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The Nucleus

A X chemical symbol, X, for the element

atomic number, Z, equals the number of protons
in the nucleus.

mass number, A, equals the number of nucleons
(protons plus neutrons) in the nucleus.

neutron number, N=A - 7

Isatopes of an element have the same number of protons but a different number of neutrons in
the nucleus, in other words, the same aromic number, Z. bur different newtvon number. N, and,
therefore, different mass number, A.

Isotopes of Hydrogen
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The femtometer (fm) is a convenient unit of length for nuclear physics
because its value is on the order of nuclear radii:

1fm=10"m

Through observations of scattering experiments, nuclear physicists have
developed a potential energy curve for the interaction of two protons.
For a system of two protons, which of the the following is the best rep-
resentation of potential energy versus separation in femtometers?
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Nuclear Spin States

Nuclear spi tum number, 1. ;
fEicar Sl grani L Element H H % %

Number of allowed spin states is I+ 1. Spin 1 ’
Quant #, 1 7 1 3
Spin states: =1, (=1+1),...,-1+1),1 o 2 3 2

it
A B A An applied magnetic field splits the two
spin states of a proton into states of
unequal energy. Energy is lower for the
state in which the spin magnetic moment
is aligned with the external field,
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Radioactive Decay

Alpha Decay
*Ra —— “oRn + iHe
okt
Beta Decay ¥

“WC — YN +18 + ®
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Electron Capture
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A nuclei undergoes alpha decay by emitting
an o particle, which is identical to a helium
nucleus (:He*, two protons and two neutrons).
Z decreases by 2 and A decreases by 4.

In i~ decay, a i particle, which 15 a high speed
electron, and an antineutrino, ¥, are emitted. A
neutron changes into a proton in the nucleus (£
increases by 1 with A unchanged).

Infi* decay. afi* particle, (a positron. the anti-par-
ticle of the electron) and a neutrino, v, are emitted.
A proton changes into a neutron in the nucleus (Z
decreases by | with A unchanged).

In electron capture, a nucleus captures one of

the atom’s own electrons, changing a proton o a
neutron (£ decreases by | with A unchanged), and
a neutrino, v, 1s emitted.

Gamma decay occurs when a nucleus in an excited
energy state (very often as the result of a prior decay
event) emits a very high energy photon, a gamma
ray. as it transitions to a lower energy state.
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An isolate of the ore, pitchblende,
is significantly radioactive. When
the radiation is deflected by the
magnetic field at right and detected
photographically, one component of
the radiation, X, is found to bend
into the plane of the figure, and
another component, Z, bends out
of the plane. The third component,
Y, is not affected by the magnetic
field. Which of the following de-
scribes the components?

a. X is composed of § rays; Y is y rays; and Z is «a rays
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b. X is composed of « rays; Y is anti-neutrinos; and Z is /i ~ rays

c. X is composed of # * rays; Y is neutrinos; and Z is f ~ rays

X is composed of « rays; Y is y rays; and Z is [/~ rays



Stable nuclides are represented by 120 -:*
a narrow band of proton-to-neutron 110
ratios on the graph of neutron number 4, ‘F N — idad of

vs. proton number. MNuclei falling i stable .%F: ih-‘--lrh’
nucler -

=

outside this region are unstable and
subject to radioactive decay. Un-
stable nuclei above the band are said
to be neutron rich, and those below it
are neutron poor. What type of decay
would be expected for the isotope of
33
phosphorus, 15P?

