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AP Physics – Nuclear Physics – the intersection of Physics and Chemistry
Nuclear physics takes in a lot of territory and the range of things it effects is enormous – from saving the lives of cancer victims to its use in weapons of mass destruction.  There’s a lot to love and hate in the nuke world.

Review of Atomic Theory Basics: (Here’s important stuff you need to know.) Let’s do a quick review about atoms.  Nuclear physics deals with atoms, right?  Anyway, the basic idea is that ordinary matter is made up of collections of atoms.  There are around 90 different kinds of atoms that can be found on our beloved planet.  Each of the different types is called an element.  Elements are substances that cannot be broken down into other substances. So far this is nothing more than a basic chemistry review, ain’t it?  Well, it does get better.  Wait and see.

Each atom has a nucleus, which contains most of its mass.  In this nucleus are the nucleons – the protons and neutrons (which you no doubt fondly remember from your electrical studies).  Surrounding the nucleus is the electron cloud – this is where the electrons go about their enormously busy little electron thing.  There is one electron for every proton in an atom.   When the number of electrons and protons is different, you don’t have an atom anymore, you have gots you one of them ions.  Remember them?  Anyway, just what the electrons are doing in an atom is pretty complicated – we’ll deal with them later when we get to quantum mechanics.

The atomic number is the number of protons in an atom.  This information can be easily found  from the periodic table (you will, no doubt, recall that elements are organized by atomic number in the periodic table).   A periodic table is included at the end of this section of the text.  You also have one available in your CCHS planner.

Z is the symbol for the atomic number.

The mass number is the number of nucleons in an atom – so it’s like the number of protons plus the old number of your basic neutrons.  Atoms are required to have a mass number because the number of neutrons can vary from one atom of a particular element to another.  For example some atoms of carbon (atomic number 6) have 6 neutrons while others might have 8.  Atoms that have different mass numbers are called isotopes. Isotopes of an element behave pretty much the same way, chemically (at least) except that they have a very slightly, teeny difference in mass.   So far as chemistry is concerned, isotopes behave the same.  So a chemist doesn’t really care about the thing.
A is the symbol for the mass number.

You won’t find mass numbers on the periodic table.  Instead they are supplied as part of the name of the isotope.


N is the number of neutrons.

Isotopes are identified by their mass numbers.  There are several ways to do this.  Let’s take as our example an isotope of uranium.  We could call it:

Uranium – 235
Here we give its mass number, 235.

U – 235

The chemical symbol for the element plus the mass number.
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The chemical symbol plus the mass number.
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Both the atomic number and the mass number are given.

The mass number and atomic number are supplied as follows: 
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     Symbol for element
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Atomic number

Using the atomic symbol and the mass number we can find the number of particles an isotope has.
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That is to say:

Mass number = atomic number + number of neutrons

· How many protons, electrons, and neutrons for 

?

Radioactivity:  (You need to know this stuff.) Certain types of isotopes are not, for some reason, stable.  The nuclei just up and break apart.  Most disconcerting.  We call such elements radioactive isotopes.  The whole general thing is called radioactivity.  Radioactivity has to do with the weak nuclear force and the combination of protons and neutrons.  Turns out that some combinations are more stable than others.

Radioactivity  (  spontaneous breakdown of an unstable atomic nucleus with emission of particles and rays.

=======================================

Characteristics of radioactive isotopes:
1. Radioactive emissions affect photographic film.

