
CHAPTER TWENTY-TWO 

NUCLEAR CHEMISTRY 
AND RADIOCHEMISTRY 

22-1 Introduction 

The subjects of nuclear chemistry and radiochemistry are marked by many major, 
far-reaching discoveries. Three early lines of development are those relating to the 
electrical nature of matter, to radioactivity, and to the nuclear model for the atom. 
The modern subject has branched into the separate fields of radiochemistry and 
nuclear chemistry, radiation chemistry, and the physics of fundamental particles. 
The historical outline that follows will serve as a foundation for the more detailed 
and modern aspects taken up in subsequent sections. 

A. Electrical Nature of Matter 

Various studies on the emission of electrified particles into the evacuated space 
around a hot electrode were made in the 19th century; the device was called a 
Crookes tube. It was not until about 1898, however, that J. Thomson carried out 
a series of experiments which allowed the determination of the ratio of charge 
to mass of these particles (now known as electrons). As illustrated in Fig. 22-1, 
a collimated beam from a hot cathode (called a cathode ray beam) is deflected by 
an electric field Ε or by a magnetic field H. Application of the latter alone produces 
a force on the electrons in the beam given by Hev, where e is the charge on the 
electron and ν is its velocity; the particle follows a curved path such that this 
force is just balanced by the centrifugal force mv

2
/r, r being the radius of the path, 

determined from the deflection of the beam. If an electrical field is also applied, 
just sufficient to annul the deflection, then Ee = Hev. Elimination of ν between 
these two relationships gives e/m = E/H

2
r . The modern value of e/m for the 

electron is 5.273 χ 10
17
 esu g

_ 1
. 

Thomson also obtained an approximate value for e. Later, in 1909, R. Millikan 
obtained a precise value by measuring the rate of fall of individual oil droplets 
in air and the electrical field needed to just prevent their falling. The limiting 

925 



926 CHAPTER 22: NUCLEAR CHEMISTRY AND RADIOCHEMISTRY 

Anode Magnet 

Cathode 

Slits 

Applied 
electric 

fieM 

FIG. 2 2 - 1 . Cathode ray tube for determining e/m of electrons. 

velocity of fall ν is such that the frictional force βπψν [as given by Stokes's law, 
Eq. (10-33)] is just equal to that due to gravity, where η is the viscosity of air. If 
an electrical field is now applied which is just sufficient to keep the drop from 
falling, it follows that Eq = 6πψν, where q is the charge carried by the drop. 
Millikan determined the drop radius by microscopic examination and measured 
ν and Ε to obtain q. The measured q values for various drops were integral mul
tiples of a unit charge, that of the electron. Millikan's value for e of 4.77 χ 10~

10 

esu differs from the modern one of 4.803 χ 10~
10
 esu mainly due to an error in the 

then available value for the viscosity of air. 
The procedure for determining e/m for the electron may be applied to positive 

ions. That is, positive ions generated by a hot filament or by collisions with a 
beam of electrons may be accelerated electrostatically, the accelerated ions colli-
mated into a beam by means of slits, and the bending of the beam by a magnetic 
field then determined. The procedure was first applied by J. Aston in 1919, with 
the arrangement of Fig. 22-2. The figure shows, in exaggerated fashion, how the 
positive ion beam is first deflected by a small angle θ and then focused by a 
magnetic field. Aston's work led to the discovery of stable isotopes and then to 
the precise measurement of isotopic atomic weights. 

Modern mass spectrometry is a highly instrumented science, now largely used in 
the analysis of the isotopic content of samples and in the study of the fragments 
produced in the electron bombardment of polyatomic molecules. Detailed, com
puter-assisted analysis of the distribution of the fragments from a sample consisting 
of a mixture of organic compounds allows its composition to be determined. 

Magnet 

FIG. 2 2 - 2 . One of Aston's early mass spectrographs. The beam of positive ions is collimated by 
slits Sx and S 2, then bent by an angle θ by the electric field of the charged plates at a. A magnetic 
field at b bends the beam back, the geometry working out so that the ions come to a focus at c. 
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B. Radioactivity 

We turn now to a second line of discovery, that of radioactivity. W. Roentgen 
reported in 1895 that cathode rays (that is, an electron beam) generated a penetrat
ing radiation on hitting a solid target. X rays, as they were called, could penetrate 
matter and were not deflected by electrical or magnetic fields. The electromagnetic 
nature of χ rays was later established, and in 1912 their wavelength was measured 
by crystal diffraction experiments (see Section 20-5). 

It was at first thought that χ rays were a kind of fluorescence and it was for this 
reason that H. Becquerel looked for χ radiation from naturally fluorescing min
erals. Among others he tried potassium uranyl sulfate, K 2U 0 2( S 0 4) 2 · 2 H 20 . His 
great discovery, in 1896, was that this mineral emitted penetrating radiation with
out any prior exposure to light. He called the phenomenon radioactivity. 

Chemical fractionation of U 0 2

+
 solutions led Marie Curie (working with her 

husband, Pierre Curie) to the discovery first of polonium, and then, in 1898, of 
radium. By 1902, pure radium had been isolated and its atomic weight determined. 

Three types of radiation were characterized in due course. These are known as 
oc, β, and γ radiation, in order of their penetrating power. We now know that they 
consist, respectively, of high-speed H e

2+
 ions, electrons, and short-wavelength 

electromagnetic radiation. It was recognized very early that these radiations are 
emitted from individual atoms. The early radiochemists also appreciated that in 
the process the atom disintegrates or is converted to some other kind of atom. 
The development of the nuclear model for the atom led to the realization that 
oc, β, and γ radiation came from the nucleus itself, and permitted a precise formula
tion of the radioactive decay process. For example, the first two steps of the 
uranium decay series are written 

2
9<iU *He (a particle) +

 2
g o T h , (22-1) 

ToTh -> _\β (β- particle) +
 2

9

3
JPa. (22-2) 

It is conventional to write the atomic number (or nuclear charge) Ζ as a lower 
left subscript and the mass number A (atomic weight to the nearest whole number) 
as a left superscript. Nuclear processes are balanced with respect to mass number 
and with respect to atomic number. 

The energy of nuclear radiations is usually expressed in electron volts (eV): 
1 eV is the energy gained by a particle of unit charge falling through a potential 
difference of 1 V; nuclear radiations may have energies as high as several million 
electron volts (MeV). It is not surprising that they ionize air or other matter in 
their path. A very useful application of this behavior is the cloud chamber which 
was developed by E. Wilson in 1912. The principle is that if a vapor is super
saturated, then the ionization caused by high-speed particles induces condensation 
to occur along the track of each particle. A spray of α particle tracks is illustrated 
in Fig. 22-3; notice that each particle travels a definite length before stopping. 

The cloud chamber helped E. Rutherford to make the discovery of nuclear 
transmutation; he observed tracks in a cloud chamber which terminated abruptly 
with the appearance of a new track which could only be that of a proton. Such 
an event is shown in Fig. 22-3. The reaction is 

" N + 'He — [H + 17

8o. (22-3) 
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F I G . 2 2 - 3 . Spray of a particle tracks in a cloud chamber. Each particle travels an essentially 
straight line path until it has lost nearly all of its energy; the bending that then occurs is known as 
straggling. Note that one particle has undergone a large angular deflection as a result of a nuclear 
collision. 

A number of such transmutations were studied during the period 1919-1930 and 
eventually a new type of penetrating radiation was noticed. This was identified 
in 1932 by J. Chadwick as a neutral particle, which he named the neutron. A 
typical neutron-producing reaction is 

' Î B + i H e - i n + ' Î N . (22-4) 

The actual atomic weight of the neutron is 1.0086654 (see Table 22-1). About the 
same time C. Anderson discovered another new particle, the positron, a particle 
identical to the electron except for having the opposite charge. A further major 
discovery made in this very active period was that of artificial radioactivity. 
Irene Curie (daughter of M. and P. Curie) and her husband F. Joliot (both known 
as Joliot-Curie) observed reactions such as the following: 

ÎÎMg + Î H e - ÎISi + ί η . (22-5) 

The isotope produced, iJSi, is radioactive, emitting positrons, 

& i - £ A l + I|3. (22-6) 

Up to this point the study of transmutation reactions was limited to the use of 
natural α particle emitters. Various electrostatic accelerating devices were devel
oped but the major advance came in 1932 with the invention of the cyclotron by 
E. Lawrence. The very clever principle involved was the following. If a charged 
particle is injected into the region of a magnetic field, it will follow a circular orbit 
of radius r = mv/He. The circumference of the orbit is 2-nr, so that the frequency 
of revolution of the particle is ω = v/2nr, or ω = He/2nm. The important point 
is that this frequency is independent of the velocity and hence of the energy of the 
particle. As illustrated in Fig. 22-4, the particles move inside hollow electrodes 
called "dees" (after their shape), crossing the gap between them twice on each 
revolution. Since the frequency of crossing is constant, one may impose an alter
nating potential on the dees such that the particle is accelerated each time it crosses 
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TABLE 2 2 - 1 . Selected Isotopic Masses
 a 

