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PREFACE

This publication and the second volume now in preparation contain the
essentlals of a series of seminars initiated at the Hasaéohusetts Institute
of Technology in October, 1946, The objective is to present the fundamentals
of chain-reacting systems in terms that are understandable to the non-special-
ist, particularly to engineers interested in the industrial applications of
nuclear energy. Progress in this field requires the coordinated effort of
many branches of science and enginsering, particularly during the next several
years. Gradually, the responsibility will devolve toa new breed of specialists,

already dubbed nuolear engineers. It is anticipated that collaborative pub-

lications of this type will assist materially in these developments.

Some words of explanation and apology are in order.- By limiting consid=-
eration to declassified information or that available in the open literature,
a number of prominent gaps remain. Likewise, only prewar values can be givene
for certain of the more importent nuclear constents. Nevertheless, the free
exchange of ideas which an unclassified publication makes possible should
more than compensate for these limiteations.

The material contained in this volume has been submitted to the U. S.
Atomic Energy Commission for review by its Declassification Office and
the Commission has approved publication from the standpoint of security. It
should be understood that this approval relates only to security and involves
no opinion as to the accuracy of the information contained in the book or as
to any other matters.

An attempt has been made to systematize the notation of the various
authors, but this has not been entirely successful. When multiple notation
ocours, specific definitions are included in each chapter.' In order to

&
expedite publication, incomplete references and acknowledgments have been



made. However, it should be obvious that the bulk of the scientific and
technical information has been drawn from many sources. The individual
authors claim originality largely in the manner of presentation.

For permission to inolude previously published material, acknowledg-
ment 1s made to the American Chemiocal Soolety for Figures 1-31 and 7-2; to
the National Research Council of Canade for Figures 8-11, 8-12 and 8-13;‘to
the Journal of Applied Physics for Chapter 4; to The Physical Review for
Figures 9-3 and 9-4; and to the Reviews of Modern Physics for the oross
gection curves in Appendix C. The isotope chart, Figure 1-6, was kindly
furnished by Dr. E. Segré. Appendix A is included through the courtesy of
Dr. H. A+ Bethse.

Mr. P. Ho Lund and Mrs. Grace Rowe ocontributed much of the original
drafting work. The secretarial assistance of Mrs. Charlotte Nichols, Miss
Estelle Jenney, and Miss Ruth Deininger is gratefully acknowledged. Mrs.
Olga Crawford and Mr. James Sterling have been unusually helpful in the edi-
torial preparation of the material. Without the generous support and en-
oouragement of Professors J. C. Slater and J. R. Zacharias, it would not have

been possible to conduct the seminars on which these chapters are based.

Cambridge, Mass. Clark Goodman
September, 1947,
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CHAPTER 1

FUNDAMENTALS OF NUCLEAR PHYSICS

by
Robley D. Evans

1-1 Size of Nuclei

It will be recalled that atoms have diameters of about 10"8 cm and
are composed of one or more electrons surrounding a central core or nucleus.
These electrons are bound inside the atom by the electrostatic attraction
of their negative charge for the positive charge of the nucleus. As we
shall see, the binding energy of these atomio electrons is much less than
that between the particles in the nucleus (nucleons) and, in fact, is usu=-
ally negligible in most considerations in nuclear physics. In spite of the
continued statements found in elementary physics textbooks, it has been def-
initely established that there are no electrons in nuclei (7N14 outstanding
example). All nuclei consist of two types of particles of nearly equal mass,
neutrons and protons. In terms of modern theory, these two particles rep-
resent different quantum states of a single fundamental particle, the nucleon.

A neutron has no electric charge; a proton has a positive charge,
equal in magnitude but opposite in sign to that of an atomic electron. The
simplest nucleus - that of hydrogen 1H1 - consists of a single proton. All
other nuclei contain a mixture of neutrons and protons, with the proportion
of neutrons increasing with the atomic weight of the nucleus. The largest
naturally occurring nucleus is that of 92U238, which contains 92 protons and
238 - 92 = 146 neutrons. The diameter of this nucleus is only about 7 times
the diemeter of its individual nucleons.

Between 1H1 and 92U238 there are a large number of species of nuclei,
as indicated in Figure 1-1. 1In spite of the rather broad variation in the
number of neutrons and protons, all of these nuclei have nearly the same
nuclear density p (about 104 grams per cc). While there are some perio-
dicities in nuclear characteristics, these are completely independent of and

much less pronounced than the chemical periodicities of atoms.

1-2 Nuolear Charge 2

The nuclear charge, or atomic number 2, equals the number of protons
in the nucleus. This important integral quantity may be determined in a va-
riety of ways, among the more important of which are: (a) Moseley K and L
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FUNDAMENTALS OF NUCLEAR PHYSICS 3

x-ray spectra, (b) Rutherford alpha-ray scattering experiments, and (c)
the displacement law. Important examples of the displacement law are the

nuclear transitions that teke place following radiative capture of neutrons

238
by 92U :
238 1 239 B~ 239 B~ 239
(1) g0 *+ = g2V 23m 93 P 9aFy

The nuclear charge % which equals 92 in uranium, as indicated by
the subscripts, changes to 93 upon the emission of a negative beta ray (8 ),
thereby resulting in the formation of a nuocleus of the element neptunium
(Np). This nucleus, in turn, spontaneously emits a 8~ resulting in a nucleus
of plutonium (Pu) with % = 94. Since neutrons (onl) have zero nuclear charge,
their 2 = 0. The superscripts are the mass number A discussed below. Sinoce
the mass of a beta ray is very small compared to the mass of a nucleon, A

does not change during the emission of a 8 .

1«3 Mass Number A

The number of nucleons in a nucleus is represented by the integral
mass number A. As seen in Figure 1-1, some 275 species of stable nuclei are
known. With the exception of A = 5 and A =8, all values of A from 1 to 209
are represented by kpnown stable nuclei. With the exception of elements & =
43 and % = 61, stable nuclei with atomic numbers from 1 to 83 inclusive are
found in nature. Nuclei of the same % but different A are called isotopes.
Since isotopes are different forms of the same element, they have essen-
tially the same chemical properties, and hence cannot be separated by chem-
ical methods. The proportion of the different isotopes of a given element
can be determined either from band spectra, hyperfine structure, or by means
of mass spectrometers. The latter also provide a érecise method of deter-
mining the relative mass, i.e., the atomic weight, of the individual iso-
topes of many elements.

