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Chapter 1



ARTIFICIAL NUCLEAR DISINTEGRATION

11-1 Transmutation by alpha-particles: alpha-proton reactions. The
fact that certain atoms undergo spontaneous disintegration led to specu-
lation about the possibility of causing the disintegration of the ordinary
inactive nuclides. It seemed possible that if atoms were bombarded with
energetic particles, one of the latter might penetrate into & nucleus and
cause & disruption. The radiations from the natural radionuclides could
be used as projectiles, and a-particles seemed most likely to be effective
because of their relatively great energy and momentum. Since most of
the bomnbarding a-particles would probably be scattered, it was apparent
that the probability of causing a nuclear disintegration would be small.
The extent of the scattering could, however, be reduced and the probability
of disintegration increased by using some of the lighter atoms as targets,
thereby reducing the magnitude of the repulsive Coulomb forces between
the target nuclei and the a-particles.

The first disintegration based on these ideas was made by Rutherford
(1919),'Y who showed that the nuclei of nitrogen atoms emit swift
protons when bombarded with a-particles from radium C. The apparatus
that Rutherford used was simple but sensitive, and is shown schematically
in Fig. 11-1. In one end E of a box B was cut an opening which was
covered by a silver foil F. A zinc sulfide screen was placed at S, just
outside the opening, and scintillations on the screen were observed by
means of & microscope M. The source of the a-particles was radium C
placed on a small disc D, whose distance from S could be varied. The
silver foil F was thick enough to absorb the a-particles from the source.
Different gases could be introduced into the box and removed through the
side tubes 7. When the box was filled with oxygen or carbon dioxide

_lrL_D__Jrles
e

Fic. 11-1. Diagram of Rutherford’s apparatus for the disintegration of
nitrogen nuclei by a-particles. [Reprinted by permission from Rutherford,
Chadwick, and Ellis, Radiations from Radioactive Substances, Cambridge Univer-
sity Press (Macmillan Co.), 1930.)
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11-1] TRANSMUTATION BY ALPHA-PARTICLES 259

at atmospheric pressure, no scintillations were seen on the screen with
the source 7 cm or more away. This thickness z of gas was great enough
to absorb all of the a-particles from radium C even without the silver foil.
When the gas in the box was nitrogen, however, scintillations were ob-
served on the screen when the source of the a-particles was as much as
40 cm away. Since it was known that a-particles from radium C could
not penetrate 40 cm of air, Rutherford concluded that the scintillations
were caused by particles ejected from the nitrogen nucleus by the impact
of an a-particle. Measurement of the magnetic deflection of the particles
suggested that they were protons, and this surmise was confirmed by
more precise work.

Rutherford ruled out, by means of careful experiments, the possibility
that the protons came from hydrogen present in the nitrogen as an impurity,
and concluded that artificial disintegration of nitrogen atoms had taken
place. The disintegration was caused by the a-particles from the radium
C, and one result was the emission of a highly energetic proton by the
nitrogen nucleus. The experimental results also showed that the prob-
ability of disintegration was very small; one proton was produced for
about one million a-particles passing through the gas. Rutherford and
Chadwick® extended the work on nitrogen to other elements and found
evidence of the disintegration of all of the light elements, from boron to
potassium, with the exception of carbon and oxygen. They also found
that in some cases the energy of the ejected protons was greater than that
of the bombarding o-particles. This result provided additional evidence
that the protons were emitted as the result of a disintegration process, the
extra energy being acquired in the accompanying nuclear rearrangement.

Two hypotheses were suggested as to the nature of the nuclear process
leading to the emission of the proton. They were: (a) The nucleus of the
bombarded atom simply loses a proton as the result of a collision with
a swift a-particle. (b) The a-particle is captured by the nucleus of the
atom it hits, and the new, or compound, nucleus emits a proton. These
two hypotheses for the disintegration process could be subjected to
experimental test because in case (b) the a-particle should disappear,
while in case (a) it should still exist after the collision. The choice be-
tween the two possibilities was settled in 1925 when Blackett'® studied
the tracks produced by a-particles passing through nitrogen in a cloud
chamber. He showed, as can be seen in Fig. 11-2, that as a result of a dis-
integration, the only tracks which could be seen were those of the inci-
dent a-particle, a proton, and a recoil nucleus. The absence of a track cor-
responding to an a-particle after the collision proved that the a-particle
disappeared completely. If the disintegration process had been the result
simply of a disruption leading to the emission of a proton from the nitrogen
nucleus, there should have been four tracks rather than the three actually
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Fic. 11-2. A cloud chamber photograph showing the disintegration of a N4
nucleus by an a-particle with the formation of O'7 and a proton. The long
track of the proton and the short track of the recoiling oxygen nucleus can be
seen. (Blackett.(®)

seen. It was concluded, therefore, that the e-particle entered the nucleus
of the nitrogen atom with the formation of an unstable system which
immediately expelled a proton.

The disintegration of a nitrogen atom by an a-particle may be repre-
sented by an equation analogous to those used for chemical reactions,

7N14 + 2He4 — [QFISI — 8017 4 IHI.

In this equation, the symbols on the left stand for the reacting nuclides.
The symbol in brackets stands for the unstable nucleus formed as the
result of the capture of the a-particle by the nitrogen nucleus; this kind
of nucleus is often called a compound nucleus. The emitted proton and
the final nucleus, the products of the reaction, are on the right side of
the equation. The charge and mass numbers must be the same on the
two sides of the equation, so that the nitrogen nucleus (Z = 7) must be
transformed into the nucleus of an isotope of oxygen. In other words,
an atom of nitrogen has been transformed, or transmuted, into an atom
of oxygen. This transmutation may also be represented by the abbre-
viated notation N'*(a,p)O'7. The transmutation of other nuclides by
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a-particles from radioactive substances may be represented by equations
similar to that for nitrogen.

sB'® + ;He* — [[N'] — (C'® + |H'
11Na® + ;He* — [13A177) — ;,Mg®® + H'
13A177 + pHe! — [15P?] — 1,8i%° + H!
168%% + pHe* — [154%°] — 1,C1°° + \H'
10K*? + pHe* — [3;8e*’] — 5,Ca*? + H'

In each case, the charge of the nucleus is increased by one unit and the
mass is increased by three units. The alpha-proton reaction may, there-
fore, be written in the form

2X* 4 JHet = [24.0n4%Y — 2, Y4 4\ HY, (11-1)

where X, ¥, and Cn represent the target, product, and compound nuclei,
respectively.

It is often convenient to refer to a nuclear reaction in terms of the
incident and emitted particles, apart from the nuclei involved. Thus,
the reactions mentioned so far are examples of (e,p) reactions.

11-2 The balance of mass and energy in nuclear reactions. A nuclear
reaction such as that represented by Eq. (11-1) can be analyzed quantita-
tively in terms of the masses and energies of the nuclei and particles
involved. The analysis of nuclear reactions is one of the main sources
of infermation about nuclear properties and will therefore be discussed
in some detail before more reactions are considered. The analysis is
similar to that used for chemical reactions except that the relativistic
relation between mass and energy must be taken into account. Consider
& nuclear reaction represented by the equation

t+X oY +u (11-2)

where X is the target nucleus, z the bombarding particle, ¥ the product
nucleus, and y the product particle. In the only type of reaction considered
so far, z is an a-particle, and y is a proton. In other reactions, to be dis-
cussed in later sections of this chapter, other bombarding and product
particles will be met. It will be assumed that the target nucleus X is
initially at rest so that it has no kinetic energy. Since the total energy of a
particle or atom is the sum of the rest energy and the kinetic energy, the
statement that the total energy is conserved in the nuclear reaction
means that

(E: + mec®) + Mxc? = (Ey + Myc?) + (E, + myc?). (11-3)
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In Eq. (11-3), m;, M x, m,, and My represent the masses of the incident
particle, target nucleus, product particle, and product nucleus, respectively;
the E’s represent kinetic energies. We now introduce the quantity Q,
which represents the difference between the kinetic energy of the products
of the reaction and that of the incident particle,

Q = Ey + E, — E.. (11-4)

The quantity on the right side of Eq. (11-4) can be expressed in terms of
the masses because of the relationship (11-3),

Ey+Ey,— E.= (Mx +m: — My — my)c%. (11-5)
Hence, from Eqs. (11-4) and (11-5),
Q=Ey+Ey,— E;= (Mx+m;: — My — mp)e®.  (11-6)

The quantity @ is called the energy balance of the reaction or, more com-
monly, the Q-value; it can be determined either from the energy differ-
ence or from the mass difference in Eq. (11-6).

If the value of @ is positive, the kinetic energy of the products is greater
than that of the reactants; the reaction is then said to be exothermic
or exoergic. The total mass of the reactants is greater than that of the
products in this case. If the value of Q is negative, the reaciion is endo-
thermic or endoergic. It is apparent from Eq. (11-6) that the analysis of
nuclear reactions involves information about nuclear masses and particle
energies. Nuclear reactions can, therefore, be used to obtain information
about the masses of nuclei, about particle energies, or about Q-values,
depending on what information is available, and which quantities can be
measured.

The term Ey in Eq. (11-6) represents the recoil (kinetic) energy of
the product nucleus. It is usually small and hard to measure, but it can

Fic. 11-3. Conservation of momentum in nuclear reactions. The outcoming
particles are viewed at an angle of 90° with the direction of the incident particles.
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be eliminated by taking into account the conservation of momentum.
Consider, for simplicity, the special case in which the outcoming particles
are observed at an angle of 90° with the direction of the beam of pro-
jectiles, taken as the r-axis, as in Fig. 11-3. Before the collision, the
momentum vector is directed along the z-axis. Since the resultant mo-
mentum after the collision must also be directed along the z-axis, it follows
that

my. = MyVy cos ¢, mp, = MyVy sin ¢, (11-7)

where v,, v, and Vy are the velocities of the incident particle, the ejected
particle, and the recoil nucleus, respectively, and ¢ is the angle between
the r-axis and the direction of recoil of the product nucleus. When the
last two equations are squared and added, the result is

(mev2)? + (mv"y)z = (MyVy)2

Setting E, = dmu?, E, = 3mp?, Ey = $MyV$, and solving for Ey,

we get
my

E'y=MY

E, + Ml; E,. (11-8)

Insertion of this expression for Ey into Eq. (11-6) gives

Q=E,(l+%)—Ex(l - ﬂy) (11-9)

The value of Q can be determined, therefore, if the energies of the incident
and ejected particles are measured and if the mass number of the product
nucleus is known.

In the general case of a reaction in which the outcoming particle is
observed at an angle @ with the direction of the projectile beam, it can
be shown that (see Problem 19 at the end of the chapter),

z 2
Q = E, (1 + —1’5"-;) — E; (1 - ;Y) ~ iy (E.E,m.m,)""? cos 6.
(11-10)

The importance of the last term decreases as the mass of the target nucleus
increases. If the masses are not known accurately, a good approximation
to the value of @ can be obtained by using the mass numbers instead of
the actual masses in Eqgs. (11-9) and (11-10). Equation (11-10) reduces,
of course, to Eq. (11-9) when 8§ = 90°.

In an endoergic reaction, the energy —@Q is needed to excite the com-
pound nucleus sufficiently so that it will break up. This energy must be
supplied in the form of kinetic energy of the incoming particle. But not
all of that kinetic energy is available for excitation because some is used to
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impart momentum to the compound nucleus; this momentum is then dis-
tributed among the products of the reaction. Consequently, for —@Q to
be available for excitation of the compound nucleus, we must supply
some energy in addition to —Q. The amount of energy needed for an
endoergic reaction is called the threshold energy and can be calculated
easily.

If we let M¢ and V¢ denote the mass and velocity of the compound
nucleus, conservation of momentum requires that

myY; = Mch, or Vc = ;—2 V.

The part of the kinetic energy of the incident particle needed for excita-
tion of the compound nucleus is

—Q=% Mch-— m,v,( —-—;;—’;)
But, M¢c = Mx + m,, and
(—Q) =3 mzvz (Mx +
The threshold energy is then
Ew = % ma? = (—Q) (1 + 3,"—";) ; (11-11)

it can be determined experimentally and the result used to find the value
of Q from Eq. (11-11). For a reaction induced by v-rays, m; = 0, and the
threshold energy is just —Q.

The masses which appear in the equations of this section are nuclear
masses. In actual calculations, however, they may be replaced by the
masses of the neutral atoms. The electrons which must be added to the
nuclei to form the neutral atoms cancel in the equation for a nuclear
reaction because the number of electrons is the same on the two sides
of the equation. As an example of the use of Eq. (11-6) consider the
N14(a,p)O’7 reaction. The following values of the atomic masses are
obtained from Table 11-1, Section 11-9.

Mx = M(N'*) = 14.007518 amu
= M(He*) = 4.003873 amu

My = M(0'") = 17.004529 amu

m, = m(H') = 1.008144 amu
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The value of @ as calculated from the masses is Q = —0.001282 amu
= —1.19 Mev and the reaction is endoergic. A Q-value of —1.16 =+ 0.04
Mev has been obtained experimentally from energy measurements and
agrees very well with the value calculated from the masses; according to
Eq. (11-11), the threshold energy is 1.49 Mev.

The equation for a nuclear reaction sometimes includes Q; for example,

X+z—-[Cnl>Y+y+Q.

Although this is not necessary, it is a convenient way of showing the
energy balance.