Abundance Isotopic 
Species (%) mass Spin Half-life Decay mode

6 

e — 0.0005486 1 
2 — — 

— 1.0086654 1 
2 12.8 min β- 0.782 

99.985 1.0078252 \ — — 2
H 0.015 2.0141022 1 — — 3
H — 3.0160494 1 

2 
12.26 yr β- 0.0186 3

He ~ 1 x 10-
4 

3.0160299 1 
2 — — 4

He 100 4.0026036 0 — — 6
He — 6.01890 0 0.82 sec β- 3.51 

7.42 6.015126 1 — — 7
Li 92.58 7.016005 3 

2 — — 8
Li — . 8.022488 0.84 sec β- 13 
JBe — 7.016931 53.6 day EC; y 0.477 8
Be — 8.005308 — 10-

16
 sec 2 a s 9

Be 100 9.01218 3 
2 — — 1 0

Be — 10.013535 2.5 x 10
6
yr β- 0.555 

*ÏB 18 10.012939 3 — — n
B 80.39 11.0093051 3 

2 — — 
12B — 12.0143535 

3 
2 

0.020 se c β- 13.37 
6 ^ — 11.011433 3 

2 20.4 min β+ 2.1, y 0.72 
12C 98.893 12.0000000 0 — — 
13C 1.107 13.003354 \ — — 
14C — 14.0032419 0 5720 yr β- 0.155 l 3
,N — 13.005739 \ 10.0 min β

+
 1.19 

14N 99.634 14.0030744 1 — — 
1 5N 0.366 15.000108 1 

2 
— — 

16N — 16.00609 7.38 sec β- 4.26, 10.4, 3.3; 
y 6.13 (others) 15

8o — 15.003072 \ 2.0 min β+ 1.72 
16Q 99.759 15.9949149 0 — — 
17Q 0.0374 16.999133 5 

2 — — 
18Q 0.2039 17.9991598 0 — — 
19Q — 19.003577 — 29.4 sec β- 3.25, 4.60; 

y 0.20 (m) 2
2Ne 90.92 19.9923304 0 — — 2 1
Ne 0.257 20.993849 3 

2 
— — 2 2

Ne 8.82 21.991385 0 — — 
ÏÎNa — 21.994435 3 2.58 y r β+ 0.544; EC; y 1.274 2 3

Na 100 22.989773 3 
2 — — 2 4

Na — 23.990967 4 15.0 hr β- 1.39; y 1.368,2.753 
f2Mg — 23.99414 0 — — 2 4

Mg 78.79 23.985045 0 — — 2 5
Mg 10.13 24.985840 5 

2 — — 
2 6 Mg 11.17 25.982591 0 — — 2 7

Mg — 26.984354 — 9.5 min β- 1.75, 1.59; y 0.834, 
1.015 (others) 

SA1 100 26.981535 5 
2 — — 28

 Al — 27.981908 2.3 min β- 2.87; y 1.78 2 7
Si — 26.98670 4.2 sec β

+
 3.85; (y) 2 8

Si 92.21 27.976927 0 — — 
29Sj 4.70 28.976491 1 

2 
— — 3 0

Si 3.09 29.973761 0 — — 
Ï?C1 — 33.97376 — 1.6 se c β+ 4.4 35
C1 75.53 34.968854 3 

2 — — 
36Q — 35.96831 2 3.0 χ 10

5
 yr β- 0.714; (EC); (β+] 

(Continued) 
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T A B L E 22-1 (cont.). 

Species 
Abundance 

(%) 
Isotopic 

mass Spin Half-life Decay mode
5 

3 7
C1 3 8
C1 

39TX 
40K 
41K 
42K 
56ρβ 26

FC 

^Co 

5 9
Co 6 0
Co 

SSr 
^ C d 1 1 3

C d
m 

^ L a 
140pr 88

rl 

^ A u 2
^Th 
; u 

24.47 

93.10 
0.0118 

6.88 

91.66 

100 

82.56 
12.75 

100 
100 

99.274 

36.965896 
37.96800 

38.963714 
39.964008 

40.961835 
41.96242 
55.93493 
56.93629 

58.933189 
59.93381 
87.9056 

109.90300 

139.90878 
196.96655 
232.03821 

238.0508 

— 37.3 min 

1.27 χ 10
9
yr 

12.36 hr 

270 days 

7. 
2 
5 
0 — 

5.26 yr 

14 yr 
12.8 days 
40.2 hr 
3.5 min 

1.39 χ 10
1 0

yr 

4.51 χ 10
9
 yr 

β- 4.81, 1.11, 2.77; 
y 2.15, 1.60 

β- 1.32; EC; y 1.46; 
(β

+
) 

β- 3.55, 1.98; y 1.52 

EC; y (e~) 0.122, 
e- (y) 0.0144 (m), 
(y 0.136) 

β- 0.32; y 1.173, 1.333 

β- 0.57 
β- 1.02, 0.48; y's 
1.34; y's 
EC; β+ 2.4; y 1.2 

y 4.01, 3.95; e" (y) 
0.059 

α 4.19 (others); 
(y 0.045): (SF) 

α
 From G. Friedlander, J. W. Kennedy, and J. M. Miller, "Nuclear and Radiochemistry," 

2nd ed. Wiley, New York, 1964. Beyond oxygen only selected stable isotope masses are given. b
 Energies of the indicated radiations are given in MeV; SF denotes spontaneous fission; 

the designation m stands for metastable; EC is electron capture. 

the gap. Its actual path is therefore the spiral one shown in the figure, and the 
particle eventually emerges through a window (such as one of thin mica) with very 
high energy. By using alternating voltages of 50,000-100,000 V, early cyclotrons 
quickly achieved the production of 20-MeV particles (protons and deuterons). 
Later models reached energies of several hundred MeV. Today we have very large 
doughnut-shaped cyclotron-type accelerators as well as linear accelerators in which 

Radiofrequency 
potential 

Dee 

Ion source 

Magnet 

Beam of 
particles 

FIG. 22-4. Schematic arrangement of a cyclotron. 
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the particle is accelerated through successive high-voltage gaps. Attainable ener
gies are now in the GeV (giga-electron volt = 10

9
 eV) range. 

With the advent of artificially produced high-energy particles it became practical 
to generate high-intensity beams of neutrons and to study neutron-induced trans
mutations. Such studies culminated in 1939 with the discovery of uranium fission. 
Interestingly, it was a pair of chemists, O. Hahn and F. Strassmann, who made 
the discovery. The first nuclear chain reaction was demonstrated at the University 
of Chicago in 1942 and the first fission or "a tomic" bomb in 1945. In 1952, an 
inventive contribution of E. Teller led to the first fusion or "hydrogen" bomb; the 
energy release comes from a reaction of the type 

The period from 1950 to date has been marked more by a steady exploitation 
of past discoveries than by major new ones. Nuclear weaponry and nuclear power 
have become rather exact technologies. Many new transuranic elements have 
been discovered; accelerating devices have become incredibly powerful machines 
capable of generating a host of transient new particles of the meson type. 

22-2 Nuclear Energetics and Existence Rules 

We consider nuclei to be made up of protons and neutrons moving in a mutual 
potential field. The number of protons must be just the nuclear charge Ζ and since 
the proton and neutron both have a mass number of unity, the total number of 
nucléons must be A, the mass number of the nucleus. The number of neutrons Ν 
is then A — Z. Nuclei of the same Ζ but differing Ν are called isotopes; those of 
the same Ν but differing Ζ are called isotones. 

A. Existence Rules for Nuclei 

Figure 22-5 shows a plot of Ζ versus Ν for the stable isotopes. It is evident that 
the existence of stable nuclei is not random but is confined to a rather narrow zone. 
An important corollary is that one can predict the type of radioactivity an unstable 
nucleus should show. Figure 22-6 shows a portion of the isotope chart ; the shaded 
squares mark stable isotopes. Consider the nucleus

 2 4
N a . Possible modes of dis

integration are β~ emission, β
+
 emission, electron capture (EC), oc emission, and 

spontaneous fission. The last two modes are important only for heavy elements. 
The first three processes may be written for a general isotope ^ 1 : 

ÎH + fe-^He + în. (22-7) 

z i - > ζ+ίΐ' + β~> (22-8) 

(22-9) 

il -> zi r (EC). (22-10) 

Electron capture is a process whereby a K- or an L-orbital electron is acquired by 
the nucleus. As in positron emission, Ζ decreases by one unit. 

It is evident that ^ N a is most unlikely to decay by either β
+
 emission or EC 
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Ν 

FIG. 2 2 - 5 . A plot of Ζ versus Ν for stable nuclei. (From G. Friedlander, J. W. Kennedy, and 
J. M. Miller, "Nuclear and Radiochemistry2nd ed. Copyright 1964, Wiley, New York. Used 
with permission of John Wiley & Sons, Inc.) 

since the consequence would be to produce ^jNe, or an isotope yet further removed 
from the line of stability. We conclude (correctly) that the most likely process is 
that of β~ emission to give stable ^ M g . Similar reasoning leads to the conclusion 
that i^Na should decay by either positron emission or EC; the former is the 
observed process. 

