
Nuclear potentials, tables of isotopes

Serway Fig. 13.11:

Good, authoritative listings of the properties of various isotopes are found at

http://physics.nist.gov/PhysRefData/Compositions/in dex.html

http://www-nds.iaea.org/nudat2/index.jsp
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Radioactive dating

� If we assume that we start out with all parent nuclei, we can measure the ratio of daughter to

parent nucleii (for example by using a mass spectrometer) todetermine the age of an object.

� Consider the case of carbon dating.14 C is created at a steady rate from12 C by cosmic ray

irradiation of the atmosphere, leading to a steady ratio14 C/12 C=1:3 � 10� 12 .

� Note that carbon content of the atmosphere is increasing: CO2 has gone from 280 ppmv in the

year 1800, to 378 ppmv at the end of the year 2004. Methane or CH4 is also increasing in the

atmosphere although it is present in the atmosphere at only about 1.8 ppmv. However, the
14 C/12 C ratio should remain the same.

� Carbon in the atmosphere is taken up by plants which are then eaten by animals, so that

everything gets about the same14 C/12 C ratio. When something (you, a tree, or a rabbit) dies,

it stops cycling carbon.

� We can measure the14 C/12 C ratio in a mass spectrometer, but only if we can break apart all

molecules (for example, rip the carbons out of the amino acidglycine C2H5NO2 ).
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How old is the earth?

� James Ussher, Archbishop of Armagh (1581-1656):

following the chronology of a literal reading of the book

of Genesis, the earth was created on the evening

preceding October 23, 4004 BCE.

� Based on observed weathering rates of rocks, 19th century

geologists estimated at least hundreds of millions of years.

� Fourier and Kelvin, ca. 1900: estimate cooling from the

melt. 60 million years? Did not account for radioactive

heating in earth's core.

� Radioactive decay: use mass spectrometers to measure

ratios238 U/206 Pb,235 U/207 Pb,232 Th/208 Pb to infer the

age at which the radioactive isotopes were formed.

� Clair Patterson, CalTech: by measuring these ratios in me-

teorites, one can infer the age of the earth: 4.55 billion

years. Oldest terrestrial rocks are� 3:5 billion years old.

Clair Cameron Patterson,

1922–1995
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Patterson: get the lead out

� The care required to measure lead isotopes led Patterson to realize that there was a huge

increase in lead in the environment, and he eventualy found a102–103 � increase in human

tissues over the last century. The culprit? Tetra-ethyl lead which was used as an anti-knock

compound in automotive gasoline beginning in 1921. Patterson devoted considerable efforts

to eliminating this beginning in 1962.

� The person who had promoted the use of tetra-ethyl lead in automotive fuels was Thomas

Midgley (1889–1944). Workers at the plants producing tetra-ethyl lead soon began to show

severe symptoms of lead poisoning (including neurologicaldegeneration, and several deaths),

though Midgley held press conferences to supposedly demonstrate the safety of the fuel

additive.
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Thomas Midgley

� Midgley made another great contribution to industrial chemistry's impact on the environment:

he developed chloro-�uorocarbons (CFCs) as refrigerants,which we now know lead to ozone

loss in the upper atmosphere.

� From Wikipedia:

At 51, he contracted polio, which left him severely disabled. This led him to

devise an elaborate system of strings and pulleys to lift himfrom bed. In what

must be one of the most ironic deaths in the history of science, Midgley was

accidentally entangled in the ropes of this device and died of strangulation at the

age of 55.

Wikipedia cites a book by Bill Bryson calledA Short History of Nearly Everything. I've read

the book; it's wonderful, and tells more of the story of both Midgley and Patterson along with

many other stories covering a sweep through most sciences.
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Patterson: a responsible scientist

� Patterson wasn't thrilled about spending time battling lead additives to fuels. From a

cover letterfor a manuscript in 1965:

The enclosed manuscript does not constitute basic researchand it lies within a

�eld that is outside of my interests. This is not a welcome activity to a physical

scientist whose interests are inclined to basic research. My efforts have been

directed to this matter for the greater part of a year with reluctance and to the

detriment of research in geochemistry. In the end they have been greeted with

derisive and scornful insults from toxicologists, sanitary engineers and public

health of�cials because their traditional views are challenged.

� Lead �nally banned in U.S. gasoline in 1986, and lead levels in the blood of Americans have

dropped by more than 80% since then (similar declines are observed in lead levels in the snow

in Greenland).
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Nuclear shells

� We have seen how atoms have electron

“shells” or sequential orbitals with

different energies.