11-3 The neutron: alpha-neutron reactions. The discovery of the
neutron has been discussed briefly in Section 8-3; it will now be treated
in somewhat greater detail. The capture of an a-particle by a nucleus
does not always result in the emission of a proton by the compound nucleus.
When beryllium was bombarded by a-particles, one of the products of
the reaction seemed to be a very penetrating kind of radiation, and no
protons were observed. It was assumed that the radiation consisted of
v-ray photons produced by the reaction

Be® + He* — [(C'?] — (C'2 + 7. (11-12)

This assumption led, however, to difficulties. It was shown from absorp-
tion measurements that the energy of the “photons” should be about 7 Mev,
but these radiations were able to knock protons out of hydrogenous
materials and to impart to those protons energies of about 5 Mev. On the
assumption that the protons were liberated by elastic collisions with
7-ray photons, calculations showed that each photon must have had an
energy of about 50 Mev, a value much greater than that deduced from the
absorption measurements. There was, therefore, a serious contradiction
between the values of the photon energy given by the two methods. The
energy that can be attained by the assumed Y-radiation can also be com-
puted from known masses and energies. It is the sum of the @-value
for the reaction (11-12) and the kinetic energy of the incident a-particle
minus the recoil energy of the product nucleus. The @-value is given by
the formula

Q= Mx+m; — MY)02)

since m,, the mass of the photon, is zero. Inserting the values My =
9.01504, m, = 4.00387, and My = 13.00748, we get @ = 10.5 Mev. If
the kinetic energy of the o-particle is assumed to be 5 Mev, the total
energy available for the reaction is 15.5 Mev, part of which is retained
as recoil energy of the product nucleus. The greatest possible energy of
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the assumed 7-radiation is, therefore, less than 15.5 Mev, which is again
much smaller than 50 Mev.

The problem of the identity of the products of the bombardment of
beryllium was solved by Chadwick,'” as was mentioned in Chapter 8.
In a series of experiments on the recoil of nuclei which were struck by
the rays coming from the bombarded beryllium, he showed that if these
rays were assumed to be 7-rays then the results of the experiments led to
values for their energy which depended on the nature of the recoil nucleus.
For example, protons ejected from paraffin had energies which led to a
photon energy of 55 Mev, while recoiling nitrogen nuclei had energies which
led to a photon energy of about 90 Mev. If the energy of the recoil nuclei
was assumed to be produced by elastic collisions with photons, it turned
out that the energy that had to be attributed to the photon increased with
the mass of the recoil atom—a requirement that is contrary to the prin-
ciples of conservation of energy and momentum in elastic collisions.

Chadwick showed that all of the difficulties disappeared when the hypoth-
esis was made that the radiation coming from beryllium bombarded with
a-particles consists of particles (neutrons) with a mass very nearly equal
to that of the proton, but having no charge. The nuclear reaction which
produces these neutrons is

«Be® + ;He* — [(C'?] = (C'? + on’, (11-13)

where ¢n! is the symbol for the neutron. The penetrating nature of the
neutrons follows from the absence of a charge, and the energies of the
recoil atoms in Chadwick’s experiments could be completely accounted
for on the basis of elastic collisions with an energetic particle of unit mass.

Chadwick also proved that the mass of the neutron is approximately
equal to that of the proton, by means of the experiments on the collisions
of neutrons with protons and nitrogen nuclei. Since the neutron is not
a charged particle, its mass could not be determined from deflection
measurements in electric and magnetic fields, and indirect methods had
to be used. Chadwick’s method was based on the fact that in a collision
between a moving and a stationary particle, the velocity imparted to
the latter is greatest in a head-on collision, one in which the struck particle
moves in exactly the same direction as that in which the incident particle
approached it. An expression for the maximum velocity can be derived
from the equations of conservation of kinetic energy and momentum in
a head-on collision. Suppose that a particle with mass m, and velocity v
collides with a stationary particle of mass m3, and let the velocity of the
incident particle after the collision be v; and that of the struck particle
be v3. The equation of conservation of energy is

3mp? = dmpl + Imai, (11-14)
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and the equation of conservation of momentum is
miv = mv) + maovs. (11—15)

The velocity v; can be eliminated from the last two equations, and a
relationship is obtained between v2 and v,

2m1

m . (11—16)

v =
If the incident particle is a neutron with known velocity v, its mass m,
can be calculated from Eq. (11-16) if the mass m, and the maximum speed
v of the recoiling nucleus are known. Chadwick, however, did not have
reliable information about the speed of the neutrons and had to use a
less direct method. If a neutron with the same velocity v collides with a
third particle of mass mg, the maximum velocity imparted to the latter
is given by
2m1

m v, (11—17)

V3 =
where m; and v are the same as in Eq. (11-16). Upon dividing Eq. (11-16)
by Eq. (11-17), we get

vg _ my + m3

2_ "1 738, -1

vg  my + mg (11-18)
If mg, mg, v3, and vz are known, the mass m; of the neutron can be found.
The maximum velocity imparted to hydrogen nuclei ejected from paraffin
wax by the neutrons emitted by beryllium bombarded with polonium
a-particles was found to be 3.3 X 10° cm/sec. The recoils of nitrogen
nuclei after being struck by the same neutrons were observed in cloud-
chamber experiments and their maximum velocity was found to be
4.7 X 10® cm/sec. Taking m, and m3 to be the masses of the proton and
nitrogen nuclei, equal to 1 amu and 14 amu respectively, and with the
corresponding values v; = 3.3 X 10° and vz = 4.7 X 10%, we get from
Eq. (11-18) ,

mi+ 14 vy, 33x10°

my; + 1 —1)3_4.7X108’

and m; = 1.15. This result, although approximate because of errors in
the determination of the maximum recoil velocities, showed that the mass
of the neutron is roughly the same as that of the proton.

Chadwick obtained a somewhat better value of the neutron mass by
considering the reaction

5Bn + 2He‘ hd 7Nl4 + 01'11.
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The Q-value was found from the kinetic energies of the incident a-particles,
of the nitrogen nuclei (measured in cloud-chamber experiments), and of
the neutron (estimated from the maximum recoil energy of a proton after
being struck by a neutron). From the Q-value and the known atomic
masses of B!}, He?, and N4, the mass of the neutron can be obtained with
the aid of Eq. (11-6). In this way, Chadwick found a value between
1.005 and 1.008 atomic mass units. The best methods now available for
determining the neutron mass give 1.008983 amu.

The proof of the existence of the neutron and the development of
methods for analyzing nuclear reactions in which one of the products is a
neutron led to the discovery of other reactions similar to that represented
by Eq. (11-13). Among these are

sLi” + pHe* — [sB'"] — sB'® + on’,
NY 4 ,He* — [(F'3] — oF'7 + onl,
11Na?? 4 ;He* — [13A177] — 13A1%0 + oo,
13A1°7 + JHe? — [15P%"] — 15P%° + oo,
18A*° + ;He* — [50Ca*?*] — 20Ca*® + on'.

When these reactions are compared with those mentioned in Section 11-1,
it is seen that some atoms, such as N4, Na23, and A%, emit either a proton
or a neutron when bombarded with «-particles. The compound nucleus,
e.g., [oF8), [13A1%7), [15sP?"], may disintegrate by means of either process,
giving a different product in the two cases. It will be seen in the next
chapter that the products of these nuclear reactions are sometimes
radioactive.

11-4 The acceleration of charged particles. The early artificial dis-
integrations were produced by bombarding materials with a-particles
from natural radioactive substances. The neutrons from the bombard-
ment of beryllium with a-particles were also used as projectiles and, as
will be seen later, have produced many artificial disintegrations. The
development of the field of nuclear transmutation was limited, however,
because a-particles could be obtained only in beams of low intensity and
with energies not greater than 7.68 Mev (RaC’), and transmutations by
these particles were possible only with the lighter elements. Furthermore,
it seemed possible that other particles, protons, deuterons, and even Y-rays,
might yield interesting results when used as projectiles. Protons and
deuterons with a single positive charge would experience smaller repulsive
Coulomb forces than a-particles in the field of the nucleus, and it was
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thought that this effect might make disintegrations possible with low-
energy protons. It became important, therefore, to develop laboratory
methods of accelerating charged particles to high energies, and several
successful methods were invented about 1930.

Among the earliest particle accelerators were the voltage multiplier of
Cockeroft and Walton, the electrostatic generator of Van de Graaff, and
the cyclotron of Lawrence and Livingston. By the suitable choice of a
machine and its operating conditions, protons, deuterons, or a-particles
with energies as high as several Mev could be obtained by 1936. The
further development of these machines and the design of new accelerators
such as the frequency-modulated cyclotron and the synchrotron made it
possible to obtain particles with energies up to hundreds of Mev. The
“Cosmotron” at the Brookhaven National Laboratory has produced pro-
tons with energies of 2.5 billion electron volts, and recently built machines
have raised the energies to 25 Bev. Electrons can be accelerated to ener-
gies up to 300 Mev in a betatron, or in a linear accelerator. When these
electrons strike a metal target, highly energetic x-rays are produced,
which can also be used as projectiles. Finally, the discovery of nuclear
fission and the development of chain-reacting piles, or nuclear reactors
(cf. Chapter 20), have supplied highly intense sources of neutrons for
nuclear bombardment.

With the available particles and accelerators, a large variety of nuclear
reactions can be made to occur. The rest of this chapter will be limited
to the commonest reactions which take place with particle energies up to
about 20 Mev. These reactions will serve to show the most important
features of artificial disintegration, and the ideas involved can then be
extended to the more complex reactions which occur with particle energies
of the order of 100 Mev. The particle accelerators used to produce pro-
jectiles for nuclear reactions will be discussed in Chapter 21. For the
purposes of the present chapter, it is enough to realize that various bom-
barding particles of almost any desired energy can be obtained with the
help of suitable devices, and that these projectiles can cause many different
kinds of nuclear reactions.

11-5 Transmutation by protons. The first case of a nuclear disin-
tegration brought about entirely by artificial means was one for which
protons were used as the projectiles. Cockeroft and Walton'® bombarded
lithium with protons accelerated to energies of 0.1 to 0.7 Mev. Scintilla-
tions caused by particles ejected from the lithium were observed on a
zinc sulfide screen placed a short distance away. The particles were
proved to be a-particles by photographing their tracks in a cloud cham-
ber,’® and the lithium isotope that was disintegrated was proved to be
Li’. The cloud-chamber pictures showed that two a-particles leave the
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point of disintegration and proceed with equal energies in opposite direc-
tions. The reaction may be represented by the equation
sLi” + (H' — [,Be® — ;He! + ;He*.

This reaction has a certain historical interest because it provided one
of the earliest quantitative proofs'” of the validity of the Einstein mass-
energy relationship. It was a good reaction for this purpose because the
energies of the products could be measured precisely, and the masses were
known. The proof will be repeated here, with newer values of the various
quantities. The values of the atomic masses are, from Table 11-1,

Mx = M(Li?) = 7.018222 amu,

m: = m(H') = 1.008144,

My = m, = m(He*) = 4.003873.
The value of Q obtained from the masses is Qn = 0.01860 amu =
17.34 Mev. The best experimental value of Q, obtained from the energies
of the incident protons and the emergent a-particles, is 17.33 Mev.
This agreement shows clearly that the theoretical expression for Q,
based on the mass-energy relationship, agrees with experiment, and that
there was a genuine release of energy from the lithium atom at the
expense of its mass. Since 1932, many nuclear transformations have been
studied in detail and the results invariably agree with the relationships

deduced from the Einstein equation.
The disintegration that has just been discussed is an example of the

general type
2X4 + 1 H! 5 (204t - 2, V470 4 gHe!. (11-19)

Other examples are

sLi® + H! — [,Be’] — ,He® + gﬁe‘,

4Be® + H' — [;B'?] — ;Li® + ;He?,

oF'® + (H' — [;oNe®’] — 40'® + ,He*,

18A177 + (H — [18i®%] — 1;Mg?* + ;He*.

An interesting reaction occurs when the target is B!,

sB'' + 1H' — [¢C'?] > (Be® + ;He;
Be?® is highly unstable and breaks up into two more a-particles,

+Be® — ,He* + oHet.
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The final result of the bombardment is three a-particles, and the reaction
may be regarded as a case of multiple particle production.

Proton bombardment can also result in nuclear reactions in which one
of the products is a neutron. The reaction is of the type

2XA 4+ H 5 (2010 = 274 + ol (11-20)

The effect of the transmutation is to increase the charge on the nucleus
by one unit, moving it one place to the right in the periodic table; the
mass number is not changed. Examples of this reaction are

sB! 4+ JH! — [(C'*] - ¢C'! + on,
g0'® + jH! — [gF'®] — ¢F'® + onl,
2sNi®® + JH' — [50Cu®®] = 5,Cu®® + on'.

In the (p,n) reactions, the mass change is usually negative, so that the
reactions are endoergic. The reaction

20Cu® + H' > [30Zn°%] — 30Zn®® + on!

is an example of a case for which the threshold energy has been meas-
ured.’®® The source of the protons was an electrostatic generator, and
the relative number of neutrons produced was determined as a function
of the energy of the bombarding protons. The experimental results in
the neighborhood of the threshold energy were then analyzed, and the
value of the threshold energy was found to be Ey, = 2.164 = 0.01 Mev.
The Q-value is obtained from Eq. (11-11), in which the masses My and
m, may be replaced by the mass numbers 65 and 1, respectively. Then

Q= —Eup X § = —2164 X § = —2.13 Mev.

In some cases the bombarding proton is simply captured by a nucleus.
The compound nucleus which is formed is again unstable, but becomes
less unstable by emitting a v-ray photon rather than a neutron or an
a-particle. The reaction is of the type

2X4 4+ H = [z0n4 ) = 2 YA o, (11-21)
and some examples are
sLi” + (H' — [{Be®} — ,Be® + 7,
¢C'? + H' — [;[N"] — ;N** 4 v,
oF'® + |H' — [1oNe?®] — ;oNe® + 7,
AT+ (H' - [148i%%] > (8i%® + 7.
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The 7Y-ray photons emitted in these reactions are often very energetic and
can, in turn, be used to produce nuclear disintegrations. The bombard-
ment of lithium yields photons with an energy of 17.2 Mev, far more
energetic than the 2.6-Mev photons which are the most energetic available
from the natural radiocactive nuclides.