Ρ 15 

Si 14 
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1 Mg 12 
G Ί Na 11 ο 

2 2
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< 
Ne 10 M 
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A 
FIG. 2 2 - 6 . Illustration of how the atomic and mass numbers change for various types of dis
integration process. 
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β . Nuclear Energetics 

The energy change in a nuclear reaction is large enough to be measured as a 
gain or loss of mass using the Einstein relativity relationship Ε = mc

2
, where c 

is the velocity of light.
+
 Accordingly, the table of isotopic masses (or "weights") 

(see Table 22-1) may be used to calculate energy changes in a transmutation 
process. One mass unit corresponds to (1)(2.9979 χ 10

1 0
)
2
/(6.0225 χ 10

2 3
) = 

1.492 χ 1 0 "
3
 erg. This may be related to the electron volt unit of energy: 1 eV 

corresponds to 1.602 χ 1 0 "
19

 J ; hence 1 MeV corresponds to 1.602 χ 1 0 "
6
 erg 

and the energy equivalent of one mass unit corresponds to 932 MeV. 
Consider reaction (22-4). We calculate the energy release Q by adding the masses 

of the reactants and subtracting from the masses of the products: 

'ÎB + *He - Jn + > [Eq. (22-4)] 

10.012939 4.002604 1.008665 13.005739 
14.015543 14.014404 

so that Q = 14.015543 - 14.014404 = 0.001139 mass units or (1.139)(0.932) = 
1.06 MeV. Thus about 1 MeV of energy is released, in the form of kinetic energy 
of the products. 

A similar calculation may be made for a disintegration process. Consider 

+ (22-11) 

From Table 22-1, 0 = 14.0032419 - 14.0030744 - 0 . 0 0 0 1 6 7 5 mass units or 
0.156 MeV. Most of this energy appears as kinetic energy of the β~ particle, 
although there is a small recoil energy of the " N . Notice that the mass of the 
β~ particle is not used. This is because isotopic masses are given for the neutral 
atoms; the value for *JC thus includes the mass of the six outer electrons, and that 
for " N includes the mass of its seven outer electrons. The extra electron in 
Eq. (22-11) is automatically taken care of. In the case of the positron emission, 
however, the mass of two electrons must be included in the products in order for 
the bookkeeping to be correct. 

A useful quantity is the mass defect Δ, defined as W — A, where W is the atomic 
weight of the isotope. The demonstration that β = Σ ^reactants — Σ ^products is 
left as an exercise. It may be noticed from Table 22-1 that the mass defects are 
initially positive, decrease to a minimum of about —0.07 near iron, and then 
increase to about 0.05 near uranium. The initial decrease can be explained as 
reflecting the mutual attraction between protons and neutrons. The minimum and 
subsequent rise is due to the increasing mutual electrostatic repulsion of the pro
tons. Also, as Ζ increases it becomes energetically favorable for nuclei to take 
on additional neutrons over the otherwise preferred 1:1 ratio, thus increasing the 
N/Z ratio and "diluting" the charge. 

The energetics of nuclei can be treated in terms of the nuclear binding energy 
QB . This is defined as the energy released when a given isotope is assembled from 
the requisite number of protons and neutrons (actually, the neutral atom is 

+
 A related consequence is that the mass of a particle increases with its velocity ν and approaches 

infinity as ν c. The equation obtained by Einstein is m = m0/[l — (u/c)
2
]
1 / 2

, where m0 is the 
mass at ν = 0, called the rest mass. 
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22-3 Nuclear Reactions 

A. Types of Reactions 

Observable nuclear transmutation reactions were at first confined to the Ruther
ford type, illustrated by Eq. (22-3). A given element was bombarded with a par
ticles, or, with the advent of accelerators, with protons or deuterons. The products 
typically consist of another light particle and a new element. Such reactions can 
be written zK

x
>y)z'I'> where χ might be α, ρ (proton), or d (deuteron) and y 

might be a, p , or n. With the development of neutron sources, such as from (a, n) 
reactions, χ could be η and y could be a, p , or y. In this last case the neutron 
simply adds to the initial isotope and the binding energy appears as a y photon, 
usually of 6-7 MeV energy. A further possibility for neutrons is the (n, 2n) reaction, 
for which Q is usually —6 to —7 MeV. 

The energy of the bombarding particle χ must of course be at least equal to the 
Q of the reaction if Q is negative. However, if χ is a charged particle, its energy 
must be at least several MeV even though Q is positive. The reason is that the 
particle χ must have sufficient energy to surmount the Coulomb repulsion between 
it and the nucleus. An empirical formula gives 

assembled from hydrogen atoms and neutrons). Thus we write 

3ÎH +  4 În->ÏU . (22-12 ) 

<2B =  (3)(1.007852 ) +  (4)(1.0086654 ) -  7.01600 5 =  0.0422 1 mas s unit s o r 39. 3 
MeV. Thi s las t correspond s t o abou t 6  Me V pe r nucléon , a  figur e whic h i s roughl y 
constant fo r th e ligh t elements . W e ma y als o spea k o f th e bindin g energ y fo r th e 
addition o r th e remova l o f on e neutro n o r on e proton . A  genera l observatio n i s 
that th e bindin g energ y fo r a n additiona l neutro n i s agai n 6- 7 MeV . 

Empirical observatio n indicate s tha t nucle i havin g 2 , 8 , 20 , 28 , 50 , 82 , o r 12 6 pro 
tons o r neutron s ar e especiall y stable . Thes e number s hav e bee n calle d "magic " 
or closed-shel l numbers . Thei r natura l isotopi c abundanc e o f stabl e closed-shel l 
nuclei i s unusuall y high , as , fo r example ,  2He,

 1
gO, an d  2°Ca, fo r whic h bot h 

proton an d neutro n number s correspon d t o closed-shel l values , an d HSr  an d
 2

g2Pb, 
for whic h th e neutro n numbe r i s magic . Tin , wit h Ζ = 50, has no less than ten 
stable isotopes, which is. taken as an indication of the stabilizing effect of the 
presence of a closed shell of protons. The two pips on the fission yield plot of 
Fig. 22-7 correspond to neutron numbers of 50 and 82—again closed-shell numbers. 

The presence of magic numbers has been explained in terms of a relatively 
simple wave mechanical model of the nucleus which assumes that protons and 
neutrons move in a spherically symmetric potential. The energy states are given 
by quantum numbers η and defined similarly to those for the hydrogen atom, 
although η does not now limit the possible ί values. One can have ls, lp, Id, If,... 
states. In this scheme protons and neutrons have separate sets of energy levels, 
and the magic numbers are found to correspond to certain groupings of filled η 
and £ shells. More elaborate theories permit the nucleus to be deformed from a 
spherical shape and allow yet more detailed calculations of nuclear properties. 
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where ζ is the charge number of χ and Ε is in MeV. Thus the Coulomb barrier 
for Eq. (22-3) is 3.15 MeV. The Q for the reaction is —1.19 MeV, so that in this 
case the barrier determines the minimum or threshold energy of the a particles. 

With the development of the cyclotron and of other high-energy accelerators 
it became possible to make bombardments with particles of much higher energy 
than the 5-10 MeV needed for simple (x, y) reactions. Roughly speaking, each 
additional 7-10 MeV allows the escape of one additional small particle. With 
30-MeV a ' s , for example, reactions of the type (a, 3n) and/or (a, 2p) become 
possible. If yet higher energies are used, the number of multiple small product 
nuclei increases. The process is now called a spallation. The mechanism is thought 
to be one in which the χ particle passes through the nucleus knocking out bits and 
pieces on the way. 

β . Fission 

Nuclei of very large atomic number show a new type of process: fission. The 
mutual Coulomb repulsion of the protons in such nuclei is so large that a spon
taneous breakup into two approximately equal fragments occurs. For example, 
an isotope of californium ^ C f has a half-life for spontaneous fission of about 
60 days. 

It turns out that is close to the point of being able to undergo spontaneous 
fission. The binding energy of about 7 MeV gained by the addition of a neutron 
is sufficient to make the product nucleus, ^ U , unstable. A typical fission process is 

2 3 5 TT . 1 , 2 3 6 I T1 1 4 0 „ . 9 3 „ . ^ 1 Λ Λ\ 

9 2U + 0n -* [ 9 2U ] -> 5 6Ba + 3 6Kr + 3 0n. (22-14) 

The Q for the process is about 200 MeV; uranium has a large positive Δ while 

10 ρ 

F I G . 2 2 - 7 . Mass distribution of the fission products o /
2 3 5

U . Note the two small peaks at "magic 
number'

9
 values of A (Section 22-2B). (From G. Friedlander, J. W. Kennedy, and J. M. Miller, 

"Nuclear and Radiochemistry," 2nd ed. Copyright 1964, Wiley, New York. Used with permission 
of John Wiley & Sons, Inc.) 
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the two fission products have negative J ' s . Equation (22-14) is merely typical; the 
fission may occur in various ways, and the observed distribution of fission products 
is shown in Fig. 22-7. Since fission products tend to be neutron-rich, they lie 
below the line of stable isotopes and hence are β- emitters. The fission product 1 4 0

X e undergoes a succession of β- decays, for example, until stable
 1 4 0

C e is finally 
reached. 

Equation (22-14) makes clear the stoichiometric basis for a fission chain reaction. 
Each neutron that induces fission leads to the production of two or three new 
neutrons, or to one or two extra ones. A brief discussion of nuclear reactors is 
given in the Commentary and Notes section. 