A useful relation for estimating a nuclear radius R is:

(2) R =1.5x 1073 a3 o0 (4 ~ 10%)

The radius as here defined is the distance at which the nuclear Coulombian
repulsion for positively charged particles just equals the nuclear attrac-

tive force that sets in at such small distances.
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1-4 Isotopic Mass M
The exact mass of a neutral atom M is one of the most important

quantities in nuclear physics. It is referred to an arbitrary assigmment=
of 8O16 = 16.00000. The differences in mass of nuclei enter into many com-
putations, and it is desirable to know the individual nuclear masses to five
or s8ix decimal places.

The mass of deuterium 1H2 is well established from doublet measure-
ments in mass spectrometers. Using the Einstein relation:

(3) & =(m - mﬁ)o2 = Amoz

and measurements of the kinetic energy of protons emitted in the following

nuclear reaction:
2 1
+
(4) B +hy —n +1H1 Q

the mass Mn of the neutron has been determined with considerable accuracy.
Conversion factors and numerical values are as follows:

1 amu (atomic mass unit) = 931 Mev (million electron volts)

1 ev (electron volt) = 1.60 X 10-12 erg

1 Mev (million electron volt) = 1.60 X 1078 erg

1 watt = 6.25 x 1012 Mev/sec

mooz = 0,51 Mev, = 0.00055 amu (where m = rest mass of an electron)

In nuclear reactions such as (4) the Q value is the kinetic energy of the
disintegration products in excess of the kinetic energy of the incident par-
ticles. Neutral atomic masses are generally used instead of nuclear masses
in calculating Q values, since the electronic masses on each side of the re-
action balance out, except when positrons (8') are emitted. In (4):

mass of lHi = 2.01472

mags of .H~ = 1,00813

1

1Hz minus 1Hl= 1.00659

Q = -2.18 Mev ==.00234
<~ mass of on1 = 1.00893

*Unfortunately, in addition to the physical scale of atomic weights
as defined above, there is also a chemical scale based on the natural mix-
ture of oxygen isotopes O =16.0000. Throughout these notes, atomic weights
are given on the physical scale. For purposes of conversion: physical mass
= 1.00027 X chemical mass.
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1-5 Total Angular Momentum

The total angular momentum quantum number I of a nucleus, taken
about its internal axis, is the vector sum of the orbital angular momentum
£ and spin angular momentum s of each proton and neutron in the nucleus.
The manner in which the values of £ and s are added depends on the type of
interaction or coupling assumed between the particles. But I is always a
positive quantity or zero. The total nuclear angular momentum is (h/2m)
\ﬁ(I + 1), and its maximum observable component in g1ty direction, such as
along an external magnetic field, is I(h/2n).

For present purposes the important considération is that angular
momentum is always conserved in nuclear transitions. The vector difference
botween the initial value I and the final value I' must be possessed by a

particle or quantum absorbed or emitted in the transition.

1-6 Parity

The parity of a system of elementary particles is a fundamental prop-
erty of the motion according to the wave-mechanical description, but it has
no simple analogue in ordinary mechanics.

The physical description of a particle or system of particles cannot
depend, for example, on whether we are right-handed or left-handed. Hence
the absolute value of the wave function ya/* must be the same in coordinates
(x, y, z, s) as in the coordinates (-x, -y, -z, s) -- three spatial and one
spin. This transformation of coordinates is equivalent to "reflecting the
particle at the origin" in the (x, y, z) system, an operation which must
elther leave the wave function unchanged, or only change its sign, so that its
squared absolute wvalue remains unaltered in either case.

To a good approximation ¢ is the product of a function depending on
space coordinates and a function depending on spin orientation. When reflec-
tion of the particle at the origin does not change the sign of the spatial part
of y, the motion of the particle is said to have even parity. When reflec-
tion changes the sign of the spatial part of , the motion of the particle
is said to have odd parity. It can be shown that the spatial part of ¥, on
reflection of the particle, does not change sign, if £ is even, but does change
sign if £ is odd. Hence for a particle with an even value of £ the motion

has even parity, and with an odd value of £ the motion has odd parity.
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For a system of particles the wave function becomes approximately
the product of the wave functions (or a linear combination of such products)
for the several particles, y = ¢1 ¢2 ¢5 +ee Hence the parity of a system
of particles such as a nucleus will depend on the parity of the motion of its
individual particles.

Visualizing reflection of the system as the successive individual re-
flection of each particle, one at a time, we conclude that a system will have
even parity when the sum of the numerical values of £ for all its particles
$4is even, and odd parity when3.{ is odd. A system containing any number
of even parity particles and an even number of odd parity particles will have
even parity. A system with any number of even parity particles and an odd
number of odd parity particles will have odd parity. The intrinsic parity
of a single elementary particle (proton, neutron, electron, photon, neutrino)
is even, since £= 0 for the isolated particle.

Parity is always conserved. Thus the parity of a system (e.g., & nu-
cleus) can only be changed by the capture of photons or particles having odd
total parity (intrinsic parity plus parity of motion with respect to the ini-
tial system), or by the emission of photons or particles having odd total
parity.

The selection rules for all nuclear transitions involve a statement
of whether or not the nucleus changes parity as a result of the transition.
Thus the notation "yes" denotes that the nuclear parity changes (from even to
odd, or from odd to even); hence that the emitted or absorbed particles or
quanta have odd total parity. For example an emitted quentum, having‘Z =1
with respect to the emitting nucleus, will have odd parity, and can be emitted
only if the nuclear parity changes. Similarly the selection rule "Bgf means
that the initial and final nucleus have the same parity (both even, or both
odd). An emitted quantum, havingal =0, or 2, with respect to the emitting

nucleus, will have even parity, and can only be emitted if the nuclear parity

does not change.