Another type of disintegration caused by protons is that in which
deuterons are produced. Examples of this reaction are

«Be® + \H' - [;B'°] - ,Be® + H?,
sLi’” + H' — [(Be®] — ;Li® + H%

11-6 Transmutation by deuterons. A great many nuclear reactions
have been observed with high energy deuterons as the bombarding par-
ticles. In most of these cases, the deuterons have been accelerated up to
energies of several Mev in a cyclotron or in an electrostatic generator.
One of the first deuteron-induced reactions studied was again that on a

lithium atom,‘?
3Li6 + 1H2 e [4B88] - ere4 + 2He4.

Other examples of (d,a) reactions are
§0'® + (H? - [F'®] — ;N + ;He*,
1A + (H? - [18i*°] — 1,Mg?® + ;He.

The mass change is usually positive so that the Q-values are positive, and
the reactions are exoergic. The general reaction of this type is

2X* + (H? > (24004 H?] - 2 V472 4 Het.  (11-22)

As in the case of proton bombardment, disintegrations produced by
deuterons do not always yield a-particles. Deuteron-proton reactions are
often found, such as

¢C'? + 1H? > [[N"] - ¢C'® + H,
1uNa?? + H? — [;,Mg?®] — ;) Na®* + H,
15P?! + 1 H? — [168%%] — 1sP*2 + H.
The result of these transformations is to increase the mass of the nucleus
by one unit, leaving the charge unchanged. The general (d,p) reaction

18
2X4 + (H? > [z.0n47%) > X4+ 4 H. (11-23)

The Q-values for these reactions are usually positive, so that the reactions
are exoergic.
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Neutrons are often produced as a result of deuteron bombardment, as
in the following reactions:

sC12 + (H? = [N — ;N & o,
«Be® + 1H? - [;B'] — ;B'® + oo,
oLi7 + ;H? — [4Be’] — ,Be® 4+ on'.
The general (d,n) reaction is represented by the equation
2XA 4+ H2 5 [70n4 ) - 2 VAT + 0 (11-24)

One of the most interesting cases of deuteron bombardment is that in
which the target contains deuterons. Deuterium targets have been made
by freezing deuterium oxide (D;O—“heavy water”) onto a surface kept
cold by liquid air. Both the (d,p) and the (d,n) reactions have been
observed,

1H2 + ,H? - [;He*] - H?® + ,H',
H? 4 H? — [He'] — He® + ol

The excited compound nucleus [;He*] can disintegrate in two ways. In
the first, a proton and a new isotope of hydrogen are formed; in the second,
a neutron and an isotope of helium are formed. The new hydrogen isotope
has a mass very nearly equal to 3 atomic mass units, and has been given
the name trittum. It is unstable and has a half-life of about 12 years.
The helium isotope of mass 3 is stable and is found in nature.

11-7 Transmutation by neutrons. Neutrons have proved to be espe-
cially effective in producing nuclear transformations. Since they have no
electric charge, they are not subject to repulsive electrostatic forces in the
neighborhood of a positively charged nucleus, and are therefore more
likely to penetrate nuclei than are protons, deuterons, or a-particles. Not
only are highly energetic neutrons capable of causing nuclear reactions,
but slowly moving neutrons are also extremely effective. Because of
these properties of the neutron many more disintegrations have been
produced with neutrons than with any other particle. Before the develop-
ment of the chain-reacting pile, or nuclear reactor, the main sources of
neutrons were reactions such as H2(d,n)He?, Be®(d,n)B'° and Be®(a,n)C'2.
The fast neutrons produced were slowed down by allowing them to pass
through some hydrogen-containing substance such as water or paraffin.
A neutron gives up a large fraction of its energy in a collision with a hydro-
gen nucleus and, after many collisions, the average energy of the neutrons
is reduced to a few hundredths of an electron volt. These slow neutrons
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have been found to be especially useful from a practical standpoint, and
their interactions with nuclei are particularly interesting.

The reaction between a neutron and a nucleus gives rise in most cases
to an a-particle, a proton, a ¥-ray photon, or to two neutrons. The (n,a)

reaction!? is represented by the general equation

2X* + on! = [zCn4 ] > 2, ¥4 73 4 ;He'. (11-25)
Among the most interesting examples of this reaction are
aLi® + on' — [3Li"] — H® + He*,
sB!% + on! = [sB!'] — 3Li7 4+ ;He*,
13A1%7 + n! — [13A17%] — ;Na?* + ;He*.

The first two reactions have a relatively high yield and are therefore often
used to detect neutrons. In one method, an jonlization chamber is lined
with boron, usually in the form of a compound. The capture of a neutron
by an atom of the B!? isotope causes the liberation of an a-particle, which
is detected by the ionization it produces in the chamber.

In some cases, the compound nucleus formed by the capture of a neutron
emits a proton. The (n,p) reaction is described by the equation

2X* + o' > [z0nA ¥ - 2 ¥4 + H. (11-26)

The effect of this reaction is to replace a proton in the nucleus by a neutron;
the mass number is not changed, but the charge is decreased by one unit
and the atom is moved one place to the left in the periodic table. Some
examples of this reaction are

N 4 on' - [[N'%] — C™* + H,
13A127 + on! o [3A1%%] — ;. Mg®" + HL.

The first of these reactions can be induced by slow neutrons; with heavier
nuclei, more energetic neutrons must be used, as in the case of Al* and
in the reaction

30Z0®* + on' — [30Zn®) — 2Cu® + H.

In another type of reaction, one neutron is captured by the nucleus
and two neutrons are emitted. The (n,2n) reaction leaves the charge
of the nucleus unchanged and decreases the mass number by one unit.
The result is an isotope of the target nucleus with a mass number one
unit smaller,

2X4 + on' > [z0n4FY) > XA+ on' + . (11-27)
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An example of this reaction is
13AI%7 4+ on' = [13A1%%] — 13A1°° + o' 4 on'.

The mass change in the (n,2n) reaction is always negative; the Q-value
is negative and fast neutrons are needed to bring about this reaction.

The commonest process which results from neutron capture is radiative
capture,'V represented by

2X4 + on! - [zCn? ] — XA v (11-28)

The compound nucleus emits one or more Y-ray photons, and the final
nucleus is an isotope of the target nucleus with a mass number one unit
greater. The (n,Y) process has been observed in nearly all of the elements.
The Q-values are always positive, the excess energy being carried away
by the v-rays. The simplest (n,¥) reaction with slow neutrons occurs
with hydrogen as the target nucleus,

H! + on! — [HY] — H? + 7.

The product of the reaction is deuterium. When deuterium is bombarded
with slow neutrons, tritium is formed,

H? + on' = [[H? — H® + 7.
Other typical (n,7) reactions are
. 13A1%7 + on' — [13A1%%] — 15A1%% 4 v,
soIn'' + on! — [4oIn'1%] — 4In'!® + v,

2
02U8 - on! — [9U%] - U + v,

The radiative capture of slow neutrons often results in product nuclei
which are radioactive, and this reaction is one of the most important
sources of artificial radioactive nuclides.

11-8 Transmutation by photons. Atomic nuclei can also be disin-
tegrated by bombardment with high-energy photons, a process which is
usually called photodisintegration. Since the photon has no mass, it can
supply only its kinetic energy to a nuclear reaction. This energy must be
at least as great as the binding energy of a nuclear particle before such a
particle can be ejected from a nucleus. Photodisintegration reactions are,
therefore, endoergic and usually have threshold energies of the order of 10
Mev. With only two exceptions, photodisintegration does not occur with
Y-rays from natural radioactive substances. These exceptions are the
deuteron, which has a binding energy of only 2.2 Mev, and the nuclide 4Be?,



276 ARTIFICIAL NUCLEAR DISINTEGRATION [cuap. 11

in which one neutron is loosely bound. In the case of the deuteron,''®
the reaction is

H? v — [(HY — (H' + on,

and is the reverse of the radiative capture of & neutron by a proton, In
beryllium, the reaction is

4Be® + v — [(Be®] = Be® 4 on',

with a Q-value of —1.67 Mev.

It will be recalled from Section 11-5 that when Li is bombarded with
protons, 17-Mev Y-rays are produced. These have been used successfully
to cause the photodisintegration of other nuclides, as in the (Y,n) reaction

1P + ¥ = [1sP*"] = 5P + on'.

The (7v,p) reaction requires still higher energies, and has been observed
with high-energy photons from a betatron.



Chapter 2

NUCLEAR REACTIONS

In the discussion of nuclear reactions in Chapter 11, the emphasis was
on the production of new nuclear species and the interest was mainly in
the change of one nucleus into another. The quantitative aspects stressed
were those of the mass and energy balance. The study of nuclear reac-
tions i8 also important for other reasons. Information about the relative
probabilities of different reactions provides clues to the problem of nuclear
structure and offers a testing ground for ideas about nuclear forces. Any
nuclear transmutation process may lead to an excited state of the product
nucleus, and the decay of the excited state then gives information about
energy levels and decay schemes. The process may be caused by any
kind of incident particle and may result in the emission of any kind of
particle (proton, neutron, deuteron, a-particle, or Y-ray). The incident
and emitted particle may even be of the same kind, as in scattering proc-
esses. The great number of nuclear reactions which are possible provide,
therefore, a wealth of experimental data for the field of nuclear spectro-
scopy and for the theory of nuclear structure. It is from this standpoint
that nuclear reactions will be considered in the present chapter.

16~1 Nuclear reactions and excited states of nuclei. In Chapter 11,
the nuclear reactions considered were of the type

2+ X—-Y+y, (16-1)

or, in more compact notation, X(z, y)Y. The equation and the notation
both mean that particle z strikes nucleus X to produce nucleus ¥ and
particle y. The particles z and y may be elementary particles or -rays,
or they may themselves be nuclei, e.g., a-particles or deuterons. The
transmutation represented by Eq. (16-1) does not cover all the reactions
of interest. In the general case, more than one particle may emerge,
or the outgoing particle may be the same as the incident particle. For
the purpose of this chapter, the nuclear reactions to be considered may
be represented by the set of equations

X +z,

X* 4z, (16-2)
Y+y,

Z + z, ete.

447

r+ X —
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In the first two reactions of the set, the outgoing particle is of the same
kind as the incident particle, and the process is called scattering. The
first reaction represents elasiic scatlering, in which the total kinetic energy
of the system, projectile plus target, is the same before the collision as
after. Some kinetic energy is usually transferred from the projectile to
the target nucleus, but the latter is left in the same internal, or nuclear,
state as before the collision. A collision between two billiard balls, in
which neither ball is damaged or otherwise changed, is an example of an
elastic collision. The second reaction represents inelastic scattering, in
which the target nucleus X is raised into an excited state X*, and the
total kinetic energy of the system is decreased by the amount of the excita-
tion energy given to the target nucleus. The other reactions of the set
represent different possible nuclear transmutations in which the product
nuclei may be formed in their ground states or, more often, in excited
states. The excited product nucleus usually decays very quickly to the
ground state with the emission of ¥-rays.

The fact that the product nucleus in a transmutation process can be
left in an excited state was discovered by measuring the energies of the
protons emitted in (a, p) reactions on light elements, the first nuclear
reactions studied in detail. When a given light element was bombarded
with monoenergetic natural o-particles, one or more groups of protons,
each containing particles of the same energy, was observed for a particular
direction of emission.’"? The existence of the distinct proton groups
was demonstrated by their different ranges. When boron was bombarded
with a-particles from polonium with a range of 3.8 c¢m, or an energy of
5.30 Mev, two groups of emergent protons were found at right angles to
the incident o-particle beam; these protons had ranges of 20 cm and 50 cm,
respectively. Similar results were obtained with other light elements such
as fluorine and aluminum ; when the latter was bombarded with a-particles
from RaC’, four groups of protons were observed'® for each -of several
different energies of the incident o-particles.