C. Reaction Probabilities 

There are two distinct situations involved in the treatment of the probability 
of a nuclear transmutation reaction. The first is that dealing with charged particles. 
As discussed in Section 22-4, such particles steadily lose energy through Coulomb 
interactions with the orbital electrons of the atoms of the absorbing medium. 
As a consequence, charged particles such as α particles possess a definite range 
or path length. If a target thicker than this range is used, one observes that a 
certain fraction of the particles produce a transmutation. This fraction, called 
the yield, is typically around 10~

6
. 

In the case of neutrons, however, there is no Coulomb interaction with orbital 
electrons of the absorber, and neutrons disappear only by nuclear collisions (their 
natural decay time is long enough not to compete appreciably with transmutation 
processes). We write for each layer dx of absorbing medium 

-dl = lnadx, (22-15) 

where / is the number of neutrons incident per square centimeter per second, η 
is the number of target nuclei per cubic centimeter, and σ is the probability of a 
neutron capture process. The quantity σ is called a cross section and is usually 
expressed in units of 10~

24
 cm

2
, called a barn (b).

+
 Cross sections for transmutation 

reactions are often around 1 b so that σ corresponds roughly to the physical target 
area of a nucleus. However, σ for some (η, γ) reactions is hundreds to thousands 
of barns. Integration of Eq. (22-15) gives 

k = I0 — I = /0(1 — <*»*), (22-16) 

where k is the rate of reaction per square centimeter of target bombarded. 

Suppose that a neutron beam of 10
8
 neutrons c m

-2
 s ec

-1
 strikes a gold sheet 0.2 mm thick and 

2 cm
2
 in area. The capture cross section for the reaction

 1
JJAu(n, y)

1
JJAu is 100 b. The density of 

Au is 19.3 g e m -
3
 and its atomic weight is 197.2. Thus η = (19.3)(6.02 x 10

23
)/197.2 = 5.89 χ 

10
22
 cm"

3
 and application of Eq. (22-16) gives (10

8
)(2){1 - exp[-(5.89 χ 10

2 2
)(100)(10 -

 2 4
) 

(0.02)]} = 2.22 χ 10
7 1 9 8

Au nuclei formed per second. 

Neutrons may lose their kinetic energy by collisions with nuclei, and if this 
occurs in a medium for which the capture cross section is small (as in graphite or 

+
 The story, probably not apocryphal, is that in the early days of the atomic energy project, 

boron was a serious impurity because of its large capture cross section for neutrons. E. Fermi 
is said to have exclaimed at one point that boron had a cross section as big as a barn—and the 
term became the unit of cross section. 
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heavy water), the neutrons may reach thermal energy, that is, an average energy 
corresponding to the ambient temperature. Nuclear reactors, for example, are 
often constructed so that most of the fission product neutrons are reduced to 
thermal energy before they undergo any capture process. A sample inserted in a 
reactor is therefore immersed in some concentration η of thermal neutrons. The 
number hitting a target of 1 cm

2
 cross section of sample is then per second, 

where ν is the average neutron velocity. The quantity nv is called the neutron flux; 
a typical value for an experimental nuclear reactor is 10

1 2
-10

14
 neutrons c m

-2
 s e c

- 1
. 

This quantity then replaces I'm Eq. (22-15). 

Suppose 2 g of NaCl is placed in a nuclear reactor whose slow neutron flux is 10
13
 neutrons 

c m
-2
 sec

- 1
. The cross section of

 2 3
Na for the reaction

 2 3
Na(n, y)

2 4
Na is 0.536 b. The rate of 

production of
 2 4

Na is then k = [2(6.02 χ 10
23
)/58.5]10

13
(0.536 χ IO

- 2 4
) = 1.10 χ 10

11
 atoms 

sec
- 1

. 

22-4 Absorption of Radiation 

Radiation, such as α particles, β particles, and γ rays, is absorbed by matter 
due to interactions with orbital electrons. All such particles dissipate their energy 
to form ions, that is, positive and negative ion pairs, in the absorbing medium. 
On the average, 35 eV is expended per ion pair; a 1-MeV particle produces about 
30,000 ion pairs before its energy is lost. However, while the overall process is the 
same, the rate and the mechanism vary considerably. 

A. Charged Particles 

Charged particles lose energy continuously as they pass through matter, as a 
result of Coulomb interactions with the orbital electrons of atoms. As a conse
quence, a charged particle exhibits a definite range or distance it can traverse 
before coming to rest. In the case of heavy particles, such as high-speed α particles, 
protons, deuterons, and so on, the path is nearly straight, as illustrated in Fig. 22-3. 
Heavy charged particles are not very penetrating. The range of a 5-MeV α particle 
is only about 3 cm in air, for example; such particles cannot penetrate skin and 
would not be dangerous externally. 

Beta particles also have a definite range. An empirical equation by N. Feather 
gives 

R = 0 . 5 4 3 £ - 0.160, (22-17) 

where R is the range in aluminum in grams per square centimeter and Ε is in million 
electron volts. Note that R is about 100 times that for an α particle of the same 
energy. The range of β particles is hard to measure, however, since, being very 
light, they are easily deflected by the atoms of the absorber and therefore pursue 
a tortuous path. If the radiation from a β- emitter is measured through successive 
increases in thickness of absorber, the intensity is found to diminish approximately 
exponentially with distance for two or perhaps three half-thicknesses before 
beginning its rapid drop to zero as the range is approached. 

There is a second reason for the approximately exponential absorption curve 
for beta emitters. It turns out that the energy of a β- particle emitted from a given 
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β . Electromagnetic Radiation 

Gamma and χ rays, being electromagnetic in nature, obey the same Beer-
Lambert absorption law as does ordinary light (Section 3-2). The equation 

/ = I0e-»* (22-18) 

applies, where μ is the linear absorption coefficient. The corresponding half-thick
ness is 0.693//X. Figure 22-9 shows the variation of half-thickness with energy for 
various absorbers. For example, 1-MeV y radiation has a half-thickness of about 
10 g c m

-2
 in aluminum. 

The absorption process is primarily one of ionizing orbital electrons of the 
atoms in the absorbing material. The gamma quantum may impart all of its energy 
to the electron, in the photoelectric eifect, or it may make an elastic collision with 
it, resulting in an accelerated electron and a gamma quantum of reduced energy, 
in the Compton effect. Gamma quanta of above 1.1 MeV energy may also, by 
interaction with the field of a nucleus, create an electron-positron pair; the eifect 
is known as pair formation. 

If we consider gamma quanta of successively lower energy, we reach the x-ray 
region. The energy becomes comparable to that required to ionize a Κ or an 
L electron of the absorbing medium. As Fig. 22-9 shows, the half-thickness 
suddenly rises when the energy falls to just below that necessary to ionize a parti
cular type of electron. This happens first at the ionization energy of the Κ electrons 
of the absorber, then at that of the L electrons, and so on. The eifect is known as 

FIG. 2 2 - 8 . Shapes ofβ-particle 
energy distributions. 

nucleus may have a value ranging from near zero up to a maximum, as illustrated 
in Fig. 22-8. It is this maximum energy that appears in Eq. (22-17). The reason 
for the energy distribution is that the total decay energy is shared with a neutrino 
which is also emitted. The neutrino is a neutral particle of zero or near zero rest 
mass and spin \ \ its interaction with matter, although very weak, has been detected. 

The situation with positrons is very similar to that with β~ particles; similar 
absorption curves are found and a similar range-energy relationship. The positron, 
however, being "antimatter" in nature, eventually fuses with an electron, and the 
combined mass energy is converted into two y quanta. The atomic weight of an 
electron or of a positron is 0.00055 mass units, corresponding to 0.5 MeV. Thus 
positron emission is always accompanied by 0.5-MeV y radiation, known as 
annihilation radiation. 
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1 10 100 1000 
E, keV 

FIG. 2 2 - 9 . Half-thickness for the absorption of γ or χ radiation in various substances. [Data 
from "Handbook of Chemistry and Physics" (C . D. Hodgman, ed.), 44th ed. Chem. Rubber Publ., 
Cleveland, Ohio, 1963.] 

critical absorption; it allows one to select combinations of absorbers that will 
preferentially pass a particular energy range of χ rays. 

X-ray emission occurs, of course, when an L electron falls into a Κ vacancy, 
or an M electron into an L vacancy. An alternative to such emission is the 
ejection of an outer electron in an intra-atomic photoelectric process known as the 
Auger effect. 

C. Dosage 

Radiation dosimetry is the measurement of the amount of energy expended in 
absorbing material; 1 rad is that radiation dose which deposits 100 erg in 1 g of 
material. An earlier, more complicated unit, is the roentgen (R), defined as the 
quantity of y or χ radiation which produces ions carrying 1 esu of electrical 
charge per cubic centimeter of dry air at STP; 1 R corresponds to the absorption 
of about 84 erg of energy. The roentgen and the rad are thus roughly equivalent; 
1 g of radium gives a dose of about 3 rad h r

-1
 at a point 1 m away. 

