a): ud, (uU—dH)/\/ﬁ_, du;
for 1 =0 (n, o/, hy W, w, &, f, f): c(ut + dd) + c(s53)

16(UPy=17(07)

Mass m = 139.57018 + 0.00035 MeV (S = 1.2)

Mean life 7 = (2.6033 + 0.0005) x 10~8s (S = 1.2)

cT = 7.8045 m
7t — (*y~ form factors 4] EE{I\H/\ﬁﬁ% BiEE+
Fy = 0.0254 + 0.0017 F‘Eﬁ fﬁ%)%’l % Meson

Fs = 0.0119 + 0.0001
F‘/ slope parameter a = 0.10 + 0.06
+0 009
7 modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

p

=T DECAY MODES Fraction (I'; /T) Confidence level (MeV/c)
1w, [b] (99.98770-0.00004) % 30

v, [c] ( 200 *£025 Jx10 7 30
et Ve [b] ( 1.230 +0.004 )x10~4 70

et ey [c] (739 +005 )x10~7 70
et yomd ( 1.036 =+£0.006 ) x 1078 4
etrveete (3 +05 ) x1079 70

et Ve < 5 %1070 90% 70
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J=3

Mass m = 0.1134289267 £ 0.0000000029 u
Mass m = 105.6583715 + 0.0000035 MeV

Mean life 7 = (2.1969811 + 0.0000022) x 10~ ° s

7 +/7,~ = 1.00002  0.00008
cT = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 =+ 6) x 1010
(glu,+ - gﬂ_—) /gaverage = (—0.11 £0.12) x 108
Electric dipole moment d = (—0.1 + 0.9) x 1071% ecm

p
n~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e Vely ~ 100% 53

e Vel [d] (1.44+0.4) % 53
e~ Tev, et e [e] (3.440.4) x 1072 53

Lepton Family number (LF) violating modes
e VT, LF  [f] <12 % 90% 53
e LF < 5.7 x 1013 90% 53
e"eTe LF < 1.0 x 1012 90% 53
e~ 2y LF <72 x 10~ 11 90% 53

BT 2E=EN - NILEATANFE
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[~] 1Py = 33)

Mass m = 1.0086649160 + 0.0000000004 u
Mass m = 939.565379 =+ 0.000021 MeV [al
(m, — mz)/ m, =(9 £6)x107°
mp — mp = 1.2933322 £ 0.0000004 MeV
= 0.00138844919(45) u

Mean life 7 =880.3 +1.1s (S =1.9)

cT = 2.6391 x 108 km
Magnetic moment 1 = —1.9130427 + 0.0000005 /¢ py
Electric dipole moment d < 0.29 x 10722 ecm, CL = 90%
Mean-square charge radius (r2) = —0.1161 =+ 0.0022

fm? (S = 1.3)
Magnetic radius m = 0.862 70002 fm
n DECAY MODES Fraction (I'; /T) Confidence level (I\/I[e)V/c)
pe Tg 100 % 1
pe Tary [kK] ( 3.09+0.32) x 103 1

Charge conservation (Q) violating mode
PreTe Q < 8 x 1027 68% 1

BRI REE10078 - BAREERENET=ZME » P LIRES -
100



HIERSHEET -

N BARYONS
(5=0, I=1/2)

p, Nt = uud; n, N° = udd

[~] I(P) = 33)
Mass m = 1.00727646681 - 0.00000000009 u
Mass m = 938.272046 + 0.000021 MeV [l
Imp, — mp|/m, < 7x 10710, CL = 90% ]
y;_ﬁ;y /(,‘,77—‘;) = 0.99999999991 + 0.00000000009
lap + ap|/e < 7x 10710, CL = 90% [P
lgp + qe|/e < 1x 1072 [d]
Magnetic moment 1 = 2.792847356 =+ 0.000000023 /1
(tp + pp) / pp = (0 £5) x107°
Electric dipole moment d < 0.54 x 1 ecm
Electric polarizability o = (11.2 4 0.4) x 10~% fm?3
Magnetic polarizability 3 = (2.5 = 0.4) x 10=% fm3 (S = 1.2)
Charge radius, pp Lamb shift = 0.84087 + 0.00039 fm 9]
Charge radius, ep CODATA value = 0.8775 =+ 0.0051 fm [4]
Magnetic radius = 0.777 4+ 0.016 fm
Mean life 7 > 2.1 x 10°? years, CL = 90% ¢ (p — invisible
mode)
Mean life 7 > 103! to 1033 years [e]  (mode dependent)

0—23
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Decay Type Radiation Emitted Generic Equation

Alpha decay

Daughter Alpha
Particle

Beta decay S 0 -2

Parent Daughter Beta
Particle

Relaxation 0
Gamma emission éx* —_— éX' + oY —_ ANNND

Parent Daughter Gamma ray
(excited nuclear state)




TYPES OF RADIATION AND PENETRATION

/ ‘r'lx
oL — B
p— D
@& — @ ¢
X-ra
X Y
Parent Daughter Alpha
Particle
" Gamma
I
n Neutron & — @ —5
g
\\\ Parent Daughter Beta
N Particle
\”\.,
Paper Thin plates Lead, iron, and Water, \}J\ 6
made of wood, other thick concrete,etc. ey — ey
aluminum, etc. metal plates v
Parent Daughter Gamma ray
(excited nuclear state)




Penetrating Powers of Alpha Particles, Beta Particles, Gamma Rays and X-Rays

ALPHA Particles
Stopped by a sheet of

paper and cannot penetrate —> "

the outer dead layer of skin

BETA Particles N
Stopped by a layer of clothi

or by a thin sheet of a R 5 >

substance such as aluminum

GAMMA Rays and X-Rays
Stopped by several feet of
concrete or a few inches

of lead
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A nucleus may reach an excited state as the result of a violent collision with
another particle. It is also very common for a nucleus to be in an excited state
after undergoing an alpha or beta decay. The following sequence of events
represents a typical situation in which gamma decay occurs:

Bp— 2t +e +7 (13.26)
e — B + (15.27)

Figure 13.20 shows the decay scheme for 2B, which undergoes beta decay
with a halflife of 20.4 ms to either of two levels of 2C. It can either (1) decay

12
=B
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Decay of Carbon-14
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Country by country: how coronavirus case trajectories compare

Cumulative number of cases, by number of days since 100th case
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Vehicle: Effects caused by acceleration

(a) Constant velocity (c) Forward acceleration (speeding up) (e) Rearward acceleration (slowing down)
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(c) Forward acceleration (speeding up)
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Vehicle: Effects caused by acceleration

(a) Constant velocity (c) Forward acceleration (speeding up)
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(e) Rearward acceleration (slowing down)

\
\
( G| ) e )
| d

HLL a EARVEHEE - FraPieg i —i 0 - PP BTSRRI ZRE —

FraYRe » ERiSE - BTN —a2—1kHY |

NG AT 2 B S B A IEEE © —ma > BBE 25 -



Vehicle: Effects caused by acceleration

(a) Constant velocity (c) Forward acceleration (speeding up) (e) Rearward acceleration (slowing down)
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Simulator: Identical effects caused by tilting

(b) No tilt (d) Backward tilt (f) Forward tilt
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