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angular momentum. (c) To examine whether there might be an explanation 
for this effect in terms of the 0+ and 2 + nuclear wave functions, make a 
similar tabulation of decays from 1 - states, that is, of 1 - ~ 0+ and 
1 - ~ 2 + decays. Both these first-forbidden decays carry one unit of total 
angular momentum. (Why?) Do you observe a systematic difference in It 
values between 0 + and 2 + final states? What do you conclude about the 
probable effect of the final nuclear state on the f3 decays from 2 - initial 
states? 

26. There are several examples of allowed f3 decays that have larger than 
average It values, which can be explained with reference to the nuclear 
structure. Consider, for example, the following cases: (a) 65Ni ~ 65CU and 
65 Zn ~ 65 Cu, in which the ground state-ground state decays are both t - to 
! - Gamow-Teller decays, but the It values are 1-2 orders of magnitude 
larger than for allowed decays to other low-lying states; (b) 115Te ~ 115Sb 
and 115Sb ~ 115Sn*; in the 115Te decay, the f + ~ t + transition to the l15Sb 
ground state is not seen, and in the l15Sb decay, a f + low-lying excited state 
is populated only weakly, with an It value again 1-2 orders of magnitude 
larger than values for neighboring excited states. Find the shell model 
identification of these states and thus explain why the allowed decay mode 
is inhibited. Use the Table 01 Isotopes to find other examples of inhibited 
decays with the same shell-model assignments. 

L--__ 11 OIL--__ ------' 
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Most a and f3 decays, and in fact most nuclear reactions as well, leave the final 
nucleus in an excited state. These excited states decay rapidly to the ground state 
through the emission of one or more y rays, which are photons ?f elec~roma~
netic radiation like X rays or visible light. Gamma rays have energles typlcally m 
the range of 0.1 to 10 MeV, characteristic of the energy difference between 
nuclear states, and thus corresponding wavelengths between 104 and 100 fm. 
These wavelengths are far shorter than those of the other types of electromag
netic radiations that we normally encounter; visible light, for example, has 
wavelengths 106 times longer than y rays. 

The detail and richness of our knowledge of nuclear spectroscopy depends on 
what we know of the excited states, and so studies of y-ray emission have become 
the standard technique of nuclear spectroscopy. Other factors that contribute to 
the popularity and utility of this method include the relative ease of observing y 
rays (negligible absorption and scattering in air, f?r inst.ance, ~ontrar~ to the 
behavior of a and f3 radiations) and the accuracy wlth which their energles (and 
thus by deduction the energies of the excited states) ~an be measure~. Further
more, studying y emission and its competing process, mternal converSlOn, allows 
us to deduce the spins and parities of the excited states. 

10.1 ENERGETICS OF y DECAY 

Let's consider the decay of a nucleus of mass M at rest, from an initial excit~d 
state £. to a final state E f • To conserve linear momentum, the final nucleus wl1l 
not be 'at rest but must have a recoil momentum PR and corresponding recoil 
kinetic energy T R' which we assume to be nonrelativistic (T R = ii/2M). 
Conservation of total energy and momentum give 

E j = Ef + Ey + T R 

0= PR + Py 

(10.1) 

It follows that PR = Py ; the nucleus recoils with a mo~entum equ~l.a~d opp~site 
to that of the y ray. Defining b.E = E j - E f and usmg the relatlVlstlc relatlOn-

ship Ey = cPy' 

(10.2) 
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which has the solution 

[ ( 
6.E )112] 

Ey = Mc
2 -1 ± 1 + 2 Mc 2 (10.3) 

The energy differences 6.E are typically of the order of MeV, while the rest 
energies Mc 2 are of order A X 10 3 MeV, where A is the mass number. Thus 
6.E « Mc 2 and to a precision of the order of 10- 4 to 10- 5 we keep only the first 
three terms in the expansion of the square root: 

(6.E)2 
E =6.E---

y 2Mc2 (10.4) 

which also follows directly from Equation 10.2 with the approximation 6.E = Ey. 
The actual y-ray energy is thus diminished somewhat from the maximum 

available decay energy 6.E. This recoil correction to the energy is generally 
negligible, amounting to a 10- 5 correction that is usually far smaller than the 
experimental uncertainty with which we can measure energies. There is one 
circumstance in which the recoil plays an important role; this case, known as the 
Mossbauer effect, is discussed in Section 10.9. Except for this case, we will in the 
remainder of this chapter assume Ey = 6.E. 

For low-energy y rays, the recoil energy is less than 1 eV and has a negligible 
effect. High-energy y rays (such as the 5-10-MeV radiations emitted following 
neutron capture) give recoils in the range of 100 eV, which may be sufficient to 
drive the recoiling atom from its position in a solid lattice. Effects of this sort are 
known as radiation damage and have an important place in the study of solids. 

10.2 CLASSICAL ELECTROMAGNETIC RADIATION 

As you will recall from your study of modern physics, electromagnetic radiation 
can be treated either as a classical wave phenomenon or else as a quantum 
phenomenon. The type of treatment we use is determined by the kind of physical 
effect we are trying to describe. For analyzing radiations from individual atoms 
and nuclei the quantum description is most appropriate, but we can more easily 
understand the quantum calculations of electromagnetic radiation if we first 
review the classical description. 

Static (i.e., constant in time) distributions of charges and currents give static 
electric and magnetic fields. In Section 3.5, we discussed how these fields can be 
analyzed in terms of the multi pole moments of the charge distribution-dipole 
moment, quadrupole moment, and so on. These multipole moments give char
acteristic fields, and we can conveniently study the dipole field, quadrupole field, 
and so on. 

If the charge and current distributions vary with time, particularly if they vary 
sinusoidally with circular frequency w, a radiation field is produced. The radia
tion field (which is studied at a distance from the source that is large compared 
with the size of the source) can be analyzed, like the static field, in terms of its 
multipole character. As an example, we consider the lowest multipole order, the 
dipole field. 
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Figure 10.1 Electric and magnetic fields from (a) an electric dipole and (b) a 
magnetic dipole. In each case the dipole moment is along the z axis. The vectors 
show the radiation fields E and B at a particular instant of time. The wires along the 
negative y axes should be imagined as connected to a current source of frequency 
W, and to be twisted so as to make no contribution themselves to the radiation. Also 
shown are the behaviors of E and B under the spatial reflection r -+ - r; note the 
differences between the two cases. 

A static electric dipole consists of equal and opposite charges + q and - q 
separated by a fixed distance z; the electric dipole moment is then d = qz. A 
static magnetic dipole can be represented as a circular current loop of current i 
enclosing area A; the magnetic dipole moment is p, = iA. We can produce 
electromagnetic radiation fields by varying the dipole moments; for example, we 
can allow the charges to oscillate along the z axis, so that d(t) = qz cos wt, 
thereby producing an electric dipole radiation field. Similarly, we could vary the 
current so that p,(t) = iA cos wt. Figure 10.1 shows the radiation fields produced 
in these two cases. The alternating electric dipole, Figure 10.la, can be regarded 
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as a linear current element, for which the magnetic field lines form circles 
concentric with the z axis. The magnetic field vector B is tangent to the circles, 
and the electric field direction must be chosen so that E X B is in the direction 
of propagation of the radiation. The magnetic dipole, Figure 10.lb, has the 
magnetic field lines that we often associate with a bar magnet. 

There are three characteristics of the dipole radiation field that are important 
for us to consider: 

1. The power radiated into a small element of area, in a direction at an angle (J 

with respect to the z axis, varies as sin2 (J. The average radiated power can be 
calculated based on wave theory or on quantum theory, and by the cor
respondence principle the two calculations must agree when we extend the 
quantum result to the classical limit. This characteristic sin2 (J dependence of 
dipole radiation must therefore be a characteristic result of the quantum 
calculation as well. Higher order multipoles, such as quadrupole radiation, 
have a different angular distribution. In fact, as we shall see, measuring the 
angular distribution of the radiation is a convenient way to determine which 
multipoles are present in the radiation. 

2. Electric and magnetic dipole fields have opposite parity. Consider the effect 
of the transformation r ~ - r. The magnetic field of the electric dipole 
clearly changes sign; thus B(r) = -B(-r). For the magnetic dipole, on the 
other hand, there is no change of sign, so B(r) = B( -r). Thus the electric 
and magnetic dipoles, which give identical angular distributions, differ in the 
parity of the radiation fields. Electric dipole radiation has odd parity, while 
magnetic dipole radiation has even parity. 

3. The average radiated power (energy emitted per unit time) is 

(10.5) 

for electric dipoles, and 

(10.6) 

for magnetic dipoles. Here d and p, represent the amplitudes of the time
varying dipole moments. 

Without entering into a detailed discussion of electromagnetic theory, we can 
extend these properties of dipole radiation to multipole radiation in general. We 
first define the index L of the radiation so that 2 L is the multipole order (L = 1 
for dipole, L = 2 for quadrupole, and so on). With E for electric and M for 
magnetic, we can generalize the above three properties of dipole radiation. 

1. The angular distribution of 2L-pole radiation, relative to a properly chosen 
direction, is governed by the Legendre polynomial P2L (cos (J). The most 
common cases are dipole, for which P2 = t(3 cos2 (J - 1), and quadrupole, 
with P4 = i(35 cos4 (J - 30 cos2 (J + 3). 
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2. The parity of the radiation field is 

'JT(ML) = (_l)L+I 

'JT (EL) = ( - 1) L 
(10.7) 

Notice that electric and magnetic multipoles of the same order always have 
opposite parity. 

3. The radiated power is, using a = E or M to represent electric or magnetic 
radiation, 

2(L + l)c (W )2L+2[ ( )]2 
P(aL) = EoL[(2L + 1)!1]2 ~ m aL 

(10.8) 

where meaL) is the amplitude of the (time-varying) electric or magnetic 
multipole moment, and where the double factorial (2L + 1)!! indicat.es 
(2L + 1) . (2L - 1) ···3·1. The generalized multipole moment m~aL~ dIf
fers, for L = 1, from the electric dipole moment d and magnetIc dIpole 
moment p, through some relatively unimportant numerical factors of order 
unity. From now on, we shall deal only with the generalized moments in our 
discussion of y radiation. 

10.3 TRANSITION TO QUANTUM MECHANICS 

To carry the classical theory into the quantum domain, all we must do is quan~ize 
the sources of the radiation field, the classical multipole moments. In EquatIOn 
10.8, it is necessary to replace the multipole moments by appropriate multipole 
operators that change the nucleus from its initial state I/Ji t?th~ final state I/Jf. As 
we have discussed for a and f3 radiation, the decay probabIlIty IS governed by the 
matrix element of the multi pole operator 

(10.9) 

The integral is carried out over the volume of the nucleus. We shall not discuss 
the form of the operator m( aL), except to say that its function is to change the 
nuclear state fro~ I/Ji to Ih while simultaneously creating a photon of the proper 
energy, parity, and multipole order. . .., 

If we regard Equation 10.8 as the energy radIated per u~~t tIme In t~e ~orm of 
photons, each of which has energy nw, then the probabIlIty per umt tIme for 
photon emission (that is, the decay constant) is 

= P(aL) = 2(L + 1) (~)2L+I[mdaL)]2 (10.10) 
A(aL) nw EonL[(2L + 1)!!]2 C 

This expression for the decay constant can be carried no further ~n~i~ we evaluate 
the matrix element mfi(aL), which requires knowledge of the InItIal and fi?al 
wave functions. We can simplify the calculation and make some correspondIng 
estimates of the y-ray emission probabilities if we assume the transition is due to 
a single proton that changes from one shell-model state to another. In the case of 
electric transitions, the multipole operator includes a term of the form 
er L YLM( (J, cj», which reduces to ez for L = 1 ( dipole) radiation as expecte~, and 
to e(3z 2 - r2) for L = 2 (quadrupole) radiation, analogous to the calculatIOn of 
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the static quadrupole moment in Equation 3.36. If we take the radial parts of the 
nuclear wave functions !f;i and !f;f to be constant up to the nuclear radius Rand 
zero for, > R, then the radial part of the transition probability is of the form 

(10.11) 

where the integral in the denominator is included for normalization and the ,2 

factor comes from the volume element. Including this factor in the matrix 
element, and replacing the angular integrals by unity, which is also a reasonable 
estimate, the EL transition probability is estimated to be 

A(EL) ~ 87T(L + 1) e
2 (E )2L+l(_3_)2CR2L ( 

L[(2L + 1)!!P 47TEolic lic L + 3 10.12) 

With R = RoAl/3, we can make the following estimates for some of the lower 
multi pole orders 

A(El) = 1.0 X 1014A2/3E3 

A(E2) = 7.3 X 10~4/3E5 

A(E3) = 34A2E 7 

A(E4) = 1.1 X 1O- 5A 8/ 3E 9 

where A is in S-l and E is in MeV. 