The biological hazard of radiation varies with the type. Neutrons cause more 
damage per rad than does γ radiation, for example. The dosage in rads is there
fore scaled accordingly to give dosage in rems (roentgen equivalent man). One 
rad of γ or of β~ radiation is equivalent to about 1 rem, but 1 rad of neutron 
radiation corresponds to 10 rem. 
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The allowed industrial radiation level is about 3 mrem h r
-1
 (mrem = millirem) for whole 

body exposure and about 30 mrem h r
-1
 for hands or feet only. The total accumulated dose should 

not exceed, in rem, about five times the number of working years or the person's age minus 20. 
Acute and chronic exposure have different effects. A person might receive 150 rem over a working 
career with no harm, but 150 rem received all at once would cause some radiation sickness, 
The median lethal acute dose is about 500 rem (whole body exposure). 

The dosage from cosmic radiation, natural radioactivity in the earth and in bricks, and so on 
amounts to about 0.1 rem y r

-1
 or about 0.003 of the maximum industrial exposure. Radiation 

due to fallout from nuclear testing is even less than this. The matter has been much debated, 
of course, but it is questionable whether such low levels of radiation have even a statistical effect 
on human longevity or health [see, for example, Holcomb (1970)]. 

Radiation chemistry is the study of chemical change induced by high-energy 
radiation. It is customary to measure efficiencies in terms of the number of mole
cules destroyed or reacted per 100 eV of energy absorbed; this is called the G 
value. For example, irradiation of aqueous solutions leads primarily to ionization 
and dissociation of water as the primary processes. A typical sequence of events 
is that assumed for dilute, air-saturated, and acidic ferrous sulfate: 

H 20 -> H + OH, OH + F e
2+

 -> Fe
3
+ + OH", H + 0 2 -* H 0 2, 

H+ + H 0 2 + Fe
2
+ -> H 20 2 + Fe

3 +
, H 20 2 + F e

2+
 -* OH + Fe(OH)

2+
 (and so on). 

Thus for every H 20 molecule decomposed in the primary reaction, four F e
2+

 ions 
are oxidized. 

Nuclear disintegration or decay is a statistical event. With a large enough sample, 
however, the observed decay rate approximates the most probable one and we can 
therefore treat it as a simple first-order rate process. Thus 

where D is the disintegration rate, Ν is the number of atoms present, and λ is the 
decay constant. This is the same as Eq. (14-4), and the integrated forms, 
Eqs. (14-6) and (14-7), also apply. Equation (14-9) gives the half-life as t1/2 = 
0.6931/λ. 

One ordinarily measures a radioactive material by its disintegration rate rather 
than by the number of atoms present. The curie (Ci) is defined as 3.700 χ 10

10
 dis

integrations s e c
- 1

. As an example, the disintegration rate of 1 g of
 1 4

C may be 
calculated by means of Eq. (22-19). The number of atoms present is 
(1)(6.02 χ 10

2 3
)/14 = 4.30 χ 10

2 2
; t m = 5720 yr, so that 

λ = 0.6931/(5720)(365.3)(24)(60)(60) = 3.8 χ 1 0
- 12

 s ec
- 1

. 

Then D = (4.30 χ 10
2 2
)(3.8 χ IO

- 1 2
) - 1.65 χ 10

11
 dis sec -

1
 g

-1
 or 4.46 Ci g"

1
. 

An important special case is that in which a radioactive species is produced at 
some constant rate k. The differential equation is 

22-5 Kinetics of Radioactive Decay 

(22-19) 

(22-20) 
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10,000 r 

which integrates to give 
D = k(l- β-"). (22-21) 

In the example of Section 22-3C, the rate of production of
 2 4

N a is 1.10 χ 1 0
11
 s e c "

1
. 

The half-life of
 2 4

N a is 15.0 hr, and, for example, a 15 hr irradiation would yield 
D = k/2 or 5.5 χ 10

10
 dis s e c

- 1
. With a sufficiently prolonged irradiation, D 

approaches k. The saturation activity is then 1.10 Χ 10
11
 dis s e c

- 1
. 

A second common situation is that in which a mixture of radioactive species is 
present. The case of two species, 1 and 2, is illustrated in Fig. 22-10. Each decays 
independently, and Dtot = Dx + D2. If species 1 is the longer-lived, then 
Aot —• D1 at large times. As illustrated in the figure, subtraction of the Dx line 
from Aot gives D2 ; we thus find ZV = 2000 dis s e c

- 1
, t1/2(l) = 3 hr, and 

D2° = 4000 dis s e c
- 1

, r1 / 2(2) = 0.5 hr. 
The third case to be considered is that in which a parent radioactive species 1 

decays to a daughter 2 which is also radioactive, 

species 1 - i species 2 - i stable product. 
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This situation is discussed in Section 15-ST-2B; Eq. (15-86) may be written 

D2 = (e-^ - e~^). (22-22) 

If λ2 > λ1, then at large times Eq. (22-22) reduces to that for transient equilibrium 

D*=*^T1

Dl' (22'23) 

If λ2 ;> λ χ, then at times large compared to 1/λ2, species 1 has still not appreciably 
decayed and D2 = D^. This situation is known as one of secular equilibrium. 

The experimental application of Eq. (22-22) may be illustrated as follows. We suppose that a 
sample of pure

 1 4 0
Ba has been isolated. It decays with a half-life of 12.8 days into daughter

 1 4 0
La, 

whose half-life is 40.2 hr; both emit β~ particles. The plot of Dtot versus time is shown in Fig. 
22-11; 2>tot goes through a maximum due to the growth of the daughter

 1 4 0
L a but eventually 

becomes linear with time in the semilogarithmic plot. That is, 

Z>tot(f large) -> Z V * - V ( l + Λ ^ Λ ) · (22-24) 

The slope of the limiting line thus gives λχ, corresponding in this case to ίτ/2 = 12.8 days. Sub
traction of the limiting line from Dtot yields a difference line whose slope gives λ2, corresponding 
to h/2 == 40.2 hr. 
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COMMENTARY AND NOTES 

22-CN-l Theories of Radioactive Decay 

The theoretical treatment of radioactive decay is in some ways similar to that 
of emission from a molecular excited state. Thus the emission of a gamma quantum 
from a nucleus is essentially a nuclear fluorescence or phosphorescence (see 
Section 19-4, although it is usually called an isomeric transition (IT). The emission is 
subject to selection rules; its probability depends on the change in nuclear angular 
momentum ΔI that occurs, and on whether or not a change occurs in the electric 
charge distribution in the nucleus. An allowed transition occurs in about 
10~

13
 sec, but if ΔΙ is large, the half-life can be quite large. Thus, referring to 

Table 22-1,
 1 1 3

C d
m
 decays to ground-state

 1 1 3
C d with a half-life of 14 yr. 

A complication is that an alternative to actual gamma emission is the ejection 
of an orbital electron which carries off the energy of the isomeric transition. The 
eifect is called internal conversion (IC), and the probability that the decay will take 
this route increases with increasing Δ I. Thus in the case of

 1 1 3
C d

m
 the actual 

emission is by IC, with monoenergetic 0.58-MeV electrons produced. 
Beta decay is also treated as an emission process, but with the complication 

that there is a simultaneous emission of two particles from the nucleus: an electron 
and a neutrino. The theoretical treatment of the lifetime of beta decay is somewhat 
complicated, but again the half-life increases with increasing ΔI for the transition. 

The treatment of oc emission is quite different from the preceding two cases 
since the particle emitted is essentially a piece of the nucleus itself. The situation is 
sketched in Fig. 22-12. If we consider the process ^ I - ^ l f i ' + fHe, the reverse 
reaction has a g b a m e r as given by Eq. (22-13). In the case of

 2
^ T h this barrier 

amounts to about 20 MeV, so that it would require a 20-MeV a particle to enter 
the 29oTh nucleus to give ^ U . Yet the reverse process is spontaneous and the 
emitted a particle has only 4 MeV energy. Clearly the emitted particles are never 
at the potential energy of the top of the Coulomb barrier. 

The explanation of this energy paradox constituted one of the first great triumphs 
of wave mechanics. The theory is that of a particle in a box with a finite barrier. 
It turns out that the wave function for the particle (the oc particle in this case) has 
a finite value outside of the box (the Coulomb barrier), and the square of this 
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value gives the probability of the particle being outside and hence of its being 
emitted. The process is known as "tunneling." 

22-CN-2 Nuclear Reactors and "Atomic" Bombs 

A nuclear reactor is a device which allows a nuclear fission reaction to be self-
sustaining. We consider first the problem of arranging this situation in the case 
of natural uranium, which contains 99.27 %

 2 3 8
U and 0.72 %

 2 3 5
U . According to 

Eq. (22-14), the slow neutron fission of
 2 3 5

U produces additional neutrons which 
could, in turn, lead to further fissions. The problem is that

 2 3 8
U also captures 

neutrons: 

2 3 8 TT 1 2 3 9 β~ 239 β~ 2 2 9 „ -

9 2U + 0n - 9 2U 9 4Np — - 9 4Pu. (22-25) 

The result is the production of plutonium (half-life 2.44 χ 10
4
yr). The capture 

cross section of
 2 3 8

U for neutrons goes through a peak or resonance absorption 
region as the neutrons lose their energy, and the consequence is that a sample of 
natural uranium is unable to sustain a chain reaction; too many neutrons go into 
reaction (22-25). 