The energy balance of the reactions, or @-value, can be calculated for
each energy group by the methods of Section 11-2. The proton group
with the greatest energy gives the greatest Q-value, and this value is
supposed to correspond to the ground state of the product nucleus. A
proton group of lower energy gives a lower Q-value, and the difference
between the greatest Q and a smaller one gives the excitation energy of
the product nucleus after emission of the lower energy proton. These
ideas and their application involve some of the basi¢ procedures of nuclear
physics and will be illustrated by an analysis of two experiments, on the
reaction

13A1%7 + He* — [sP?"] > 1 Si%° + H' + @,
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which are representative of work relating nuclear reactions to energy
levels. In one experiment,” an aluminum foil was bombarded with
a-particles accelerated in a cyclotron to an energy of 7.3 Mev. The ranges
of the protons emerging at an angle of 0° with the direction of the incident
beam were measured by counting coincidences between protons and v-rays.
Four groups of protons were observed with ranges in air of 101.6 cm,
60.8 cm, 40.8 cm, and 2530 cm, respectively. The corresponding energies,
obtained from range-energy curves for protons, are 9.34, 6.98, 5.55, and
4.2-4.65 Mev. The energies of the incoming a-particle and the outgoing
proton are known for each group, as are the mass numbers of the initial
and final nuclei and, since the angle at which the protons are observed is
0°, @-values can be calculated from Eq. (11-10). The greatest proton
energy gives Q = 2.22 Mev, which corresponds to the formation of Si3®
in its ground state; the three lower-energy proton groups give Q-values of
—0.06, —1.44, and about —2.4 Meyv, respectively. There are, therefore,
three excited states of Si®® with energies 2.28, 3.66, and about 4.6 Mev
above that of the ground state. The ground state energy is taken as the
zero point of the energy scale for the various states. The results, which
are collected in the first part of Table 16-1, are in good agreement with
those of earlier experiments.®® It was also found in this experiment

TaBLE 16-1

Excrrep StaTes oF Si° rrRoM THE BOMBARDMENT
OF ALUMINUM BY ALPHA-PARTICLES

Ezperiment 19 Ezperiment 2
Energy of a-particles = 7.3 Mev Energy of a-particles = 21.54 Mev
Energy of Energy of Energy of 1 Energy of
prq:c:ens Q-value, excited prq:ot:s Q-value, excited
emt " Mev state, emt o Mev state,
at 0% Mev at 90°, Mev
Mev Mev
9.34 2.22 o | ..... 2.22 0
6.98 —0.06 228 1 ..... R e
5.55 —1.44 3.66 16.85 —1.27 3.49
4.2-4.65 —24 4.6 '
14.96 —3.22 5.44
13.28 —4.96 7.18
12.29 —5.98 8.20
11.27 —7.04 9.26
10.68 —7.65 9.87
9.72 —8.64 10.86
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Relative number of protons

N W e O
T

Total absorption in proton beam, mg/cm? of Al

Fie. 16-1. Proton groups from the reaction A127(a, p)Si3? (Brolley et al.(®),

that no 7-rays accompanied the highest-energy group of protons, while
the lower-energy protons did show coincidences with 7-rays; the lower-
energy protons are indeed associated with excited states of the Si®° nucleus,
while the highest-energy group is associated with the ground state.

In another experiment,'® a thin aluminum foil was bombarded in
vacuum with a-particles accelerated in a cyclotron to an energy of 21.54
Mev. The protons emerging at an angle of 90° with the direction of the
incident beam were counted with two proportional counters placed in
series and arranged for coincidence counting. The ranges of the proton
groups in aluminum were measured by allowing the protons to pass through
aluminum foils before entering the counting system. Under the conditions
of the counting procedure, the number of protons counted in a particular
group showed a peak at the end of the range so that when the number of
counts is plotted against the thickness of aluminum, each peak in the curve
corresponds to the range or energy of a different proton group. The
change of the counting rate with the thickness of the aluminum absorber
is shown in Fig. 16-1. The energies of the proton groups were obtained
from the ranges in aluminum by means of the known theoretical relation-
ship between range and energy in that material, and are listed in the
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second part of Table 16-1. The Q-values are obtained from Eq. (11-9).
The range of the most energetic proton group could not be determined
well in this experiment because the counting rates became too low, so
the value @ = 2.22 Mev was used for the reaction leading to the ground
state of Si%°, and gave the energy levels listed in the table. The energy
level values at 3.66 Mev and 3.49 Mev correspond to the same excited
state, the discrepancy being experimental. The level at about 4.6 Mev
observed in the first experiment was not observed in the second experi-
ment, but other work has established the existence of a level at 4.75 Mev.
There are, therefore, at least 9 excited energy levels of Si®°, as shown in
the table, and it is probable that there are more which have not been
excited by the (a, p) reaction.

The emission of groups of particles is not limited to (e, p) reactions,
but is also found in many other reactions. In each case, the different
energy groups correspond to different states of the product nucleus, the
lower-energy groups corresponding to excited states which decay to the
ground state by emitting v-rays.

Another important feature of many nuclear reactions was discovered
during the investigation of (a, p) reactions when the energy of the incident
a-particles was varied. It was found in the early experiments that when
the energy of the incident a-particles was increased the yield of protons
did not increase monotonically, as might be expected on intuitive grounds,
but showed sharp maxima at certain discrete values of the energy.® In
the bombardment of Al by a-particles, the yield of protons had peaks at
a-particle energies of 4.0, 4.49, 4.86, 5.25, 5.75, and 6.61 Mev, and was
markedly lower in the energy range between any two of these peaks. The
occurrence of maxima in the reaction rate at different energies is called
resonance, and the particular energies at which the maxima occur are called
resonance energtes. The reason for the use of these terms will be discussed
later. At each resonance energy of the incident a-particles the different
proton groups are observed, and Q-values can be calculated from the
known resonance energy and the corresponding energies of the proton
groups. These Q-values are the same as those obtained for nonresonance
a-particle energies, and lead to the same excited states of the product
nucleus. The experimental results obtained at the resonance energies
are often more useful than those obtained at other energies because more
events occur at the resonance energies and more precise information can
be obtained about the Q-values and excited levels in the compound nucleus.
The resonance phenomenon does not, however, add anything new about
the energy levels of the product nucleus.

-Resonance is important in nuclear reactions because knowledge of the
resonance energies in a reaction yields information about certain energy
levels of the nucleus referred to in Chapter 11 as the compound nucleus.
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The transmutations discussed in Chapter 11 were written in a way which
indicates that the incident particle combines with the target nucleus to
form an intermediate compound nucleus. When Al is bombarded with
a-particles, the compound nucleus is [P3!], and it turns out that the exist-
ence of resonance energies is related to the energy levels of P3!. Reso-
nance is not limited to (a, p) reactions but is also found in other nuclear
reactions.

162 The compound nucleus. In 1936, Bohr proposed his theory?:®
of the compound nucleus, which has been extremely useful in the correla-
tion and interpretation of nuclear reactions. The basic ideas of this theory
will therefore be considered before a detailed discussion of nuclear reactions
is undertaken. Bohr assumed that a nuclear reaction takes place in two
steps:

(1) The incident particle is absorbed by the initial, or target, nucleus
to form a compound nucleus.

(2) The compound nucleus disintegrates by ejecting a particle (proton,
neutron, a-particle, etc.) or a 7v-ray, leaving the final, or product, nucleus.

Bohr assumed also that the mode of disintegration of the compound
nucleus is independent of the way in which the latter is formed, and de-
pends only on the properties of the compound nucleus itself, such as its
energy and angular momentum. The two steps of the reaction can then
be considered separate processes:

1. Incident particle + initial nucleus — compound nucleus.
2. Compound nucleus — product nucleus + outgoing particle.

Bohr’s assumptions are in accord with many of the facts of nuclear
transmutation. It was shown in Section 11-9 that when a given nuclide
is bombarded with particles of a single type, several different new nuclides
can be formed. When Al?7 is bombarded with protons, the new nuclide
may be Mg?4, Si??, 8i28, or Na2* According to Bohr, the interaction
between Al?7 and a proton is assumed to give the compound nucleus
[14Si28], which can then disintegrate in any one of several ways: into Mg2*
and an a-particle; or into Si?” and a neutron; or into Si%® and a Y-ray;
or even into Na?#%, 3 protons, and a neutron. Bohr’s assumption is also
in accord with the picture of the nucleus as a system of particles held to-
gether by very strong short-range forces. When the incident particle
enters the nucleus, its energy is quickly shared among the nuclear particles
before re-emission can occur, and the state of the compound nucleus is
then independent of the way it was formed. That this conclusion is
reasonable can be shown by the following arguments. On being captured,
the incident particle makes available a certain amount of excitation energy,
which is nearly equal to the kinetic energy of the captured particle plus
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its binding energy in the compound nucleus. The magnitude of the excita-
tion energy can be calculated from the masses of the incident particle,
target nucleus, and compound nucleus, and the kinetic energy of the
incident particle. Consider, for example, the capture of a neutron by
Al127 to form the compound nucleus [A1%8],

13A177 + on' — [13A1%8).

The masses of the interacting neutron and nucleus are 1.00898 and 26.99008
amu, or a total of 27.99906 amu; that of the compound nucleus is 27.99077
amu. The mass excess is 0.00829 amu, corresponding to 7.72 Mev, to
which must be added the kinetic energy of the incident neutron. In the
case of a slow neutron, the kinetic energy may be neglected. If the incident
neutron has a kinetic energy of 1 Mev, the excitation energy is nearly
7.72 4+ 1 = 8.72 Mev and the energy of the compound nucleus [;3A12%]
is greater than the energy of the ground state of Al?® by this amount.
Immediately after the formation of the compound nucleus, the excitation
energy may be considered to be concentrated on the captured particle,
but this additional energy is rapidly distributed among the other particles
in the compound nucleus as a result of interactions among the nuclear
particles. The distribution presumably takes place in a random way.
At a given instant, the excitation energy may be shared among several
nucleons; at a later time it may be shared by other nucleons, or it may
eventually again become concentrated on one nucleon or combination of
nucleons.. In the latter case, if the excitation energy is large enough,
one nucleon, or a combination of nucleons, may escape, and the compound
nucleus disintegrates into the product nucleus and outgoing particle. The
energy that must be concentrated on a single nuclear particle or group of
particles in order to separate it from the compound nucleus is called the
separalion or dissocialion energy, and is usually about 8 Mev.

As a result of the random way in which the excitation energy is dis-
tributed in the compound nucleus, the latter has a lifetime which is rela-
tively long compared with the time that would be required for a particle
to travel across the nucleus. The latter time interval, sometimes called
the natural nuclear time, is of the order of magnitude of the diameter of
the nucleus divided by the speed of the incident particle. If the incident
particle is & 1-Mev neutron, its speed is about 10° cm/sec. Since the
diameter of the nucleus is of the order of 10~!2 ¢cm, the time required for a
1-Mev neutron to cross the nucleus is of the order of 10~2* sec. Even a
slow neutron with a velocity of 10% ¢cm/sec would need only about 10™!7
sec to cross the nucleus. It will be seen below that the lifetime of a com-
pound nucleus may be as long as 10~!% or 10™!* sec, which is long com-
pared with the natural nuclear time. During its relatively long lifetime,
the compound nucleus “forgets” how it was formed, and the disintegration
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is independent of the mode of formation. The compound nucleus may
be said to exist in a “quasi-stationary” state, which means that although it
exists for a time interval which is very long compared with the natural
nuclear time, it can still disintegrate by ejecting one or more nucleons.
These quasi-stationary states are usually called virfual states or virtual
levels in contrast to bound states or bound levels, which can decay only by
emitting v-radiation.

There are many ways in which the excitation energy of the compound
nucleus can be divided among the nuclear particles and, since each dis-
tribution corresponds to a virtual level, there are many possible virtual
levels of the compound nucleus. These levels are closely related to the
phenomenon of resonance. It is reasonable to assume that if the energy of
the incident particle is such that the total energy of the system, incident
particle plus target nucleus, is equal to the excitation energy of one of the
levels of the compound nucleus, the probability that the compound nucleus
will be formed is much greater than if the energy falls in the region between
two levels. The system is analogous to that of a radio wave and a tuned
receiver circuit. When the frequency (energy) of the incoming wave is
equal to that of the cireuit, the wave and circuit are in resonance and the
reception is good; when the two frequencies (energies) are not equal, the
reception is poor. The occurrence of a resonance peak in the rate of a
nuclear reaction when the energy of the incoming particles is varied shows
that the compound nucleus has an energy level whose excitation energy is
very nearly the sum of the binding energy of that particle and its kinetic
energy. In the Al%”(a, p)Si3° reaction discussed above, 18 resonances have
been observed at a-particle energies from 3.95 Mev to 8.62 Mev; the bind-
ing energy of the a-particle in the compound nucleus {P3?!] is 9.68 Mev.
The excitation energy of a level cannot be obtained just by adding the
resonance energy to the binding energy, because that would neglect the
motion of the compound nucleus. Some of the energy of the incident
particle is used in supplying kinetic energy to the compound nucleus and
is not available for excitation.

The fraction of the particle energy that must be added to the binding
energy in order to get the excitation energy can be derived as follows. If
the target nucleus is assumed to be at rest before the collision, the momen-
tum of the incident particle must be equal to that of the compound nuecleus,

m = McexV,
where v, V, and M ¢y are the speed of the incident particle, and the speed
and mass of the compound nucleus, respectively. Then

V=uv

My

Mcy
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The portion of the energy of motion of the incident particle that goes
into exciting the initial nucleus will be called E;, and is given by

In calculations of this kind, the masses may be replaced by mass numbers
without introducing any serious errors. Equation (16-3) may also be
written

v — g (—Mx__
a() e

since M¢y = Mx + m..

The energies of the excited levels of [P3!] which correspond to a-particle
resonances are given in Table 16-2. The excitation energies of these
levels are considerably greater than the dissociation energy (~8 Mev)
for a particle and the compound nucleus can disintegrate by particle
emission so that the levels are virtual. The reactions Al*?(«, p)Si3® and
Al?7(a, n)P3° have been observed, a result which is consistent with the
idea that the compound nucleus [P?!] formed by the bombardment of
aluminum with a-particles can disintegrate in more than one way.