� The potential for nucleons is not the same

as the Coulomb potential so the quantum

mechanical solutions to energy states are

not the same as what we've seen before.

Here's a picture of nuclear shells. See

discussion of Maria Göppert-Mayer's

contributions to this on Serway p. 478

(Nobel Prize 1963).

� We can �t protons and neutrons into

separate shell sequences.

� There exist magic numbers for closed

shells: 2, 8, 20, 28, 50, 82, 126

Nuclear shells, from Georgia State's

Hyperphysicsweb site
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Magic numbers

� Again, the magic numbers refer to the top of energy state sequences before there is a gap, and

they apply separately to neutrons and protons. The magic numbers are

2, 8, 20, 28, 50, 82, 126

� Some nuclei are doubly-magic, in that both the proton numberand the neutron number are

magic. These nuclei are especially stable:
4
2He,16

8 O, 40
20 Ca,48

20 Ca,208
82 Pb

� Consider the two doubly-magic calcium nuclei: detailed calculations of the binding energy

difference from the liquid-drop model trend (a trend we'll discuss next) illustrate the extra

stability:

From Georgia State's

Hyperphysicsweb site
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More magic

Additional evidence for “magic” shells (again fromHyperphysics):

� Enhanced abundance of those elements for whichZ or N is a magic number.

� The stable elements at the end of the naturally occuring radioactive series all have a "magic

number" of neutrons or protons.

� The neutron absorption cross-sections for isotopes whereN is a magic number are much

lower than surrounding isotopes.

� The binding energy for the last neutron is a maximum for a magic neutron number and drops

sharply for the next neutron added.

� Electric quadrupole moments are near zero for magic number nuclei, indicating more

symmetric charge distribution.

� The excitation energy from the ground nuclear state to the �rst excited state is greater for

closed shells.
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The liquid drop model

� This is discussed in Serway Sec. 13.3 but not in much detail.

� Origins of the model: von Weizsäcker,Z. Phys.96, 431 (1935); Bethe and Bacher,

Rev. Mod. Phys.8, 82 (1936). Important additions to understand �ssion made by Frisch and

Meitner and then by Bohr and Wheeler in 1939. Note that Frischand von Weizsäcker were

German which was of particular interest at that moment in history: : : Bethe was German, and

Meitner was an Austrian Jew, but they both left Germany around this time.

� The main term in the liquid drop model is an average binding energy per nucleona1 . The sum

of this binding energy term over all nuclei is

BE1 = � a1A(1)

Because the binding energy must overcome Coulomb repulsionbetween nuclei, we know that

a1 must be on the order of 10 MeV or so.
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Surface energy reduction

� If we imagine nucleons being packed in a lattice, the nucleons on the surface have no

neighbors off to one side and thus a different energy per nucleon.

� How many nucleons are on the surface? Consider nucleons to besquare lattice boxes inside a

spherical nucleus. The volume available to a single nucleonis then

r 3
1 =

volume of nucleus
nucleons per nucleus

=
4
3 �R 3

A

� The number of nucleons on the outermost shell of the sphere isthen given byA times the

fractional volume, or

nouter = A
4�R 2 � r

4
3 �R 3

= 3 A
� r
R

! 3A
r 1

R
= 3 A

(
4

3
�R 3=A)1=3

R

= 3(
4
3

� )1=3A 2=3 ' 4:8 A 2=3 :
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Surface energy reduction II

� Again, the number of nucleons on the outermost shell is givenby nouter = 4 :8A 2=3

� If a1 describes binding within the volume of the nucleus, then a lattice point on the surface is

missing one of its four closest neighbors, giving a loss of(1=4)a1 in binding. We therefore

expect the surface term to go as

BE2 = + a2A 2=3 '
1
4

4:8 a1A 2=3 ' 1:2 a1A 2=3

Note that because this represents areductionin binding energy, it is a positive term.
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Coulomb repulsion

� From electrostatics, one can calculate the self-energy of acharge distribution of radiusR as

E =
1
2

Z R

0
V (r ) � (r ) 4�r 2 dr =

3
5

(Ze)2

4�� 0R

� Recall that constant nuclear density gave usR = R0A 1=3 with R0 ' 1:2 � 10� 15 m

determined from elastic scattering measurements.