(10.13) 

For magnetic transitions, the radial integral includes the term ,L-\ and the 
same assumption as above about the constancy of the nuclear wave function 
gives the factor 3R L

-
1/(L + 2). The magnetic operator also includes a factor 

that depends on the nuclear magnetic moment of the proton. The result for the 
ML transition probability is 

( ) _ 87T(L + 1) ( 1 )2( Ii )2( e
2 

) 
A ML = L[(2L + 1)!!]2 fLp - L + 1 mpc 4'ITEolic 

X - -- cR 2L- 2 
( 

E )2L+l( 3 )2 
lic L + 2 (10.14) 

where again several angular momentum factors of order unity have been ne
glected. It is customary to replace the factor [fL - l/(L + 1)]2 by 10, which 
gives the following estimates for the lower multipfe orders*: 

A(Ml) = 5.6 X 1013E 3 

A(M2) = 3.5 X 10~2/3E5 

A(M3) = 16A4/ 3E 7 

A(M4) = 4.5 X 1O- 6A2E 9 

(10.15) 

'The numerical coefficients in Equation 10.15 differ slightly from those sometimes found in the 
literature. The difference arises because the factor 3/( L + 2) in Equation 10.14 is often replaced by 
3/(L + 3). to make Equation 10.14 look more like Equation 10.12. We choose to maintain the form 
of Equation 10.14. so that to agree with some ML Weisskopf estimates in the literature. Equations 
10.15 must be multiplied by (L + 2)2/( L + 3)2. 
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These estimates for the transition rates are known as Weisskopj estimates and are 
not meant to be true theoretical calculations to be compared with measured 
transition rates. Instead, they provide us with reasonable relative comparisons of 
the transition rates. For example, if the observed decay rate of a certain y 
transition is many orders of magnitude smaller than the Weisskopf estimate, we 
might suspect that a poor match-up of initial and final wave functions is slowing 
the transition. Similarly, if the transition rate were much greater than the 
Weisskopf estimate, we might guess that more than one single nucleon is 
responsible for the transition. 

Based on the Weisskopf estimates, we can immediately draw two conclusions 
about transition probabilities: (1) The lower multipolarities are dominant
increasing the multipole order by one unit reduces the transition probability by a 
factor of about 10- 5. A similar effect occurs in atoms, in which the most common 
transitions are dipole. (2) For a given multipole order, electric radiation is more 
likely than magnetic radiation by about two orders of magnitude in medium and 
heavy nuclei. We shall see in Section 10.7 how these expectations agree with 
observations. 

10.4 ANGULAR MOMENTUM AND PARITY SELECTION RULES 

A classical electromagnetic field produced by oscillating charges and currents 
transmits not only energy but angular momentum as well. If, for example, we 
surround the charges and currents with a large spherical absorbing shell, the shell 
can be made to rotate by the absorbed radiation. The rate at which angular 
momentum is radiated is proportional to the rate at which energy is radiated. 

When we go over to the quantum limit, we can preserve the proportionality if 
each photon carries a definite angular momentum. The multipole operator of 
order L includes the factor YLM ( 8, <1», which is associated with an angular 
momentum L. We therefore conclude that a multipole of order L transfers an 
angular momentum of Lli per photon. 

Let's consider a y transition from an initial excited state of angular momentum 
Ii and parity 'lTi to a final state If and 'lTf. For the moment we will assume Ii 01= If. 
Conservation of angular momentum requires that the total initial angular 
momentum be equal to the total final angular momentum. In vector terms, 

Ii = L + If 

Since Ii' L, and If must form a closed vector triangle, the possible values of L 
are restricted. The largest possible value of L is Ii + If and the smallest possible 
value is IIi - Ifl. For example, if Ii = 1 and If = ~, the possible values of L are 
1, 2, 3, and 4; the radiation field in this case would consist of a mixture of dipole, 
quadrupole, octupole (L = 3) and hexadecapole (L = 4) radiation. 

Whether the emitted radiation is of the electric or magnetic type is determined 
by the relative parity of the initial and final levels. If there is no change in parity 
(Ll7T = no), then the radiation field must have even parity; if the parity changes in 
the transition (Ll'IT = yes), then the radiation field must have odd parity. As 
shown by Equation 10.7, electric and magnetic multipoles differ in their parities. 
Electric transitions have even parity if L = even, while magnetic transitions have 
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even parity if L = odd. Therefore a Aw = no transition would consist of even 
electric multipoles and odd magnetic multipoles. A Aw = yes transition, on the 
other hand, would consist of odd electric and even magnetic multipoles. In Our 
previous example (Ii = t to If = 1), let us assume that Wi = wf , so that Aw = no. 
We have already concluded that L = 1, 2, 3, or 4. The L = 1 radiation must be 
of magnetic character (odd magnetic and even electric multipoles for Aw = no), 
the L = 2 radiation of electric character, and so on. The radiation field must thus 
be Ml, E2, M3, and E4 radiation. If our two states had Wi = -Wf (Aw = yes) 
then the radiation field would be El, M2, E3, and M4 radiation. 

We therefore have the following angular momentum and parity selection rules: 

IIi - Ifl .:::;; L .:::;; Ii + If (no L = 0) 

Aw = no: 

Aw = yes: 

even electric, odd magnetic 

odd electric, even magnetic 
(10.16) 

The exception to the angular momentum selection rule occurs when Ii = If 
because there are no monopole (L = 0) transitions in which a single photon is 
emitted. Classically, the monopole moment is just the electric charge, which does 
not vary with time. (A spherical charge distribution of radius R gives only a pure 
1(~2 C:oulomb field for r > R. Even if we allow the sphere to undergo radial 
oscIllatIOns, the Coulomb field for r > R is unaffected and no radiation is 
produced.) For transitions in which Ii = If' the lowest possible y-ray multipole 
order is dipole (L = 1). 

The case in which either Ii or If is zero is particularly simple, for then only a 
pure multipole transition is emitted. For example, the first excited 2 + (Ii = 2, 
wi = even) state in even-Z, even-N nuclei decays to the 0+ ground state through 
the emission of a pure electric quadrupole (E2) transition. The above selection 
rules give immediately L = 2 and electric radiation for Aw = no. 

For Ii = If = 0, the selection rules would give only L = 0, which as we have 
already discussed is not permitted for radiative transitions. A few even-even 
nuclei have 0 + first excited states, which are forbidden to decay to the 0 + ground 
state by y emission. These states decay instead through internal conversion, which 
we discuss in Section 10.6. In this process the excitation energy is emitted by 
ejecting an orbital electron, the wave function of which penetrates the nuclear 
volume and samples the monopole distribution at r < R, where the potential 
does fluctuate. 

Usually the spins Ii and If have values for which the selection rules permit 
several multipoles to be emitted. The single-particle (Weisskopf) estimates permit 
us to make some general predictions about which multipole is most likely to be 
emitted. Let us consider the previous example of an J. = 1 + to If = 1 + transi-

• 1 2 2 
bon (Ml, E2, M3, E4). We assume a medium-weight nucleus (A = 125, so 
A

2
/

3 = 25) and a transition energy E = 1 MeV. The estimates (Equations 10.13 
and 10.15) give emission probabilities in the ratio 

;\(Ml) : ;\(E2): ;\(M3): ;\(E4) = 1: 1.4 X 10- 3 : 2.1 X 10- 10 : 1.3 X 1O- l3 

You can see that the lower multipoles (Ml and E2) are far more likely than the 
higher ones. In practice we could regard this transition as being composed of Ml 
radiation with possibly a small mixture of E2. If the transition were Aw = yes, 
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the multipoles would be El, M2, E3, M4 with the ratios 

;\(El) : ;\(M2) : ;\(E3): ;\(M4) = 1: 2.3 X 10- 7
: 2.1 X 10-10

: 2.1 X 10- 17 

Here only the El is expected to contribute to the transition. 
There are rather general expectations, based on the single-particle estimates: 

1. The lowest permitted multipole usually dominates. 
2. Electric multipole emission is more probable than the same magnetic multi

pole emission by a factor of order 102 for medium and he~vy .nuclei. (Of 
course, the selection rules prohibit EL and ML from competmg m the same 
radiation field.) 

3. Emission of multipole L + 1 is less probable than emission of multipole L 
by a factor of the order of about 10- 5

• 

4. Combining 2 and 3,we have the following (here L' = L + 1) 

;\(EL') ;\(EL') ;\(EL) 
::::; 10- 5 X 10 2 ::::; 10- 3 

;\(ML) ;\(EL) ;\(ML) 

;\(ML') ;\(ML') ;\(ML) 
::::; 10- 5 X 10-2 ::::; 10-7 

;\(EL) ;\(ML) ;\(EL) 

You can thus see why M2 competes with El far less effectively than E2 
competes with Ml. Keep in mind, however, that these are only estimates based 
on some very crude approximations. The properties of specific nuclear states can 
modify these estimates by many orders of magnitude; for example, we often find 
cases in which ;\(E2) > ;\(Ml), especially in transitions between vibrational or 
rotational coll.ective states. 

10.5 ANGULAR DISTRIBUTION AND POLARIZATION 
MEASUREMENTS 

In this section we consider the experimental techniques that help us to distinguish 
one multipole from another. Measuring the energy of a y ray emitted in a c~rtain 
transition gives us no information on the multipole character, and even If we 
know Ii and If' all we can do is restrict the range of possible L values, not 
determine how much of each is present. (In fact, more frequently the reverse 
process is used-we might know If and restrict the range of Ii by measuring L.) 
Even measuring the lifetime is of limited usefulness because of the many 
assumptions made in obtaining the Weisskopf estimates. To d~te~mi~e the 
multipole order of the y radiation, we must measure the angular dIstnbutIOn of 
the radiation and to distinguish electric from magnetic radiations, it is necessary 
to do additional measurements, such as to measure the polarization of the 
radiation. 

By way of illustration, let us consider a dipole transition from Ii = 1 to If = O. 
The initial state includes three sublevels with m i = + 1, 0, -1; the final state has 
only one sublevel, with m f = O. The angular distribution generally depends on 
the values of m i and mf. For example, in the case m i = 0 to mf = 0, the y 
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Figure 10.2 The nuclear Zeeman effect. In a magnetic field B, the 21; + 1 
sublevels of the state I; are split into equally spaced states differing in energy by 
ilE = pB / I;; for the case illustrated, I; = 1,21; + 1 = 3, If = 0, and ilE = J.tB. Three 
transitions satisfy the dipole selection rule ilm = 0, ± 1. The observed y emission 
lines are shown below each diagram; because the energy resolution is much 
greater than the splitting ilE, we cannot resolve the individual components. 

emission probability varies as sin2 8 (where the angle is defined with respect to 
the z axis that we use to measure the components of (). This is in fact the 
quantum analog of the case of radiation from the classical dipole we considered 
in Section 10.2. The transitions from m i = ± 1 to m f = 0 have angular distribu
tions that vary as i(1 + cos2 8). 

If we could pick out one of the three initial m states and measure the angular 
distribution of only that component of the transition, we would observe the 
characteristic angular distribution. The simplest scheme to do this would be to 
place the nuclei in a very strong magnetic field, so that the interaction of the 
magnetic moment p. of level Ii would give a splitting of that level depending on 
the relative orientations of Ii and the field B. (This is exactly analogous to the 
Zeeman effect in atoms.) Figure 10.2 shows a representation of this situation. 
Before the field is turned on, there is one transition of energy E. When the field is 
present, the splitting of the levels gives three transitions of energy E, E + !::.E, 
and E - !::.E, where !::.E = p.B. If we could pick out only the component with 
energy E + !::.E, for example, we would see the HI + cos2 8) distribution, 
relative to the direction of the field. We can estimate the magnitude of !::'E-for a 
typical magnetic moment of 1 nuclear magneton in a large field of 10 T, 
!::.E "'" 10- 6 eV. This small value of !::.E is far below the energy differences we can 
resolve with y-ray detectors, which typically cannot separate or resolve transi
tions within 2 keY of each other. Thus what we actually observe is a mixture of 
all possible m i ~ m f (+1 ~ 0, 0 ~ 0, -1 ~ 0). If we let W(8) represent the 
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observed angular distribution, then 

mj 

where p (m J is the population of the initial state, the fraction of the nuclei that 
occupies each sublevel. 

