
PHYSICS 430      NUCLEAR PHYSICS

Chapter 3
SYNOPSIS:
I think that the best way to approach this chapter is to imagine that you


want to tell some one about the nucleus of atoms.  What will you tell them?  That is, what are the basic properties of all nuclei which we can use to describe them?  And, how do we measure these properties?  

Look at the table of contents and see that the section headings denote these "basic properties".  Within each section, you will find one or more definitions for the property and often several means of measuring that nuclear property.  As an overview, you should clearly note the definition of each nuclear property and identify the separate measurements used to quantify these properties.  It is important that you have a conversant understanding with each.  Then, practice telling someone about each.  (We will practice this in class!)

3.3
Q:  You should be able to provide both an operational mathematical definition as well as a qualitative (in words) explanation of the following terms: binding energy, neutron separation energy, proton separation energy, nuclear mass, atomic mass, mass defect.   Q:  What is the last term in equation (3.23) and why can (and do) we neglect it in these calculations?  Q:  What exactly is the approximation (error) that we make when we choose to use atomic masses to calculate the binding energy (B), and separation energies (Sn) and (Sp) instead of nuclear masses?  


Q:  In words, what are the significant characteristics seen in Fig. 3.16?  Remember that the total binding energies for these nuclei vary by over two orders of magnitude!  Q:  Which of these properties seen in Fig. 3.16 suggest that we might consider thinking of the nucleus (at least in terms of its binding energies) as a drop of liquid?  (Hint:  Think of the evaporation properties of a liquid, i.e., the heat of vaporization, and see if there is an analog with some of these observed properties of the nucleus seen in Fig. 3.16.)  Q;  If you can make this model connection, then can you see how one might evolve the beginnings of the semi-empirical mass equation for the mass (and of course, the binding energy) of the nucleus.  


The semi-empirical mass equation consists of 5 terms.  Q:  You should be able to explain the physical significance of each term, i.e., what physics gave rise to each term, and in a qualitative and quantitative fashion, explain how each term is obtained.  Q:  Each term has a name; you should know what that is for each term.  If you were to consider any isobar (A = constant) and calculated the values for (3.29) and graphed them as a function of Z, you should find a parabolic curve in Z, with a minimum in Z given by (3.30).  (You should be able to obtain equation (3.30) by differentiation of (3.29).  These are the curves of nuclear stability.  Radioactivity is the process by which nuclei are transformed to more stable nuclei.  You should understand the significance of the plots in Fig. 3.18.   Q:  In terms of the semi-empirical mass formula, why are there two curves for the case of A = even?  There are two interesting characteristics of such pairs of curves which we will investigate a bit more in chapter 9.

3.1
This is a bit longer section and also packed with physics!  The goal: find acceptable ways to describe and measure the distribution of "stuff" inside the nucleus: charged matter and nuclear matter, i.e., matter which interacts via the coulomb force (protons), and matter which interacts via the strong nuclear force (protons and neutrons).  Therefore, two broad sections.  


Charged matter:  There are four (4) mechanisms for measuring these distributions which are described in some detail.  Q:  You should be able to tell qualitatively what each method is, qualitatively what measurements are made, and qualitatively what is learned from the measurements.  We have allowed two class days for this section; it needs it!  The first two methods for charged matter on (W), the next two and the measurements of nuclear matter on (F).  Come to class having read the sections for the qualitative understanding; we can/will work through what detail is needed to make the quantitative understandings clear in class.  


Method 1:   Electron scattering from nuclei (charged interaction only!) results in an angular distribution of scattered electrons.  How can we learn something about the nuclear radius and shape from this distribution?  (p. 45 ff)  Examine the results as seen in Fig. 3.5.


Method 2:  Nuclear effects observed in atomic transitions (both X-ray transitions, inner shells, and optical transitions, outer shells).  What is the isotope shift and how can it be used to determine something about the charged matter distribution?  (p. 49 ff)


Method 3:  The use of muonic atoms (what are these?) can be used much the same as electrons are used in transition in Method 2.  However, what is the advantage of the muons?  How are the experiments done?  What is measured?  Can you interpret the information in Fig. 3.8?  (p. 52 ff)


Method 4:  A measurement of the Coulomb energy differences directly.  This method depends directly on the calculation of the Coulomb self-energy stored in a body of charge confined to an assumed shape (sphere), a calculation which comes directly out of PHYS-371.  So what is the technique here?  What are mirror nuclides?  How are they useful here?