1-7 Statistics of Nuclei

The concept of statistiecs arises from considerations of the effect on

the wave function of the interchange of all the coordinates of two identical

particles.
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In the Fermi-Dirac statistics: (1) the Pauli Exclusion Principle
holds, and the number of particles per quantum state is limited to ome, (2)
the wave function of the system of particles is "antisymmetrical", that is,
it changes sign when all the coordinates (three spatial and one spin) of any
pair of identical particles are interchanged. It is found experimentally
that all "fundamental™ particles - positron, electron, proton, neutron, neu-
trino - obey Fermi-Dirac statistics, as do also all nuclei of odd mass number
A; e.g., Hl, Li7, Flg, Na25

In the Einstein-Bosé statistics: (1) two or more particles may be

» eto.

in the same quantum state, (2) the wave function is "symmetrical", that is,
it does not change sign when all the coordinates of any pair of identical
particles are interchanged. All nuclei having even mass number A, have

Einstein-Bose’ statistics; e.g., Hz, Clz, N14, 016

, 8tce

Due to the conservation of angular momentun, all systems having an
odd number of particles will also have an odd half-integer total angular mo-
mentum (1/2, 3/?, 5/?, ees)s Similarly, all systems having an even number of
particles will have even half-integer total angular momentum (0, 1, 2, «se)e

Thus we have, in tabular form:

Mass Number Nuclear Angular Momentum Statistios
0dd 1/2, 3/2, 5/2, v Fermi-Dirac
Even 0, 1, 2, «os Einstein-Bose

1-8 Magnetic Dipole Moment

We may obtain a physical understanding of the orbital part of the mag-
netic dipole moment, due to a single moving particle such as a proton, by con-
sidering the proton as moving in a plane circular orbit. Then in two dimen-
sions, the orbital angular momentum Mrzw =4 n/2n (M = mass of the particls,
r = radius of the circular orbit, w = angular velocity). The ocircular motion
of a charge e (electrostatic units) is equivalent to a circular current
i = ew/2mc (electromagnetic units), and acts as a magnetic shell with a clas-
sical magnetic dipole moment Ky = iwrz. Eliminating i and rz, we obtain

_ Aeh _
Ky T ImMe —Zﬂ'o

where
u, = eh/4mMo

is the nuclear magneton. From this elementary derivation, the complete
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analogy between the nuclear magneton and the Bohr magneton for orbital atomic
electrons is evident. The only difference is that the nuclear magneton in-
volves the proton mass M and is therefore about 1840 times smaller than the
Bohr magneton, which contains the electron mass.

The magnetic mament is taken as positive if its direction with respect
to the angular momentum vector corresponds to the rotation of a positive elec-
trical charge.

The magnetic dipole moment associated with the spin of the elementary
particles cannot be derived in this simple fashion, because the distribution
of electricity in the particles is unknown. The magnetic moment for the spin-
ning elementary particle must be obtained from experiment. Whereas the mag-
netic moment of the electron is minus one Bohr magneton, in agreement with
the Dirac electron theory, the magnetic moment of the proton has the anomalous
value of 2.7896 nuclear magnetons. Therefore, the Dirac theory cannot be ap-

plied to the proton. The magnetic moment of the free neuvtron is —1.9103p;.

1-9 Electric Quadrupole Moment

We can visualize the atomic nucleus as an approximately spherical
assembly of neutrons (charge, zero) and protons (charge, +e). If the charge
due to the protons is not perfectly symmetrically distributed, the nucleus
will possess a net electric quadrupole moment. Both positive and negative
nuclear quadrupole moments are to be expected. Positive moments correspond
to an elongation of the nuclear charge distribution along the axis of nuclear
angular momentum I (cigar-shaped distribution). Negative quadrupole moments
correspond to a flattened or oblate distribution of positive charge (plate-
like distribution).

The value of the nuclear electric quadrupole moment, q, is the time
average of the position of one asymmetric proton with respect to the (z)

axis of total nuclear angular momerntum I; that is:

_ 2 2
q~<3z -r>av
where r is the radial distance of the proton from the center of the nucleus.

Then q has the dimensions of cmz, and is usually of the order of magnitvde of
the square of the nuclear radius, say 10.26 to 10-24 cm2, corresponding to
the asymmetric placement of one or, at most, a few protons in heavy nuclei.

The electric quadrupole moment of the deuteron is 0,278 X 10-26 cmz.
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1-10 Binding Energy E

In the simplest terms, the binding energy E of a nucleus can be
thought of as the amount of work necessary to pull the nucleus apart into
its individual neutrons and protons. Conversely, E is the energy given off
in assembling the nucleus from separate neutrons and protons. In the fore-
going notation E is given by

(5) E= Bm + (A - Z)mn -M

where my = the mass of a neutral hydrogen atom (1.00813) and m = the mass
of a neutron (1.00893). Introducing & quantity known as the packing fraction

P, defined as
(6) P=(M-A)/A; or M=A(1l+P)
and substituting the precise experimental values for m

(7) E/A

H and mn

(Z/A)(mH - mn) + (mn -1) -P

-0.00080%/A + 0.00893 - P amu

The ratio E/k 1s the average binding energy per nuclear particle, generally
expressed in Mev/nucleon. The value of E/k as a function of A follows a
curve of the form given in Figure 1-2. 1If the forces between nucleons were
long-range, e.g., inverse-square, the total binding energy would be propor-
tional to Az, and E/A would be proportional to A. The average binding energy
per nucleon is approximately constant, showing that the important forces be-
tween nucleons are short-range exchange forces. There is evidence for forces
of mutual polarization, or van der Waal's forces, as well as Coulomb repul-
sion between protons, and a marked deficiency of total binding energy in the
lighter nuclei having a larger surface per unit volume. The lighter nuclei
show marked periodicities in E/h, with maximum values at A = 4, 8, 12, 16, etc.,
shcwing the existence of Pauli four-shells and the saturated character of a
nuclear sub-unit containing 2 neutrcns and 2 protons. The marked variations
in E/A among the lightest nuclei represent possible sources of nuclear energy.

The energy released in nuclear fission, to be discussed in detail later, is
seen to arise from the difference in binding energy between heavy and middle

weight nuclei, which amounts to about 1 Mev per nucleon, or about 200 Mev psr

fission.
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The binding force between any two nucleons is a short-range, non-
grevitational, nonelectric force, known as the "specifically nuclear force."
One fairly successful theoretical description of the observed force is in
terms of an exchange force described by a meson potential of the form

U= (a/r)e -r/a
where U is the potential energy between two nucleons at a separation r, A is
a constant, and the "range" of the force is a ==ﬁ/ﬁc > 2 X 1015 cm for a meson

mass p equal to about 200 times the rest-mass of an electron.

