Chapter 20   Nuclear Matter

Why is it important to have some basic knowledge of the nuclei of atoms?

page 2  Nuclear Force

What did Rutherford discover about the nuclei of atoms?

Why might the protons in the gold nucleus (and nuclei other than hydrogen) tend to move away from each other?  How is it possible for 79 protons in the gold nucleus to stay close to each other?

The proton was detected in experiments from 1898 to 1919 when the name proton became accepted.  The neutron was discovered in 1932.   Nuclei are labeled with Z for the number of protons in the nucleus and A for the count of protons and neutrons in the nucleus.  N is equal to A – Z.   What does N represent?
Scattering experiments (shooting sub-atomic particles at the nucleus) show that the nuclei of atoms have a radius of approximately  r = 1.2 x 10-15 meters times the cube root of A.  Calculate the radius for a Carbon atom (is this a complete question?).   Calculate r for an iron atom.

*Compare the strength of the strong nuclear force to the strength of the electrical force.

*What is a nucleon?

*Describe the effect of the strong nuclear force on electrons.

page 3  Range of the Nuclear Force

The nuclear force has a limited range.  The strength of the nuclear force between two protons or a proton and neutron or a neutron and neutron weakens if they are farther apart than 10-15 meters and drops to zero if they are farther apart than 10-14 meters.

I will draw a graph of N vs. Z 

that shows the stable 

(non-radioactive) isotopes.

Why are extra neutrons required

to make large nuclei stable?

Nuclear Fission

The nucleus is not a hard sphere.  The nucleons can move around and the nucleus can be non-spherical.  What might happen if the nucleus became too elliptical in shape rather than spherical?  See Figure 2a.   What can lead to the fission of uranium?

Note that the fission of Uranium-235 produces some large fragments and some extra neutrons.  Why are some neutrons released?

An uncontrolled chain reaction can occur if enough uranium-235 nuclei are in close proximity to each other.  If the uranium-235 is in the shape of a sphere about 13 pounds of uranium form a critical mass where a runaway chain reaction (bomb) can occur.
I would restate the last paragraph on page 20-4.  In the process of fission some mass becomes kinetic energy of the fission fragments.  It is true that the large nuclei repel each other with the electrical force.  The neutrons do not repel each other.  The energy released is not due to electrical energy.   If momentum is conserved (it is) which objects have most of the kinetic energy, the large fission fragment nuclei or the neutrons?

The objects released in nuclear fission carry on the order of a few MeV of kinetic energy.  That means that the energy involved in the process is on the order of a million times greater than the energies involved in the shifting of electrons between energy levels.  Nuclear energy calculations deal with numbers about one million times larger than the energy calculations we performed for the emission of light when electrons change energy levels in an atom.

If we want to obtain 5 Joules of energy separately in a chemical process and a nuclear process, roughly how many more atoms will need to be involved in the chemical process than if the nuclear process is used?   Roughly how much more mass of fuel will be involved?

page 6  Neutrons and the Weak Interaction

Isotopes that have too many neutrons are radioactive.  The weak nuclear force is involved in the decay of a neutron into a proton, electron and neutrino.  The neutron is a radioactive particle that has a typical lifetime of about 15 minutes when the neutron is not in a nucleus.  But, inside the nucleus the neutron has a much longer lifetime.  The decay of the neutron in a nucleus is called the normal beta decay.   
page 7  Nuclear Structure    We will only discuss the inverse beta decay in this section.

A proton can decay into a neutron.  What happens to the positive charge carried by the proton?  Can a process occur in which the net charge of the universe changes?

A positron is the antimatter form of the electron.

Positron Emission Tomography is an important tool in medical imaging.

http://en.wikipedia.org/wiki/Positron_emission_tomography
Isotopes that have too few neutrons are candidates for the inverse beta decay.
page 8  Alpha Particles

If you recall, Rutherford used alpha particles to probe the size of the nucleus.  The alpha particles are helium nuclei, 2 protons and 2 neutrons.  This package of nucleons is very stable and appears to exists as a package in the larger nuclei.  The alpha particles are usually contained by the nuclear force in the large nuclei.  But, there is a non-zero probability that one can “tunnel” through the force barrier of the strong nuclear force.  
Temporarily, while it is “tunneling,” the kinetic energy of the alpha particle is a negative number.  How is this allowed by the theories of modern physics?

