
11 Charge Independence and IsospinIf we look at mirror nuclei (two nuclides related by interchanging the number of protons andthe number of neutrons) we �nd that their binding energies are almost the same.In fact, the only term in the Semi-Empirical Mass formula that is not invariant under Z$ (A-Z) is the Coulomb term (as expected). Inside a nucleus these electromagnetic forcesare much smaller than the strong inter-nucleon forces (strong interactions) and so the massesare very nearly equal despite the extra Coulomb energy for nuclei with more protons.Not only are the binding energies similar - and therefore the ground state energies aresimilar but the excited states are also similar.As an example let us look at the mirror nuclei 73Li and 74Be, where we see that for all thestates the energies are very close, with the 74Be states being slightly higher because it hasone more proton than 73Li.
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All this suggests that whereas the electromagnetic interactions clearly distinguish betweenprotons and neutrons the strong interactions, responsible for nuclear binding, are `chargeindependent'.Let us now look at a pair of mirror nuclei whose proton number and neutron numberdi�er by two, and also the nuclide between them. The example we take is 62He and 64Be,which are mirror nuclei. Each of these has a closed shell of two protons and a closed shell oftwo neutrons. The unclosed shell consists of two neutrons for 62He and two protons 64Be. thenuclide `between' is 63Li which has one proton and one neutron in the outer shell.
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From the principle of charge independence of the strong interactions we might haveexpected all three nuclides to display the same energy-level structure. We see that althoughthere are states in 63Li which are close to the states of the mirror nuclei 62He and 42Be, thereare also states in 63Li which have no equivalent in the two mirror nuclei.We can understand this from the Pauli exclusion principle. In the case of 62He and 42Bewhich have either two protons or two neutrons in the outer shell, these cannot be in the samestate (with the same spin), whereas in the case of 63Li for which the nucleons in the outershell are not identical, this principle does not apply and there are extra states, in which theneutron and proton are in the same state. 60



11.1 IsospinWe can express this is a more formal (mathematical), but useful way by introducing theconcept of \Isospin".If we have two electrons with z- component of their spin set to sz = +12 and sz = �12(in units of �h) then we can distinguish them by applying a (non-uniform) magnetic �eld inthe z-direction - the electrons will move in opposite directions. But in the absence of thisexternal �eld these two cannot be distinguished and we are used to thinking of these as twostates of the same particle.Similarly, if we could `switch o�' electromagnetic interactions we would not be able todistinguish between a proton and a neutron. As far as the strong interactions are concernedthese are just two states of the same particle (a nucleon).We therefore think of an imagined space (called an `internal space') in which the nucleonhas a property called \isospin", which is mathematically analogous to spin. The proton andneutron are now considered to be a nucleon with di�erent values of the third component ofthis isospin.Since this third component can take two possible values, we assign I3 = +12 for the protonand I3 = �12 for the neutron. The nucleon therefore has isospin I = 12 , in the same way thatthe electron has spin s = 12 , with two possible values of the third component.As far as the strong interactions are concerned this just represents two possible quantumstates of the same particle. If there were no electromagnetic interactions these particleswould be totally indistinguishable in all their properties - mass, spin etc.In the same way that angular momentum is conserved, isospin is conserved in any transi-tion mediated by the strong interactions. This is an example of an approximate symmetry -inside the nucleus the strong forces between nuclei do not distinguish between particles withdi�erent third component of isospin and would lead to identical energy levels, but there areelectromagnetic interactions which break this symmetry and lead to small di�erences in theenergy levels of mirror nuclei.The electromagnetic interactions couple to the electric charge, Q, of the particles and inthe case of nucleons this electric charge is related to the third component of isospin byQ = I3 + 12Other particles can also be classi�ed as isospin multiplets. For example there are threepions, �+; �0; ��, which have almost the same mass and zero spin etc. There are three ofthem with di�erent charges but which behave in the same way under the in
uence of thestrong interactions. Therefore they form an isospin multiplet with I = 1 and three possiblethird components, namely +1; 0 � 1. In the case of pions the electric charges are equal toI3. Particles which are members of an isospin multiplet have the same properties, with theexception of their electric charge, i.e. they have the same spin and almost the same mass (the61