(8.6 Mev)
9 Cou) ,238 7]
0
mb fOrCes/(-f.S Mev) ]

Fission | energy

van der Waal's forces

in Mev/nucleon
w
] |
1]

Average binding energy per nucleon

>
>
a1 E:: Exchange forces B
< 3 s |
J o
)
w 21 7
| l |
0 | | ' ' :
’ 50 100 150 200 250
y! Atomic weight A

Figure 1-2. Binding Energy of Nuclei. The main features in the variation
of the average binding energy per nucleon E/l and the nature of the nuclear
forces which they suggest are indicated schematically. Numerical values for

a range of nuclei are:

Nucleus n HY  H°  H®  He® pget A0 - gnl?0 %8

E 0 0 2.18 8.3 7.5 28.2 1780
E/A 0 0 1,09 2.8 2.5 7.0 ~8.6 7.5
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The magnitude of the attractive force (p, n) between a protcn and a
neutror is greater in the triplet state when the spins of the p and n are
parallel (p11 n), than in the singlet state when the spins are antiparallel
(p }¥ n), as is shown by the fact that the ground state of the deuteron is the
triplet state. The attractive force between two neutrcms (n, n) or between
two protons (p, p) can only be a singlet force, with the spins of the two
nucleons antiparallel, because the Pauli exclusion principle forbids the
triplet state for identical particles. Considerations of the measured bind-
ing energy of B> and He® show that (n, n) =(p, p)e Comparisons of the scat-
tering of fast neutrons in hydrogen and fast protons in hydrogen show that

the (p N n) singlet force equals the (p, p) singlet force. Thus we have:
(pttn)> (ptyn) = (p, p) = (n, n).

1-11 Nuclear Reactions

At distances r, large compared to the nuclear radius R, positively-
+ +
charged particles such as protons, (lHI) , deuterons (1H2) , and alphas
++
(2He4) experience a Coulombian repulsion according to the familiar rela-

tionship
(8) F =zeZe/r2

where z and Z represernt the atomic number of the projectile particle and tar-
get nucleus respectively, F is the force and e is the magnitude of the unit
electric charge (4.80 X 10-10 esu or 1.6 X 10-19 coulemb). If the projectile
particle has sufficient kinetic energy, it penetrates inside the nuclear
radius, where it experiences the strong, short-range attractive force. The
projectile coalesces momentarily with the target nucleus, forming an excited
compound nucleus. In general, the lifetime of the compound nucleus is very
short (510-11 seconds), and the composite splits into a product particle and
a residual nucleus whick may or may not be identical with the incident pro-
jectile particle and target nucleus. If these are identical, the process is
called scattering, which may be either elastic or inelastic, depending on
whether the product particle leaves the target nucleus in an unexcited or ex-
cited state respectively. Schematically, the reaction can be represented as:
(9) / z Z +z z! A

Target * Projectile —= Compound — Product + Residue
Nucleus
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It has been established from cloud chamber photographs that both momentum
and total energy are conserved in individual collisions.

The following are important examples of reactions that take place in
cyclotrons, linear accelerators, and other high energy mechines using deuterons
as projectiles. The target nuclei are previous projectile deuterons that have

become imbedded in the metallic target surface during the previous bombard-

ment.
2 2
1H + 1H
1 3
n + .He
(10) 1H2 + 1H2—>2He4 "0 2
™~ 1 3
1H + 1H

There are three possible modes of splitting of the highly-excited compound
nucleus 2He4. The first mode results in scattering, while the other two
form new products and new residue nuclei. Under controlled conditions this
reaction provides a convenient intense source of essentially monoenergetic
neutrons when a narrow angle of the secondary beam is selected. The three
modes of the reaction compete with one another. In general, the proportion
of each is dependent on a number of factors, including the energy of the pro-
jectile particles, the Q value and angular momentum change of each mode, and
the distribution of energy levels in the compound nucleus.

A condensed method of writing nuclear reactions is more commonly used.

For example, the above three reactions would be:

H2 (d,d)Hz (pure scattering)
H° (d,n)He3
H® (4,p)E°

Hl a proton. The subscripts are

i

In the parentheses, d = H2 a deuteron and p

omitted because the chemical symbol gives a unique assignment of Z.

1-12 Potential Barrier

In the d on d reactions considered above, the projectile and the
target are equal in mass. Hence the compound nucleus will receive a veloc-
ity equal to exactly half the velocity of the projectile particle. When

viewed in the ordinary laboratory coordinates, the motion of the product and
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residue particles will be strongly influenced by the motion of the compound
nucleus. In terms of the center of mass system of coordinates, the compound
nucleus is at rest. Similarly, if the mass of the target nucleus is much
greater than that of the projectile particle, the velocity of the compound
nucleus is generally small enovgh to be neglected. Nuclear potential barriers,

as considered here, refer to a center-of-mass or heavy-target set of co-
ordinates.
Figure 1-3 gives a qualitative representation of the potential energy

U of a positively-charged (ze) particle in the field of a nucleus of charge
+ Zeo.

B

F— — — -

- B= 0.522%/3

U

U=zelZe/r
Quantized —}
excited levels

/

I
I
|
|
[
!
|
I
|

\Rzl.leO"3A'/3cm r g

Ground state of stable
> compound nucleus

Figure 1-3. Nuclear Potential Barrier
for Positively-Charged Particles

It 1s seen that for distances r greater than the previously defined nuclear
radius R, the potential is that of a Coulombian field, i.e., inversely pro-
portional to r. For distances less than R, the potential decreases rapidly
to a fixed negative value representing the ground state of the stable com-
pound nucleus (assuming it has a stable ground state). Inside this poten-
tial hole of the nucleus are numerous quantized excited energy levels above
the ground state.