The solution to this problem that was found during World War II was to place 
the uranium in a lattice of highly purified graphite. Carbon does not absorb 
neutrons strongly, and the neutrons produced by the fission of

 2 3 5
U wander through 

the graphite until they are slowed down by collisions to thermal energies before 
again encountering uranium atoms. Thus the dangerous resonance absorption 
region is spent in graphite and away from

 2 3 8
U . A sufficient fraction of the neutrons 

produced by each act of
 2 3 5

U fission now survives to carry the chain reaction. 
This fraction is called the reproduction constant k. 

If k is greater than unity, a chain reaction should occur. In any actual reactor, 
however, there is a loss of neutrons from the surface into surrounding space, so 
that the finite reactor has a practical reproduction constant k' < k. The importance 
of the surface effect diminishes with increasing size of the reactor, so that if a 
particular infinite reactor has k > 1, then there will be some critical size of an 
actual structure such that k' is just equal to unity. 

The lifetime of a neutron is about 10~
5
 sec; this is the time from its formation 

in a fission event to its eventual capture by another
 2 3 5

U nucleus. Since the concen
tration of neutrons in a reactor should increase by the factor k' with each genera
tion, this means that the neutron concentration and hence the power output of 
the reactor should increase by (k')

105
 per second. If this were actually the case, the 

situation would be extremely dangerous. As soon as construction of the reactor 
exceeded its critical size, the power would rise catastrophically in a fraction of a 
second. No actual explosion would occur in ordinary reactors; the reactor would 
be ruined, however. 

There is a most fortunate natural situation which prevents this catastrophe from 
happening. It so happens that about 1 % of the neutrons produced in fission are 
tied up in isotopes called delayed neutron emitters. These are energetic β- emitters 
decaying to excited nuclear states that then promptly emit a neutron. The half-
lives of the β~ emitters range from milliseconds to seconds. Thus if k' is less than 
about 1.01, the effective generation time is not I O

-5
 sec but about 1 sec. A reactor 
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that is just critical in size thus increases its power only slowly and may easily be 
controlled by moving neutron-absorbing control rods inward so as to bring k' 
back to unity whenever the power level is to be stabilized. 

The original reactors of World War II were intended not to produce power, 
but to produce

 2 3 9
P u by reaction (22-25). The reason was that

 2 3 9
P u was expected 

to fission easily, like
 2 3 5

U , and being chemically different from uranium, could be 
concentrated into the pure element. The alternative approach used was to fraction
ate natural uranium into relatively pure

 2 3 5
U by isotopic fractionation procedures. 

Atomic bombs (strictly speaking, nuclear bombs) consist of relatively pure
 2 3 9

P u 
or

 2 3 5
U . One modern arrangement is to have a sphere of the material which has 

just too much surface area for k' to exceed unity. The sphere is surrounded by a 
conventional high explosive and when this is detonated it compresses the sphere, 
thereby reducing its area and making k' greater than unity. The ensuing chain 
reaction is very rapid in this case since the neutrons need not be slowed down; 
the generation time is much less than 1 0

-5
 sec and the result is the incredible 

nuclear explosion. 
Contemporary power-producing nuclear reactors may use plutonium or

 2 3 5
U 

enriched uranium. Uranium- or plutonium-containing ceramic rods may, for 
example, be spaced in a bath of heavy water, or, if sufficiently enriched, in ordinary 
water. The fission energy appears ultimately as heat, of course, and heat exchangers 
transfer this heat to a working fluid which is then used for power generation. 

22-CN-3 Nuclear Chemistry 

The term nuclear chemistry applies to the study of the properties of nuclei and 
of "fundamental" particles. It is possible, for example, to draw inferences about 
the size, shape, and ease of deformation of nuclei from a study of how they scatter 
high-energy particles such as protons or neutrons. It appears that most nuclei are 
not spherical but are prolate ellipsoids. Scattering experiments also allow a map
ping of nuclear energy states. These states are quantized and charts of them look 
much like those from atomic spectroscopy. 

We have considered nuclei to be made up of neutrons and protons, with the 
implication that these last are fundamental particles. Actually, the experiments of 
high-energy physics have disclosed some 80 "fundamental" particles. These may 
be classified as baryons, which are heavy particles and include the proton and the 
neutron, mesons, whose rest masses range down to about 0.1 mass units, and 
leptons, which comprise the electron, the mu particle, and the neutrino. The study 
of the properties of these particles has led to the formulation of several quantities 
which are conserved in nuclear processes. In addition to charge, mass number, 
spin angular momentum, and parity, quantities called hypercharge, isotopic spin, 
and strangeness have been defined [see Chew et al. (1964)]. 

It also appears that for every elementary particle there is an antiparticle; the 
two annihilate each other in a collision. Thus the positron is the antimatter equiv
alent of the electron. Antiprotons and antineutrons as well as various other anti-
baryons have been discovered. It is possible, then, to imagine a hydrogen atom 
consisting of an antiproton nucleus and an orbital positron—or, indeed, an anti
matter universe. The detection of astronomical antimatter seems impossible at 
present. Stellar spectra cannot be used, for example, since these should be invariant 
with respect to the type of matter involved. 
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22-CN-4 Quantum Statistics 

The usual Boltzmann expression is actually a limiting case of more general 
expressions. Particles whose wave function is antisymmetric, such as the electron 
or proton, obey the Pauli exclusion principle in that no two can have the same wave 
function. In an assemblage of such particles, detailed analysis gives the probable 
number N{ of particles having energy ct- as 

where g{ is the degeneracy of the state and α is the normalization factor required 
to make J A ^ = 1. Equation (22-26) reduces to the Boltzmann expression if 
ae

ç
i
lkT
 ^> 1. It turns out that a can be identified with the reciprocal of the absolute 

or rational activity (Section 9-CN-3), and the condition for Eq. (22-26) to reduce 
to the Boltzmann law is therefore that either e^kTor that there are many particles, 
so that α is large. The analysis giving Eq. (22-26) is known as Fermi-Dirac statistics. 
Particles to which it applies are called fermions. 

If a particle contains an even number of fermions, such as deuterium or a helium 
nucleus, then its wave function is symmetric and the Pauli exclusion principle 
does not apply; any number of such particles may be in a given state. The change 
puts - 1 instead of + 1 in the denominator of Eq. (22-26). The analysis is known 
as Bose-Einstein statistics and the particles obeying these statistics are called bosons. 
Interestingly, it is found that photons obey Bose-Einstein statistics, which suggests 
that they are not simple particles but are somehow composite. 

22-CN-5 Experimental Detection Methods 

Most detection devices are based on the ability of high-energy radiation to ionize 
matter. A quartz fiber may be electrostatically charged, for example, so as to be 
repelled from its support. Radiation ionizes the air, rendering it somewhat con
ducting so that the charge leaks away and the fiber slowly returns to its rest posi
tion. The rate of such return is a measure of the intensity of the radiation. Such 
electroscopes are widely used for personal dosimeters; they can be constructed in 
the size and shape of a fountain pen. 

Photographic film is exposed by high-energy radiation and is much used, of 
course, in medical x-ray examinations. Film has the two advantages of providing 
a cumulative measure of radiation and of mapping its intensity distribution. How
ever, the photographic method is inconvenient to use for accurate measurements 
or where discrimination among different kinds of radiation is desired. 

The ionization produced by radiation may be measured electronically. A poten
tial of several hundred volts is applied through a high resistance to a pair of elec
trodes separated by an air gap. The ions produced by the radiation collect on the 
electrodes to generate a small current, which drops the voltage, and this voltage 
change can be amplified by a dc amplifier. Since each high-speed particle produces 
a burst of ions, the current actually occurs in pulses, and each pulse can be ampli
fied by means of an ac amplifier. Discrimination between different kinds of par
ticles is now possible since the pulse sizes will be different. It is thus possible to 
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"count" a particle pulses in the presence of a heavy background of β~ or of y 
radiation. 

If the potential between the electrodes is raised to about 1000 V, the ions prod
uced by the radiation are so strongly accelerated as to produce further ionization. 
The result is a cascade of ions and a very large pulse—one that can be detected 
with little amplification. The device is known as a Geiger counter. It does not, of 
course, discriminate among kinds of particles since all pulses are now the same. 

Perhaps the most common modern detection device is the scintillation counter. 
Materials such as crystalline anthracene and sodium iodide [with a trace of T1(I)] 
emit light under irradiation; each high-speed particle produces a quick burst of 
photons and the light pulse is detected by means of a photomultiplier. The use of 
Nal(Tl) is particularly advantageous for the detection of y rays since the heavy 
I atoms absorb electromagnetic radiation strongly. Moreover, each photoelectron 
has the energy of the y quantum, and the light pulse resulting from such electrons 
is proportional to their energy. It is thus possible to measure the energy spectrum 
of incident y radiation. Semiconductors have also been used. Each ionizing particle 
produces a current pulse very nearly proportional to its energy. 