Nuclear matter:  Three methods are described briefly here.


Method 1:  Alpha particle scattering samples the onset of the strong nuclear force at which point one identifies the perimeter of the nuclear matter.  Can you explain Fig. 3.11 and the overall method?  (p. 57)


Method 2:  This method involving alpha particle decay penetrating (tunneling through) the Coulomb barrier to decay will be clearer after we study chapter 10.  It turns out that in calculating this probability for penetration (and comparing it to the measured decay rates) one discovers that this depends on the nuclear radius and this can be used to estimate the nuclear radius.


Method 3:  Substitute pions for muons in Method 3 (above for Coulomb forces) and you have an identical technique to apply to the strong nuclear force and the distribution of nuclear matter.  If you understood it above, this will make good qualitative sense as well.


There's good news here: these experiments give results which are in general agreement and can be summarized in terms of a general equation for the nuclear radius R = RoA1/3, where Ro is a constant depending on the measurement but which is very similar for the charged matter radius measurements and the nuclear matter radius measurements -- separately!  What are these generally agreed upon values for Ro?  You should be able to show that these results lead directly to the statement that, evidently nuclear matter appears to have a relatively constant density independent of A, even when A changes by over two orders of magnitude, i.e., the nucleus does not significantly compress as A increases.  Surprised?  

The following sections attempt to explore some additional properties of nuclei which can be used to describe them: mass (we encountered this in 3.3 already), relative abundance in nature, angular momentum of the nucleus, electric and magnetic moments of the charge distribution, nuclear excited states.  The goal here is to assemble some of the data (observations) which we can use to guide models we may to describe nuclei on a more fundamental level.  In examining these data, we look for trends; these indicate some common or “connected” behavior (e.g., the binding energy/nucleon) instead of random.  These trends will be extremely important in setting up  and in evaluating nuclear models.

3.2
Mass spectrometry techniques have advanced dramatically in the past several decades, allowing remarkably precise measurements of isotopic masses.  These measurements are one source of data for the binding energy curve.  The mass spectrometric techniques are conceptually simple and you should understand them.  

3.4
The importance of angular momentum in describing nuclei and nuclear states will become more evident as we focus on radioactivity and then on the nuclear shell model.  For now, it is important to understand how l and s combine to give j for each nucleon (c.f., section 2.5) and then how the j values for the nucleons combine to give the resultant angular momentum I for the nucleus.   The z-projections of the resultant j values and the z-projection of the total angular momentum of the nucleus I  (called the nuclear spin) follow the quantization rules for angular momentum along an axis.  It is essential that you understand these concepts.  Q: What are the z-axis projections of a value of I = 5/2?  


Q: What is the resultant nuclear spin (net total angular momentum of all the constituent nucleons in the nucleus) if the A is odd, or if A is even?  Why?  Q: What is the ground state spin of all even-even nuclei?  (This is one of the “trends” I spoke of earlier.) 


Q: What is the ground-state spin of all odd-A nuclei determined by?


The parity of the nucleus is also a fundamental property of the nuclear state function.  The determination of the resultant parity is obtained as the product of the parities of each of the nucleon state functions - if we could carry it out.  Q? Why is this not an easy thing to do in practice?  Instead, we determine the parity of the nucleus as an entity.  And, this must be done experimentally; we know of no direct connection between I and the parity of the nucleus.  Q: How do we designate the parity of a nuclear state along with its spin (total angular momentum)?  

3.5
Magnetic and electric moments of charge distributions and of charge currents in the nucleus are helpful ways of characterizing the state of the nuclear system.  Moreover, these can be measured directly.  As we will see later, it is often possible to work backward from a value of the magnetic moment to infer something about the orbital angular momentum and therefore the parity of a nuclear state. Q: Which is larger: Bohr magneton or the nuclear magneton -- and why?  Q: And, what is “magneton” in any case - and how is it useful?  


Q: In principle, what can we learn about the nucleus from measuring the electric multipolar moments?   

3.6
Our experience with photons emitted from nuclei gives us the intuitive notion that there are quantized levels inside nuclei and that these levels are distinctly different in different nuclei.  Q: What might be other indications of nuclear levels?  These levels are known as the ground state and excited states, of which there are often many in any given nucleus.  Determining which excited states exist (characterized by the energy, angular momentum, and parity) are essential to determining the state function - or at a minimum the state function quantum numbers.  These, in turn, are central to working out a nuclear model and then to test the model predictions against data.