small mass di�erences being due to the electromagnetic interactions which are not isospininvariant. We will see later that particles can have other properties (call \strangeness",\charm" etc.) and members of an isospin multiplet will have the same values of theseproerties as well.In the same way that two electrons can have a total spin S = 0 or S = 1, two nucleonscan have a total isospin I = 0 or I = 1, and (systems of n nucleons can have isospins up ton=2). For two electrons we may write the total wavefunction as	12 = 	(r1; r2)�(s1; s2);where �(s1; s2) is the spin part of the wavefunction. For S = 1 we have�(s1; s2) = ("") ; Sz = +1�(s1; s2) = 1p2 ("# + #") ; Sz = 0�(s1; s2) = (##) ; Sz = �1which is symmetric under interchange of the two spins, which means that by fermi statisticsthe spatial part of the wavefunction must be antisymmetric under the interchange of thepositions of the electrons, 	(r1; r2) = �	(r2; r1);or for the case of S = 0, �(s1; s2) = 1p2 ("# � #") ;which is antisymmetric under interchange of spins so it must be accompanied by a symmetricspatial part of the wavefunction 	(r1; r2) = +	(r2; r1):In the case of two nucleons we also have a total isospin part of the wavefunction, so thecomplete wavefunction is 	12 = 	(r1; r2)�S(s1; s2)�I(I1; I2);where �I(I1; I2) is the isospin part of the wavefunction. For total isospin I = 1 we have�I(I1; I2) = (p p) ; I3 = +1�I(I1; I2) = 1p2 (p n + n p) ; I3 = 0�I(I1; I2) = (n; n) ; I3 = �1;which is symmetric under the interchange of the isospins of the two nucleons, so that (as in thecase of two electrons) it must be accompanied by a combined spatial and spin wavefunctionthat must be antisymmetric under simultaneous interchange of the two positions and thetwo spins. But we also have the I = 0 state�I(I1; I2) = 1p2 (p n � n p) ;62



which is antisymmetric under the interchange of the two isospins and therefore when thenucleons are combined in this isospin state they must be accompanied by a combined spa-tial and spin wavefunction which is symmetric under simultaneous interchange of the twopositions and the two spins.Returning to the three nuclei 62He and 64Be and 63Li, the closed shells of neutrons andprotons have a total isospin zero so we do not need to consider these in determining theisospin of the nuclei. We note that 62He has two neutrons in the outer shell so its isospinmust be I = 1, with I3 = �1 whereas the 64Be has two protons in the outer shell so itsisospin must be I = 1, with I3 = +1 implying that for these two nucleons the remainingpart of the wavefunction (spatial and spin parts) must be antisymmetric under simultaneousinterchange of the two positions and the two spins. On the other hand, the nucleus 63Li hasone proton and one neutron in the outer shell and can therefore be either in an I = 1 statelike the other two nuclei or in an I = 0 state which is not possible for the other two. Thestrong interactions will give rise to di�erent energy levels depending on the total isospin ofthe nulceons in the outer shell (in the same way that atomic energy levels depend on the totalangular momentum J). Thus we see that two of the states shown for 63Li can be identi�edas I = 1 states and they approximately match states for the other two nuclei, but the othersare I = 0 states and have no counterpart in 62He or 64Be, and which have wavefunctions thatare symmetric under the simultaneous interchange of the positions and the spins of the twonucleons in the outer shell.The fact that the ground states of 62He and 64Be have spin zero and the ground stateof 63Li has spin one, can be deduced from the isospin of these ground states. For groundstate wavefunctions the orbital angular momentum, l, is zero and since the symmetry of thespatial part of the wavefunction is given by (�1)l, this means that the spatial part of thewavefunction is symmetric under the interchange of the positions of the two nucleons in theouter shell. Since we know that the overall wavefunction for the two nucleons in the outershell must be antisymmetric under interchange, because the nucleons are fermions, it followsthat the isospin part and the spin part of the wavefunction must have opposite symmetry.Thus for the ground states of 62He and 64Be, which are in I=1 (symmetric) isospin states,the spin part of the wavefunction must be antisymmetric and therefore the spins of the twoouter shell nucleons must combine to give spin S = 0, whereas for the ground states of 63Liwhich are in an I=0 (antisymmetric) isospin state, the spin part of the wavefunction mustbe symmetric and therefore the spins of the two outer shell nucleons must combine to givespin S = 1.
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