2. Radiation ionizes air molecules surrounding them.

3. Radiation makes certain compounds fluoresce (give off electromagnetic radiation).

4. Radiation has physical effects on living organisms - it can kill or damage tissue.

5. Radiation destroys and alters the nucleus of the atom and produces a new element or elements from the old one.

=====================================================================

Why Are Some Elements Radioactive? (Important stuff you need to know.) The mechanism of radioactivity is not really understood.  It appears to be related to the interaction of protons and neutrons in the nucleus.  The normal isotope of hydrogen has only one proton in its nucleus - no neutrons.  Most helium atoms have two protons and two neutrons.  The neutrons are required, in some way not fully understood, to "cement" the protons together to form a nucleus.  The protons would normally repel each other because of their like charges, but this does not happen in the nucleus.  As the number of protons increase, the number of neutrons increases.  As the nucleus gets bigger, we soon find that the nuclei have more neutrons than protons.  For some reason, certain combinations of neutrons and protons are more stable than others.  For example, C-12 is stable, but C-14 is radioactive.  The force that keeps the nucleus together, that acts between protons and neutrons is called the nuclear force.  Sometimes it is called the strong nuclear force.  This force is many orders of magnitude greater than the electromagnetic force – it would have to be wouldn’t it to keep the protons close together?  We know that like electric charges repel each other, so the protons don’t want to be close together.  The strong force, much greater than the electromagnetic force binds them together.  For this to happen, however, the protons must be very close together – about the radius of a proton or so.  Then the strong force kicks in.  To sum it up:

· The strong force is enormously stronger than the electromagnetic force.

· The strong force has a much smaller effective range than does the electromagnetic force.

Neutrons are required in the mix of protons for the strong force to work properly.
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Half-life: (This is stuff you do not need to know.) Any sample of a radioactive element has atoms that undergo spontaneous radioactive decay.  When it does this, the number of atoms of the radioactive isotope decreases as the nuclei break apart and form other elements.  These new decay elements or products are called daughters.  The old, original radioactive element is called the parent. Because of this decay, the amount of the parent decreases with time.  The rate of decay is often described in terms of the half-life.

Half-life ( the time for one half of a radioactive sample to decay.

For example, radium-226 has a half-life of 1620 years.

This is shown in the graph below.  One kg of radium-226 begins the thing.  After one half-life (1620years) only half of the sample remains – the other half has decayed into some other element.  After two half-lives only one fourth would remain and so on.
===================================================

Types of Radioactivity: (Important stuff you need to know.) There are three major types of radiation that the nuclear physicist is concerned with: alpha, beta, and gamma.  Alpha radiation consists of particles, alpha particles.  The alpha particles are actually helium nuclei.  Beta radiation is also made up of particles – electrons.  Gamma radiation is made up of very short wavelength electromagnetic waves.  The reason for the odd names is a simple one.  The types of radiation were discovered before the particles were.  So Ernest Rutherford discovered alpha particles before anyone knew anything about helium nuclei.  

Here are some characteristics of the different types of radiation:

1. Alpha particles.  The symbol for the alpha particle is (.  

· ( particles are helium nuclei.  Each alpha consists of 2 protons and 2 neutrons.

· ('s have a positive charge (+2).

· ('s are only slightly deflected by a magnetic field (because of their large mass).

· They are stopped easily by a sheet of paper.

2. Beta particles.  The symbol for the beta particle is (.

· ('s are electrons, so they have a have a negative charge (-1).

· They can be greatly deflected by a magnetic field (because of their small mass and negative charge).

· ('s  penetrate matter a greater distance than ( particles, but they still aren’t very penetrating.  They can be stopped by a layer of metal foil or several sheets of paper.

3. Gamma rays.  The symbol for gamma rays is (.

· 
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’s are very short wavelength, high frequency photons.

· 
[image: image7.wmf]g

’s have no charge.

· They are not deflected by magnetic fields (again, they have no charge).

· They are the most penetrating form of radiation.  Stopping 
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’s requires great thicknesses of heavy materials such as lead or concrete.

Symbols Used For Particles In Nuclear Reactions: 
Neutron






Proton







Electron






Alpha particle






Gamma ray






Beta particle






Nuclear Reactions: (Important stuff you need to know.) Nuclear reactions are somewhat different than chemical reactions.  In chemical reactions, the equation is balanced when the number of each of the different elements on the reactant side equals the number of the different elements on the product side.  In nuclear reactions, the atomic number and the mass number for each element must be balanced on both sides (in addition to the number of elements).  We say that the mass number and atomic number must be conserved. The effect of balancing the atomic number is to actually balance the charge of the reactant and product.