Each excited state of the compound nucleus, whether bound or virtual,
has a certain mean lifetime 7; there is a certain period of time, on the
average, during which the nucleus remains in a given excited state before
decaying by emission of either a particle or a v-ray. The reciprocal of
the mean life is the disintegration constant, which gives the probability
per unit time of the emission of a particle or 7-ray. In the discussion of
energy states excited by nuclear reactions it is customary to use, instead
of the disintegration constant, a quantity proportional to it, called the
level width, and defined by the relation

L

P=21r1-’

(16-5)
The level width has the units of energy, and its use is based on an applica-
tion of the Heisenberg uncertainty principle (Section 7-8). According
to this principle, the accuracy with which the energy and time can be
determined for a quantized system such as an atomic nucleus is limited by
the relationship

(AB) (8) ~ - (16-6)
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TaBLE 16-2

LeveLs oF THE CompPounp NucLeus [P3!]
EXCITED IN THE BOMBARDMENT OF ALUMINUM BY

a-PARTICLES
a-particle Energy to be Excited level
added to the 1
resonance energy, binding energy of [P31],

Mev Mev ! Mev
3.95 3.44 13.12
4.53 3.95 13.63
4.70 4.09 13.77
484 4.22 13.90
5.12 446 14.14
5.29 4.61 14.29
5.64 4.91 14.59
6.01 5.23 14.91
6.38 5.56 15.24
6.57 5.72 15.40
7.00 6.10 15.78
7.20 6.27 15.95
7.34 6.39 16.07
7.60 6.62 16.30
8.04 7.00 16.68
8.24 7.18 16.86
8.42 7.33 17.01
8.62 7.51 17.19

where AE is the uncertainty in the energy and At is the uncertainty in the
time. The mean lifetime of an excited state may be identified with the
uncertainty At corresponding to an uncertainty AE in the energy. The
latter is defined as the width T, in energy, of the excited level, giving Eq.
(16-5). A state with a very short mean lifetime is poorly defined in energy
and the width I' is relatively large, while a long-lived state is sharply
defined in energy and the width is relatively small. For each possible
mode of decay, there is a different probability of decay and, therefore,
a different partial width T, for each decay product. The total width T of an
energy level is then the sum of the individual partial widths;

FP=T,+Ta+Tp+---, (16-7)

where T, the radiation width, is a measure of the probability per unit
time for emission of & Y-ray, T, is the a-particle width, T, is the proton
width, and so on.
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The concept of level widths is useful because values of these widths can
often be obtained from measurements of resonances, as will be shown
later. When the total width is known, the value of the mean lifetime is
given by
h (erg-sec)
27T (erg)

_ 1.06 X 10~%7
" T (ev) X 1.60 X 10—12

_66x107"%
T T (ev)

T (sec) =

(16-8)

Level widths are usually given in ev; for a wide level, I' may be of the
order of 10* ev, as in the case of light nuclei, and the lifetime is 6.6 X 10™2°
sec, while a sharp level with a I' of 0.1 ev has the relatively long mean life
of 6.6 X 1075 sec. When the narrow level is that of a compound nucleus,
the lifetime of that level can be as long as 1015 sec or 10™!* sec, as men-
tioned earlier in this section. Along with the level width, the level spac-
ing D, or mean distance between levels, can be obtained from resonance
measurements and is an important quantity in nuclear spectroscopy.
The level width and level spacing are useful not only for characterizing
compound nuclei, but for any excited nuclear states, and can be applied
to both bound and virtual levels.

The study of resonance phenomena in nuclear reactions can now be
seen to have great importance because it provides information about the
width and spacing of the energy levels of the compound nucleus. The
dependence of the width and spacing on the mass number and the excita-
tion energy of the nucleus provides a test of theories of nuclear reactions
and nuclear models. The partial widths of a level of the compound nucleus
give the relative probabilities for different modes of disintegration, and
these probabilities also yield information about nuclear structure.

16~-3 Cross sections for nuclear reactions. To study nuclear reactions
in detail, it is necessary to have a quantitative measure of the probability
of a given nuclear reaction. This quantity must be one which can be
measured experimentally and calculated in such a way that the theoretical
and experimental values can be compared readily. The quantity that is
most often used for this purpose is the cross section of a nucleus for a par-
ticular reaction, usually denoted by o with an appropriate subscript. The
term “cross section” has already been met in connection with the attenua-
tion of a Y-ray beam, when it was used as a measure of the probability
that a photon is removed from the beam; the cross section was regarded
there as a form of absorption coefficient. In the discussion of nuclear re-
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Area = 4

n particles/cm3
Flux = ny
-—t

St

Projected area

Number of

of nucleus = ~R? nuclei = Np
Surface density ng:le&,r -N
of nuclei = Ny/A ensity =
= Nt

b——

F1a. 16-2. Cross sections for nuclear reactions as geometrical areas
(Hughes(12),

actions, a more detailed consideration of the idea of cross sections will
prove useful. The concept of a nuclear cross section can be most easily
visualized as the cross-sectional area, or target area, presented by a nucleus
to an incident particle. If the nuclei are considered as spheres of radius
R cm and the incident particles as point projectiles, then the target area,
or cross section 7, of each nucleus is given by

o = TR?cm? ' (16-9)

A particle which passes normally through a thin sheet of material of area 4
containing N7 nuclei has a probability Nro/A of colliding with a nucleus
provided that there is no “overlapping” of the nuclei, i.e., that Nyo/A is
small (Fig. 16-2). The quantity Nz/A, which is the number of nuclei
per square centimeter or the surface density of nuclei, is equal to Nt, where
N is the number of nuclei per cubic centimeter and ¢ is the thickness of the
sheet. For an incident beam containing n particles per cubic centimeter,
moving with velocity », the number of particles passing through the sheet
is nv per square centimeter per second, and the collision rate can be ex-
pressed as

collisions per square centimeter per second = nv - EALU = nvwoN{;
the collision cross section is then

R collisions per square centimeter per second
- noNt

(16-10)

The quantity nv, which is the number of particles in the incident beam
crossing one square centimeter of area each second, is called the particle flux.
Equation (16-10) then shows that the cross section for collision is the
number of collisions per unit volume per second for unit incident flux and
unit nuclear density.
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The above discussion can be applied to any nuclear reaction, and the
term “collision” can be replaced by the appropriate term for any nuclear
process. Thus, ¢, may denote the cross section for scattering of a given
kind of particle, and may consist of two parts, o,, the cross section for
elastic scattering, and o;, the cross section for inelastic scattering. It is
possible to speak of a cross section g, for the absorption of a particular
kind of particle, defined as the number of particles that are absorbed, or
disappear, per cubic centimeter per second for unit incident flux and unit
nuclear density. There are also cross sections for individual reactions,
such as ¢(a, p), 6(a, n), and o(p, @). The number of particles removed
from the beam is obtained by adding the numbers removed by all the
processes which can take place; particles can be removed by being ab-
sorbed in nuclear reactions or by being scattered out of the beam. In an
experiment, the number of events of a given kind (collisions, scatterings,
absorptions, or other processes) is counted, and the quantities nv and N
are measured; the cross section for the particular process is then given by a
relationship of the type of Eq. (16-10). The collision cross section, which
corresponds to the effect of all possible processes, is usually called the total
cross section, o, and is the sum of the cross sections for the individual reac-
tions. There is a direct analogy between o, and the total absorption co-
efficient for v-rays, expressed in units of square centimeter per atom, which
is the sum of a cross section for photoelectric absorption, a cross section
for Compton scattering, and a cross section for pair formation. Asin the
case of v-radiation, the total cross section can be found by measuring the
transmission of a particle beam in a “good geometry” experiment.

The expression for the number of processes of & given kind, say the ith
kind, contains the product Neo;. This product represents the cross section,
for the ¢th process, of all the atoms in a cubic centimeter of material. It
is sometimes called the macroscopic cross section and denoted by

2i= Noj;
it has the unit em™%.’

A rough idea of the magnitude of cross sections for nuclear reactions
can be obtained from Eq. (16-9) for the geometrical cross section of a
nucleus. In the discussion of the theory of a-decay, it was found that
the radii of a-emitting nuclei may be represented by the formula

R = 1543 % 1073 ¢m,

where A is the atomic weight. If it is assumed that this formula may be
applied to all nuclei, which will be shown to be a reasonably good approxi-
mation, then

o = wR? = 7(1.5)24%® x 107%% cm®.
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For a nucleus of intermediate mass, say A = 125,
o = m(2.25)(25) X 10~2%ecm? = 1.8 X 10~%% em?,

and the geometrical cross section of a nucleus is of the order of 10724 ¢cm?.
Cross sections for nuclear reactions are often expressed in terms of the
unit 10™24 ¢m?, and this unit is called the barn, abbreviated as b.

Although it is convenient and simple to introduce the cross section as
a target area, and to get a rough idea of its magnitude by calculating
the geometrical cross section, this procedure must not be taken seriously.
The experimental meaning of the cross section comes from its use as a
measure of the number of nuclear events which occur under a given set
of experimental conditions, as expressed by Eq. (16-10) and the subse-
quent discussion. Nuclear cross sections are found to have values ranging
from small fractions of a barn to hundreds of thousands of barns, and
these values often differ greatly from the geometrical cross section. A
given nucleus can have widely different cross sections for different nuclear
reactions and the values represent the relative probabilities of those re-
actions. Under certain special conditions scattering cross sections and
geometrical cross sections can be related directly, and the measured values
of the scattering cross sections are then used to determine the values of
the nuclear radii. The elastic scattering of neutrons with energy greater
than 10 Mev is a case in point, and will be discussed in Section 16-5E.

The results of an experimental study of a nuclear reaction can be ex-
pressed in terms of the number of processes which take place under the
conditions of the experiment or in terms of the cross section for the re-
action. The advantage of using the cross section lies in the fact that its
value is independent of the flux of incident particles and the density of
the material used for the target, and these quantities are not essential to
the nuclear reaction itself. When the cross section for a particular reaction
between a given particle and a given nuclide is known, it is possible to
predict the number of reactions that will take place when a sample of
the nuclide is exposed to a known flux of those particles for a given length
of time. This kind of information is needed in many practical problems,
as in the manufacture of artificial radionuclides, and cross sections are a
valuable form of nuclear data. In many cases, the results of the study
of a nuclear reaction are expressed directly in terms of the number of
processes that take place, or of the number of outgoing particles. If the
main interest is in the determination of the energies of the different groups
of particles emitted, it is enough to measure the energies by measuring
the ranges or by magnetic deflection, without knowing exactly how many
processes have taken place. The relative intensities of different groups
of product particles can also be measured by methods which are inde-
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pendent of the number of processes, as can the energies of resonances in
nuclear reactions.

The concepts of cross section and level width can be applied to resonances
in a quantitative way. The probability of the reaction X(z, )Y may be
denoted by the cross section o(z, y). According to the two-step view of
nuclear reactions,

o(z, y) = o¢(x) - (relative probability of the emission of y), (16-11)

where o¢(z) is the cross section for the formation of the compound nucleus
in a collision between the particle z and the target nucleus X. The rela-
tive probability of the emission of the particle (or 7-ray) y is just I',/T,
where T is the partial level width for y and I is the total level width.
Then

o(z,y) = oc(x) %’ . (16-12)

In general, the values of the cross sections and level widths depend on the
energy of the incident particle, and on the charge and mass of the target
nucleus. One of the problems of nuclear theory is the calculation of
ge(x), T, Ty, and therefore of a(z, y). In the particularly important case
of resonance processes, a theoretical formula for the cross section was
derived by Breit and Wigner.®*!? The rigorous derivation of the Breit-
Wigner formula is a difficult problem, but the physical meaning of the
formula can be discussed qualitatively. In its simplest form, the Breit-
Wigner formula gives the value of the cross section in the neighborhood
of a single resonance level formed by an incident particle with zero angular
momentum. Under these conditions, the formula is

A2 r.T,

where ) is the de Broglie wavelength of the incident particle defined in
Section 7-8, E is the energy, Ej is the energy at the peak of the resonance,
and the I's are the widths already defined. Equation (16-13) may be
regarded as containing three factors. The first is a measure of the prob-
ability of forming a compound nucleus and, according to wave mechanics,
is proportional to A2. The second factor,

1
(B — Eo? + (1/2)?’

is the mathematical expression for the resonance property and may be
called the resonance factor. The denominator of this factor has its smallest
value when E = E,;, and the cross section then has its greatest value.
As the value of E departs from E,, the denominator increases in value,
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and the resonance factor and cross section decrease. The third factor is
the probability for definite types of disintegration of the compound
nucleus and is expressed by the partial widths I, and T,.

The Breit-Wigner formula is an example of the application of wave
mechanics to nuclear physics, and it is typical of such applications that
the wavelength of the incident particle appears in the formula. The
de Broglie wavelength of a particle is defined as

L (16-14)
my
where h is Planck’s constant and mv is the momentum of the particle.
It is convenient to express A in terms of the kinetic energy rather than
the momentum and, since £ = #mv?,

(16-15)

An idea of the magnitudes of A and o may be obtained by considering the
incident particle to be a neutron; when the numerical values of h and m
are inserted, and F is expressed in electron volts, the result is

2.87 x 10°°
VE (ev)

A neutron with a kinetic energy of 10* ev has a wavelength of 2.87 x 10~!*
cm, while a 1-Mev neutron has a wavelength of 2.87 X 1072 em. Since
a(z, y) is proportional to AZ, its value should be of an order of magnitude
similar to that obtained from the geometrical estimate in this section.
Its actual value in any particular case will, of course, depend also on the
other quantities in Eq. (16-13). It is found that the values of resonance
cross sections vary over & wide range, from fractions of a barn to the order
of 10° barns.

Values of o¢(z, ¥) (the cross section at the peak of the resonance), E,
and I can be obtained from experiments in which the particle transmission
through the target is measured as a function of the energy of the incident
particles in the neighborhood of the resonance energy. The values of g,
and E, can be deduced from the transmission curve. It can be shown
from Eq. (16-13) that the “full width at half-maximum,” that is, the
energy interval between the two points at which the cross section is g4/2,
is just the total width I'. The total width can thus be determined directly
from the actual observed width of the cross section resonance. When the
total width is known, the values of the partial widths can be obtained by
further experiments, or may sometimes be inferred with the aid of certain
theoretical considerations.