The wave properties of nuclear particles make it possible for the
incident particle to penetrate the potential barrier or, conversely, for a

similar particle to escape from inside the nucleus, even though the energy
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is less than the barrier height B.* If the energy of the incident particle
is much less than B, the probability P for this penetration is

(11) p = (k/#z) exp - (4nzezzz/hv)
where k = a constant and v = the velocity of the incident particle. This ex-

pression indicates the importance of the parameters z, Z, and v.
In contrast to charged particles, neutrons experience no repulsion

in the vicinity of nuclei. The potential is essentially negative out to large

values of r and' follows roughly the shape shown in Figure 1-4.

r ——

Figure 1l-4. Nuclear Potential for Neutrons

1-13 Nuclear Cross Sections

Instead of complex probability relatiomnships, the interactions be-
tween projectile particles and nuclei are expressed very simply in terms of
nuclear cross sections. The meaning of cross section is best understood in
terms of an example. If we imagine*™ a beam of neutrons n incident from the
left on a nucleus A, as shown in Figure 1-5, a certain fraction of the
neutrons will be removed from the beam by A.

By definition the fraction of neutrons, contained in 1 cm2 of the beam, that
is intercepted by the single nucleus A is called the total cross section o
of A for such neutrons. The atomic electrons play no role in these inter-

actions. Scattering and absorption are the most common types of intsractionm

*B is about 0.5 Mev for protons or deuterons on hydrogen and about
10 Mev for protons on uranium.

#*1t is more exact to consider the neutrons as comprising & plane wave
with deBroglie wave length A\ =h/mv.
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~
.
between nuclei and neutrons. The separate cross sections for thése two proc-

esses are designated o and o If no other important interactions take

place, o o + O At a later time other cross sections, such as those for
fission Ops inelastic scattering o (inel) and transport o .+ Will be de-
fined. The dimensions for each of these, as the name implies, is an area
per nucleus, usually cmz/hucleus. Because most of these cross sections are

about 10-'24 cmz/hucleus in magnitude, this area has been dubbed the "barn",

i.e., 1 barn = 10_24 cmz/hucleus. The size of nuclear cross sections cannot
be predicted from the present theoretical knowledge but are obtained from a
variety of experimontal determinations. As examples of the large differences

that can exist between similar nuclei:

oa(lHl) = 0.31 barn and Ua(le) = 0.00065 barn for thermal neutrons.

In pile theory it is convenient to use a macroscopic cross section
% instead of the nuclear or microscopic cross section o. Physically, & is

the cross section per cc of the material and is simply:

2
_ cm nucledi-
Z—oN( 3 X cm3>

where N is the number of nuolei/bc which equals the number of atoms/bc. The
dimension of 3 is that of a reciprocal length, cm-l, which is equivalent in the
case of absorption to a linear absorption coefficient. It is also seen that

l/i has the dimension of a length, cm, which can be identified as a mean-
free-path A.

When applied to a target of thickness x, the emergent intensity I is

related to the incident intensity Io’ usually in neutrons/cmz sec, by

(12) 1=1 e X2 =1 e-x/X
0 o

——-——(:)————- Figure 1-5. Schematioc
@ diagram of neutron beam

incident on nucleus A.
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For example, arsenic is monoisotopic (As75) with a 0 = 4.6 barns, density
p = 4.7 grams/cc. Hence, N = 0.0377 X 1024 atams/cc and $ = oN = 4.6 X 10724
x0.0377 X 10°* =0.174 en™!. Therefore, I/I_= o O'*"** x1 . 0.174x for
small thicknesses. It is seen that a sheet of arsenic 1 mm in thickness at-
tenuates a thermal neutron beam by about 1.7 per cent. Because of the much
larger cross section of cadmium, o = 2500 barns, a thickness of 1 mm at-
tenuates a thermal neutron beam by nearly 100 per cent, i.e., is essentially

"black" to thermal neutrons.

1-14 Nuclear Q Values

In Section 1-4 the Q value of a nuclear reaction was defined as the

kinetic energy of the disintegration products in excess of the kinetic energy
of the incident particles. Q can also be considered as the energy givon to
the reaction by the net change in rest mass. Hence, this reaction energy
can be computed from knowledge of exact masses or, conversely, precise deter-
minations of isotopic masses may be obtained from disintegration data. Since
such considerations are important in problems associated with nuclear reactors,
the general relations are summarized below with the previous d on d reactions

cited as numerical examples.

AT, Ac’ Al, Az, AS’ = mass number of target, compound, projectile, product
and residue nuclei respectively.

El’ Ez, E3 = kinetic energy of projectile, product and residue nuclei respec-
tivelyo

My, Mo Mo

nuclei respectively.

M3 = exact masses of target, projectile, product, and residue

Az,E3
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ZAlEl =,/2A2E2 cos 6+ 2A3E3 cos ¢

(13) 0 =J2AE, sin 6 - 2hE; sin ¢

= +
El + Q E2 E‘,5

(19) Q= [(1) +m) - (n, +my) ] oF

Az) ( Ay > 2 JAIAZEIEZ
- E1 -—  ~ " ¢cos @

(15) Q =E <1+— 1-—
2 A, R, A,

E2 greatest for 6 = 0; least for &= 180° (backward)

H® = 2.01472 H° = 3.01705
H? = 2.01472 gl = 1.00813
on? = 4.02944 g + 8l = 4.02518
1+ n = 4.02518
Q = 0.00426 (M> = 3.96 Mev
amu
2 2 3
and e.g. 1H + lH —>n + 2He +Q
Ay =2 Ap=2Ah, =1 A =3
2 _ 3 _
H® = 2.01472 He® = 3.01711
HZ ~ 2.01472 n = 1.00893
2H° = 4.02944 He® + n = 4.02604
He3 + n = 4,02604
qQ = .oos4o(w): 3.16 Mev

From Equation (15), at an angle 6 = 90° with the direction of the incident
particles, the second of these reactions gives a monochromatic neutron source

with E, = f(G,El) given by:
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A A, - A
- 3~
(16) En‘Ez‘A5+A2 [‘” A El:l

— 3 3 -2

or if El = 2.58 Mev, E2 = 3 Mev. It is seen that the neutrons emitted from
the target at 90° have more kinetic energy than the incident deuterons. 1In
the forward direction the neutron energies will be larger than, and in the

backward direction less than, 3 Mev.

1-15 Types of Nuclear Reactions

In the summary below nuclear reactions are systematized according
to ths projectile particle producing the reaction. Only those types are in-
cluded for which two or more examples are known - more generally, 50 to 100
examples may be well established. Also all reactions are excluded which con-
sist simply of capture and remission and are therefore of the character of

elastic or inelastic scattering.