22-CN-6 The Mossbauer Effect 

Gamma rays emitted in an isomeric transition ordinarily have less than the true 
energy difference between the two nuclear states involved. Conservation of momen
tum demands that some energy go into a recoil of the emitting nucleus. The dis
covery by R. Mossbauer in 1958 was that if the emitting isotope is embedded in a 
fairly stiff crystal lattice, then part of the time the emission is recoilless. In effect, 
the recoil momentum is absorbed by the crystal as a whole, and the recoil energy 
loss of the emitted y ray becomes negligible. 

The energy of such y quanta is now exactly that between the two nuclear states, 
and such gammas show a strong resonance absorption by ground-state nuclei. 
The wavelength spread of the recoilless radiation is so narrow that if the source is 
moving even a few centimeters per second, the Doppler effect is enough to destroy 
the resonance absorption by a stationary absorber. 

Much as with nmr, the Mossbauer eifect, although remarkable, would have a 
limited application except that gamma energies are measurably affected by the 
density of orbital electrons in the vicinity of the nucleus, and hence by the chemical 
environment of the atom. There is thus a chemical shift in the energy of the recoil
less y emission. If the source and the absorber atoms are in different chemical 
states, resonance is destroyed. 

A typical experimental procedure is as follows. Some
 5 7

C o (270 day half-life) 
is deposited on the surface of some cobalt metal. This isotope decays to an excited 
state of iron

 5 7
F e

m
 which then emits a 14.4-keV y quantum. The absorber consists 

of iron in the chemical state to be studied, and one looks for resonance absorption 
by stable

 5 7
F e . With source and absorber stationary there will in general be no 

resonance because their chemical states are different, and one therefore puts the 
source through a periodic velocity cycle (it may be driven by a loudspeaker cone, 
for example). At those velocities at which the Doppler shift restores resonance, 
absorption is strong, and the intensity of radiation passing through the absorber 
decreases. A Mossbauer spectrum is shown typically as a plot of radiation intensity 
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through the absorber versus source velocity. The general flavor of Mossbauer 
spectrometry is similar to that of nmr, and the derived information is somewhat 
analogous. 

SPECIAL TOPICS 

22-ST-l The Natural Decay Series. Age Dating 

An early triumph of radiochemistry was the working out of the rather complex 
sequences of successive decays that occur with the heavy elements. The best known 
of these series is that beginning with

 2 3 8
U . It may be summarized by the equation 

23

9°U -
 2

°stPb + 8
4

2He + 6β~. (22-27) 

Isotopes of Th, Pa, Ra, Rn, Po, Bi, and Tl constitute intermediate members of 
the series, but the important point is that

 2 3 8
U is the longest-lived of all, with a 

half-life of 4.49 χ 10
10
 yr. The series therefore comes to secular equilibrium; for 

each uranium atom that disintegrates, on the average eight OL particles (ending up 
as He) and six β~ particles are released by daughter nuclei. 

The time elapsed since a uranium-containing mineral first crystallized may be 
determined from the amount of the entrapped helium. Thus Νυ + hNHe gives the 
original number of uranium atoms present, or Νυ = (Nv + %NHe) e~

x
^
1
. A 

determination of the ratio NHe/Nu in a rock sample thus allows a calculation of t. 
Alternatively, the ratio 2 0 6 p ^ 2 3 8 T j m av b e u s ed . Very old minerals have shown 
ages up to about 10

9
 yr by this method. 

Since change in mass numbers occurs only by OL emission, the members of the 
uranium series have mass numbers which may be written as An + 2, where η is 
an integer. The thorium series belongs to the An family, and is, in summary, 

2
llTh -

 2
L

8
P b + 6 ̂ He + 4/9-. (22-28) 

The actinium series begins with
 2 3 5

U and thus belongs to the An + 3 family. A 
fourth series, the An + 1 series, has been pieced together only relatively recently. 

Age dating on a more modest time scale is possible from measurement of the 1 4
C content of organic matter. Cosmic radiation is constantly generating

 1 4
C , 

probably through the reaction **N + Jn ->
 X
\C + JH, so that a low level of this 

isotope is always present. W. Libby realized that this circumstance permitted a 
determination of the age of wood or of other biological material. The living 
organism continuously incorporates

 1 4
C in its structure, but, once killed, biological 

activity ceases and the radiocarbon begins to decay away. The half-life is 5720 yr, 
so that quite ancient objects can be dated. It is assumed that cosmic ray intensity 
has remained constant, so that a piece of, say, early Egyptian wood with half the 
proportion of

 1 4
C to

 1 2
C as in present-day wood must be 5720 yr old. 

Tritium is also produced in the atmosphere at a low concentration, probably 
by the reaction + Jn ->

 1 2
.C + ^H. The time scale is now a very contemporary 

one since the half-life of tritium is only 12.26 yr. However, ground waters have 
been dated by means of their tritium content (and also some good wines !). 

It must be emphasized that these cosmic-ray-produced radioactivities are at a 
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minute and entirely nonhazardous level of concentration. Quite sophisticated 
instrumentation is needed even to detect their presence. 

22-ST-2 Statistical Fluctuations in Radioactive Decay 

Consider Ν atoms of a radioactive substance. The probability that any arbitrarily 
selected set of exactly m nuclei will decay during an interval t is 

(1 _ e-Xtyn(e-Xtyi-m = pmqN-m^ (22-29) 

where p
m
 is the probability that the m nuclei will decay and q

N
~
m
 is the probability 

that the other Ν — m nuclei will not. The probability given by (22-29) must be 
multiplied by the number of ways of picking m nuclei out of Ν total ones. This 
is NlfcN — m)\. However, since the order of picking the m nuclei is immaterial, 
we must divide by the ways of permuting m objects, ml. The final equation for the 
probability W(m) is 

w
(
m
) = ί \τ

 N
\i—Γ p

m
q
N
~
m
 (22-30) (N — m)\m\ -

 v J 

We can relate this result to the standard deviation of a measurement of m. In 
general, the standard deviation σ of a series of η measurements of a quantity χ is 
given by 

°
2
 = -„Σ (*i - *T- (22-31) 

Expansion of the sums leads to the alternative form 

σ
2
 = Ξ» - x

2
. (22-32) 

That is, σ
2
 is given by the difference between the average value of x

2
 and the 

square of the average value of x. 
The quantities fn and m

2
 may be evaluated from Eq. (22-30). It turns out that 

m = N(l — e~
At
), which reduces to Eq. (22-19) if t is small. Also, {N — 1) Np

2
 = 

m
2
 — m, and insertion of these results into Eq. (22-32) gives σ

2
 = inq. If m is 

small compared to N, then q is essentially unity, and σ = m
1 / 2

. Thus the standard 
deviation of a measurement of the disintegrations occurring in time t is just the 
square root of the average value. 

If a particular sample of radioactive material registers 1000 disintegrations in 10 min, we 
assume that the figure of 1000 is close to the true m, and estimate σ to be (lOOO)

1
/

2
 or 31.6. The 

activity is then reported as 100 ± 3.2 dis min

- 1
, or ± 3.2 %. Were 10,000 disintegrations observed 

over 100 min, a would be 100 and we would now report 100 ± 1 dis min

- 1
, or an uncertainty 

of 1 %. Thus the more total disintegrations or emitted particles counted, the smaller is the per
centage of error in the measurement. 
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EXERCISES 

Take as exact numbers given to one significant figure. 

2 2 - 1 What is the field H required to cause electrons to follow a path of radius 2 cm if the 
compensating electric field to prevent such curvature is ΙΟ

4
 V c m

- 1
? 

Ans. 170 G . 

2 2 - 2 Calculate Ε in volts per centimeter required to maintain from falling a water droplet 
which, in the absence of the field, falls at the rate of 10~

4
 cm sec

- 1
. Assume the drop 

carries three units of electronic charge and the viscosity of air to be 1.85 χ 10
_ 4

P. 

Ans. 0.67 V cm"
1
. 

2 2 - 3 Calculate the specific activity of
 2 3 8

U in disintegrations per second per gram. 

Ans. 1.23 x 10
4
 dis sec"

1
 g"

1
. 

2 2 - 4 A sample of
 38

C1 (as NaCl) shows 1 Ci of activity initially. What should be the activity in 
disintegrations per second 3 hr later ? 

Ans. 1.3 χ 10
9
 dis sec

- 1
. 

2 2 - 5 Calculate the high-voltage frequency for the cyclotron acceleration of deuteron in a 
field of 10,000 G and the maximum radius achieved by the spiraling deuterons if the final 
energy is to be 10 MeV (neglect relativistic effects). 

Ans. 7.6 MHz, 65 cm. 

2 2 - 6 What is the relativistic increase in mass of a 10-MeV deuteron, of a 10-MeV electron? 
What is the velocity of a 1-MeV electron? 

Ans. 0.533%, 19.6-fold, 0.94 c. 

2 2 - 7 Explain how it is possible that
 36

C1 may decay by either β~ or β
+
 emission. How should 

1°β decay? 

2 2 - 8 Calculate Q for Eq. (22-7). 

Ans. 3.27 MeV. 

2 2 - 9 Calculate Q for Eq. (22-6). 

Ans. 3.8 MeV. 

2 2 - 1 0 Calculate the binding energy of the last neutron added to (a)
 1 6

0 , (b)
 1 7

0 . Comment 
on the difference between the two values. 

Ans. (a) 15.7 MeV, (b) 4.14 MeV. 