A (em) = (16-16)



Chapter 3
NUCLEAR FISSION

19-1 The discovery of nuclear fission. The discovery of nuclear fission
was one of the results of attempts to make transuranium elements of
atomic number greater than 92 by means of (n, 7) reactions followed by
B-decay of the product nucleus. These attempts eventually suceeded,
and some of the methods used and results obtained were discussed in
Section 12-3. The interpretation of the early experiments was difficult,
however, because of unexpected results which could be explained only in
terms of nuclear fission.

To understand some of the difficulties that were met, it is necessary to
consider briefly how radioactive elements are separated from inactive ones.
A radioelement formed by a nuclear reaction is ususlly available only in
a very small amount, possibly as small as 10™'? gm, and cannot be sep-
arated by means of ordinary chemical methods. But the separation
can often be made with the aid of & carrier which is a stable substance
with chemical properties similar to those of the radioelement. The element
and the carrier usually belong to the same subgroup of the periodic system
and can undergo similar chemical reactions. If an sppreciable amount,
perhaps 10 to 100 mg, of the carrier is added to a solution containing the
radioelement, and if the carrier is then precipitated from the solution by
the formation of an insoluble salt, the radioelement is precipitated along
with the carrier. The carrier and the radioelement can then be separated
by means of other chemical reactions.

In the separation of radium from other members of the uranium series,
barium serves as a carrier. Radium and barium both belong to group 1IA
of the periodic system and form insoluble sulfates. When & solution of
a barium salt is added to a solution contsining 8 very small amount of
radium and a sulfate is added, barium and radium sulfates are precipi-
tated together. A neater method depends on the fact that barium and
radium chlorides are precipitated together from concentrated solutions of
hydrochloric acid. The precipitate can be dissolved in water, and the
barium and radium can then be separated by repeated fractional crystal-
lization from hydrochloric acid. In analogous ways, lanthanum acts as a
carrier for actinium (Z = 89). SBometimes the carrier is a stable form of
the radiocelement, e.g., stable iodine can be used as a carrier for radioactive
isotopes of iodine.

In the early experiments on the formation of transuranium elements,
uranium was bombarded with neutrons and several different g-activities,

606
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distinguished by their half-lives, were detected. Carrier techniques were
used to separate the elements responsible for the activities, but the number
and properties of the new radicelements were such that they could not be
fitted into a scheme consistent with the known properties of the heavy
elements and the predicted properties of the transuranium elements. One
difficulty in the analysis of the products of the bombardment of uranium
with neutrons led to a remarkable conclusion. In addition to the elements
which seemed to be real transuranium elements, there were four which
were supposed to be g-radioactive iostopes of radium because they were
precipitated with barium when the latter was used as the carrier. The
decay products of these nuclides seemed to be isotopes of actinium because
they were precipitated with lanthanum, the carrier for actinium. Although
these results appeared to be consistent, since actinium follows radium in
the periodic system, they raised two serious questions. First, the produc-
tion of an isotope of radium by the neutron bombardment of uranium
would require an (n, 2a) reaction, but this reaction is a very unlikely one
(cf. Section 16-5), especially at low neutron energies. Second, further
chemical experiments showed that the “radium” activities could not be
separated from the barium carrier, and the daughter activities could not
be separated from the lanthanum carrier. In 1939, Hahn and Strass-
mann‘"'? performed a beautiful and thorough set of experiments which
proved beyond a doubt that the “radium” isotopes are really isotopes of
barium and the “actinium” isotopes are isotopes of lanthanum. Further-
more, they showed that one of the barium isotopes resulting from the
neutron bombardment of uranium could be identified, because of its half-
life of 86 min, with the previously known nuclide Ba!3®, which has the
same half-life. Similarly, one of the lanthanum isotopes from the neutron
bombardment of uranium was identified with the known nuclide La!4,
which has a half-life of 40 hr.

The production of the nuclides 57La4? and 56Ba'®® from uranium, which
has the atomic number 92 and an atomic weight of nearly 240, required
a hitherto unknown kind of nuclear reaction in which the uranium nucleus
is split into fragments which are themselves nuclei of intermediate atomic
weight. If such a process really occurs, it should also be possible to find
nuclei with masses between 90 and 100 and atomic numbers of about 35.
Hahn and Strassmann were able to find an active isotope of strontium
(Z = 38) and one of yttrium (Z = 39) which met these requirements, as
well as isotopes of krypton (Z = 36) and xenon (Z = 54). It was clear
from the chemical evidence that uranium nuclei, when bombarded with
neutrons, can indeed split into two nuclei of intermediate atomic weight.
It was then predicted, from the systematics of stable nuclides and from
the semiempirical binding-energy formula, that the product nuclei would
have very great energies and would produce large numbers of ion pairs in
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passing through a gas. When a thin layer of uranium was put in a suit-
able ionization chamber connected to an amplifier and irradiated with
neutrons, great bursts of ionization were observed®* corresponding to
energies up to 100 Mev. These pulses of ionization are extremely large
compared with those of single a-particles and are easy to recognize. Further
chemical work then showed that besides the reaction products mentioned
above, other elements of medium mass number were formed, including
bromine, molybdenum, rubidium, antimony, tellurium, iodine, and cesium.
There was, therefore, ample chemical and physical evidence for the split-
ting of the uranium nucleus, and this process was called fission.®

It is now known that fission can be produced in various nuclides under
different conditions, and some of the results will be mentioned. When
small samples of the separated isotopes of uranium, prepared in a mass
spectrograph, were bombarded, it was found‘® that slow neutrons cause
fission of U?35 but not of U?38; fast neutrons, with energies greater than
one Mev, cause fission of both U23% and U238, Thorium and Pa?3! undergo
fission, but only when bombarded with fast neutrons. Fission can also
be produced in uranium and thorium by high-energy a-particles, protons,
deuterons, and Y-rays. The nuclei Pu?3® and U?33, formed by (n, ) reac-
tions on U23% and Th 232, respectively, followed by g-decay of the products,
undergo fission when bombarded with slow or fast neutrons, as do other
artificial heavy nuclides. Finally, some heavy nuclei have been found to
undergo spontaneous fission; in this process, the nucleus divides in the
ground state without bombardment by particles from outside.

In addition to the two large fission fragments, neutrons and Y-rays are
emitted. Division into three fragments of comparable size (ternary fis-
sion) has been observed but is a very rare event, occurring about five times
per million binary fissions. Long-range a-particles are sometimes emitted,
about once in every 400 fissions. The emission of light nuclei, with masses
greater than 4 and probably less than 12, is a relatively common event,
occurring once in about every 80 fissions.

19-2 Fission cross sections and thresholds. The probability of fission,
as compared with that of other reactions, is a matter of theoretical interest
and practical importance. The U235 nucleus may capture a thermal neu-
tron to form the compound nucleus [U?38), or the neutron may be scattered.
The compound nucleus may either undergo fission, or it may emit v-rays
and decay to the ground state of U238, which emits a 4.5-Mev a-particle
and has a half-life of 2.4 X 107 years. The thermal cross sections'”’ for
the different reactions for U225, U238, natural uranium, and Pu23? are given
in Table 19-1. The total cross section of U23® for 2200 m/sec neutrons
is 698 b, the total absorption cross section is 683 b, and the fission cross sec-
tion is 577 b. The ratio of the radiative capture cross section to the
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TABLE 19-1
ProPERTIES OF F1ssioNaBLE MaTeRriaLs‘-®*
Natural
233 235 239
v U Uranium Pu

Gabs 578 + 4 683 + 3 7.68 + 0.07 | 1028 = 8

oy 525 &+ 4 577 £ 6 4.18 + 0.06 742 + 4

or 53 + 2 101 = 5 3.50 286 + 4

o, 15 £ 2 83 =02 9.6 & 0.5

v 2.51 =+ 0.02 2.44 + 0.02 2.89 + 0.03
(average
number of
neutrons per
fission)
a = o./o; | 0.101 + 0.004 | 0.18 & 0.01 0.39 £ 0.03
"= :_ = 1228 %002 | 207001 | 134 2 002 | 2.08 + 0.02

*For 2200 m/sec neutrons.

fission cross section is 0.18, so that the probability of radiative capture
is about 189 that of fission. The natural abundance of U235 is only
0.72%, with the result that the fission and radiative capture cross sections
of natural uranium are much smaller than those of the separated isotope
U235, In Pu?3? the ratio of the capture cross section to that for fission is
0.39; although the fission cross section is greater than in U235, the ratio
of capture to fission is also greater.

Some of the artificially produced radioactive nuclides undergo fission with
thermal neutrons, as do some of the shorter-lived naturally occurring
radionuclides. Values of the fission cross section for 2200 m/sec neutrons
are listed in Table 19-2, together with values of activation cross sections
and total absorption cross sections where these are available.” It is
evident that many heavy nuclides are fissionable, and that the probability
of fission varies over a wide range of values. Only U233, U233 gpd Pu?3?
have high cross sections as well as long half-lives, and either occur natu-
rally (U%3%) or can be produced in significant amounts in practical lengths
of time (Pu?3? and U233), Hence, only these three fissionable materials
are important in the large-scale applications of nuclear fission.

The fission cross section varies with energy in a complicated way, as
is shown in Fig. 19~1 for U235, In the thermal region ¢, varies approxi-
mately as 1/v; starting at 0.28 ev, there are many closely spaced reso-
nances, with at least 20 resolved resonances below 20 ev. At high energies,
the fission cross section is relatively small, only about one barn in the
neighborhood of 1 Mev; the fission cross sections of U233 and U23% in the
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TaBLE 19-2
TrerMAL CRross Sections oF SoME Heavy Nucripes7'*

Fission Tots.! Activation

Nuclide Half-life cross section, absorption cross section,

! cross section, '

a5, b o b Gacty D

90Th227 | 18.2d 1500 + 1000

aoTh229 734 X 103y 45 + 11

91Pa230 | 17.3d 1500 = 250

91Pa?3l 3.4 X 10%y (10 = 5) X 103 200 + 15

91Pa?32 1.3d 700 += 100 760 £ 100

92230 20.8d 25 = 10

92231 4.2d 400 + 300

92U232 | 74y 80 + 20 300 + 200

92233 1.62 X 108y 525 + 4 578 + 4 53 + 2

9234 2.52 X 10%y <0.65 105 + 4 90 + 30

92233 7.1 X 108y 582 + 4 683 + 3 101 &£ 5

93Np23¢ | 4.4d 900 + 300

93Np236 | 22h 2800 + 800

93Np237 2.2 X 108y (19 + 3) X 103 170 £ 5 169 + 6

93Np238 2.1d 1600 == 100

93Np23% | 234 <1 35 + 10

94Pu?38 | 86.4y 16.8 &+ 0.3 400 + 10

94Pu?3% 2.44 X 10%y 742 = 4 1028 + 8 286 + 4

94Pu240 6.6 X 103y 0.030 = 0.045 286 = 7 250 + 40

94Pu24t | 13y 1010 + 13 1400 &+ 80 400 + 50

04Pu242 | 3.75 X 10%y <0.2 30 + 2 19+ 1

o5Am241 | 458y 3202 630 + 35 750 + 80

95Am242 | 100y 6400 + 500

*For 2200 m/sec neutrons.

neighborhood of 1 Mev are shown in Fig. 19-2a. Some heavy nuclides, for
example, U234 U236 and U?%®, do not undergo fission with slow neutrons,
but only with fast neutrons. Fission is a threshold reaction in these
nuclides, and the fission cross section varies with energy in much the same
way that the cross sections for other threshold reactions do. The fast
fission thresholds of U234, U238 and U238, and the variation of the fission
cross section with energy, above threshold, have been determined by
bombarding the nuclides with neutrons from the reaction H3(p, n)He?.
The results are shown in Fig. 19-2b.

Threshold energies and cross sections have been measured for fission
processes induced by charged particles.!® The threshold for fission by
deuterons is close to 8 Mev for Th?32, U235 and U?®; that for fission by
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F1a. 19-2. The fission cross sections of several uranium isotopes in the
Mev region.7:9 (a) U233, 235 (b) U334, U236, 238,

a-particles is in the neighborhood of 21 Mev for these nuclides. In the
range of energies explored so far, the value of the cross section increases
with energy above the threshold and then either levels off or passes through
a maximum. In the case of U23% bombarded with deuterons, the cross
section rises to a value of one barn at about 20 Mev and then increases
slowly to a value between 1.5 and 2 b at deuteron energies between 120
and 200 Mev. The cross section for the fission of U23% by a-particles rises
to a value of 1.5 b at about 50 Mev and remains at about this value up to
energies of 400 Mev.

Gamma-rays from nuclear reactions and high-energy x-rays from a
betatron can cause fission, and some of the measured thresholds‘!? are
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TABLE 19-3

THRESHOLD ENERGIES FOR PHOTOFISSION

Photofission

Nuclide threshold,
Mev

92238 5.08 + 0.15
92238 531 £ 0.25
920233 5.18 + 0.27
94Pu239 531 + 0.27
g0Th232 5.40 £ 0.22

shown in Table 19-3. The cross sections for these reactions are generally
smaller than those for neutron-induced fission. When U228 js bombarded
by monoenergetic 6.3-Mev 7Y-rays from the F!%(p, Y)Ne2° reaction, the
cross section is about 3 mb; for the 17.5-Mev 7-rays from the Li’(p, 7)Be®
reaction, the cross section is about 30 mb.

Many heavy nuclides undergo spontaneous fission,"'* and this process
is an alternative, less probable, method of nuclear disintegration than
a-particle emission. Nuclei which undergo fission with slow neutrons have
smaller spontaneous fission rates than their isotopes which undergo fission
only with fast neutrons. For example, U235 has a half-life for spontaneous
fission of about 1.8 X 10!7 years, corresponding to a rate of about one
fission per gram per hour while U238 has a fission half-life of 8.0 X 10'?
years, or a rate of 25 fissions/gm/hr. Similarly, Pu?3?® has a spontaneous
fission rate of 36 fissions/gm/hr, or a fission half-life of 5.5 X 10'% years,
while Pu?4 has a rate of 1.6 X 10® fissions/gm/hr and a half-life of
1.2 X 10! years.