Neutron Reactions

(n, ¥) The simplest type is that in which a neutron is captured and
no heavy particle is emitted, but instead a gemma ray (¥) is emitted to con-
serve mass-energy. This reaction is extremely common in all types of chain-
reacting systems, especially those containing slow neutrons. A few examples

are;

Cd113 14

(n,) cal

As seen in Figure 1-6, Cd has an unusually large absorption cross
section o of 2500 barns per average nucleus. It has recently been estab-
lished that practically the entire absorption is attributable to the isotope
A =113, which has an abundance of 12.3 per cent. Hence aa(CdnS) = 20,000 b.
Because of this reaction Cd is a useful material in control rods and for slow

neutron shielding.

1

H (n,’)’)H2

This reaction has a cross section o = 0.31 barn and occurs in appre-
ciable amounts in all reactors in which water is used as a coolant (as in

the Hanford piles), as a moderator (as in the Los Alamos water boiler), or
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in shielding material (as in the concrete of the Clinton pile). With thermal

neutrons the gamma ray energy is 2.18 Mev.

209 206

Bi (n,y)RaEZIO~—9_>.P0210 2 . P

Although the absorption cross section o is only about 0.016 barn
for Bi, this reaction would produce significant amounts of RaE and hence Po
if Bi were used as a coolant in a slow neutron reactor. The a rays from the
Po (half-period 140-days) would continue to produce heat in the coolant for
some time after a shut down. In fact, if separated from the Bi, Po could be
used as an external heat source producing about 1/30 watt per curie or about
100 horsepowsr per pound. The short half-period of 140 days reduces its
potential usefulness as a concentrated power source.

(n,p) Reactions of this type are more common smong the elements of
low Z rather than high Z. Although most (n,p) reactions have a negative Q
value, Q = +0.6 Mev for N14(n,p), and the reaction is observed with thermal

neutrcens. An important example is:

N14(n,p)014

This reaction has a cross section of about .02 barns for neutrons of
energy between 200 and 500 kev. The 014 is B radioactive and is finding a
number of applications as a radioactive tracer. It is ovident that this re-
action is prominent in the physiological effects produced when neutrons are
absorbed in biological tissues. However, for present purposes, the main in-
terest is that an appreciable absorption of neutrons results from this reac-
tion in air-cooled piles (such as the graphite-uranium unit at the Clinton
Laboratories).

(n,a) Like the preceding reaction, this type is more common among
the light elements. In heavy elements, the coulomb barrier for a emission

makes the reaction improbable except for fast neutrons. The reaction

B%(n,a)Li”

has a cross section of about 4000 barns for neutrons of .025 Mev and is in-
versely proportional to JEn. From thermal noutrons, the a ray is emitted
with an energy of about 2.1 Mev, which is sufficient to make detection by

ionization methods relatively simple. Hence, this reacticn is widely used



20 THE SCIENCE AND ENGINEERING OF NUCLEAR POWER

in slow neutron detectors such as BF:5 %if-filled proportional counters and
B,C-lined jonization chambers. Since B™ has an abundance of 18,4 per cent
in B, the use of the separated isotope increases the sensitivity of such de-
tectors by a factor of about 5.

(n, 2n) If the incident neutrons have sufficient energy, two neu-
trons may be emitted from the compound nucleus. This effect contributes a
small increment in the neutron multiplication of a beryllium-moderated re-

actor by the following reactions:

Beg(n, Zn)Be8 — 2He4

The threshold of this reaction is about 1.8 Mev. This reaction and a similar
onse,

Cu65(n, 2n)Cu62

can be used for the detection of high energy neutrons. The threshold of the
latter is about 12 Mev.
(n,f) Of course the most important type of neutron reaction is that

which results in fission (designated as f). The classic example is:

3
U2 5(

n,f) F.P.

in which F.P. represents the host of fission products that may be formed by
the reaction. The details of this and similar reactions will be the subject
of several subsequent discussions.

(v,n) The photodisintegration of nuclei resulting in neutrons can
be expected in essentially all nuclei, provided the energy of the incident

gamma rays is sufficiently large. A practical example is

1 (y,n)E"

which has a threshold of 2.18 Mev. Similar to the (n,2n) reaction on Be,
this reaction contributes a small increment in the neutron multiplication of
a heavy-water (deuterium oxide) moderated reactor such as the one at Chalk

River, Ontario, Caneda.

Reactions Involving Charged Particles

There are a large number of nuclear reactions produced by energetic

charged particles. Since none of these is of direct interest in nuclear
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power reactors, the more important types are merely listed.

(p,7) (d,n); (4,B°) (a,n)
(P:n) (d,P); (d,a) (a:P)
(P,O-) (d,2n)

It is to be noted that certain of these are equivalent to each other
and to neutron reactions considered above as far as a given transmutation is
concerned:

(n,2n) = (,n) = (4,8°); (4,2n) = (p,n)

1-16 Charts of Nuclear Reactions
Two types of isotope charts are included in these notes. Figure 1-1

tabulates stable and naturally radioactive isotopes on an A-2Z versus Z dia-
gram, while Figure 1-6 is an A-Z versus Z plot. It is both instructive and
useful as a mnemonic aid to learning the transitions on these charts +that
correspond to the various type reactions considered above. For this purpose
an enlarged section of Figure 1-1 is included as Figure 1-7. A few selected
reactions are symbolized on this chart -- others may be added as desired. A
similar diagram with the coordinates of Figure 1-6 can easily be drawn and

will be found useful in becoming acquainted with this chart.
|}

1-17 Principles of Radiocactivity

In contrast with the nuclear disintegrations and trensmtetions that
have been considered previously, radioactive processes are delayed, but spon-~
taneous, nuclear trensformations. Such processes cen be divided into five

types, each characterized by the radiation emitted.

Alpha Decay
Nearly all alpha-ray emitters are found among the heavy elements in
the three mnaturally occurring series headed by U238, U235 and Thzsz, shown

schematically in Figure 1-8. A femiliar example is the decay of radium:

Ra226 He4 + Rn222 +q

Because the alpha particle (He4) has a mass (4) that is appreciable compared
to the residue nucleus (222), the Q value of this reaction includes not only
the kinetic emnergy of the Hb4 but also that of the anzz recoil, which accounts
for about 2 per cent of the total energy. In addition, other energy rela-

tions must be considered, and these are most conveniently visualized in
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terms of a nuclear energy level diagram based on an arbitrary vertical energy

scale such as the following:

Ra 226 (ground state)

xo (98.8 %) x, (1.2 %)
Rn 222
(excited state)

7

Rn 222 (ground state)

a = 4.878 Mev = (al + ) = (4.694 + 0.184) Mev+

It is seen that a small proportior (1.2%) of the radium nuclei decay
in two steps, by emission of a somewhat lower energy alpha (al) followed
almost instantaneously by a gemma ray. Nuclear gamma rays invariably arise

from transitions from excited states to lower energy states.