After the alpha particle exits the nucleus it is repelled by the nucleus.  Which object will have the larger kinetic energy, the nucleus or the alpha particle.

A gamma ray is emitted by the nucleus when a proton or neutron drops to a lower energy level in the nucleus.  What is a gamma ray?  What is a typical energy for a gamma ray?

page 9 Nuclear Binding Energies
Why does an electron remain close to the proton in the hydrogen atom?  What can cause the electron to be separated from the proton in the hydrogen atom?  This is called ionization.  We discussed the trends in ionization energy across the rows of the periodic table.

The nucleons are bound to each other by the strong nuclear force.  What would be required to “ionize” a nucleus?  The total energy required to separate all of the nucleons is called the total binding energy.  If we divide this number by the number of nucleons in the nucleus we have the average binding energy per nucleon.

I prefer to calculate the total binding energy by using the data on masses of isotopes and the masses of hydrogen and a neutron.  It turns out that the mass of a nucleus is different than the total mass of the separate nucleons.  e.g. the mass of C-12 is different than the sum of the masses of 6 separate protons and 6 separate neutrons.  We can use E = ∆mc2  , where ∆m is the difference in mass, to calculate the binding energy.

I will provide you with data on the masses of the isotopes, proton, and neutron.  For convenience (no powers of 10) we will use the atomic mass unit (symbol  u  )   rather than kilograms for the mass values.   A neutral atom of Carbon-12 has a mass of exactly 12 u’s, by definition.

Masses of neutral isotopes:    form:  Z-element-A
1-H-1 1.007825 u
1-H-2  2.014102 u
1-H-3 3.016049 u  2-He-3 3.0160293 u
2-He-4  4.002603 u
3-Li-6  6.015123 u
3-Li-7  7.016005 u 
3-Li-8


3-Li-9  9.0267891u     4-Be-8  8.0053051u

4-Be-9  9.012182 u
5-B-9  9.0133288  u    5-B-14  14.025404 u
6-C-13  13.003355 u
6-C-14  14.003242 u
7-N-13  13.003355 u     7-N-14  14.003074 u
26-Fe-55 54.9382980  26-Fe-56   55.934939 u   26-Fe-57  56.9353987 u
88-Ra-226 226.025406 u
86-Rn-222 222.017574 u
90-Th-228  228.02873 u
92-U-232  232.03714
u
92-U-235 235.043925 u 
92-U-238  238.050786 u   
      
some data from http://atom.kaeri.re.kr/ton/nuc1.html
neutron  1.008665 u                  Conversion factor:  1 u = 931.5 MeV

What is the binding energy per nucleon for Li-7?

This nucleus has 3 protons and 4 neutrons.

The  mass of the separate objects is 3 ( 1.007825) + 4 ( 1.008665) = 7.058135 u.
How is the mass of the electrons accounted for in this calculation?

∆m = 7.058135 – 7.016005    ∆m = 0.04213 u

Convert this to an energy:    0.04213 u   times  931.5 MeV per u       

The total binding energy is 39.24 MeV

Divide by 7 to get the binding energy per nucleon    5.61 MeV

Calculate the binding energy per nucleon for Be-9.

Calculate the binding energy per nucleon for Fe-56.

Refer to Figure 4 on page 10.  Describe the nuclear reactions that lead to a release of energy. (i.e. Where on the graph are the reactants located and where are the products located?
* Can energy be released by either fission or fusion for Iron-56?

The following material is not in our text.  You should read from an introductory physics textbook in the library for background reading.  Look in the 530 shelf area (Dewey Decimal System).

NUCLEAR REACTIONS
In a nuclear reaction the net charge and the number of nucleons is conserved.
e.g.     232         

                 U     (     ??         +    alpha particle

             92

Fill in the Z and A numbers for the products.