Types of Nuclear Reactions: (Important stuff you need to know.)



Alpha decay: In alpha decay, an unstable nucleus produces a daughter nucleus and releases an ( particle.
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U-238 decays to produce Th-234 and an alpha particle.  During alpha decay, the mass number decreases by 4 and the atomic number decreases by 2.  The Th-234 is called a daughter or daughter product.

Beta decay: In ( decay a neutron in the nucleus of the unstable radioactive parent decays and becomes a proton as it emits a ( particle (an electron).
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Here, Thorium-234 (produced by alpha decay above, say) has one of its neutrons become a proton - this increases the atomic number by one, but has no effect on the mass number since a neutron and a proton are both nucleons.  A beta particle is also produced.  Note that the atomic number on the left is equal to the total atomic number on the right.

During electron capture, the atomic number of the daughter decreases by one, there is no change to the mass number.   Note that in this reaction, you are producing gold from mercury.  Pretty cool thing.

Gamma Decay: Many nuclear reactions often produce ( rays.  Alpha decay does this frequently.
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Other Nuclear Reactions: (Important stuff you need to know.) Beginning in the late 1930's, physicists would bombard atomic nuclei with high-speed particles and then see what happened.  Originally the equipment that did the job was called an "atom smasher".  These days we call the things "particle accelerators".

In 1932 James Chadwick (1891 - 1974), an English physicist, discovered the neutron.  He did this by bombarding beryllium with alpha particles.  The beryllium absorbed the alpha particle and became carbon.  The process released a neutron, which Chadwick detected by the damage it wrought on a piece of paraffin.  (Think about it, how do you detect a particle that has no charge?)   Anyway, the neutron would plow into the paraffin and collide with hydrogen atoms and knock them about.  The tracks of the hydrogen, which showed the path of the neutron, was what he could then observe.  Here is the reaction:
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The atomic number increased by 2 (the two protons in the ( particle) and the mass number went up by 3 instead of 4, this is because a neutron was emitted.

· State the type of reaction the following nuclear equation represents and complete it:
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· Here is a nuclear reaction, see if you can balance the thing.


[image: image14.wmf]174

032

___

nLiHe

+®+


This is the end of the first module!  Please collect the Nuclear Reactions worksheet from the front of the room!

======================================================================

Neutrinos: (Important stuff you need to know.) Neutrinos are extremely tiny particles that have very little mass.  The story of how they came to be discovered is interesting.  In 1930 Wolfgang Pauli was studying beta decay.  He caused the reaction to happen by bombarding an atomic nucleus with a high-energy particle.  He predicted that the nuclear reaction should produce a certain amount of energy and of course, energy and momentum have to be conserved.   

However after analyzing the motion of the particles after the reaction, he could not account for all the energy and momentum.  He surmised that there had to be another particle that had the missing energy and momentum.  So he theorized a new particle had to exist.  Later it was given the name “neutrino” by Enrico Fermi.  It wasn’t until the mid 1950’s that the neutrino was actually detected.

Here’s an example of a reaction that produces a neutrino (this would be beta decay, right?):


[image: image15.wmf]14140

671

CNev

-

®++


The symbol for the neutrino is v.

Here are some characteristics of neutrinos:

· Neutrinos have zero charge

· They have an extremely small mass

· Very weak interaction with matter.

Essentially, neutrinos don’t interact with matter at all.  This made them very difficult to actually detect – if they don’t interact with matter, how can you tell if you’ve got one?  At  one time it was believed that neutrinos had no mass at all, but recent experiments have shown that the particles do have mass, but only a very very small one.  Actually they are very common in the universe, a huge flux of them is passing through your body as you read this thing.