Neutron Number - N

a. o decay
b. f#* decay 0
0 10 20 30 40 50 60 70 80 90
@ﬁ dEan’ Proton Number - £

d. electron capture



Activity and Half-Life

A= - XN

A = %=—1N N el (mﬂ=\='[>(])

A = activity (disintegrations per second) v Number of radioacrive nuclei st
N = number of radioactive nuclei v, fime. 1 * -l .
! = {ime ‘-‘

A decay constant tx ﬂ*l
v I

lal'
N = N.e™

N = number of radioactive nuclei

N“ = number of nuclei intially present
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I = time r
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In the upper atmosphere, cosmic ray protons collide
with nuclei causing reactions that produce neutrons.
These neutrons in turn lead to the transformation
of “N into "'C. This is a continuous process which
maintains a ratio of "C to “C in the atmosphere
that is fairly constant through millenia. After an
organism dies, it ceases exchanging carbon with
the atmosphere, and the ratio “C to “C decreases
through the beta decay of "C which has a half-life
of 5730 years.

Measuring the level of radioactive decay of "C in the
preserved epidermal tissue of a mummy, it was found
to sustain 20% of the activity of living tissue. What
is the approximate age of the mummy?

a. 1400 yrs 13,5[]Uyr5 c. 25,000 yrs
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Mass / Energy Equivalence in Nuclear Processes

Reaction Energy

2 .
Q b & m C - Q = total energy released in a nuclear process

Am = mass difference between products and reactants

' speed of light (3 X 108 mis)
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[Zmﬂ + Nm, - M, ] X 931.5 MeV/u

E

Eh = pucleus binding energy FH.\. = free neutron mass
Mii
Z = atomic number M = atomic mass of combined nucleus
Tl
; . pe .
m_. = (ree prolon mass C = speed of hight (3 X 10° nvs)

N = mewlron number
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The rest mass of a free neutron is 1.008665, and the rest mass of a free
proton is 1.007276 u. Which of these two nuclei is the most stable?

(& iNa
b. Mg
c. Their stabilities are equal.

d. 1Mg is more stable against « decay, while ;;Na is more stable against
Ji decay.



Average Binding Energy per Nucleon (MeV)
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Fusion and Fission
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Fusion combines two light nuclei to produce a heavier nuclei. It requires very
high concentrations of reactants and high temperature conditions.

H +1H — 3He + ;n

Fission is the splitting of a heavy nucleus into two lighter nuclei. In the reac-
tion below, note that a neutron initiates fission and that more neutrons are
produced by fission. Thus a nuclear chain reaction is possible if the mass of
28U is sufficiently concentrated (critical mass).

on + 'pU — 'gXe + ISr + 24n
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The graph at right shows potential energy vs. dis-
tance between a deuteron and a tritium nucleus.
Before fusion can occur, the electrostatic force of
repulsion between the two nuclei must be overcome
by their kinetic energy. This allows the colliding
nuclei to approach within a few femtometers (fm) (1
fm = 10" m) of each other where the strong nuclear
force prevails and fusion can occur.
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H.He . Masshe star near the end
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Most nuclear fusion reactions achieved in the
laboratory require the reactant atoms to be
in the form of a plasma. Plasma is a very
high temperature form of matter in which
the atoms are completely ionized. Which
of the following best describes the required
plasma temperature for the sustained fusion

of deuterium and tritium? The helical magnetic field of a
' tokamak fusion reactor traps
the high temperature plasma,
fH + fH — :HE + :,,]1 preventing it from contacting the
i container walls.

the temperature necessary to fully ionize deuterium and tritium

a.
@ a temperature great enough for the kinetic energy of two typical col-
liding nuclei to exceed their electrostatic potential energy barrier

c. the core temperature of the sun

d. the temperature where the average particle speed produces a mag-
netic force greater than the electrostatic repulsion between nuclei



reschen

235

Mast
e~ A
5

23 %

ns
nded
WAL
DA i

gl 2
W






nenrron

Chain Reaction Fission of *;U

The 1§§U nucleuws undergoes fission afier cap-
turing a thermal neutron. The fission reaction
produces two fission fragments and, depending
upon the particalar daughter nuclei, two or
three newtrons.  These neutrons, in turn, can
trigger the fission of other nuclei, leading 1o

Typical ;U Fission Reactions

on + HU —— "UXe + WSr + 2;n
on + U —— 'gBa + LKr + 3:n

on + pU —— '98n + 'GMo + 3in