Is this reaction likely to occur?

e.g.      14  

               C      (    ??         +    positron     + neutrino
              6

Fill in the Z and A numbers for the products.

Is this reaction possible?

e.g.     60     *            

               Co    (       Co   +  gamma

           27

Fill in the Z and A numbers for the products.

Is this reaction possible?

e.g.            14                14        1
          n    +    N     (      C   +   H

                     7                6         1
Balance this equation.  What is n?
HALF LIFE

Radioactivity is a random event for any nucleus.  But, a large collection of nuclei have a characteristic life time known as the half-life.  In one half-life, half of the original nuclei will have decayed by one of the decay processes.

A useful parameter for half-life calculations is the decay constant.  λ = 0.693/Tonehalf
The number of remaining nuclei obey an exponential law.  

Suppose that we start with 1000 radioactive nuclei.  Let 

the half-life time be 2 hours.  How many nuclei will 

remain after 2 hours,  … after 4, 6, 8, 10, 12 hours?  

Make a graph of the number of nuclei that remain 

(vertical axis) versus the total elapsed time 

(horizontal axis).  What is the shape of your graph?

The number of nuclei that remain, N, is related to the
number of nuclei at time=0, N0  by

N = N0 e-λt
Let N0 be 1000.  Let the half-life be two hours.  Calculate λ.  Calculate N for 2, 4, and 6 hours.

The activity, A, of a sample of radioactive nuclei is   A = λN  .

What is the activity for 8 micrograms of Co-60 ?  The half-life is 5.2714 years.

1.  How many nuclei are present?

2.  What is the value of the decay constant?

3.  Calculate the activity.

A common unit of activity is the Curie.   1 Curie is 3.7 x 1010 decays per second.

1.4 grams of U-238 has an activity of 17,400 decays per second.  Calculate the half-life.
C-14 has a half-life of about 5730 years.  It is produced in the upper atmosphere by neutrons created when cosmic rays strike nitrogen atoms in the upper atmosphere.  Mixing in the atmosphere brings the C-14 into the lower atmosphere.  Is C-14 significantly different than C-12 in its chemistry activity?   Living plants have an equilibrium value of C-14.  When the plant dies it no longer has an intake of C-14 and the amount of C-14 relative to C-12 decreases.  Suppose that the amount of C-14 to C-12 in a fossil tree limb is 32% of the amount of this ratio in a living tree limb of the same species.   Calculate the age of the fossil tree limb.
What assumptions are being made when C-14 dating is performed?

DETECTORS OF RADIATION

Alpha, beta and gamma radiation can ionize an atom.  This effect allows radiation to be detected.  This effect is also what makes radiation dangerous to living cells.

A Geiger counter has a sealed metal can with a thin window and a central wire that is insulated form the can.  A voltage of around +700 volts is applied to the central wire.  When an atom in the can is ionized by radiation the electron released in the event is attracted to the central wire.  As it accelerates towards the wire it collides with and ionizes more atoms.  There is an avalanche of electrons that reach the central wire.  This creates a measurable current in the central wire.  Electronic circuits attached to the central wire can then produce a click in a speaker or a count on an electronic counter.

The Geiger counter is most efficient at detecting beta particles.  If the window is too thick, alpha particles are absorbed by the window.  The gamma rays don’t interact as strongly with the atoms in the can as the beta particles.

A scintillation counter is used to detect gamma rays.  This device uses a crystal so it has more targets per cubic centimeter for the gammas to strike.  The atoms in the crystal emit light when the gamma ray passes through the crystal.  The amount of light is proportional to the energy of the gamma ray.

A cloud chamber can show the path of the radiation, not just that radiation is present.  The chamber holds a supercooled vapor.  The atoms that are ionized when the radiation passes through the chamber form condensation centers.  A small track of clouds created on these ions shows the path of the radiation.  It is common to apply a magnetic field to the chamber and to photograph the tracks.  What can be determined from the photograph?