Fission: (Important stuff you need to know.) Fission turns out to be a very important type of nuclear reaction.  In fission, a nucleus splits apart to form two new elements (or daughter fission products).  Let’s look at two different reactions involving slow neutron bombardment.  One causes fission and the other does not.

The first reaction is the bombardment of U-238 with a slow neutron.  Here’s the equation for the reaction:
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U-239 is unstable and undergoes beta decay.
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Np-239 also undergoes beta decay.
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Pu – 239, the final product is also radioactive, but its rate of decay is much slower that the other products.  It is fairly stable and will hang around for thousands of years before it all decays away.  (Which is not to say that it is a safe material – it is extremely radioactive and very dangerous).

Now if you bombard another isotope of uranium, U – 235, with the same slow neutrons, something very different happens – we get fission.  There are actually a great number of possible reactions (which are all fairly similar).  Here are three common, typical ones:
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Note that we end up with two new elements.  The other critical thing is the production of neutrons. 

Pu-239, produced by the U-238, also undergoes fission when bombarded with neutrons.  Here’s an equation for the reaction.
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The fission process produces an enormous amount of energy (we will see how this happens shortly).  For this reason fission is used to produce electricity in nuclear reactors.  It is also used to make bombs.

The production of  ( three neutrons is a critical thing.  It can cause a chain reaction.  Do you see how this would work?  A neutron causes a fission.  The fissioning nucleus releases three neutrons and each of these neutrons causes another fission.  So we get three fissions.  Each of these produces three neutrons, so we get nine more fissions, which will give us 27 neutrons, and so on.  The reaction increases and multiplies very quickly.

This reaction can have three states: it can be subcritical, critical, or supercritical.  A subcritical reaction basically dies out.  This will happen if you do not have a critical mass.  In a small amount of fissionable material, most of the neutrons leak out of the system and do not cause fissions.  This causes the reaction to come to a halt.  

If the system is critical, then each nucleus that fissions causes exactly one more nucleus to fission.  The reaction takes place at a steady rate.

Nuclear power plants are designed to operate at a critical state.   The reaction is controllable.

The system must have a critical mass for the chain reaction to take place.  When the system is critical, you can see that we have excess neutrons produced and something has to be done with some of them.  Some leak out of the system and the rest have to be absorbed by something.  In a nuclear reactor control rods are inserted into the core (the place where the fuel is located) and absorbs some of the neutrons.  By carefully positioning the rods, the reactor can be kept at a critical state.

Super critical is when each fissioning nucleus causes more than one other nucleus to fission.  Atomic bomb explosions are super critical events.  However, if a nuclear reactor were to go super critical, it would not cause an atomic explosion.  Instead it would heat up, eventually melting the uranium fuel.

The United States built the first atomic bombs during WWII.  The government set up a super secret program to build the bomb.  The program was called the “Manhattan Project”.

Two bomb designs were conceived and built.  One bomb used pure U-235.  This was the "Little Boy" bomb.  It used a gun type mechanism to achieve criticality.  The uranium metal, highly enriched U-235, had to be kept out of a critical mass configuration (else it would go critical), so it was kept in two parts.  A long tube separated two chunks of the metal.




When the weapon was set off, an explosive charge was detonated which drove the U-235 "bullet" down the tube and into the uranium mass at the end of the tube.  Almost instantly the U-235 became a critical mass and went supercritical.

It takes 10-8 sec for a neutron (these are available because U 235 is naturally radioactive) to be absorbed and cause a nucleus to fission, which releases around 3 more neutrons.  In 10-6 seconds (a millionth of a second) 100 reactions will have taken place and so on.  The energy that is released is enormous - the first atomic bomb released around 4 x 1019 J.  The output of nuclear bombs are given in kilotons, a kiloton is an explosion equivalent  to the burst of a thousand tons of TNT.  

The two chunks of uranium have to be put together into a critical mass almost instantly.  Too slow and an explosion does not occur, instead the metal, while supercritical, would merely get very hot and melt.