Under normal circumstances all the populations are equal, p( + 1) = p(O) = 
p(-I) = t, so that 

W(8) oc Hiel + cos2 8)] + t(sin2 8) + Hie1 + cos2 8)] = constant 

that is, the angular distribution disappears and the radiation intensity is indepen
dent of direction. 

There are two methods that can be used to create unequal populations p(mJ 
resulting in nonconstant W( 8). In the first method, we place the nuclei in a 
strong magnetic field, as we described previously, but at the same time we cool 
them to very low temperature, so low that the populations are made unequal by 
the Boltzmann distribution, p(mJ oc e-mj(AE/kT). To have unequal populations, 

kT» p.B 

kT «p.B 

~ 
~ 1~~~------~~------~~------~~----

oL-______ ~ ________ -L ________ ~ ________ L_ 

o 7r/2 7r 37r/2 27r 

o 
Figure 1 0.3 Angular distributions of nuclei with spins oriented at low tempera
tures. At top left is shown the distribution of radiation expected at high temperature; 
the magnetic field has essentially no effect in orienting the nuclear spins because 
of the thermal motion. At intermediate temperature (top center), the spins begin to 
align with the field, and the radiation distribution becomes nonuniform. At very low 
temperature, the spins are essentially completely aligned with the field. Measuring 
the angular distribution for dipole radiation would give the results shown at the 
bottom. 
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0- ±1 

o 
Figure 10.4 Angular correlation measurements. In a cascade of two radiations, 
here assumed to be 0 -> 1 -> 0, the angular distribution of Y2 is measured relative 
to the direction of Y1' A typical result for two dipole transitions is shown at the 
bottom. 

the exponential must be different from one, which means I1E must be of the 
order of kT. (At high temperature, say room temperature, kT::::: 1/40 eV, and 
I1E « kT, with the previous estimate of 10- 6 eV for I1E.) To have I1E - kT, we 
must cool the nuclei to T - 0.01 K. This is accomplished using continuously 
operating refrigerators, called helium dilution refrigerators, and this method, 
called low-temperature nuclear orientation, has become a powerful technique for 
determining y-ray multipole characters and for inferring nuclear spin assign
ments. Figure 10.3 shows representative angular distributions for dipole radia
tion. Note that in this method we still cannot distinguish one component of the 
transition from another; we merely create a situation in which the various 
components contribute to the mixture with unequal weights. 

The second method consists of creating an unequal mixture of populations 
p(rnJ by observing a previous radiation. Let us assume for simplicity that the 
level Ii is populated by a transition from a state of spin 10 = 0, so that there is a 
cascade 0 -7 1 -7 0 of two radiations YI and Y2' as shown in Figure lOA. Let's 
observe the first radiation in a certain direction, which we use to define the z 
axis; the second radiation is observed in a direction that makes an angle 82 with 
respect to the axis. With respect to the z axis, the first radiation has the same 
angular distribution we discussed above; for rno = 0 to rn i = 0, the distribution 
is proportional to sin2 8I and for rno = 0 to rni = ± 1, to HI + cos2 

( 1). Since we 
define the z axis by the direction of YI' it follows that 8I = 0, and so the 0 -7 0 
transition cannot be emitted in that direction. That is, the nuclei for which Y2 is 
observed following YI must have a population of p(rnJ = 0 for rn i = O. Thus the 
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angular distribution of Y2 relative to Yl is 

This type of experiment is called an angular correlation; again, we do not observe 
the individual components of Y2' but we create an unequal rn-state population 
distribution of the state Ii' 

We have considered these examples of angular distribution measurements for 
the simplest case of pure dipole radiation. In general, the angular distribution or 
correlation of multipole radiation is of the form of a polynomial in even powers 
of cos 8: 

L 

W(8)=1+ L::a2kcos2k8 
k=l 

(10.17) 

where the coefficients a2k depend on Ii' If' and L, and also on whether we are 
doing a low-temperature angular distribution or an angular correlation experi-

Yl Y2 
ment. For example, for the angular correlation 4 + -72+ -70+, where YI and Y2 

are E2 radiation (Y2 is pure E2 by the selection rules (Equation 10.16); Yl has a 
negligible mixture of M3 and higher multipoles), a 2 = t and a 4 = -14, while for 

-O·FO~l ________ -~O~.~l ________ ~ 

1.0 

01-------

-1.0 

-0.01 

pure M1 
E 

-0.1 -1 

-100 

a2 

pure E2 
3> 

-10 -100 

o 
Figure 10.5 Analysis of angular correlation data for the ratio of E2 to M1 matrix 
elements in a transition. The vertical error bars show the ranges of the experimen
tally determined 82 and 8 4 , each of which gives a corresponding value for o. The 8 2 
and 8 4 curves are derived from theory for this 2 -> 2 -> 0 cascade in 110Cd. Data 
from K. S. Krane and R. M. Steffen, Phys. Rev. C 2, 724 (1970). 
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o + ~ 2 + ~ 0 + the angular correlation is a 2 = - 3, a 4 = 4. Returning to the 
original goal of this discussion, let us consider the angular correlation for 

+Yl +Y2 + 
2 ~ 2 ~ 0 , where Yl is a mixture of M1 and E2 (neglecting the higher 

multipoles). The coefficients a 2 and a4 depend on the relative amounts of M1 
and E2 radiation; Figure 10.5 shows a 2 and a 4 as they vary with the parameter 
8, which essentially is mfi(E2)jmfi(M1), where mfi(aL) is the transition matrix 
element defined by Equation 10.9. The fraction of E2 radiation is 82/(1 + 82 ) 

and the fraction of M1 radiation is 1/(1 + 82 ). As an example, the case of the 
818-658-keV 2+ ~ 2+ ~ 0+ cascade in HOCd has the measured values a

2 
= 

-0.06 ± 0.22, a 4 = 0.89 ± 0.24. As shown in Figure 10.5, the deduced ratio of 
the multipole matrix elements is 8 = -1.2 ± 0.2, corresponding to the 818-keV 
radiation being 59% E2 and 41% M1. This accurate knowledge of multipole 
character is extremely important in evaluating nuclear mo<;lels and deducing 
partial lifetimes, as we discuss in Section 10.7. Thus angular distribution and 
correlation measurements have an extremely important role in nuclear spec
troscopy. 

1.10 t--~~-+-----+-----~ 

-i 

~l.Ot-----+----'::'---I--+--I----:::;;'-I 

0.90 t"""'::::....lf'------+-----+-----~ 

o 
Figure 1 0.6 An angular correlation measurement in which the linear polarization 
of the radiation is measured. The angle 8 refers, as in Figures 10.4 and 7.43, to the 
angle between the two radiations. Data shown are for two transitions in the decay 
of 46SC, obtained by F. Metzger and M. Deutsch, Phys. Rev. 78, 551 (1950). 
Theoretical curves are drawn for various combinations of E2 and M2 radiations. 
The results indicate convincingly that both transitions must be of E2 character, 
consistent with the presently known 4 + -4 2 + -4 0 + level scheme. 
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To determine whether the radiation is electric or magnetic in character, 
additional measurements are necessary for in the angular distribution a 2 and a 4 
are identical for E and M radiation. In Figure 10.1, you can see that the E 
vector of the radiation field is parallel to the dipole axis for electric radiation but 
normal to it for magnetic radiation. The same characteristic carries into the 
complete quantum description, and we can distinguish E from M radiation by 
determining the directional relationship between the axis of the emitting nucleus, 
the direction of the emitted radiation, and its E field. The plane formed by the 
radiation propagation direction r and the field E is called the plane of polariza
tion. (Given rand E, we can deduce B because the radiation propagates in the 
direction E X B. Choosing rand E to define the polarization is merely a 
convention and has no intrinsic significance.) As in the previous measurement, we 
must begin with an unequal distribution of m states. (In the classical case, this 
would be equivalent to knowing the direction of the axis of the dipole since it is 
possible that a given direction for E can correspond to an electric dipole in the z 

direction or a magnetic dipole in the y direction.) 
This type of measurement is called a linear polarization distribution and is 

usually accomplished by taking advantage of the polarization dependence of 
Compton scattering (see Section 7.9 and Figure 7.43). Figure 10.6 shows an 
example of .. an angular correlation in which the linear polarization of Y2 is 
observed. As before, the observation of the previous radiation Yl in effect 
provides the unequal m-state distribution, and we measure the linear polarization 
of Y2 by the intensity of the Compton-scattered photons as a function of cp. 

10.6 INTERNAL CONVERSION 

Internal conversion is an electromagnetic process that competes with Y emission. 
In this case the electromagnetic multipole fields of the nucleus do not result in 
the emission of a photon; instead, the fields interact with the atomic electrons 
and cause one of the electrons to be emitted from the atom. In contrast to f3 
decay, the electron is not created in the decay process but rather is a previously 
existing electron in an atomic orbit. For this reason internal conversion decay 
rates can be altered slightly by changing the chemical environment of the atom, 
thus changing somewhat the atomic orbits. Keep in mind, however, that this is 
not a two-step process in which a photon is first emitted by the nucleus and then 
knocks loose an orbiting electron by a process analogous to the photoelectric 
effect; such a process would have a negligibly small probability to occur. 

The transition energy !::.E appears in this case as the kinetic energy Te of the 
emitted electron, less the binding energy B that must be supplied to knock the 
electron loose from its atomic shell: 

(10.18) 

As we did in our discussion of nuclear binding energy, we take B to be a positive 
number. The energy of a bound state is of course negative, and we regard the 
binding energy as that which we must supply to go from that state up to zero 
energy. Because the electron binding energy varies with the atomic orbital, for a 
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Te 

Figure 10.7 A typical electron spectrum such as might be emitted from a 
radioactive nucleus. A few discrete conversion electron peaks ride on the continu
ous background from f3 decay. 

given transition dE there will be internal conversion electrons emitted with 
differing energies. The observed electron spectrum from a source with a single y 
emission thus consists of a number of individual components; these are discrete 
components, however, and not at all continuous like the electrons emitted in f3 
decay. Most radioactive sources will emit both f3-decay and internal conversion 
electrons, and it is relatively easy to pick out the discrete conversion electron 
peaks riding on the continuous f3 spectrum (Figure 10.7). 

Equation 10.18 suggests that the internal conversion process has a threshold 
energy equal to the electron binding energy in a particular shell; as a result, the 
conversion electrons are labeled according to the electronic shell from which they 
come: K, L, M, and so on, corresponding to principal atomic quantum numbers 
n = 1,2,3, .... Furthermore, if we observe at very high resolution, we can even 
see the substructure corresponding to the individual electrons in the shell. For 
example, th~ .L (.n = 2) shell has the atomic orbitals 2S1/ 2, 2P1/2' and 2P3/2; 
electrons ongmatmg from these shells are called respectively Lr Land L 

. " 'II' III 
conversIOn electrons. 

Following the conversion process, the atom is left with a vacancy in one of the 
electronic shells. This vacancy is filled very rapidly by electrons from higher 
shells, and thus we observe characteristic X-ray emission accompanying the 
conversion electrons. For this reason, when we study the y emission from a 
radioactive source we usually find X rays near the low-energy end of the 
spectrum. 

As an illustration of the calculation of electron energies, consider the f3 decay 
of 203Hg to 203TI, following which a single y ray of energy 279.190 keY is 
emitted. To calculate the energies of the conversion electrons, we must look up 
the electron binding energies in the daughter TI because it is from that atom that 
the electron emission takes place. (We will assume that the atomic shells have 
enough time to settle down between the f3 emission and the subsequent y or 
conversion electron emission; this may not necessarily be true and will depend on 
the chemical environment and on the lifetime of the excited state.) Electron 
binding energies are conveniently tabulated in Appendix III of the Table of 
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Isotopes. For TI, we find the following: 

B(K) = 85.529 keY 

B(Lr) = 15.347 keY 

B(Ln) = 14.698 keY 

B(Lm) = 12.657 keY 

B(M I ) = 3.704 keY 

and so on through the M, N, and 0 shells. We therefore expect to find conversion 
electrons emitted with the following energies: 

Te(K) = 279.190 - 85.529 = 193.661 keY 

Te(Lr) = 279.190 - 15.347 = 263.843 keY 

Te(Ln) = 279.190 - 14.698 = 264.492 keY 

Te(Lm) = 279.190 - 12.657 = 266.533 keY 

Te(Mr) = 279.190 - 3.704 = 275.486 keY 

Figure 10.8 shows the electron spectrum for 203Hg. You can see the continuous f3 
spectrum as well as the electron lines at the energies we have calculated. 