� Therefore, the Coulomb repulsion term (which again reducesthe binding, and therefore has a

positive sign) is

BE3 =
3
5

(Ze)2

4�� 0R
=

3
5

e2

4�� 0R0

Z 2

A 1=3
= a3

Z 2

A 1=3

and a calculation of35
e2

4�� 0R0
givesa3 = 0 :72 MeV.
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Asymmetry term I

� Consider relative energy of �lling neutron versus

proton states. Assume states are evenly separated by

� BE.

� Pauli exclusion principle: only one nucleon per state

(assuming that up-down spin is one of the factors

that separates states in energy).

� Start out from 50-50 mix of neutronsN and protons

Z , or Z = N andA = N + Z = 2 N . Changen

nucleons from protons to neutrons:

N =
1
2

A + n and Z =
1
2

A � n

Subtraction gives

N � Z = 2 n or n =
1
2

(N � Z ):

Neutron states Proton states

DBE
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Asymmetry term II

� Again, we haven = 1
2 (N � Z ).

� What's the energy involved in havingn nucleons

make this change? Each nucleon has to make a jump

in energy ofn � BE. There aren of these jumps

taking place. Therefore the total change in energy

looks like

n � n � BE = n2 � BE =
1
4

(N � Z )2 � BE

and the average per nucleon involves dividing byA

nucleons. We therefore have an assymetry energy

term that should go like

BE 4 = + a4
(N � Z )2

A

Neutron states Proton states

DBE
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Neutron excess

This term

BE 4 = + a4
( N � Z ) 2

A

explains why we have a weak

parabolic excess in neutrons

at largeZ . This �gure from

Georgia State'sHyperphysics

web site.
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Net effect

� Again, our terms involve:

! Binding energy per nucleon BE1 = � a1A

! Surface energy reduction term BE2 = a2A 2=3

! Coulomb repulsion term BE3 = a3
Z 2

A 1= 3

! Assymetry term BE4 = a4
( N � Z ) 2

A

� Putting all of these terms together gives

BE = � a1A + a2A 2=3 + a3
Z 2

A 1=3
+ a4

(N � Z )2

A

where we can re�ne our initial estimates of the magnitudes ofthese terms by using a best �t to

all stable nuclei to �nda1 = 15 :5 MeV, a2 = 16 :8 MeV, a3 = 0 :72 MeV, anda4 = 19

MeV (Serway calls theseC1 -C4 and gives slightly different values after Eq.13.7).
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Curve of binding energy

Again, the net effect is

BE = � a1A + a2A 2=3

+ a3
Z 2

A 1= 3 + a4
( N � Z ) 2

A
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The inverse curve

In this inverted curve of the negative binding energy, nuclei like to roll up the hill. Notice the “bumps”

near magic numbers2 � [2; 8; 20; 28; 50; 82; 126].

This �gure from Georgia State'sHyperphysicsweb site
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Nuclear �ssion

Uranium releases about 2.5 neutrons per decay, and around 215 MeV total energy. This makes chain

reactions possible! Note that two are prompt while one is delayed. See also Serway Fig. 14.5.
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Nuclear fusion

� The power source of stars, including our sun (see Serway Eq. 14.10):
1
1H+1

1H! 2
1H+0

1e+ + �
1
1H+2

1H! 3
2He+


1
1H+3

2H! 4
2He+0

1e+ + �
3
2He+3

2He! 4
2He+1

1H+1
1H

Net effect: four protons combine to make an alpha particle and two positrons, releasing 25

MeV of energy. Works at high temperature (1:5 � 107 K) and high pressure in sun's interior.

� These reactions are a little easier to drive (work at lower temperature and pressure; Serway

Eq. 14.11):

D-D: 2
1H+2

1H! 3
2He+1

0n+3.27 MeV

D-D: 2
1H+2

1H! 3
1H+1

1H+4.03 MeV

D-T: 2
1H+3

1H! 4
2He+1

0n+17.59 MeV

Deuterium (21H) is cheap; can get 0.12 g from 1 gallon of water for about $0.04. Tritium is

hard to get and hast1=2 = 12 :3 years and is produced mainly in nuclear reactors.
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Fission: neutron moderation

Cross sections for neutron capture by235 U vary by orders of magnitude depending on the neutron

energy.

You're much more likely to capture a neutron and induce �ssion if the neutron is at low energy!

You can slow neutrons down by inelastic scattering in carbon, hydrogen or (better yet)

deuterium—also known as heavy water.

Australian Uranium Information Centre – p. 22/22