If the detection of radiation interests you do an Internet search for  bubble chamber, spark chamber, or solid state radiation detector.
NUCLEAR FISSION

The fission of uranium was discovered in Germany in 1938.  U-235 fissions after it absorbs a neutron.  The fission fragments consist of two atoms that are roughly half the mass of the U-235, and a few neutrons (e.g. 3 or so).  The number of free neutrons depends on the particular isotopes of the large fragments.
U-235 has a natural abundance of about 0.7% of all uranium that is mined.  U-238 represents about 99.3% abundance.  U-238 does not fission when it absorbs a neutron so it is not used as direct fuel in a fission reactor.  Depending on the design of the reactor the fuel in the reactor is enriched to about a 3% concentration of U-235.  A current world topic is the limiting of the spread of the technology that allows countries to enrich uranium (e.g. Iran).

It is much more likely that the U-235 will absorb a slow neutron than a fast neutron.  The neutrons released by the fission process are moving too fast to be captured by other U-235 nuclei.  How could these released neutrons be slowed down in a nuclear power plant in order to create a chain reaction?

The first controlled fission reactor experiment took place in Chicago in 1942.

Suppose that U-235 is in place and there is material in place to moderate the speed of the neutrons.  How could the number of fissions per second be decreased?  A reactor is “critical” if the number of fissions per second is a constant.
moderator

control rod

Design of a Pressurized Water nuclear reactor

Core :  fuel rods, moderator, control rods, primary coolant loop, containment vessel

The products of the fission carry kinetic energy.  This raises the temperature of the core of the reactor.  The water in the primary coolant loop carries this thermal energy out of the core.  The primary loop is kept under pressure so the water doesn’t boil.

Heat Exchanger:  The piping of the primary loop is cooled in the heat exchanger by the liquid carried by the secondary loop.  The water in the secondary loop is converted to steam.

Containment Building:  This reinforced concrete structure holds the core and heat exchanger systems.  It is designed to contain radioactive material in the event of a problem.

Turbines:  The steam in the secondary loop is at high pressure.  The steam is applied to the blades of turbines that rotate and generate electricity.

Cooling Towers:  The steam in the secondary loop is cooled which causes it to condense back into water.  This water is pumped back to the heat exchanger.

Three Mile Island Accident
March 1979

Where is Three Mile Island?

What caused the accident?

What economic impacts did the accident have?

What health impact did the accident have?

Chernobyl Accident

April 1986

Where is Chernobyl?

What caused the accident?

What economic impacts did the accident have?

What health impact did the accident have?

page 12 NUCLEAR FUSION
In nuclear fusion two smaller nuclei merge to form a single nucleus (of A <56).

Make a rough sketch of a Maxwell-Boltzmann distribution 
for a gas of protons with an rms temperature of 
20 million Kelvin.   What is important about the protons 
that have a velocity much larger than the average 

velocity of the protons in this gas?

How can the fusion of hydrogen to helium be accomplished in a lab?

Tokamak




Inertial Confinement

HEALTH EFFECTS OF RADIATION
Radiation ionizes atoms and changes the chemistry in a cell.  The cell may die or may become cancerous.  In order to quantify the effects of radiation we will discuss the absorbed dose and the effective dose.  The absorbed dose is calculated by dividing the energy deposited by the number of kilograms absorbing the energy.   One rad = 0.01 Joule/ 1 kg.   One Gray = 1 J/1 kg.  

The damage done by the radiation depends on the type of radiation.  The “quality factor” for photons and electrons is 1.  The QF for slow neutrons is 3.  The QF for alpha particles is 20.  The effective dose in rems is equal to the dose in rads times QF.  The background dose is about 0.36 rems per year.  A medical x-ray delivers about 0.04 rems.  1000 rems in a period of a day is fatal.
page 13  Stellar Evolution (The Life Cycle of a Star)

The scientific model for the formation of stars begins with a cool gas cloud.  If the cloud is dense enough its gravity will cause the cloud to decrease in size.  Roughly one-half of the gravitational potential energy will become kinetic energy.  Describe the temperature at the center of the cloud as the cloud decreases in size.