One feature that is immediately apparent is the varying intensities of the 
conversion electrons from the decay. This variation, as we shall see, depends on 
the multipole character of the radiation field; in fact, measuring the relative 
probabilities of conversion electron emission is one of the primary ways to 
determine multipole characters. 

In some cases, internal conversion is heavily favored over y emission; in others 
it may be completely negligible compared with y emission. As a general rule, it is 
necessary to correct for internal conversion when calculating the probability for y 
emission. That is, if we know the half-life of a particular nuclear level, then the 
total decay probability At (equal to 0.693/t1/ 2 ) has two components, one (A) 
arising from y emission and another U\e) arising from internal conversion: 

At = Ay + Ae (10.19) 

The level decays more rapidly through the combined process than it would if we 
considered y emission alone. It is (as we shall see) convenient to define the 
internal conversion coefficient a as 

Ae 
a= -

Ay 
(10.20) 

That is, a gives the probability of electron emission relative to y emission and 
ranges from very small (::::: 0) to very large. The total decay probability then 
becomes 

(10.21) 

We let a represent the total internal conversion coefficient and define partial 
coefficients representing the individual atomic shells: 

At=Ay+Ae,K+Ae,L+Ae,M+ ... 

= Ay(l + aK + a L + aM + ... ) (10.22) 
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Figure 10.8 Electron spectrum from the decay of 203Hg. At top, the continuous 
f3 spectrum can be seen, along with the K and unresolved Land M conversion 
lines. In the middle is shown the conversion spectrum at higher resolution; the L 
and M lines are now well separated, and even LIII is resolved. At yet higher 
resolution (bottom) LI and LII are clearly separated. Sources: (top) A. H. Wapstra 
et aI., Physica 20, 169 (1954); (middle) Z. Sujkowski, Ark. Fys. 20, 243 (1961); 
(bottom) C. J. Herrlander and R. L. Graham, Nucl. Phys. 58, 544 (1964). 

GAMMA DECAY 345 

and thus 

(10.23) 

Of course, considering the subshells, we could break these down further, such as 

(10.24) 

and similarly for other shells. 
The calculation of internal conversion coefficients is a difficult process, beyond 

the level of the present text. Let's instead try to justify some of the general results 
and indicate the way in which the calculation differs from the similar calculation 
for y emission. Because the process is electromagnetic in origin, the matrix 
element that governs the process is quite similar to that of Equation 10.9 with 
two exceptions: the initial state includes a bound electron, so that 1/1; = I/I;,NI/I;,e 
where N indicates the nuclear wave function and e indicates the electron wave 
function. Similarly, I/If = I/If,Nl/lf,e where in this case I/If,e is the free-particle wave 
function e- ik •rc • To a very good approximation, the atomic wave function varies 
relatively little over the nucleus, and we can replace 1/1; e(re) with its value at 
re = O. The important detail, however, is that all of the specifically nuclear 
information is contained in I/I;,N and I/If,N' and that the same electromagnetic 
multipole operator m (aL) governs both y emission and internal conversion. The 
nuclear part of the matrix element of Equation 10.9 is therefore identical for both 
processes: 

hy(aL)oc Imf;(aL)12 

he(aL)oc Imfi(aL)12 (l0.25) 

and thus the internal conversion coefficient a, the ratio of he and hy, is 
independent of the details of nuclear structure. The coefficient a will depend on 
the atomic number of the atom in which the process occurs, and on the energy of 
the transition and its multipolarity (hence, indirectly on the nuclear structure). 
We can therefore calculate and display general tables or graphs of a for different 
Z, 7;" and L. 

We are oversimplifying here just a bit because the electron wave function I/I;,e 
does penetrate the nucleus and does sample the specific nuclear wave function, 
but it has a very slight, usually negligible, effect on the conversion coefficient. 

A nonrelativistic calculation gives the following instructive results for electric 
(E) and magnetic (M) multipoles: 

Z3( L )( e
2 

)4(2meC2)L+5/2 a(EL) "" - -- --
- n3 L + 1 4'lTf 0 lic E 

(10.26) 

"" Z3 ( e2 )4( 2mec2 ) L+3/2 
a(ML) - 3 4 Ii E n 'lTfO C 

(10.27) 

In these expressions, Z is the atomic number of the atom in which the conversion 
takes place (the daughter, in the case of transitions following f3 decay) and n is 
the principal quantum number of the bound electron wave function; the factor 
(Zln)3 comes from the term 11/I;,e(0)1 2 that appears in the conversion rate (the 
hydrogenic wave functions of Table 2.5 show the factor (Z In )3/2 in the nor-
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malization constant). The dimensionless factor (e 2/4'IT€onc) is the fine structure 
constant with a value close to 1~7' 

These expressions for the conversion coefficients are only approximate, for the 
electron must be treated relativistically (transition energies are typically 0.5-1 
MeV, so it is not true that Te « m ec

2
) and the "point" nucleus Coulomb wave 

functions such as those of Table 2.5 do not properly take into account the 
important effects that occur when the electron penetrates the nucleus. Tabu
lations of conversion coefficients based on more rigorous calculations are listed at 
the end of the chapter. The approximate expressions do, however, illustrate a 
number of features of the conversion coefficients: 

1. They increase as Z3, and so the conversion process is more important for 
heavy nuclei than for light nuclei. For example, the 1.27-MeV E2 transition 
in i~Ne has aK = 6.8 X 10-6 and the 1.22-MeV E2 transition in l~~W has 
aK = 2.5 X 10- 3; their ratio is very nearly equal to (10/74)3, as expected. 

2. The conversion coefficient decreases rapidly with increasing transition en
ergy. (In contrast, the probability for y emission increases rapidly with 
energy.) For example, in 56CO there are three M1 transitions, with energies 
158 keY (a K = 0.011),270 keY (a K = 0.0034), and 812 keY (a K = 0.00025). 
These decrease approximately as E- 2.5, as expected based on Equation 10.27. 

3. The conversion coefficients increase rapidly as the multipole order increases; 
in fact, for the higher I. values, conversion electron emission may be far more 
probable than y emission. For example, in 99Tc there is an M1 transition of 
141 keY with aK = 0.10, while an M4 transition of 143 keY has aK = 30. 
Based on Equation 10.27 we would expect the ratio ad143)/ad141) to be 
about (2mec2/E)3, or about 370, which is quite consistent with the observed 
ratio (about 300). 

4. The conversion coefficients for higher atomic shells (n > 1) decrease like 
1/n3• Thus for a given transition, we might roughly expect aK/aL"" 8. 
Using the correct electronic wave functions will cause this estimate to vary 
considerably, but many experimental values of aK/ aL do fall in the range of 
3-6, so even in this case our estimate serves us well. 

We therefore expect relatively large K-shell conversion coefficients for low
energy, high-multipolarity transitions in heavy nuclei, with smaller values in other 
cases (higher atomic shells, higher transition energy, lighter nuclei, lower multi
poles). 

While these estimates give us reasonable qualitative values, for quantitative 
comparisons with experimental results, we must do detailed computations of the 
conversion coefficients, using the proper atomic wave functions. Figure 10.9 
shows some results of such calculations. Notice that the coefficients differ 
considerably for EL and ML transitions; thus measurement of a allows us to 
determine the relative parities of nuclear states. 

There is one other application for which internal conversion is an essential tool 
-the observation of EO transitions, which are forbidden to go by electromag
netic radiation because the nuclear monopole moment (that is, its charge) cannot 
radiate to points external to the nucleus. The EO transition is particularly 
important in decays from 0+ initial states to 0+ final states, which cannot occur 
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E,MeV 

Figure 10.9 K-shell internal conversion coefficients for Z = 50. From Table of 
Isotopes, edited by C. M. Lederer and V. S. Shirley (New York: Wiley, 1978). 

by any other direct process. We can regard the nucleus in this case as a 
spherically symmetric ball of charge; the only possible motion is a pulsation, 
which does not alter the electric field at points external to the sphere and thus 
produces no radiation. Electronic orbits that do not vanish near r = 0 (that is, 
s states) can sample the varying potential within the pulsating nucleus, and so a 
transfer of energy to the electron is possible. 

Because no y rays are emitted, it is not possible to define a conversion 
coefficient (a is infinite for Ay = 0). We can illustrate a particular case in which 
the decay occurs by the 720e level scheme shown in Figure 10.10. The excited 0+ 
state decays to the ground state by EO conversion with a half-life of 0.42 p,s. The 
nearby 2 + state can decay by y emission much more rapidly; the internal 
conversion coefficient for that decay is only 4.9 X 10-4• Comparison of these 
rates will involve evaluating the nuclear matrix elements (because we cannot take 
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Figure 10.10 Energy levels in 72Ge. 

the ratio Ae/Ay for the EO transition, its matrix elements do not cancel), but may 
reveal to us something about the internal structure of the excited 0+ state. 

10.7 LIFETIMES FOR Y EMISSION 

In Chapter 7, we discussed techniques for measuring the half-lives of excited 
states. One primary usefulness of these experimental values is for comparing with 
theoretical values calculated on the basis of different models of the nucleus. If we 
compare various calculated values with the experimental one, we can often draw 
some conclusions about the structure of the nucleus. 

Before we do this, we must first evaluate the partial decay rate for y emission, 
as we did at the end of Section 6.5. Let's consider the example of the decay 
shown in Figure 10.11. The half-life of the 1317-keV level has been measured to 

be 8.7 ps. Its total decay constant is therefore 
0.693 0.693 
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10 
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Figure 10.11 Energy levels in 72Se. 
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This decay rate is just the sum of th d depopulate the state: e ecay rates of the three transitions that 

At = At,l3l7 + At,455 + At,3BO 

= Ay,1317{1 + (1317) + Ay 455(1 + (455) + A 3Bo(1 + a ) , y, 3BO 

!~: ~~~version coet?cie~ts can be found in standard reference works (the have 

be neglec:~~:~~~~e~hi~i~~s:)) ~n~h:rpe rsu~~ient1fY his~all « 0.?1) that th~y can 
eClSlon 0 t s calculatIOn. Thus 

At = Ay,l3l7 + Ay,455 + Ay,3BO 

The relative intensities of the three y rays have been measured to be 

Ay,l3l7: Ay.455 : Ay.3BO = 51: 39: 10 

and so the partial decay rates for the three y rays are 

Ay,l3l7 = 0.51(8.0 X 1010 S-l) = 4.1 X 1010 S-l 

Ay,455 = 0.39(8.0 X 1010 S-l) = 3.1 X 1010 S-l 

Ay,3BO = 0.10(8.0 X 1010 S-l) = 0.80 X 1010 S-l 

~~l~e:,h~~~::;t~~e r;.,;:fs[~~ J :S~:::ion that can. be compared with calculated 
expected values of A(E2): pates of EquatIOn 10.13. Let us calculate the 

AE2,l3l7 = 8.7 X 1010 S-l 

AE2,455 = 4.3 X lOB S-l 

AE2,3BO = 1.7 X lOB S-l 

The case of the 937-keV I I ( eve t1/2 = 15.8 ns) can be handled similarly: 

0.693 
At = = 4.39 X 107 S-l 

15.8 ns 

At = At,937 + At,75 

= Ae,937 + Ay,75(1 + ( 75 ) 

beca~se the 937-keV transition is of the 0 ~ 0 .. 

r:v~~r~~e~!~~~ :~egt~~pa~~)on~ersio~ coeffilclien~ ~~ 7~e is~~e~etr~~~~i~~~s l~b~~~ 
73

' 27 d h . xpenmenta y, It IS known that A . A -. ,an t us y,75' e.937-

Ae,937 = 4.3 X 106 S-l 

Ay,75 = 1.16 X 107 S-l 

Finally, for the 862-keV transition, we find 

Ay ,B62 = 2.0 X 1011 S-l 

From the Weisskopf estimates, we would compute 

AE2,75 = 5.2 X 104 S-l 

AE2 ,B62 = 1.0 X 1010 S-l 
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One feature that generally emerges from these calculations is that the meas
ured transition rates are frequently at least an order of magnitude larger than the 
Weisskopf estimates for E2 transitions. This is strong evidence for the collective 
aspects of nuclear structure discussed in Chapter 5-the Weisskopf estimates are 
based on the assumption that the transition arises from the motion of a single 
nucleon, and the fact that these are too small indicates that many nucleons must 
be taking part in the transition. Figure 10.12 summarizes similar results for many 
E2 transitions, and you can see that this enhancement or acceleration of the 
single-particle E2 rate is quite a common feature. No such effect occurs for E1 
transitions, which are generally slower than the single-particle rates. On the other 
hand, consider Figure 10.13 which shows the systematic behavior of M4 transi
tions. Here the agreement between theory and experiment is excellent. 