The second bomb used plutonium and was called "Fat Man".  It was basically a large metal sphere.  The plutonium was formed an expanded sphere that was sort of spongy so that it would not be critical.  Surrounding the plutonium sphere were explosive charges.  The charges formed an explosive lens.  When detonated a shock wave was formed that was focused towards the center.

Anyway, once the charges were fired, the plutonium would be almost instantly compressed to form a critical mass and at that point the plutonium would go supercritical and yield a nuclear explosion.

The first bomb actually exploded was a plutonium weapon that was test fired at Alamogordo, New 


Mexico on 16 July 1945.  One can say that a new age began with the test firing.  The scientists expected a yield of around 5 000 kilotons).   Instead, the bomb produced 20 000 kilotons.  The uranium bomb, Little Boy, yielded about 12 kilotons.  

Once the bomb was tested, a decision about its use had to be made.  The war in Europe had ended, but the war in the Pacific raged on.  There was a great deal of debate about how it should be best employed.  Should the Japanese be warned that the US had the atom bomb?  Should a bomb be set off as a demonstration?  Well, you know what President Truman decided  - use the thing.  President Truman said that he never second-guessed the decision.  The main reasoning was that lives, both American and Japanese, would be saved if the war could be ended without having to invade Japan.  So the honor of being the first nation to use an atomic bomb in war belongs to the United States.  The bomb was dropped on Hiroshima with devastating results, this was the Little Boy weapon, the uranium device.  A few days later a second weapon  - a plutonium bomb - was dropped on Nagasaki.  There is still a huge controversy about the use of atomic weapons in this way.   Many people think it stopped the war and saved millions of American (and Japanese) lives, - the invasion of Japan, seen as the only way to make the Japanese surrender, was sure to be a bloody affair (on both sides).  Others believe that it was immoral and unjustified.  

Mass Equivalence to Energy: (Important stuff you need to know.) The reason nuclear reactions (like fission) release tremendous amounts of energy is due to a discovery made by Albert Einstein, an overlooked German born physicist who nobody has ever heard of.  It’s sad how people so easily forget the poor scientists who spend their lives in obscurity trying to understand how the universe works.  Anyway, to be specific, this would be an incidental part of his theory of special relativity – the idea that mass and energy are equivalent. 

Perhaps you have seen the equation for this.  It is certainly Einstein’s most famous equation and is perhaps the most famous of all equations:
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E0  is called the rest energy, m is the mass, and c is the speed of light.

On the AP Physics test the equation takes this form:
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Note, however, that it’s really still essentially identical to the 
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 equation.
Here’s another conversion value that you will have available for use on the AP Physics test:
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The c2 part of it tells us it comes from the E = mc2 equation.  It has a really weird unit, don’t you think? 

Mass is equivalent to energy via the old 
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 equation, correctimundo?

So we take us this here equation and stick in 
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The 
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 term cancels out, so we see that a mass of one atomic mass unit is equivalent to 993 MeV.  So really, when you want to convert atomic mass units to MeV, you just use the conversion factor as: 
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Meaning of Einstein’s Equation:  Ah, but what does Einstein’s equation mean?  Well, it doesn’t say that matter and energy are the same thing.  Indeed they are not – not even your basic close.  No, young student of physics, what it does say is that mass and energy are equivalent.  This means that mass can be converted into energy and that energy can be converted into mass.  This sounds pretty tame, but really, when you think about it, it is pretty revolutionary.

The effects of this are pretty insignificant in everyday life.  No one notices that a car speeding down the interstate at 75 mph has a slightly greater mass than it had when it was at rest in a driveway (more energy means more mass).

This energy source cannot be tapped into ordinarily.  We can’t just raid the trashcan and convert some old coffee grounds into energy (as was done in the first Back to the Future movie with a Mr. Fusion device).  This does not mean that it can’t be done, however.  Actually back in 1905 when Einstein published his theory, the response of the physics community was a sort of yawn type thing.  The old boy network thought that the energy mass equivalence thing was interesting, but certainly nothing that would ever actually do anything. 