2 2 - 1 1 Calculate the Coulomb barrier in the bombardment of
 2 0 9

Bi with α particles. 

Ans. 19.9 MeV. 

2 2 - 1 2 The cross section for the reaction
 5 9

Co(n, y)
6 0
Co is 20 b. Calculate the number of

 6 0
Co 
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atoms formed if 2 g of metal foil is exposed to a neutron flux of 1.5 χ 10
13
 neutrons 

c m
-2
 s ec

-1
 for 10 min, and the resulting radioactivity in millicuries. 

Ans. 0.415 mCi. 

2 2 - 1 3 Calculate the dosage in roentgens per hour 1 m away from a 1-Ci source of 1-MeV γ 
radiation. [Note: Estimate the absorption coefficient per centimeter of air from Fig. 
22-9 to determine the fraction of the γ radiation absorbed per centimeter and hence the 
energy dissipated; this gives the number of ions produced. The number of ions per cubic 
centimeter 1 m away can then be calculated, and thence the dosage.] 

Ans. 1.30 R h r "
1
. 

2 2 - 1 4
 3 1

Si is formed at the rate of 2 χ 10
8
 atoms per second by the neutron irradiation of 

silica. How many millicuries will be present (a) immediately after a 5-hr irradiation, and 
(b) 10 hr after the irradiation is over? What is the saturation activity? 

Ans. (a) 3.96 mCi; (b) 0.281 mCi; 5.41 mCi. 

2 2 - 1 5 The total activity is followed as a function of time for a sample suspected of consisting 
of two or more independently decaying radioisotopes. Find the half-life of each com
ponent and the number of disintegrations per minute of each component present at 
zero time. 

'(hr) 0 0.5 1.0 1.5 2.0 2.5 
Dis m i n

-1 
7300 4500 2900 1950 1350 990 

'(hr) 3.0 3.5 4.0 5.0 6.0 7.0 
Dis m i n

-1 
740 580 480 370 310 280 

'(hr) 8 10 12 14 
Dis min

-1 
255 210 180 155 

Ans. (a) t l i2 = 0.7 hr, D° = 6800; 
(b) t m = 8.2 hr, D° = 470. 

2 2 - 1 6
 1 4 6

Ce decays by beta emission to
 1 4 6

Pr, with tx\2 = 14 min; the
 1 4 6

Pr decays in turn to 
stable

 1 4 6
Nd with t1/2 = 25 min. A sample consists initially of 0.5 mCi of pure

 1 4 6
Ce. 

Calculate the activity of
 1 4 6

Ce and of
 1 4 6

Pr present 30 min later. Is this a case of secular 
equilibrium ? 

Ans. Dx = 0.113 mCi, D2 = 0.385 mCi. 

PROBLEMS 

2 2 - 1 The specific activity of a sample of pure "Tc is 10
5
 dis s ec

-1
 m g

- 1
. Calculate the half-life 

of "Tc. 

2 2 - 2 Calculate the isotopic mass of
 2
SJJHg from Eq. (22-33) and also the Q for adding one 

neutron to obtain
 2
JJHg. 

2 2 - 3 What is the average binding energy of a proton in
 2 3

Na? 

2 2 - 4 Calculate the Q for the reaction
 9

Be(«, n)
1 2

C. 

2 2 - 5 Derive the equation for the total binding energy of an isotope in terms of its mass number 
for isotopes of optimum charge. Use the equation 

£(MeV) - U.6A - ^(A - 2Z)
2
 - 0.06Z

2
 (22-33) 
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'(hr) 0.0 0.5 1.0 1.5 2.0 3.0 4.0 5.0 6.0 8.0 
Dis min

-1 
8000 1875 850 543 410 288 211 168 139 108 

'(hr) 10 12 14 
Dis min

-1 
90 80 73 

Analyze the data graphically to obtain the half-lives of all the radioéléments present, 
and the percentage of the initial total activity due to each. 

2 2 - 1 6 A sample of radioactive zirconium is obtained in pure form by an appropriate processing 
of a fission product mixture. The activity of the sample increased with time, as shown 
by the tabulated activity (total disintegrations per minute), due to the growth of a niobium 
daughter. Analyze the data to determine the half-lives of the parent and the daughter. 

/(days) 0 20 40 60 100 150 200 300 400 500 
Dtot (dis min

- 1
) 2000 2250 2200 2050 1600 1050 666 240 82 28 

to find Ζ A = f(A) such that (dE/dZ)A = 0. By means of this result make a plot of 
the mass defect against A ; also compare your result with the plot for stable isotopes 
as actually found (compare with Fig. 22-5). 

2 2 - 6 By means of the equations developed in Problem 22-5, calculate the energy of a emissions 
for 

when A = 200. Estimate the average number of betas per alpha for a decay series around 
A = 200. 

2 2 - 7 When a magnetic field of 5000 G is imposed in a cloud chamber, the electrons and positrons 
formed by pair production from incident y radiation are found to follow a path of 2 cm 
radius of curvature. What is the energy in MeV of the y ray? 

2 2 - 8 How many centimeters of lead absorber are needed to reduce the intensity of a source 
of 5-MeV γ radiation 100-fold (absorption coefficient, μ = 0.30 cm

- 1
)? 

2 2 - 9 What is the dosage in roentgens per hour 1 m away from a 100-Ci point source of 1-MeV 
gamma rays of absorption coefficient μ = 7 χ IO

-5
 c m

-1
 in air ? Assume that only singly 

charged ions are formed and that 30 eV are required to produce each ion pair. 

2 2 - 1 0 The high voltage across the dees of a cyclotron has a frequency of 12 MHz. What must 
the magnetic field be if deuterons are to be accelerated ? 

2 2 - 1 1 What is the most energetic decay process for
 1 0

C, and how much energy is liberated? 

2 2 - 1 2 A radioélément of half-life 7\ yields a daughter of half-life T2. Assuming that at zero time 
no daughter is present, derive the expression for the time of maximum combined 
activity (that is, disintegrations per unit time) of parent plus daughter. 

2 2 - 1 3 What is the cross section for the formation of
 1 4

C by (n, p) reaction if, on irradiation of 
100 liter of 0.1 M ammonium nitrate for 1 wk at an average pile power of 3000 kW, 
0.1 mCi of

 1 4
C is obtained? (Assume 10

5
 neutrons c m

-2
 s e c

-1
 W

- 1
. ) 

2 2 - 1 4 If the cross section for the reaction
 3 1

P(n, y)
3 2
P is 0.32 b, what will be the saturation activity 

for 1.0 g of Ρ irradiated in a neutron flux of 1.2 χ 1 0
12
 neutrons cm"

2
 sec"

1
? 

2 2 - 1 5 The following decay data are obtained on a sample suspected of containing several 
radioéléments: 
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2 2 - 1 7 A sample of
 1 4 0

Ba is allowed to come to transient equilibrium with its daughter
 1 4 0

La: 

i 4 o Ba i 4 o La + β- half-life 12.5 days, 1 4 0
La

 1 4 0
Ba (assume to be stable) + β~ half-life 40 hr. 

A chemical separation is then made, giving two fractions containing the following weight 
percentages of the total Ba and La: (a) 90% of the barium, 10% of the lanthanum; 
(b) 10% of the barium, 90% of the lanthanum. At the time of the chemical separation 
the sample contained 3 χ 10

6
 dis m i n

-1
 due to the combined Ba and La activities. Calculate 

the total number of disintegrations per minute for each fraction 2 days and 25 days after 
the separation. 

SPECIAL TOPICS PROBLEMS 

2 2 - 1 A meteorite contains 1.5 χ 10~
3
% U. Calculate its minimum age in years if 0.066 cm

3
 of 

He (STP) can be extracted from 10 g of the meteorite. 

2 2 - 2 A counter has a background of about 35 counts min
- 1

. How long should a sample of 
approximately 1000 counts m i n

-1
 be counted and how long a background count should 

be taken in order that the net count can be determined in a minimum total counting time 
with a probable standard deviation of less than 1 %? 

22-3 The age of some pitchblende U 30 8 is estimated by weighing out a small sample of the 
crushed mineral and determining the alpha activity. The measurement is made one week 
after crushing and gives 21 dis s e c

-1
 m g

- 1
. It is to be assumed that no gases or other 

materials escape from the mineral during its geological existence, but that on crushing, 
the radon and helium present escape freely, but nothing else. Neglecting any complications 
due to

 2 3 5
U or

 2 3 4
U present, calculate the age of the mineral. [Note: The ore is assumed to 

have been pure U 30 8 originally, although in the course of time its composition may well 
have changed appreciably.] 

2 2 - 4 The standard deviation of a counts per minute determination on a sample is 10 %. Neglec
ting background, what was the activity in counts per minute after the sample had been 
counted for 5 min ? 

2 2 - 5 A counter has a measured background rate of 600 counts in 25 min. With a sample in place 
the total measured rate is 1050 counts in 20 min. Give the net counting rate per minute 
for the sample and its standard deviation. 

2 2 - 6 Estimate the age of a rock which is found to contain 4 χ 1 0
-5
 cm

3
 of helium at STP and 

3.5 χ 1 0
-7
 g of uranium per gram. 