10.8 GAMMA-RAY SPECTROSCOPY 

The study of the 'I radiations emitted by radioactive sources is one of the 
primary means to learn about the structure of excited nuclear states. Gamma-ray 
detection is relatively easy to accomplish, and can be done at high resolution 
(transitions a mere 2 keY apart can be cleanly separated by goody detectors) and 
with high precisioll (uncertainties of a few eV in typical cases and more than an 
order of magnitude better in the best cases). Knowledge of the locations and 
properties of the excited states is essential for the evaluation of calculations based 
on any nuclear model, andy-ray spectroscopy is the most direct, precise, and 
often the easiest way to obtain that information. 

Let's consider how the "ideal" 'I-ray experiments might proceed to provide us 
with the information we need about nuclear excited states: 

1. A spectrum of the 'I rays shows us the energies and intensities of the 
transitions. 

2. Coincidence measurements give us clues about how these transitions might 
be arranged among the excited states. 

3. Measuring internal conversion coefficients can give clues about the character 
of the radiation and the relative spins and parities of the initial and final 
states. Additional clues may come from angular distribution and correlation 
measurements . 

4. Absolute transition probabilities can be found by determining the half-lives 
of the levels. 

As a first example, we consider the decay of 108mAg (t1/2 = 127 y). Figure 10.14 
shows the conversion electron andy-ray spectra, and Table 10.1 shows the 
deduced relative 'I and electron intensities. 

The first excited state of 108Pd is known from many nuclear reaction studies to 
be at an energy of 434 keY and to be a 2 + state, as in nearly all even-Z, even-N 
nuclei. We therefore recognize the 434-keV transition shown in Table 10.1 as 
representing the decay of this state, and we assume the transition to be a pure 
E2, 2 + --) 0 + transition. From conversion coefficient tables, we can determine 
that the theoretical conversion coefficients are ad434) = 7.89 X 10- 3, a

L
+

M
+ , .. 

= 1.0 X 10- 3
. Given the intensities from Table 10.1, the remaining conversion 
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Table 10.1 Conversion Electron and y-Ray Intensities of Transitions 
Following the Decay of 108mAg 

Trans- Conversion Coefficient 
ition Relative Relative (units of 10- 3 ) 
Energy y Electron 
(keV) Intensity Intensity Experimental Theoretical 

79.2 7.3 ± 0.8 204 ± 10 (K) 220 ± 26 270 (E1), 710 (M1), 2400 (E2) 
25 ± 2 (L) 27 ± 4 33 (E1), 88 (M1), 777 (E2) 

434.0 == 100 == 100 (K) == 7.89 7.89 (E2) 

14.8 ± 2.3 (L + ... ) 1.17 ± 0.18 l.02 (E2) 
614.4 103 ± 3 37 ± 3 (K) 2.83 ± 0.24 l.03 (E1), 3.01 (M1), 2.92 (E2) 

5.1 ± l.6 (L + ... ) 0.39 ± 0.l2 0.12 (E1), 0.35 (M1), 0.36 (E2) 
632.9 0.16 ± 0.02 

723.0 102 ± 3 25.0 ± 1.2 (K) l.93 ± 0.11 0.72 (E1), 2.06 (M1), l.91 (E2) 
4.6 ± 0.8 (L + ... ) 0.35 ± 0.06 0.08 (E1), 0.24 (M1), 0.23 (E2) 

Source: Experimental data from O. C. Kistner and A. W. Sunyar, Phys. Rev. 143, 918 (1966). 

coefficients canbe computed in the following way: 

1K(434) 
lXK(434) = I.

y
(434) 

1K(614) 
lXK(614) = //614) 

where I represents the tabulated intensities. 
Since we have relative, rather than absolute, intensities, we form the ratio 

lXK(614) 1K(614) 1y(434) 

lXK(434) 1K(434) 1y(614) 

. 1K(614) 
lXK(614) = lXK(434) . (4) 

1K 34 

= 7.89 X 10-3. 37 ± 3. 100 
100 103 ± 3 

= (2.83 ± 0.24) X 10- 3 

From a similar procedure, the remaining conversion coefficients can be calcu
lated, as listed in Table 10.1, and from tabulated values, we can find the 
theoretical values also listed in the table. 

The 614- and 723-keV transitions are either M1 or E2 character, but from the 
conversion coefficients we cannot decide which is correct because it happens (for 
this atomic number and y-ray energy range) the M1 and E2 values are nearly 
equal. 

Further information can be obtained from coincidence experiments, illustrated 
in Figure 10.15. The low-energy end of the electron spectrum shows another 
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Figure 10.16 Decay scheme of 108Ag. The 127-y isomer decays 91 % by f3 decay 
and 9% through y rays. The branching ratios of the f3 decay of the 2.4-min ground 
state are also shown. 

transition, of energy 30.4 keY; its y intensity is too low to be observed, but from 
the relative subshell intensities LI/(Ln + Lm) it is deduced to be of M4 
character. Neither this transition nor the 79.2-keV transition are in coincidence 
with the 434-, 614-, or 723-keV transitions. This strongly suggests that the 30.4-
and 79.2-keV transitions take place in I08Ag following the decay of the isomer. 
Furthermore, the coincidence relationship among the 434-, 614-, and 723-keV 
transitions suggests that they follow one another in cascade . 

The resulting decay scheme deduced on the basis of these (and other) data is 
shown in Figure 10.16. The spins of the 1048- and 1771-keV levels are deduced 
from angular correlation and linear polarization measurements, and the transi
tions are then of £2 multipolarity. The 633-keV transition is deduced to take 
place in I08ed, and must follow the decay of the 108Ag ground state. (Otherwise, 
the f3 decay would be 6 + ~ 2 +, a fourth-forbidden process not likely to be 
observed.) 

The 127-y isomeric state decays 91 % by an allowed f3 decay to the 6 + state in 
108Pd, which then decays through the cascade of three transitions. Because there 
is negligible f3 feeding of the 4+ or 2+ levels (the 2+ level is fed by only 0.2% of 
9% of the decays), the three transitions should all have the same total (y plus 
electron) intensity, as can be confirmed from the data of Table 10.1. The I08Ag 
ground state decays through four different allowed f3 branches, with a half-life of 
2.4 min. 

As a second example, we consider the decay of isomeric 180mHf. A y-ray 
spectrum is shown in Figure 10.17, and the deduced y intensities and conversion 
coefficients are shown in Table 10.2. The conversion coefficients of the 93-, 215-, 
332-, and 443-keV transitions strongly suggest £2 multipolarity, while for 57-
and 501-keV, they suggest £1 and £3, respectively. 

Since 180Hf is an even-Z, even-N nucleus, we expect the first excited state to be 
a 2 + state, and such a state has been identified at 93 keY from a variety of 
experiments. In this region, we expect the sequence of 0 +,2 +,4 +, 6 +, . .. rota-
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Figure 10.17 Gamma ray spectrum from the decay of 18omHf. The radioactive 
sample was made by neutron activation, which also produced other isotopes of Hf; 

y rays from these other isotopes are labeled. 

tional states with characteristic 1(1 + 1) spacing, and so we expect to find a 4+ 
state at an energy of 1f of the 2 + energy, or 310 keY, with a 4 +-2 + transition of 
energy 310 - 93 = 217 keY. This is presumably the 215-keV E2 transition seen 
in the y spectrum. The 6+ state is expected at 651 keY, and the 6 + -4 + transition 
should be of energy 651 - 310 = 341 keY, which we identify with the observed 
332-keV transition. The 8+ energy is expected to be 1116 keY, and the 8+-6+ 
transition (1116 - 651 = 465 keY) we guess to be the observed 443 keY. To 
place the 57- and 501-keV transitions, we notice the energy sum 57.5 + 443.2 = 
500.7, which strongly suggests that a level 57.5 keY above the 8+ level emits both 
the 57.5- and 500.7-keV transitions, with the 500.7-keV transition proceeding 
directly to the 6+ state in parallel with the cascade 57.5 + 443.2 keY. To check 
this assumption, we examine the total intensities of the transitions, which we find, 
according to Equation 10.21, by IT = 1/1 + a), where a is the total conversion 
coefficient (the sum of the individual coefficients). From the data of Table 10.2, 
the following relative intensities can be computed: 

I
T

(57.5) = 87.1 ± 2.9 

I
T

(93.3) = 108.1 ± 4.8 

IT (215.3) = 103.4 ± 1.0 

I
T

(332.3) = 105.3 ± 1.1 

I
T

(443.2) = 89.7 ± 1.6 

IT (500.7) = 16.2 ± 0.4 

Note that, within the uncertainties, I T (93.3) = I T (215.3) = I T (332.3), as ex
pected for transitions emitted in a cascade, one following the other. The 443.2 
intensity is smaller, suggesting an alternative branch to the 6 + state other than 
through the 443.2-keV, 8+-6+ transition, consistent with the assumption that the 
500.7-keV transition goes to the 6+ state. Finally, note that IT (57.5) = I T (443.2), 
suggesting they are in cascade, and that I T (57.5) + I T (500.7) = I T (332.3), sug
gesting the two branches that feed the 6 + level, one by the 57.5-keV transition 
and another by the 500.7-keV transition. 
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Table 10.2 Gamma Decays of 180m Hf 

Transition 
Energy 
(keY) 

57.5 

93.3 

215.3 

332.3 

443.2 

500.7 

Relative 
y 

Intensity 

51.3 ± 1.2 

17.6 ± 0.4 

86.2 ± 0.8 

== 100.0 ± 1.0 

87.7 ± 1.6 

15.4 ± 0.4 

Conversion Coefficient 

Experiment 
(atomic shell) 

0.430 ± 0.029 (L) 

0.083 ± 0.007 (M) 

0.023 ± 0.004 (N + ... ) 
== 1.10 (K) 

3.13 ± 0.19 (L) 

0.91 ± 0.11 (M + ... ) 
0.123 ± 0.009 (K) 

0.077 ± 0.011 (L) 

0.038 ± 0.003 (K) 

0.015 ± 0.002 (L) 

0.0189 ± 0.0017 (K) 

0.0044 ± 0.0007 (L) 

0.037 ± 0.012 (K) 

0.016 + 0.005 (L) 

Theory 
(multipole) 

0.452 (E1) 

0.105 (E1) 

0.031 (E1) 

1.10 (E2) 

2.72 (E2) 

0.85 (E2) 

0.14 (E2) 

0.071 (E2) 

0.042 (E2) 

0.0l3 (E2) 

0.020 (E2) 

0.005 (E2) 

0.124 (M2), 0.038 (E3) 

0.062 (M2), 0.016 (E3) 

Source: Data for this table came from v ri . . (1975). a ous sources compIled In the Nuclear Data Sheets 15, 559 
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Figure 10.18 The isomeric decay of 18omHf. 
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The resulting decay scheme IS shown m Igure .' based ;n the y 
additional measurements are required to confirm that our guesses . 