If the total mass of the cloud is large enough the central temperature can reach the point at which fusion of hydrogen to helium can take place.  This raises the temperature of the core even more.  An equilibrium is established between the force of gravity which is trying to shrink the star and the outward force due to the internal pressure in the core.  A star in this state is said to be on the “main sequence.”  Roughly 90% of the stars in our galaxy are on the main sequence.  Calculations show that the sun has enough hydrogen to remain on the main sequence about 10 billion years.  Calculations of the ages of rocks on earth and the moon indicate the solar system is probably 5 billion years old.
When about 90% of the hydrogen in the core of the sun is converted to helium the core will shrink.   Why?

As the core shrinks its temperature will increase.  There will be a shell of hydrogen fusion that will release more energy than the core did in the past.  This will lead to an increase in the internal pressure (outside the core) and the star will expand.  The sun will now be a red giant star.  It will be a red color because the outer layers of the star will be cooler than the visible layer of the sun we observe today. The radius of the red giant will be larger than the radius of the orbit of the earth.

White Dwarf
Eventually the core temperature will reach a point at which helium fuses to form carbon.  This will have the effect of reducing the total energy output and the red giant will shrink.  For stars with the mass of the sun or less the fusion of helium is the last source of nuclear energy.  As the core shrinks again as helium is used up the core temperature will not reach a level at which the carbon can fuse.  As the energy production in the core decreases the sun will shrink.  Eventually it will shrink to be the size of the earth with a mass of nearly the current mass of the sun.  The decrease in size stops when the Pauli Exclusion Principle no longer allows electrons to pack closer together in the sun.  The electrons are then said to form a degenerate electron gas.  The degenerate electron gas pressure supports the weight of the layers of the star.  At this point the sun will be called a White Dwarf.  It will be called white because it will be very hot and emitting all the wavelengths of visible light.  It will be labeled a dwarf because it is the size of the earth.  White dwarf stars are observable in our galaxy.
Neutron Star

For stars more massive than the sun gravity can overcome the electron degenerate gas pressure.  If a white dwarf is more than 1.4 times the mass of the sun, gravity can force electrons to merge with protons, forming neutrons.  A neutron star has a radius of a few miles.
A neutron star can also be formed in a supernova.  For massive stars the fusion process continues until a core of Fe-56 is formed.  Neither fusion or fission with Fe-56 releases energy.  In fact processes that involve Fe-56 require energy.  In this situation the internal pressure of the core drops and the overlaying layers of material collapse.  The outer layers of the star have elements that can undergo fusion and release energy.  The collapsing material also rebounds off the dense neutron star that forms in the core.  These processes cause a release of energy that blows off much of the mass of the star.  For a few days the supernova releases as much energy as an entire galaxy of stars.  The book discusses observations of a supernova observed in 1987 on page 20-16.  The Crab Nebula photo shows the remains of the supernova observed as a guest star by the Chinese in 1054 A.D.

As the supernova collapses it conserves angular momentum.  Our sun spins once on its axis in approximately 27 days.  The neutron star formed in the supernova explosion rotates rapidly, up to 700 revolutions per second (http://www.nrao.edu/pr/2006/mspulsar/).  The neutron star also has a strong magnetic field.  In 1967 radio astronomers in England detected a periodic signal from space.  The source of the signal was labeled LGM.  What does LGM stand for?

page 17  The rotating neutron stars emit light (including radio waves) in a pattern that resembles a rotating light at an airport.  As the beam sweeps into the direction of the earth astronomers can detect the radio or light waves (see Figure 7 on page 17).  These rotating neutron stars are called pulsars.  The stars do not pulse in the sense of changing their radius.  The name pulsar comes from the fact that we detect the emitted light in pulses, one per sweep of the beam.

Black Hole

If the density of material becomes greater than the density of the neutron star the object collapse to form a black hole.  This can happen for objects with more than 5 times the mass of the sun.  In this object the bending of space-time is so severe that not even light can escape.  The existence of black holes is determined by examining the gravitational effect the black hole has on the space outside the hole.  There are situations where a star is orbiting a black hole and mass is being pulled towards the black hole.  As this mass falls toward the black hole its temperature increases and it emits X-rays.  These X-rays can be detected as the material has not yet fallen into the black hole.
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