There is no likelihood man can ever tap the power of the atom. The glib supposition of utilizing atomic energy when our coal has run out is a completely unscientific Utopian dream, a childish bug-a-boo. Nature has introduced a few fool-proof devices into the great majority of elements that constitute the bulk of the world, and they have no energy to give up in the process of disintegration. --  Robert A. Millikan
...any one who expects a source of power from the transformation of these atoms is talking moonshine... -- Ernest Rutherford

Even Einstein was of this opinion:

There is not the slightest indication that nuclear energy will ever be obtainable. It would mean that the atom would have to be shattered at will.  - Albert Einstein

Well, obviously, these guys, great physicists all, were mistaken.  Hey!  It can happen.  Anyway, ways were found to the deed.  One of the ways that we can tap into this energy/mass thing is during nuclear reactions.  In fission, mass is converted into energy.  This also happens in a process called fusion.  Fusion is when two nuclei are forced together to form a larger nuclei.  

Fusion is the source of the sun’s energy.  Deep within the sun hydrogen fuses into helium.  Huge amounts of energy are thus produced.  Life exists on earth and we do what we do because of the energy we get from the sun.

Fusion is also used in hydrogen bombs (which fuse isotopes of hydrogen together to form helium).  

We haven’t been able to figure out a way to use fusion to produce power in reactor plants like we do fission.  Maybe someday.

Binding Energy -- Mass Defect: (Important stuff you need to know.) A weird thing happens when you put a nucleus together from its spare parts (protons and neutrons).  The total mass of the new nucleus ends up being less than the combined mass of the individual particles that went into the thing.  This means that the mass of the nucleus is less than the sum of the masses of its individual particles.  This difference in mass is called the mass defect.  Since mass is equivalent to energy, the mass defect represents the energy that it takes to hold the nucleus together.  This energy is called the binding energy.

Now mass and energy are equivalent, so the mass defect and the binding energy equal each other.  

For example, we can look at a helium nucleus, helium four.  He – 4 has 2 protons and 2 neutrons.  The mass of the nucleus is 4.001509 u, the mass of a single proton is 1.007276 u, and the mass of a single neutron is 1.008665 u.  We can add up the mass of two protons and two neutrons and see what they total:
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Now we can compare this mass with the actual mass of a helium – 4 nucleus.  This is the mass defect.
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We can find the amount of energy that would be equivalent to it, which is the binding energy.
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28.0 MeV of energy is bound up in the He-4 nucleus.

The binding energy per nucleon is a critical factor in nuclear physics.  Let’s calculate it for the helium nucleus.  The helium nucleus has four nucleons.
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If the binding energy per nucleon is plotted with mass number, we get the following graph:


[image: image38.wmf]
From the graph we can see that most elements have a binding energy per nucleon between eight and nine.  The curves peaks around mass number 60, so isotopes that have a mass number around 60 tend to be the most stable.  Their nucleons are the most tightly bound.

This curve turns out to be very important.  We talked about how energy is released in the fission of isotopes like U-235 and Pu-239, but also how energy was also released in the fusion of hydrogen nuclei into helium nuclei.  This curve explains how this can happen.  For fission, we have elements with very large mass numbers.  If the mass number decreases (i.e., fission takes place) we go from a low binding energy per nucleon to a higher binding energy per nucleon. This means that the nucleus changes from one where the nucleus is loosely bound to where the nuclei formed are more tightly bound.  This means that energy can be released.

For small mass numbers, as the mass number increases the binding energy per nucleon also increases.  This would be fusion, so in fusion, energy can also be released.  

Another way to see the energy business a bit more clearly is to plot mass per nucleon versus atomic number.
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Here you can see that as the atomic number decreases for the low atomic number elements, the mass per nucleon decreases, the mass that is missing will have been converted into energy.  Just the opposite happens for the higher atomic number elements – energy is released as the atomic number decreases.
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