Table 10.3 y Transitions in the Decay of 17
7
Lu 

Conversion Coefficient 
Transition Relative Theory 
Energy y Experiment 

(multipole) 
(keV) Intensity (atomic shell) 

2.4 ± 0.1 0.90 ± 0.11 (K) 0.72 (E1), 92.0 (M2) 
71.6 

0.087 ± 0.010 (L1) 
0.071 (E1), 24.3 (M2) 

== 100 0.78 ± 0.05 (K) 2.4 (M1), 0.74 (E2) 
113.0 

0.091 ± 0.011 (L1) 
0.345 (M1), 0.076 (E2) 

0.92 ± 0.06 0.49 ± 0.08 (K) 1.45 (M1), 0.48 (E2) 
136.7 

0.08 ± 0.02 (Lr) 0.20 (M1), 0.05 (E2) 

164 ± 10 0.046 ± 0.004 (K) 0.046 (E1), 2.05 (M2) 
208.3 

0.0063 ± 0.0006 (Lr) 0.0053 (E1), 0.38 (M2) 

3.0 ± 0.2 0.101 ± 0.009 (K) 0.26 (M1), 0.094 (E2) 
249.7 0.0155 (E1), 0.49 (M2) 

3.6 ± 0.2 0.102 ± 0.013 (K) 
321.3 

0.017 ± 0.002 (LI) 0.00l8 (E1), 0.081 (M2) 

Sources' Gamma-ray data from A. J. Haverfield et aI., Nucl. Phys. A 94, 337 (1967). Electron 

conversion data from A. P. Agnihotry et aI., Phys. Rev. C 9,336 (1974). 
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decays are in fact correct. The S.S-h half-life is one of the longest known for 
y-emitting isomers. 

For our final example, we consider the 6.7-day decay of 177Lu. The y-ray 
spectrum is shown in Figure 10.19 and the y and conversion data are listed in 
Table 10.3. The f3 decays of 177Lu to 177Hf were discussed in Section 9.10; there 
are four decays, leading to the ground state and to excited states at 113, 2S0, and 
321 keY. Transitions from each of these states to the ground state can be seen 
among those listed in Table 10.3, and we therefore assume the excited states to be 
at energies of 113.0, 249.7, and 321.3 keY. (These y energies are determined to 
about ±0.1 keY, while the f3 energies are determined only to ±2-3 keV.) We 
also find in the transitions of Table 10.3 all possible transitions connecting the 
excited states: 

32l.3 - 249.7 keY = 71.6 keY 

32l.3 - 113.0 keY = 208.3 keY 

249.7 - 113.0 keY = 136.7 keY 

The ground state and first two excited states of 177Hf are known to be the lowest 
states of a rotational band with spins 3 -,1-, ¥- -, .... We would expect the 
113.0-keV transition to be 1-~ 3 - and thus of Ml + E2 character, the 136.7-
keY transition to be ¥- -~ 1- and likewise Ml + E2, and the 249.7-keV 
transition to be ¥- -~ 3 - E2. These expectations are consistent with the conver
sion coefficients. The 32l.3 level decays to all three lower levels through El + M2 
transitions, and thus only a 1 + assignment is possible. 

712+ 6.7 d 

(Y) 

00 "! 
0 ...... 

321.3 N ,.... 
0.67 

,.... ,.... 
cri <ri 
<t (Y) 

249.7 N ...... 
0.10 

113.0 
0.50 

0.0 

l" rHHfl05 E (keV) tll2 (ns) 

Figure 10.20 Decay scheme of 177Lu to 177Hf. The f3 branching intensities are 
deduced indirectly from the y-ray intensities and differ from those of Figure 9.29. 
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Figure 10.21 Coincidence spectra from the 177Lu decay. Note the strong coinci
dence between 208 and 113; also note how the 71.6-keV peak, which is barely 
observable in the singles spectrum at the top, appears prominently in coincidence 
with 249.7 keV. (The small apparent 113.0-keV peak in the 249.7 keV coincidence 
spectrum is an artifact.) Data from A. P. Agnihotry et a\., Phys. Rev. C 9, 336 (1974). 

The postulated decay scheme is shown in Figure 10.20. To verify our assump
tions about the placement of the transitions, we can do y-ray coincidence 
measurements, an example of which is shown in Figure 10.21. The coincidence 
spectrum shows quite plainly the 113.0-20S.3 and 71.6-249.7 coincidence rela-

tionships. 
As a final note on this decay, we point out that the L-subshell ratios can 

determine the relative M1 and E2 components of the 113.0-keV transition. 
Figure 10.22 shows the dependence of the LI/Lm and LI/Ln ratios on the E2 
component. These very precise data show that the transition is 94-95% E2 and 
thus only 5-6% M1. In this case, the nuclear wave functions enhance the E2 
transition probability to such an extent that E2 dominates over M1. 

In this section we have given some examples of decay schemes that can be 
elucidated through y-ray and conversion electron spectroscopy. It is of course 
impossible to isolate anyone technique from all others in determining the 
properties of nuclear states, but from the examples discussed here you should 
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~%:s:l'8~:~~F~~STONANCE FLUORESCENCE AND THE 

The inverse process of ... d y-ray emISSIOn IS y-ray absorption-a nucleus in its 
;~~~n state absorbs a photon of energy Ey and jumps to an excited state at an 
f gy 15.E above t~e ~round state. The relationship between E and 15.E follows 
rom a procedure snndar to that used to obtain Equation 10.4:

y 

E2 
15.E=E - ~y- ( y 2Me 2 10.2S) 

~;:~~s~me the absorbing nucleus to be initially at rest. The difference between 

P
h t y comes about because of the recoil of the nucleus after absorbing the 

o on. 
Let us assu~e we have a source of y radiation of continuousl variable en r 

The cross sectIOn for resonant absorption of a photon is y e gy. 

(
lie) 2 2Ie + 1 1 

(10 = 217 Ey 2Ig + 1 1 + a (10.29) 

where a is the total conversion coefficient and I and I are th . gee SpIll quantum 
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Figure 10.23 The resonant absorption cross section of Equation 1 0.30. T~e 
recoil energy ER shifts the resonance slightly from the value Er = tlE expected In 

the absence of recoil. 

numbers of the ground and excited states. Because the energy of the excited .state 
is not "sharp," the absorption will take place even. when the y energy dIffers 
somewhat from the resonant value. As we discussed m Chapter 6, any state that 
has a mean life 'T has a width f = Ii/'T, and measurement of the energy of the 
state gives a distribution of the form of Equation 6.20 and Fi~ure 6.3. If ~e .were 
to pass a beam of photons through a collection o~ bare nucleI (so as to ehmmate 
scattering and absorption processes due to atoIDlc electrons), then the resonant 

absorption cross section is 
(f/2)2 (10.30) 

where ER is the recoil correction E;/2Me 2
• This distribution ~s plott~d in ~igure 

10.23. For typical nuclear states of mean lives ns to ps, the WIdths wIll be m the 
range of 10- 6 to 10- 3 eV. .' . 

Figure 10.24 shows a schematic view of the resonant absorptlOn expenment. 
As Ey is varied, the resonance curve of Figure 10.23 is traced. At energIes Ey far 

Er o 
Nuclei 

v 
Er 

Figure 10.24 Schematic of an experiment to observe resonant absorption by 

nuclei. 
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f~om the resonance, the nuclei are transparent to the radiation, and no absorp
tIon occurs. At the resonance, the transmitted intensity reaches a minimum value. 

In practice, we would be unlikely to observe the naturallinewidth f. A primary 
additional contributor to the observed linewidth is the Doppler broadening i:J., 
which arises because the nuclei are not at rest (as we assumed) but in fact are in 
thermal motion at any temperature T. The photons as emitted or absorbed in the 
lab frame appear Doppler shifted with energies E I = E (1 + v /e) where v is . y y -x' x 
the velocIty component along the photon direction. If the motion of the nuclei is 
represented by the usual Maxwell velocity distribution e-[(l/2)mv;l/kT there will 
be a distribution of energies of the form e-(mc2/2kT)(I-E~/EY. This gives a 
Gaussian distribution of width 

r;kT 
i:J. = 2/ln2Ey -2 

Me 
(10.31) 

At room temperature, kT:::::: 0.025 eV, and for a 100-keV transition in a 
medium-weight nucleus i:J. :::::: 0.1 eV, which dominates the naturallinewidth for 
most nuclear transitions. Even cooling to low temperature (for instance, to 4 K in 
thermal contact with a reservoir of liquid helium) reduces the width by only an 
order of magnitude to 0.01 eV. The width observed in experiments such as that of 
Figure 10.24 will be a combination of the natural linewidth plus additional 
contributions including Doppler broadening. 

Tunable sources of photons of the sort needed for the resonance experiment do 
not exist. (The best one can do is the continuous electromagnetic spectrum from 
bremsstrahlung or synchrotron radiation produced by charged-particle accelera
tors capable of reaching relativistic energies.) In our laboratories, we must 
therefore make do with ordinary sources of y radiation that emit only at discrete 
energies. However, to do the resonant absorption, we must find a radioactive 
source that emits a y ray of an energy within at most 0.1 eV of the desired 
resonant energy i:J.E + ER. It is of course extremely unlikely to find such 
radiation, and with the proper multipole character besides. It therefore makes 
sense for us to try to use a source in which the y radiation is emitted in the same 
downward transition that we are trying to excite upward by resonant absorption. 
~onsider, for example, the decay of 198Au; following the f3 decay to 198Hg, a 
smgle strong y-ray of energy 412 keY is emitted. If we now allow that y ray to 
fall upon a target of stable 198Hg nuclei, there is a possibility of absorption and 
excitation from the ground state to the 412-keV excited state. The mean life of 
the 412-keV state is 32 ps, corresponding to a width of 2 X 10- 5 eV. The recoil 
energy ER is E;/2Me 2 = 0.46 eV, and it is important to note that the recoil 
affects both the emitted and absorbed transitions. That is, the emitted radiation 
has energy i:J.E - ER, while for absorption we must supply an energy of i:J.E + ER. 
The situation is indicated in Figure 10.25, in which we have assumed the lines to 
have the room-temperature Doppler width of 0.36 eV. As you can see, there is 
minimal overlap between the emission and absorption lines, and thus little 
probability of resonant excitation. 

(Contrast this with the case of atomic radiation. Optical transitions have 
energies of a few e V; the recoil correction in Hg would be 2.7 X 10 -12 e V and 
there would be almost complete overlap between the profile of the source and 
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Figure 10.25 The emitted radiation is shifted downward in energy by ER , while 
the absorption requires an energy shifted upward by ER • Because of the Doppler 
(thermal) broadening, there is a small overlap (shaded region) between the emis
sion and absorption lines. The natural width has been greatly exaggerated on the 

energy scale of the diagram. 

absorber transitions. Atomic resonant absorption experiments are thus relatively 

easy to perform.) 
There are several techniques for overcoming the energy difference 2ER be-

tween the source and absorber transitions. The first consists of raising the 
temperature, thereby increasing the Doppler broadening and the overlap of the 
profiles. A second method is to move the source toward the absorber at high 
speed to Doppler shift the emitted energy by an amount 2ER • Since the 
Doppler-shifted energy is E~ = E/1 + v Ie), the speed required is 

2ER v = c- (10.32) 
Ey 

which gives 2.2 X 1O-6c, or 670 m/s. Experiments of this type are usually done 
by attaching the source to the tip of a rotor in a centrifuge spinning at 10

4
-10

5 

revolutions per minute. Figure 10.26 shows examples of results from the 
thermal-broadening and centrifuge techniques. 