Activity Units

 at 0°C and 760 mm) in

A curie is the quantity of radon (0.66 mm
redioactive equilibrium with 1 gram of radium. The International Radium
Standards Commission in 1930 recommended extending the curie unit to include
the equilibrium quantity of any decay product of radium, such as polorium.
Thus "1 curie Po" is 2.24 X 1072 gm of Po, or the amount which has the same
rate of emission of a particles as 1 gm of radium. The absolute disintegra-
tion rate of radium has been the subject of many measurements by a number of
methods giving individual velues between 3.40 and 3.72, with some indication
in the more recent measurements that the true value probably lies in the
reighborhood of 3.67 + 0.03 X 1010 a particles per second per gram of radium.
The Commission recommended the use of the arbitrary value 3.7 X 1010 until
such time as agreement on the third decimal place could be reached.

The Commission expressed its opposition to extension of the curie
unit to radioactive substances outside the radium family. Following the
discovery of artificial radioactivity, the curie unit came into general un-
official use as a description of the disintegration rate, but in the case of

isotopes which emit gamma radiation the curie was scmetimes used to denote a

*These energies inolude the contributions from recoils.



Figure 1-6., Segré Chart.

This disgrem contains a fairly complete
sunmary of some of the more important
properties of nuclei, both stable and
radioactive.s The chart has been re-
produced in sections which overlap to
some extent along the horizontal axis
of atomic number Z. There is also
some purposeful duplication along the
vertiocal axis of A-Z (the number of
neutrons in the nucleus). With this
set of coordinates, the atomic numbers
A lie along diagonals indicated by the
arrows. An explanation of the classi-
fication, abbreviations, and symbols
is given at the lower right of the
chart.

(Fold-in Chart at Back of Book)
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gamma-ray emission producing the same ionization as the gamma rays from 1
curie of radon. These contradictory and conflicting uses of the curie umit,
together with the uncertainty concerning the absolute disintegration rate of
radium, have led to much confusion. Because it is now possible to measure
the absolute disintegration rate of those radioactive isotopes whose decay
schemes are known, the Committee on Radioactive Standards of the National Re-
search Council and the National Bureau of Standards have recommended the use
of 1.0 x 168 disintegrating atoms per second; called 1 rutherford (rd), as an
unambiguous activity unit.
In interpreting the current literature the following definitions
should be used:
1 curie = 3.7 X 1010 disintegrating atoms per second
lrd = lO6 disintegrating atoms per second
Thus:
37 rd (rutherfords) =1 me (millicurie)
In the case of polonium it is strictly correct to speak of a curie of

activity. Then 1 curie emits:

3.7 X 1010 2 x 5,401 Mev X 1,60 X 10'6 OTE « 1 watt sec
sec a Mov =
10" erg
1 .
== watt = 23.5 gm calorles/hr

1-18 G~ Decay

The radicactive decay of an element of atomic number Z and mass num-
ber A by emission of & negative beta particle 5 rosults in an increase inz
by one unit without a change in A: (Z)A — (% + l)A. This transformation
results when a neutron changes into a proton in the nucleus. To conserve
mass-energy, angular momertum, and statistics, an hypothetical particle vV,
called the neutrino, must be formed simultaneously withk the beta particle in
the region immediately surrounding the nucleus*: (n—p) + B8 + v. The
neutrino must have zero charge, zero rest mass, a spin of % (h/27) and

Fermi-Dirac statistics.

*As stated in Section 1-1, there are no electrons in nuclei. Hence
electrons cannot be emitted directly from nuclei. The electrons, both+and
- , that are seen in beta decay are the consequence of the transformations
but do not pre-exist in the radioactive nuclei.
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Because the change involves three bodies, i.e., nucleus (% + l)A,
B~ and v,the energy Eﬁ’ of an individual 5 may be any value from essen-
tially zero to a definite maximum Emax set by the Q of the reaction. Hence
the number of beta particles per unit energy interval dN/BE forms a continu-
ous spectrum of the form given in Figure 1-9.

It is of interest that the peak of this curve occurs at an energy of
somewhat less than Emax/z' The average energy Eav’ is approximately equal to
Emax/ﬁ, being between 0.2 and 0.4 Emax for essentially all B~ emitters. The
shape of the curve deperds on # and the degree of forbiddenness of the traps-
ition. Only one substance, namely RaE, has been investigated sufficiently to
give a precise location of Eav = 0.28 Emax' The value of Eav for RakE was
determined by calorimetric measurements.

Any radioactive transition may leave the residual nucleus in an ex-
cited state from which it passes to the ground state by one or more gamma-ray
transitions. Figure 1-10 illustrates one particular beta-ray spectrum that is
of special interest in the design and operation of nuclear reactors. The
fission product Br (mass assigmments somewhat uncertain), with a half-period
of 55.6 seconds, decays by the emission of three competitive B rays. The
decay may end in (a) the radiocactive ground state of Kr87 from which the nu-

87, (b) an excited level of

8
Kr 7 from which it decays by gamma emission to the ground state of Kr87, or

cleus later decays by B8~ emission into stable Rb

(c) a highly-oxcited level of Kr87 from whichk it may decay oither by emission

mode

dN/dE

Eg-—m*

\
EOV (% 0.3 Emcx)

Figure 1-9, Typical 8  Spectrum.
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of gamma rays to lower states of Krsv or by tho omission of & neoutron to ond
in stable Kr86. The latter is an example of delaysd neutron emissiorn by fis-
sion products. Thereo are several othur instances of this typo among the
fission products. In each case tho rate of emission of the neutron is con-
trolled by the rate of decey of a preceding level, in this case Br87. As dis-
cussed in detail later, these delayed neutrons afford a very impor tant moans
of controlling chain-reacting systems.