Finally, fission can be produced in bismuth, lead, thallium, mercury,
gold, and platinum by neutrons with very high energies, e.g., 40 Mev.

(12)

19-3 The fission products. It was indicated in Section 19-1 that a
number of nuclides of intermediate charge and mass are formed when a
uranium nucleus undergoes fission. The study of the nuclei formed in
fission was evidently a promising source of information about the mecha-
nism of the fission process and offered the possibility that new, hitherto
unknown, nuclides might be discovered. The latter possibility became
apparent when the neutron-to-proton ratios of the uranium isotopes were
compared with those of some of the fission products. The compound
nucleus [92U?3%] has 144 neutrons and 92 protons, and the value of the
ratio is 144/92 = 1.57. The values of the ratio for the stable isotopes of
some typical fission products (krypton, iodine, xenon, and cesium) vary
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from 1.17 to 1.52, and are appreciably lower than that for [U?3%]. When
that excited nucleus splits into two smaller nuclei, the neutron-to-proton
ratio for at least one of them must be greater than the value compatible
with stability. Such an unstable nucleus might be expected to approach
stability by electron emission or, if the excitation energy is high enough,
by ejection of one or more neutrons; it has been found experimentally that
both of these processes occur.

The investigation of the products of the fission of U2%% has shown that
the range of mass numbers is from 72, probably an isotope of zinc with
atomic number 30, to 158, thought to be an isotope of europium with
atomic number 63. About 979 of the U235 nuclei undergoing fission
yield products which fall into two groups, a “light” group with mass num-
bers from 85 to 104, and a “heavy” group with mass numbers from 130
to 149. The most probable type of fission, which occurs in about 7%,
of the total, gives products with mass numbers 95 and 139. There are
87 possible mass numbers between 72 and 158, which may represent
the total number of different nuclides formed as direct fission fragments.
If this were the case, the uranium nucleus should be capable of splitting
in over 40 different ways. More than 60 primary products have actually
been detected, so that there are at least 30 different modes of fission, a
different pair of nuclei being formed in each mode.

The fission fragments have too many neutrons for stability and most of
them decay by electron emission. Each fragment starts a short radio-
active series, involving the successive emission of electrons. These series
are called fission decay chains, and each chain has three members, on the
average, although longer and shorter chains occur frequently. The prob-
lem of determining the masses and atomic numbers of the fission products
and of identifying the members of the many decay chains is an extremely
difficult one. Nevertheless, as the result of careful and persistent work,
more than 60 chains have been established, and about 200 different radionu-
clides have been assigned to them.'3:'¥ An example of a long chain is

140 5 140 7 140 _F
Xe P — s *" —— seBa —
5 168 5sC 66s 06 12.8d

'
e 57La”° or 5308“0 (stable).

This chain is especially interesting because it contains two of the nuclides,
Ba'%® and La'%?, whose appearance led to the discovery of fission. The
short chain

147 _F 147 _F 147 11
soNd™™ ——= g1Pm o 62Sm " (~107"y)

is important beeause one of its members is an isotope of the element with
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atomic number 61. This element had not been clearly isolated vefore the
discovery of fission, and has now been named promethium (symbol, Pm).
Radioactive isotopes of the element with atomic number 43, which has
not been found to occur in nature, also have been identified as fission
products. This element is now called technetium (symbol, Tc), and its
longest-lived isotope occurs in the chain.

[ .
2Mo®® T +3Tc?? e 14Ru®® (stable).

19-4 The mass and energy distributions of the fission products. The
mass distribution of the fission products is shown most conveniently in the
form of a fission yield curve, in which the percentage yields of the different
products are plotted against mass number. The yield of any given mass
can be found by measuring the abundance of a long-lived nuclide near the
end of a chain, or that of the stable end product. Yield curves!51® for
the fission of U?3% by thermal neutrons and by 14-Mev neutrons are shown
in Fig. 19-3a; curves for thermal fission of U232 and Pu2?3? are shown in
Fig. 19-3b. The fission yield for a particular nuclide is the probability
(expressed as a percentage) of forming that nuclide or the chain of which
it is a member; it may also be regarded as the percentage of fissions yield-
ing the nuclide or chain. Since two nuclei result from each fission, the total
yield adds up to 200%. The yields.vary from about 10759, to about 7%,

10 = 10
f t i £ S g
TT1%14 MevZl 1 \ T
13 Um . P“m
10 = 10 Pu?®
= 1  §
&0 ~
= 0 L L] ¥ o1 g
3 : 3 HEH ;
= 'Il‘hermal =S i m 71 =)
g a o g~
-2 0.01 £ 0.01 = Pu®,
. ‘g ;
0.001 * Thermal neutrons 0.001 JUB3 opy289
*14-Mev neutrons
0.0001 AENRNE! 00001 ENSRNE!
80 100 120 140 80 100 120 140 160
Mass number Mass number

(a) (b)

F1e. 19-3. Fission yields from U235, U233 and Pu239: (a) thermal and fast
fission of U3235; (b) thermal fission of U233 and Pu239,15
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and the range is so large that a logarithmic scale is used for the ordinate
of the yield curve. Each curve shows two peaks, corresponding to the light
and heavy groups of products. In the case of U?3® the maxima lie near
mass numbers 95 and 135; fission induced by slow neutrons is a highly
asymmetric process, and division into two equal fragments occurs in only
about 0.019%, of the fissions. Small “fine-structure” peaks are evident in
some of the yield curves; for U235, these peaks are at masses 100 and
134. This fine structure is, for the most part, a shell effect, and can be
accounted for by a detailed analysis of the neutron binding energies in
nuclei with neutron numbers close to those corresponding to closed shells,
i.e., 50 and 82 neutrons. The UZ?3% curves illustrate the effect on the mass
distribution of increasing the neutron energy above thermal. The greatest
change is the increase in the probability of symmetric fission; for fission by
14-Mev neutrons, the increase is about 100-fold. The other changes are
a small drop in the peak yields and a moderate increase in the most asym-
metric modes of fission, i.e., a rise in the wings of the yield versus mass
curve.

The mass distribution of the fission fragments can also be obtained from
the distribution of their kinetic energies, which can be determined by
measuring the ionization produced in an appropriate ionization chamber.
In one type of chamber, the fissile material is placed on one of the electrodes
and the ions which result when a fission fragment enters the region be-
tween the electrodes are collected. Since the fission fragments occur in
pairs, an experiment of this kind measures the energy of one fragment only.
In another type of chamber, a very thin foil is made the common cathode
of two back-to-back ionization chambers. The two fragments resulting
from neutron bombardment travel in opposite directions into the two
chambers and the ionizations they cause are measured simultaneously.
The nucleus undergoing fission can be considered to be initially at rest;
and, if the neutrons emitted are neglected, the law of conservation of
momentum gives

MV, = M,V,, (19-1)

where the subscripts refer to the two fission fragments. The energies of
the fragments are then in the ratio

2
E,_ $M.VE_ M, (19-2)

and the masses are inversely proportional to the kinetic energies; when
the energy distribution has been measured, the mass distribution is ob-
tained from Eq. (19-2).

The energy distribution of the fission products has been measured for
the fission of U?33, U235 and Pu?3? by thermal neutrons,"'?'® and for
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Fie. 19-4. Energy distribution of the fragments from fission of U235 by
thermal neutrons (Brunton and Hanna1?).

the fission of U235, U238 Th232 and Pu23® by fast neutrons.?®29 The
energy distribution in the case of the thermal fission of U23? js shown in
Fig. 194; this energy spectrum is typical for fission induced by slow
neutrons, and the curves for U232 and Pu23? are similar to the curve shown.
The peaks near 60 Mev and 95 Mev show the asymmetry of the fission
process. The best ionization chamber measurements!? give 154.7 Mev
for the average total kinetic energy of the fragments from U235, The
energy distribution for fission induced by fast neutrons (2.5 and 14 Mev)
show the same two peaks, and the maxima differ only slightly from
the values for fission induced by slow neutrons. The most important differ-
ence in the shapes of the spectra is an increase in the height of the curve
in the region between the two peaks when the energy of the bombarding
neutrons is in the Mev range. This rise is interpreted as indicating in-
creased probability of symmetrical fission when the neutron energy is
high. In the case of U233 symmetrical fission is about 100 times more
probable for 14-Mev neutrons than for thermal neutrons. When the
energy of the bombarding neutrons is raised to 45 Mev, there are still
two peaks, but the dip between them is small, and the probability of sym-
metrical fission is still greater than at the lower energies. With 90-Mev
neutrons, only one peak is observed, corresponding to division into two
equal fragments; at these very high energies symmetrical fission is the
most probable mode.2V

The velocity distribution of the fission fragments has been studied
directly by means of a time-of-flight method.?? A thin foil with a film
of U233, U235 or Pu?3? is irradiated by thermal neutrons, and pairs of
fragments are detected by scintillation detectors. One fragment travels
only about 1 em before striking a detector, while the other travels about
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350 cm along an evacuated tube. The pulses from the two detectors are
shown on the screen of a cathode-ray tube and photographed; the velocity
of the fragment can be obtained from the distance lgetween the two peaks,
and the kinetic energy is then calculated from the velocity. Results
obtained with this method show that the energies are greater than those
given by the ionization measurements, and the average total kinetic energy
of the fission fragments from U?3? is increased by 12.4 Mev, from 154.7
Mev to 167.1 Mev. This value agrees with the result, 167.1 & 1.6 Mev,
of a calorimetric measurement.®®

The energy distribution of the fragments from spontaneous fission has
also been determined?¥ and is similar to that found in neutron-induced
fission.

The determination of the charge distribution in fission is more difficult
than that of the energy distribution because in an ionization chamber or
cloud chamber there is no obvious way of determining the nuclear charge
at the instant of fission. Radiochemical methods based on attempts to
measure the primary fission yield have been used;'!62% these methods are
indirect, and the problem has not yet been solved, ?®

19-5 Neutron emission in fission. The comparison of the value of the
neutron-to-proton ratio of the compound nucleus [U%3¢] with the values
for some of the fission products, discussed in Section 19-3, indicated also
that neutrons might be emitted in fission. The fact that neutrons are
emitted was shown in a simple experiment shortly after the discovery of
fission.?® A neutron source was placed at the center of a large vessel,
with detectors at various distances from it to determine the neutron density
in the vessel. The vessel was filled first with a uranyl sulfate solution,
and then with an ammonium nitrate solution for comparison. The aver-
age neutron density was found to be greater when uranium was present,
showing in a rough way that more neutrons were formed, when fission
occurred, than were used up. The average value of the number of neu-
trons released in fission, usually denoted by v, has been measured for
various fissionable materials, and some of the results‘?7-2® are listed in
Table 19-4. The average number of neutrons released is always greater
than two and increases with the energy of the neutrons that induce fis-
sion. The number of neutrons released in any one fission process must,
of course, be an integer but, since the fissionable nucleus can divide in at
least 30 different ways, the average value v of the number of neutrons
does not have to be an integer.

In addition to v, there is another property of fissionable materials which
has practical importance, the average number of neutrons emitted per
neutron absorbed by a fissionable nuclide. It is evident from the cross
section values of Table 19-1 that all of the neutrons absorbed by a fis-
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TaABLE 194

[cHAP. 19

THE AVERAGE NUMBER OF FissioN NEUTRONS AS A

FoncrioN oF THE ENERGY OF THE NEUTRONS INpUCING Fission

(27)

enﬁ‘;‘;":";zev U238 4 p U235 4 p U238 4 n Pu23® t p
Thermal 2.51 £ 002 | 2.44 £ 0.02 2.89 + 0.03
0.08 2.58 £ 0.06 | 2.47 + 0.03 3.05 =+ 0.08
1.3 2.69 &+ 0.05 | 2.61 & 0.09 3.08 + 0.05
1.5 257 £ 0.12 | 2.65 £+ 0.09
18 275 x 0.06 | 2.72 + 0.06 3.28 + 0.06
2.0 2.80 = 0.15
4.0 3.06 & 0.12 | 3.01 = 0.12 | 3.11 & 0.10 | 3.43 x 0.11
14.1 3.86 + 0.28 | 4.52 & 0.32 | 4.13 & 0.25 | 4.85 + 0.50

sionable material do not induce fission; some absorptions result in the
emission of 7-rays, i.e., radiative capture competes with fission. With
U?35 for example, the reaction UZ3%(n, 7)U?3® also occurs, and U238 ig
an a-emitter with a half-life of 2.4 X 107 years. The ratio of the radiative
capture cross section to the fission cross section is usually denoted by «,

a = g,/ (19-3)

and the number of fission neutrons released per neutron absorbed in a
fissionable nuclide is given by

n=v/(1+4+ a): (19-4)

Values of « and 5 for thermal neutrons are listed in Table 19-1 for the
important fissionable materials.

The average number of neutrons emitted per spontaneous fission has
been determined for various heavy nuclides.!? The rate (number of
fissions per gram per second) can be measured?® as well as the total
number of neutrons.®® For U238, the rate is (6.90 =+ 0.24) X 1073 fis-
sions/gm/sec, or about 25 fissions/gm/hr, and v = 2.4 + 0.2, close to
the value for fission induced by thermal neutrons; for Th232 y = 2.6 +
0.3, and for Cf2%%, v = 3.53 + 0.15.