The most successful and useful technique for defeating the recoil problem is 
called the Mossbauer effect. In 1958, Rudolf Mossbauer performed a resonant 
absorption experiment using a source of 191Ir (Ey = 129 keY; ER = 0.047 eV). 
The emitting and absorbing nuclei were bound in a crystal lattice. Typical 
binding energies of an atom in a lattice are 1-10 eV, and thus there is not enough 
recoil energy available for the atom to leave its lattice site. The effect is somewhat 
like the difference between hitting a single brick with a baseball bat and hitting 
one brick in a solid brick wall- the entire solid lattice absorbs the recoil 
momentum. The mass that appears in the expression for the recoil energy 
becomes the mass of the entire solid, rather than the mass of one atom. In 
addition, a certain fraction of the atoms in a lattice (determined from statistical 
considerations) is in the vibrational ground state of thermal motion and thus 
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~~gur~ 10.26 Thermal broadening (top) and centrifuge (bottom) techniques for 
serving nucle~r resonance in 198Hg. The data points at top show increasin 

~~s~nant a~sorptl~n as the temperature is increased (broadening the lines in FigUr~ 
. ~ and Incre~slng the ?ve.rlap). The dashed lines show the expected behavior 

~or dlffere.nt ~xclt~d-state lifetimes (that is, for different natural widths). From these 
ata the lifetime Is,~e~ermined to be about 30 ps. The graph at bottom shows the 

~~sult of Doppler Sh~ftlng the radiati?n emitted by the source, by attaching it to the 
~f of a rotor. In t.hl~ case, the emission line in Figure 10.25 is being moved to 
a;her energy until It overlaps the absorption line. As estimated, this occurs at 

out 670 m/s. Thermal data from F. R. Metzger and W. B. Todd Phys Rev 95 
853 (1954); rotor data from W. G. Davey and P. B. Moon Proc PhY's soc' Lon'd ' 
A 66, 956 (1953). ' . . . on 
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Figure 10.27 Mossbauer effect using 129-keV y ray from 1911r. Because (1) the 
natural linewidth is obtained, and (2) the recoil is eliminated, there is essentially 
complete overlap between source and absorber. Doppler-shifting the source en
ergy by an amount slightly greater that the natural linewidth (10- 5 eV) is sufficient 
to destroy the resonance. From original data by R. Mossbauer, Z. Naturforsch. A 

14, 211 (1959). 

shows very little thermal Doppler broadening. The result is very narrow and 
overlapping emission and absorption lines, each characterized by the natural 
linewidth (3 x 10-6 eV in 191Ir). To demonstrate this phenomenon, we have only 
to move the source and absorber relative to one another at low speed; if the 
speed is such that the Doppler shift is greater than the natural linewidth, the 
resonance will be destroyed. For a totallinewidth of 6 X 10-

6 
eV (because both 

source and absorber have the natural width), the necessary speed is about 
5 X 10-11e, or about 15 mm/s, a considerable improvement over the 700 m/s 
needed for the centrifuge experiment! Figure 10.27 shows the resulting resonance, 

first obtained by Mossbauer in 1958. 
What is remarkable about the Mossbauer effect is its extreme precision for the 

measurement of relative energies. For instance, suppose we modified the environ
ment of the source or absorber nuclei in such a way that the energy difference 
between the initial and final nuclear states shifted by a very small amount i3E. 
Using the Mossbauer effect, we should be able to measure this shift, as long is it 
is of the same order as the width of the resonance. (If the shift is too small 
compared with the width of the resonance, it is very difficult to measure.) In the 
case of 191Ir, where the observed width is about 10- 5 eV, this would amount to 
measuring a change in energy of 10- 5 eV out of a gamma-ray energy of 10

5 
eV, 

or an effect of one part in 1010. In 57Fe, which is more frequently used for the 
Mossbauer effect, the observed (natural) linewidth is of order 10-

8 
eV, and in this 

case experimental effects of the order of one part in 10
12 

can be measured! 
Although we will not go into the details of the theory of the Mossbauer effect, 

it is worthwhile to consider briefly one other aspect of the resonance, its depth, 
which is determined by the fraction of the nuclei in the lattice that emits (or 
absorbs) with no recoil. The calculation of the recoil-free fraction f depends on 
properties of the solid more detailed than the simple question of whether or not 
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the recoil energy exceeds the lattice bindin en . many ways other than b . g ergy. Sohds can absorb energy in 
and temperatures, the p;i::::::;::g ~!Ot~:o~o:; th~ir la~tice ~ites. At low energies 
(Propagation of these h Yh g lattlce vibratlOns, called phonons 

p onons t rough a latl'" . 
pl'Operties such as mechanical and . 1 Ice IS responsIble for familiar 
spectrum of frequencies from acoustlca wav~s.) These vibrations occur at a 

. ,zero up to a maXImum Th 
spondmg to the highest vibrational f . 'W

max
' e energy corre

corresponding temperature called t~qu~nbcy IS usually expressed in terms of the nw = k() . ' e e ye temperature, ()D' defined so that 
_ o.ih eV ~d w()her~ ~ogo tKhe TBh°ltzma~lnl consta~t. F.or typical materials, nw 

D • e recOl ess fractlOn IS max 

f = exp [- < X 2 > 1 (;\/2'77)2 (10.33) 

~~:r~h~x~~~:l~~~t~e~;;~~uare vibrat~onal amplitud~ of t?e emitting nucleus and 
for the vibrational phonon :p~~i;u~smg t~e B~se-EmsteI.n distribution function 
amplitude, and gives for the recoillest::~~:~~ e calculatlOn of the mean-square 

f= exp (- 6ER[~ + (~)21()D/T~l) 
k()D 4 ()D 0 eX - 1 

(10.34) 

At low temperatures T «() th 1 . 
of ()D do not vary greatly a~ng ~e~:~st~~m ~ ~~~ ~~on~nt is negligible. Values 
the recoil energ E i .. D. . or e and 300 K for Ir), so 
14.4 keY transiJon ~f ~7~:e~Ial~nO ~~~ernvllmng the recoilless fraction. For the 

(
Th d . 'R -. e and f = 0.92, while for Ir f - 0 1 

. e secon term m the exponent of Equation 1034' 1 . ' - .. 
thIS term will work to make f 11 . IS a ways negatlve, and thus 
Because recoilless processes are s::d:~ ti~a~ t~se low-temperature estimates.) 
overall recoilless fraction is determined b ~t the source and absorb~r, the 
source and absorber It l'S th f Y t e. ~roduct of the factors m the . . ere ore not surpnsmg th t M" b ' .. 
expenment with Ir showed an effect of onl 1 % . a oss auer s ongmal 
effect. y 0, while Fe shows a much larger 

The Mossbauer effect has found r . . 
Its pri~ary usefulness is in those a~~i~~~~~on~s.m a~ e~ormous variety o~ areas. 
propertles of the physical or che . 1 . m w c we must determme the 
portant exploitation of the extrem~Ica .e~vlfo~~nt of a nucleus, but an im
tion of the chan e in ener preclSlon. 0 ~ e method was the determina-
Earth, called th; gravitati!~affr::O~O:;/ ~lhng fm the gravitational field of the 
General Theory of Relativity is th ~ 1. '. lne ~ the cornerstones of Einstein's 
the effects of a local unif e . n~c1p e 0 Equivalence, according to which 
tho.se. of a uniformly acc~:~t:~av::::~~~~! field cannot be distinguished from 
emISSIOn and absorption of radiation . fr~me. If we were to observe the 
H is the distance between the so m an ~ce erated reference frame, in which 
necessary for radiation to travel fr:~c~h an absorber, then in the time H/e 
would acquire a velocit H e so~rce to the absorber, the absorber 
numerically equal (and i;tt! /e, ~her~ g .1S the acceleration, chosen to be 
of the uniform field Th O~~o~lte d1

h
rectlOn) to the gravitational acceleration 

. e ra 1atton p otons are therefore Doppler shifted , 
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. 10.28 Schematic view of the gravitational red shift experime.nt in the 
Figured tower To reduce absorption in air, the 14.4-keV photons traveled In He gas 
~arv~ lar tub·e. In the configuration shown, the source is a~ the ~ottom and the 
Inb:orb~r and counter are at the top. From R. V. Pound, In Mossbauer Spec
~roscoPY II, edited by U. Gonser (Berlin: Springer-Verlag, 1981), p. 31. 
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according to 

I1E I1v gH 
(10.35) -=-=-

E c 

This amounts to about 1 X 10-16 per meter in the Earth's gravitational field. 
In the original experiment of Pound and Rebka, Phys. Rev. Lett. 4, 337 (1960), 

57Fe was used (from a l-Ci source of 57CO), and the 14.4-keV photons were 
allowed to travel 22.5 m up the tower of the Jefferson Physical Laboratory at 
Harvard (Figure 10.28). The expected effect was of order 2 X 10- 15, which 
required heroic efforts even for 57Fe with a sensitivity (f lEy) of roughly 
3 X 1O-

l3
. To observe the small shift (about 10-2 of the width of the resonance), 

Pound and Rebka concentrated on the portions of the sides of the resonance 
curve with the largest slope. To reduce systematic effects, it was necessary to 
monitor with great precision the temperature of the source and absorber (temper
ature differences between source and absorber would cause unequal Doppler 
broadenings, which would simulate a shift in the peak) and periodically to 
interchange source and absorber to allow the photons to travel in the opposite 
direction. After four months of experiments, the result was I1EIE = (4.902 ± 
0.041) X 10-

15
, compared with the expected value 4.905 X 10- 15 for the 4S-m 

round trip. This careful experiment represents one of the most precise tests of the 
General Theory of Relativity, and it would not have been possible without the 
great sensitivity provided by the Mossbauer effect. [For a review of this experi
ment, see R. V. Pound, in Mossbauer Spectroscopy II, edited by U. Gonser 
(Berlin: Springer-Verlag, 1981), p. 31.] 

As mentioned above, perhaps the primary application of the Mossbauer effect 
has been in studying the interaction of nuclei with their physical and chemical 
environments. The interaction of nuclear electromagnetic moments with the fields 
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Figure 10.29 The isomer shift. In different materials, the ground and excited 
states show different shifts from the overlap of electronic wave functions with the 
nucleus. The effect on the resonance is to shift it away from zero relative velocity. 
From G. K. Wertheim, Mossbauer Effect: Principles and Applications (New York: 
Academic, 1964). 
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of the environment is usually called hyperfme interactions, and will be discussed 
in more detail in Chapter 16. For the present, we give a few examples of the 
application of Mossbauer spectroscopy to their study. 

In the first case, we measure simply the effect of the penetration of atomic 
wave functions into the nuclear volume. This quantity, called AE in Equation 
3.12, represents the difference in energy between electronic levels calculated for a 
"point" nucleus and for a uniformly charged spherical nucleus of radius R. 
Although our goal in Chapter 3 was to calculate the effect on the atomic levels, a 
bit of thought should convince you that nuclear levels should be shifted by an 
equal but opposite energy because the observed total (atomic + nuclear) energy 
cannot change under the influence of internal forces. If we let Eo represent the 
photon energy in the absence of this effect (Eo = Ee - Eg, where e is the excited 
state and g is the ground state), then the observed energy is 

E = (Ee + AEe) - (Eg + AEg) 

ISOMER 
SHIFT 

MAGNETIC 
DIPOLE 

SPLITTING 

-Ell (m,)- /LHm,/I 

-t.E", Z /LH/1 

_96.----------------------------------, 

~~·~fl{rf\I~\Jr 
i: ~ ~. ~ ~ 
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-1.2 -1.0 -0.8 -0.6 -0.4 -02 0 0.2 0.4 0.6 08 1.0 1.2 
VELOCITY (eM/SEC) 

(10.36) 

Figure 10.30 Magnetic dipole splitting of nuclear levels observed with the 
Mossbauer effect. At top right are shown the nuclear m states split by a magnetic 
field. If the ground state and excited state have different nuclear magnetic dipole 
moments, the energy splittings AEM will be different, as shown; in the case 
illustrated, the moments also have opposite signs. For dipole transitions, only 
Am, = 0 or ± 1 can occur, so 6 individual components are seen. From G. K. 
Wertheim, Mossbauer Effect: Principles and Applications (New York: Academic, 

1964). 
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because the ground and excited states will have different nuclear wave functions 
and thus different radii. If the source and absorber in a Mossbauer experiment 
had the same chemical environment, the resonance would not be affected, but if 
t~e source and .absorber are different, then the transition energies are slightly 
dIfferent. In thIS case, one of the peaks in Figure 10.25 would be shifted 
somewhat, relative to where it appears when the source and absorber are similar. 
The effect on the Mossbauer spectrum is to shift the center of the resonance away 
from zero velocity. This effect is called the isomer shift (or sometimes chemical 
shift) and is illustrated in Figure 10.29. You can see that this is a small effect of 
the order of one part in 1012. ' 

In a?other kind of hyperfine coupling, we study the splitting of the nu'clear 
levels m a magnetic field. In atomic physics, the effect of a magnetic field on 
spectral lines is called the Zeeman effect and corresponds to the removal of the m 
degenera~y of a level of angular momentum I in a magnetic field-the field splits 
th~ level mto 2I + 1 equally spaced sublevels. Atomic wavelengths are typically 
shIfted by one part in 104 by the Zeeman effect; nuclear magnetic moments are 
only ~0-3 of ~tomic magnetic moments, and nuclear transition energies are 10 5 of 
atomIC energIes, and so the resulting nuclear effect is one part in 1012• Figure 
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FI~u~e 10.31 Electric quadrupole hyperfine splitting. In the expression for the 
splitting energy, Q represents the nuclear electric quadrupole moment and q is the 
electric field gradient (sometimes called I{z or a2v / az2

). In this case only two lines 
appear; in addition there is an isomer shift that moves the center of the Mossbauer 
spectrum away from zero velocity. From G. K. Wertheim, Mossbauer Effect: Princi
ples and Applications (New York: Academic, 1964). 
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Figure 10.32 Mossbauer effect experimenls showing the d~ffering che~~~al 
environments of Fe in hemoglobin. The source for these experiments was t ~ 
(which decays to 57Fe) in Pt; absorbers were (a) r~t r~d cells at 4 K, (b) oxyg~:~:n 
rat hemoglobin at 77 K, (c) human hemoglobin I~. C?2 ~~ :: 7~ ~d~ote the 
hemoglobin in N2 at 77 K, and (e) human hemoglo In In ~ser et al 
different isomer shifts and electric quadrupole splittings. From U. Go ., 
Science 143,680 (1964). Copyright © 1964, AAAS. 
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10.30 shows an example of this for 57Fe. An isomer shift is present, in addition to 
the magnetic hyperfine structure. The magnetic moments of the ground and 
excited states are unequal, and in fact the Mossbauer spectrum can give the 
magnetic moment of the excited state to great precision, when (as in 57Fe) the 
ground state is stable and its moment is precisely known. It is also possible, if the 
moment is known, to deduce the size of the magnetic field, the determination of 
which can give important clues about atomic structure. 