The emission of negatrons or B rays is the result of an excess of
neutrons in the nucleus, that is, the nucleus lies above the general curve of
stability about which the stable nuclei cluster as shown in Figure 1-1l. Since
the fission process invariably results in products with excess neutrons, these
decay by emission of B s (and occasionally n's). There are no positron
emitters among the fission products. The emission of positrons or ﬁ+.rays is

the result of a deficiency of neutrons, i.e., an excess of protons.

1:}9/ ﬁﬁ'Decay and Annihilation Radiation

7 Positron decay results in a decrease in Z by one unit without any
A
)

change in A: (%) — (Z—l)A. This transformation results when a proton

changes into a noutron in the nucleus. For the same reasons as in B decay,

Br87 (T-=55.6 sec)

N\
\B_\B' B\

K87 (excited state)

Y 7 neutron

7 K 86 (stable)

\
(raa ground state) K87  \_

N

Rb87 (stable)

Figure 1-10. Energy Levels in Beta-Ray Spectrum of Br87,
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a neutrino is formed: (p —= n) + ﬁi- + v . The positron spectrum is similar
to that of Figure 1-9 with a definite maximum energy Emax and an average value
at about the same position.

The as yet unpublished energy level diagram of Mnsz, recently obtained
by Osborne and Deutsch, is given as Figure 1-1lnot only to illustrate positron
decay but also to show the other two types of radioactivity, electron capture
and isomeric transition.

Mn52 has a radioactive ground state which decays by positron emission

with a half-period of 6.5 days to a rather highly-excited state of.Crsz.’ The
Emax of these positrons is 0.58 Mev. When this kinetic energy is added to the
mocz = 0,51 Mev required to produce the positron rest mass, a total change in
nuclear energy of 1.09 Mev is indicated. This change is followed by three
successive gamma rays in cascade with energies of 0.73 Mev, 0.94 Mev and 1.46
Mev respectively, ending in the ground state of Crsz. This type of diagram

is characteristic of many positron spectra -- some, of course, show branching
at the radioactive ground state with positron emission to other excited levels

in the residual nucleus.,

A free positron strongly attracts all the electrons in its vicinity
and hence ionizes the material through which it is projected in exactly the
same amount as would an electron of the same energy. When the positron's vel-
ocity is suitably reduced by these repeated energy losses, itmay fail to escape
from an attracted electron. The two then combine, annihilating each other.
In this annihilation process, energy, momentum,and electrical charge must be
conserved. The conservation of charge (zero before and after the collision)
is satisfied by the disappearance of the two particles. Their energy is given

up in the form of gamma rays, called the annihilation radiation. As the posi-

tron usually has nearly zero kinetic energy when it submits to annihilation,
the total energy.of the gamma rays in this case will be 2 mo2 = 1.02 Mev. This
camnot be emitted as a single quantum because nothing remains after the annihi-
lation to absorb the momentum hu/c of suck a single gquantum. The energy is
therefore divided between two quanta of equal energy hv = mc2 = 0.51 Mev, and
equal momontum hy/c, travelling in opposite directions away from the scene
of the annihilation. The simultaneous emission of two quanta, each of 0,51
Mev energy, per annihilation has been confirmed by coincidence counter obser-

vations.
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52
( isomeric state ) Mn

Line spectrum e-
(0.42 Mev - B.E. of e~)
(raa ground state)
("'35 °/o)
moc2 + 0.58 Mev)

T =21 min.

(~2°/o) 0.42 Mev

T=6.5d.

(excited)

Y 0.73 Mev

\ BY (~98%)

(mgc + 2.7 Mev)

(excited)
Y 0.94 Mev

(excited)

7 1.46 Mev

(ground) Cr52

Figure 1-11. Energy Level Diagram of Mnsz.

1-20 Electron Capture

Another process of radioactive decay is the capture by a nucleus of
orbital electrons from the atom in which the nucleus is contained. Although
L, M, etc., electrons are captured in some cases, the most commorn procedure
is the capture of the innermost, or K, electrons. For this reason the pro-
cess is often designated as K or K-capture (see Figure 1-6).

In Mnsz some 65 per cent of the nuclei in the ground state decay by
this process to the uppermost excited level of Crsz. Thus the result is simi-
lar to positron emission in that the change is (Z)A-—-'-(Z-l)A and neutrinos
are emitted: (p + e~ —> n) +v. However, there are two important differ-
ences. The emission of positrons is accompanied by a continuous spectrum
of neutrinos, while electron capture results in a line spectrum of neutrinos.
As with other neutrinos, these have been studied extensively but have never
been detected directly. However, the expected recoil of the residual nucleus
following v emission in electron capture transitions, has been observed. Be-
cause electron capture removes an inner atomic electron, the process is fol-

lowed by the emission of the characteristic x-rays and Auger electrons of the
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product atom. Since no other radiations appear, the process is identified

and its competitive proportion is measured by means of these x-rays.

1-21 Isomeric Transition

The fifth type of radioactive change tamkes place when a nucleus trans-
forms from a metastable excited state of measurable lifetime to ground state
with the emission of a gamme ray or an internal conversion electron. Competi-
tive beta-ray emission from the excited level is sometimes observed. De-ex-
citation by emission of a gamma ray or of an electron does not involve any
change in the number of protons or neutrons in the nucleus but only a read-
justment of their configuration. The ground state and excited state are called

isomers of the same nucleus and the transition between is, therefore, called

an isomeric transition designated at I.T. The symbol e is reserved in Figure
1-6 and elsewhere to designate internal conversion electrons emitted in iso-
meric transitions.

If the energy of excitation is greater than the binding energy of the
atomic electrons, which is generally the case, the conversion electron will
be ejected with a kinetic energy in the laboratory coordinates equal to the
nuclear excitation energy minus the electronic binding energy. In the case
of Mnsz (Figure 1-11) the line spectrum of electrons has an energy of 0.42 Mev
- E.

The 21 min. isomer of Mn52 also decays by gamma-ray emission (0.42 Mev)
to the ground state of Mn52 and by positron emission directly to the lower ex-
cited level of Cr52. The predominance of the latter (~ 98% by ﬁﬁ) is very un-
usual, since most isomeric transitions go mainly by e~ or < emission rather
than by positron or electron beta-ray emission. The competition between e~
and 7y emission is dependent primarily on the difference in angular momentum
between t