Finally, the nuclear quadrupole moment can interact with an electric field 
gradient to give an electric quadrupole splitting. This splitting is proportional to 
m 2 and thus does not distinguish between + m and - m. Furthermore, it 
vanishes when I = 1· Figure 10.31 shows an example in the case of 57 Fe. Note 
that 2 lines appear in the case of electric quadrupole interactions in 57Fe (whereas 
6 appear in the magnetic dipole case). For other isotopes having different ground
state and excited-state spins, the number of lines will be different. 

These same studies can be extended to materials with a variety of applications. 
For example, the protein hemoglobin gives blood its red color and is responsible 
for binding to the oxygen in the bloodstream. Hemoglobin is rich in Fe and can 
therefore be used in Mossbauer experiments. Figure 10.32 shows some typical 
results. Oxygenated blood shows a quadrupole-split Mossbauer spectrum, but 
with an isomer shift slightly different from that of deoxygenated blood. Venous 
blood shows a mixture of the two types. Blood exposed to CO shows neither 
quadrupole splitting nor isomer shift. Oxygenated hemoglobin shows magnetic 
dipole splittings when placed in a strong magnetic field; deoxygenated hemo
globin does not. All of the above refer to the ferrous ion (Fe2+); ferric ions 
(Fe

3
+), the presence of which may indicate certain blood diseases, give very 

different Mossbauer spectra. 
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Principles of Mossbauer Spectroscopy (New York: Halsted, 1976). COll.ecti.ons of 
recent papers on the application of the Mossbauer effect are ApplicatIOns of 
Mossbauer Spectroscopy, Vols. I and II, edited by Richard L. ~ohen (New York: 
Academic, 1976 and 1980), and Mossbauer Spectroscopy, edIted by U. Gonser 
(Berlin: Springer-Verlag, 1981). 

PROBLEMS 

1. Each of the following nuclei emits a photon in a y transition between an 
excited state and the ground state. Given the energy of the photon, find the 
energy of the excited state and comment on the relat~ons~p between the 
nuclear recoil energy and the experimental uncertamty m the phot~n 
energy: (a) 320.08419 ± 0.00042 keY in 51V; (b) 1475.786 ± 0.005.k~y m 
HOCd; (c) 1274.545 ± 0.017 keY in 22Ne; (d) 3451.152 ± 0.047 keY m Fe; 
(e) 884.54174 ± 0.00074 keY in 192Ir. 

2. Following the decay of 198Au, three y's are observed to be emitted from 
states in 198Hg; their energies (in keY) are Yl' 411.80441 ± 0.00015; Y2' 
675.88743 ± 0.00069; and Y3' 1087.69033 ± 0.00074. It is suggested that 
there are two excited states El and E2 in 198Hg that are populated in the 
decay and that the y's correspond respectively to the transitions El ~ Eo, 
E ~'E and E ~ E (where Eo represents the ground state). If this 

2 l' 2 0 h' h' 1 
hypothesis were correct, we would expect .Ey! + EY2 = EY3; ": lC IS a most 
but not quite true according to the expenmental uncertamtIes. Show how 
the proper inclusion of the nuclear recoil resolves the discrepancy. 

3. The calculation of the emission probability for electric quadrupole radiation 
involves a term of the form of Equation 3.36, with the proper labeling of 
initial and final wave functions. From such an integral, verify the parity 
selection rule for electric quadrupole transitions. 

4. (a) For a light nucleus (A :::::; 10), compute t~e. ratio of t~e emission 
probabilities for quadrupole and dipole ra?latlOn accordl~~ to the 
Weisskopf estimates. Consider all possible chOlces for the panties of the 
initial and final states. (b) Repeat for a heavy nucleus (A :::::; 200). 

5. In a nucleus described by the rotational model (see Figure 5.22), the second 
excited state is always 4 +. This state decays by E2 radiation to the 2 + state. 
Justify this observation by calculating, using the Weisskopf estimates, the 
ratio between the E2 decay probability and (a) the octupole (L = 3) and 
hexadecapole (L = 4) decays to the 2 + state and (b) the hexadecapole 
decay to the ground state. (Note: These are collective rota~ional states, for 
which the Weisskopf estimates should not be taken too senously.) 

6. For the following y transitions, give all permitted multipoles and indicate 
which multipole might be the most intense in the emitted radiation. 

(a) r~1+ (d)4+~2+ 

(b) ~ - ~ r (e).If - ~ V 
(c) 1- ~ 2+ (f) 3+ ~ 3+ 

7. A certain decay process leads to final states in an even-Z, even-N ~ucleus 
and gives only three y rays of energies 100, 200, and 300 keY, whIch are 
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f~und to be (~espectively) of E1, E2, and E3 multipolarity. Construct two 
dIfferent possIble level schemes for this nucleus (consistent with known 
sy~tema~ics of ~uclear structure) and label the states with their most likely 
spm-panty aSSIgnments. Suggest experiments that might distinguish be
tween your proposed level schemes. 

8. A nucleus has the following sequence of states beginning with the ground 
state' .1 + 1 + 5 + 1 - d 3 - D 1 1 h h' . '.? ' 2. ' "2 , "2 ,an "2' raw a eve sc erne s owmg the mtense y 
transitlOns hkely to be emitted and indicate their multipole assignment. 

9 Th' . 2+ 60 . e Isomenc state of Co at 58.6 ke V decays to the 5 + ground state. 
Internal conversion competes with y emission; the observed internal conver
sion coefficients are a K = 41, a L = 7, aM = 1. (a) Compute the expected 
half-life of the 2 + state if the transition multipolarity is assumed to be M3 
and comp~re with the observed half-life of 10.5 min. (b) If the transitio~ 
als? con tamed a small component of E4 radiation, how would your 
estIm~t~ for th;o h~lf-life be affected? (c) The 2 + state also decays by direct 
fJ enusslOn to Nl. The maximum fJ energy is 1.55 MeV and the logft is 
y.2. The 2 + state decays 0.25% by fJ emission and 99.75% by y emission and 
mternal conversion. What is the effect on the calculated half-life of includ
ing the fJ.emission? 

10. An even-Z, even-N nucleus has the following sequence of levels above its 
0: ground state: 2+ (89 key), 4+ (288 key), 6+ (585 key), 0+ (1050 keY), 
2 (1129 keY). (a) Draw an energy level diagram and show all reasonably 
prob.abl~ y tran~itions and their dominant multipole assignments. (b) By 
considenng also mternal conversion, what additional transitions and multi
poles would appear? 

11. (a) Pick half a dozen or so typical examples of 2 + ~ 0 + transitions from the 
first excited states of "rotational" nuclei, 150 < A < 190. (Use standard 
reference works for nuclear spectroscopic data.) Compute the ratio between 
the observed y decay rate and the corresponding Weisskopf estimate. Be 
sure to correct the measured lifetimes for internal conversion if necessary. 
(b) Repeat for "vibrational" nuclei, 60 < A < 150, excluding cases at 
closed shells. (c) Draw any apparent conclusion about the difference be
tween "rotational" and" vibrational" . y transitions. 

12. The Table of Isotopes shows multipole assignments of y transitions and 
lifetimes of excited states. By searching through the data given there, 
prepare a graph similar to Figure 10.13 showing the lifetimes for M2 
transitions. Verify the dependence on the transition energy. (Be sure to use 
the p,a:tial lifetime in the cases in which a level can decay through several 
tranSItions.) Among the cases you should consider are 39Ar 73As I47Eu 
165H 181 182 ' , , 

0, Ta, and W, but you should find many other instances as well. 

13. Among the nuclei in which there are known E4 transitions are 44SC 52Mn 
86Rb, 93Mo, 114In, and 202Pb. Look up the partial lifetimes fo~ thes~ 
transitions from collections of spectroscopic data, and compare with values 
calculated from the Weisskopf estimates. 

14 Th' 113 . e Isotope Cd captures a very low-energy neutron, leading to an excited 
state of 114Cd, which emits a y ray leading directly to the 114Cd ground 
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state. (a) Find the energy of the y ray, neglecting the nuclear recoil. (b) 
Calculate the kinetic energy of the recoiling 114Cd. 

15. In Section 5.2, the states of the vibrational model for even-Z, even-N nuclei 
up to the 0 +, 2 +, 3 +, 4 +, 6 + three-phonon multiplet were discussed. The 
model also gives selection rules for y emission: the phonon number must 
change by exactly one unit, and only E2 transitions are permitted. Draw a 
vibrational level scheme showing all permitted y transitions starting with 
the three-phonon multiplet (use Figure 5.19 as a basis). 

16. A certain decay scheme shows the following y energies (in keY): 32.7,42.1, 
74.8, 84.0, 126.1, and 158.8. Coincidence studies reveal two features of the 
decay: only one of the y 's has none of the others in coincidence with it, and 
none of the y 's is in coincidence with more than three of the others. The y's 
are preceded by a f3 decay that populates only one level. From this 
information suggest a possible level scheme. (Note: There are two different 
arrangements of the y's that are consistent with the information given.) 

17. In a study of the conversion electrons emitted in a decay process, the 
following electron energies were measured (in keY): 207.40,204.64,193.36, 
157.57,154.81,143.53,125.10,75.27,49.03,46.27,34.99. The electron binding 
energies are known to be 83.10 keY (K shell), 14.84 keY (L shell), 3.56 keY 
(M shell), and 0.80 keY (N shell). What is the minimum number of y's that 
can produce the observed electron groups, and what are the y energies? 

18. Based on the information given in Figure 10.18 and Table 10.2, find all 
partial lifetimes for y and electron emission for the 8 - level of 18oHf. 

19. For each of the following Mossbauer-effect transitions compute the natural 
width, the Doppler width at room temperature, the Doppler width at liquid 
helium temperature (4 K), and the nuclear recoil energy: (a) 73 keY, 6.3 ns 
in 1931r; (b) 14.4 keY, 98 ns in 57Fe; (c) 6.2 keY, 6.8 p.s in 181Ta; (d) 23.9 
keY, 17.8 ns in 119Sn; (e) 95 keY, 22 ps in 165Ho. Half-lives are given. 

20. The absorption of the 27.8 keY magnetic dipole Mossbauer transition in 
129

1 
takes the nucleus from its ~ + ground state to a ~ + excited state. The values 
of the magnetic dipole and electric quadrupole moments are: p.(1) = +2.6 
P.N' p.(~) = +2.8 P.w QG) = -0.55 b, Q(i) = -0.68 b. Make a sketch of 
the m-state splittings (similar to Figures 10.30 and 10.31) for the magnetic 
dipole and electric quadrupole cases and show the number of components 
in the Mossbauer spectrum. Hint: The magnetic field (B or H) and the 
electric field gradient (q or ~z) can be regarded as positive. 

21. In most of our work in nuclear physics, we regard the decay constant A as a 
true constant for a given nuclear species. However, in this chapter and in 
the previous chapter you have studied two processes in which the nuclear 
decay rate could be sensitive to the chemical state of the atom. Discuss these 
two processes and explain how the atomic state might influence the nuclear 
decay rate. [For a discussion and some examples of cases in which this can 
occur, see the review by G. T. Emery, Ann. Rev. Nucl. Sci. 22, 165 (1972).] 
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