The neutrons emitted as a result of the fission process can be divided
into two classes, prompt neutrons and delayed neutrons. The prompt
neutrons, which make up about 99%, of the total fission neutrons, are
emitted within an extremely short interval of time, possibly as low as
10714 gec, of the fission process. It is thought that the compound nucleus
[U2%38] first splits into two fragments, each of which has too many neu-
trons for stability, and has also the excess energy (6 Mev or more) needed
to expel a neutron. The excited, unstable nucleus consequently ejects
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TaBLE 19-5

PROPERTIES OF DELAYED NEUTRONS3Y

Yield, 9% of total neutrons emitted in fission,
Half-life, | Energy, Thermal and fast fission Fast fission
sec Mev

U235 U233 Pu239 U238 Th232
55 0.25 0.021 0.022 0.007 0.020 0.075
22 0.46 0.140 0.078 0.063 0.215 0.330
5.6 0.41 0.125 0.066 0.046 0.254 0.341
2.1 0.45 0.253 0.072 0.068 0.609 0.981
0.6 0.42 0.074 0.013 0.018 0.353 0.378
0.2 0.027 0.009 0.009 0.118 0.095

Total yield 0.64 0.26 0.21 1.57 2.20

one or more neutrons within a very short time after its formation; prompt
Y-rays are apparently emitted at the same time. These ideas are con-
sistent with the results of experiments on the angular correlation between
the direction of the neutrons and that of the fragments,*" the neutrons
being emitted preferentially in the same direction as the fragments.

The delayed neutrons, which constitute about 0.64%, of the total neu-
trons from the fission of UZ35, are emitted with gradually decreasing
intensity for several minutes after the actual fission process. Six well-
defined groups of delayed neutrons have been observed by studying the
rate of decay of the neutron intensity.®#2® The rate of decay of each
group is exponential, just as for other forms of radioactive change, and
a specific half-life can be assigned to each group, as well as a mean life
and decay constant. From the intensity, the fraction 8; which the group
constitutes of the total (prompt and delayed) fission neutrons can be deter-
mined. The properties of the prominent groups of delayed neutrons are
listed in Table 19-5. Three additional low-intensity delayed neutron
groups from uranium have been reported, ®* with half-lives of 3, 12, and
125 min and yields, per fission, of 5.8 X 1078, 5.6 X 10~!°, and 2.9 X
10719, respectively.

The same groups of delayed neutrons are found in the fission of different
heavy nuclides by slow or by fast neutrons, but the yields vary from
nuclide to nuclide. Of the three important fissionable materials, U232
has the greatest yield, 0.64%, about three times that of Pu?3®. Although
the yield of delayed neutrons is less than one percent of the total number
of neutrons emitted, the delayed neutrons have a strong influence on the
time-dependent behavior of a chain-reacting system based on fission and
play an important part in the control of the system.
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The mechanism for the emission of delayed neutrons is understood.
Since some of the fission products are rich in neutrons and are very un-
stable with respect to 8-emission, a product with Z protons and N neutrons
may have a S-decay energy greater than the binding energy of the last
neutron in the daughter product with Z + 1 protons and N — 1 neutrons.
In the B-decay, the product nucleus can be left either in the ground state
or in one of the many excited states. If the excitation energy of one of the
excited states of the Z 4+ 1, N — 1 nucleus is greater than the binding
energy of the last neutron, de-excitation may occur by the emission of a
neutron, leaving a nucleus with Z + 1 protons and N — 2 neutrons. The
neutron emission will be delayed and will appear to have the half-life of
the g-decaying nuclide (Z, N), i.e., that of the delayed neutron precursor.
Several of the delayed neutron groups have been related to the decay of
bromine and iodine fission products.’®*3® Thus, Br87 is the precursor
of the 55-sec delayed neutron emitter. Iodine-137, with a half-life of
24 sec, is associated with the 22-sec group. This group may consist of two
or more precursors with similar half-lives, and may also contain Br®®
which has a half-life of 16.3 sec. The 5.6-sec group includes I1'38 (T,,, =
6.3 sec) and possibly Br®®(T;,» = 4.4 sec). The decay scheme of Br8?
is shown in Fig. 19-5. Some 709, of the S-decays of Br27 go to the 5.4
Mev excited level of Kr®7; this level lies about 0.3 Mev above the level
corresponding to the binding energy of the last (51st) neutron in Kr®7.

8-, <2.6 Mev
———

Kr86 4+ n (0.3 Mev)
— 7,~2 Mev

y
l—7,~3.4 Mev

ST

Fie. 19-5. Decay scheme of Br87 and its products, showing delayed neutron
emission.
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About 39, of the Kr®? nuclei in the 5.4 Mev level emit a neutron in the
transition Kr®7 — Kr86 4 n + 0.3 Mev, while the rest decay by 7-emis-
sion to the ground state of Kr87. The delayed neuirons are delayed entirely
by the 55-sec half-life of their -ray parent Br8”. It should be noticed
that Kr87 has 51 neutrons and the emission of the delayed neutron leaves
a closed shell of 50 neutrons. Similarly 53I'37 decays by B-emission to
54Xe'®” which can emit a neutron, leaving s,Xe'®®, which has a closed
shell of 82 neutrons; Br®? and I'3° yield, on g-decay followed by n-emis-
sion, nuclei with 50 4 2 and 82 + 2 neutrons, respectively, which are
again especially stable neutron configurations.

19-6 The energy distribution of the neutrons emitted in fission. The
energies of the prompt neutrons emitted in fission vary from values less
than 0.05 Mev to more than 17 Mev. The determination of neutron
energies over so wide a range is not an easy problem, and several methods
have been used in order to cover the range. The neutrons from the ther-
mal fission of U235 have been studied in great detail, and this case provides
a good example of the methods and results.#” In the energy range 0.05
to 0.7 Mev, a cloud chamber was used containing hydrogen gas and water
vapor.“? A thin foil of U235 was bombarded with a beam of thermal
neutrons from the thermal column of a nuclear reactor. The fission
neutrons were allowed to enter the cloud chamber, where they collided
with protons, and the range of the recoil protons was determined by meas-
uring the track lengths. The energy distribution of the recoil protons
was obtained from the range measurements, and the energy distribution
of the neutrons was obtained from that of the recoil protons. The results
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F1a. 19-6. Energies of fission neutrons: the low-energy region (Bonner
et al.4D),
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Fia. 19-7. Energies of fission neutrons: the spectrum from 0.4 Mev to 17 Mev
(Watt“d),

are shown in Fig. 19-6, where the relative number of neutrons in a given
energy interval is plotted against the energy and compared with an empiri-
cal formula which will be given below.

The neutron energy spectrum between 0.4 Mev and 17 Mev was studied
by measuring, with coincidence counters, the range distribution of recoil
protons from hydrogenous materials.4%4® The neutron intensity shows
a broad maximum near 0.75 Mev, and decreases nearly exponentially at
energies greater than 2 Mev. The energy distribution between 0.075
Mev and 17 Mev can be described by the empirical formula

N(E) = ¢~F sinh(2E) "2, (19-5)

where N(E) represents the relative number of neutrons per unit energy
range as a function of the neutron energy. The experimental results
between 0.4 Mev and 17 Mev are shown in Fig. 19-7, and agree with the
empirical formula. The solid curve of Fig. 19-6 represents the same em-
pirical formula, and the agreement is good also for the low-energy neutrons.
The average value of the neutron energy is 2.0 + 0.1 Mev.

The fission neutron spectra of U235 and Pu23?, in the range from 0.5 to
8 Mev, have been studied with nuclear emulsion plates,***® and the
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results agree with those just discussed. The spectrum for the neutrons
from Pu?3? shows a maximum in the 0.6- to 0.8-Mev region and the em-
pirical formula of Eq. (19-5) fits the experimental results; the average
energy is again 2.0 Mev.

19-7 The energy release in fission. One of the most striking properties
of the fission process is the magnitude of the energy released per fission,
which is about 200 Mev as compared with several Mev for other nuclear
reactions. An estimate of the amount of energy released per fission can
be made by considering the binding energy curve, Fig. 9-11. The value
of the average binding energy per particle has a broad maximum of about
8.4 Mev in the range of mass numbers from 80 to 150, and it has been shown
that nearly all of the fission products have mass numbers in this range.
The average binding energy per particle is about 7.5 Mev in the neighbor-
hood of uranium. Hence, the average binding energy per particle is
about 0.9 Mev greater in the fission products than in the compound
nucleus {U23%)], and the excess, 0.9 Mev, is liberated in the fission process.
The total amount of energy released per fission should be roughly equal
to the product of the number of particles (236) multiplied by the excess
binding energy per particle (0.9 Mev), or approximately 200 Mev.

The total energy release per fission can also be calculated from the
nuclear masses of [U2%%] and a typical pair of fission products. It has been
shown that the fission products with the greatest yields have mass numbers
near A = 95and A = 139. If ,o2Mo?® and 57La'3® are taken as a pair of
stable products at the ends of the chains for their respective masses, their
combined mass is 138.955 amu -+ 94.946 amu = 233.900 amu, as given by
the semiempirical mass formula. The corresponding mass number is 234,
and 2 neutrons are apparently released in this particular fission process.
When 2.018 amu are added for these two neutrons, the products of the
reaction have a total mass of 235.918 amu. The mass of U2 from the
semiempirical mass formula is 235.124 amu, so that the mass of the com-
pound nucleus [U?3%] is close to 235.124 4 1.009 = 236.133 amu. The
mass excess that is converted to energy is equal to 236.133 amu — 235.918
amu = 0.215 amu. Since one amu is equivalent to 931 Mev, the energy
liberated in the process is 931 X 0.215 = 198 Mev. Although there are
at least 30 different ways in which the nucleus can divide, the mass excess
is approximately the same for all of these processes, and 200 Mev is a good
value for the average amount of energy released per fission, as calculated
in this way.

The predicted value of about 200 Mev can be compared with experi-
mental values. The total amount of energy released per fission is the
sum of the kinetic energy of the fission fragments, the kinetic energy of
the emitted neutrons, the kinetic energy of the prompt 7-rays, and the
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TABLE 19-6

THE ENERGY RELEASE IN THE FISSION OF
U?%3% By THERMAL NEUTRONS

Kinetic energy of the fission fragments 167 Mev

Kinetic energy of fission neutrons 5
Prompt 7-rays 7
B-decay energy 5
Y-decay energy 5
Neutrino energy 11

Total fission energy 200 Mev

total energy of the decay processes in the fission decay chains. It was
shown in Section 19-4 that the average value of the total kinetic energy
of the fission fragments from the thermal fission of U23% js 167 Mev; the
uncertainty in this number is about 5 Mev. The average value of the
kinetic energy carried off by the neutrons is equal to the product of the
average number of neutrons emitted per fission and the average kinetic
energy of the neutrons; for the thermal fission of U233 this product is
2.5 X 2.0 Mev = 5 Mev. The kinetic energy of the prompt 7-rays is in
the neighborhood of 5 to 8 Mev.“¢4” Finally, the average energy4®
of all radiations (B-rays, Y-rays, and neutrinos) of the fission produects
is 21 & 3 Mev; about half of this energy escapes in the form of
neutrinos, and the other half is divided, approximately equally, between
the B-rays and the 7v-rays. These results are summarized in Table 19-6;
the total fission energy determined in this way is 200 Mev, with an
uncertainty between 5 and 10 Mev, in good agreement with the calculated
values.

The energy release in fission has also been measured calorimetrically,
in a way which did not include the energy carried off by Y-rays, neutrons,
and neutrinos. The result obtained was 177 + 5 Mev; if 26 Mev are
added (cf. Table 19-6) for the energies missed, the total is 203 & 8 Mev,
in good agreement with the previous results. Another calorimetric meas-
urement yielded a value of the energy released in the fission of U23%
except for the energy carried off by neutrinos;'®® the result was 190 & 5
Mev, which also agrees very well with the results of Table 19-6 and with
the calculated values.

Results obtained with other fissile materials, such as Pu?3? and U233,
are similar to those for U235,

(49)

19-8 The theory of the fission process. It is not surprising, in view
of the remarkable properties of the fission process, that a great deal of
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Fia. 19-8. Possible steps in the process of nuclear fission according to the
liquid-drop model.

effort has been put into theoretical studies of the process. The first
thorough treatment was that of Bohr and Wheeler‘®” who accounted
for many of the properties of fission on the basis of the liquid-drop model
of the nucleus. This model was used in the last section in calculating the
energy release in fission from the atomic masses of the fissile and product
nuclei as given by the semiempirical mass formula; that formula was
derived by considering that a charged nucleus is analogous to a liquid drop
(Section 17-6). Bohr and Wheeler showed that the liquid-drop model
could be used to describe the process of fission in some detail, and made
successful predictions about the existence of spontaneous fission, and about
the ability of various heavy nuclei to undergo fission with slow or fast
neutrons.

In the spherical, liquid-drop nucleus, the shape of the drop depends on
a balance involving the surface tension forces and the Coulomb repulsive
forces. If energy is added to the drop, as in the form of the excitation
energy resulting from the capture of a slow neutron, oscillations are set up
within the drop; these tend to distort the spherical shape so that the drop
may become ellipsoidal in shape. The surface tension forces tend to make
the drop return to its original shape, while the excitation energy tends to
distort the shape still further. If the excitation energy is sufficiently
large, the drop may attain the shape of a dumbbell. The Coulomb repul-
sive forces may then push the two “bells” apart until the dumbbell splits
into two similar drops, each of which then becomes spherical in shape.
The sequence of steps leading to fission is shown in Fig. 19-8. If the
excitation energy is not large enough, the ellipsoid may return to the
spherical shape, with the excitation energy being liberated in the form of
Y-rays, and the process is one of radiative capture rather than fission.

The potential energy of the drop in the different stages of Fig. 19-8 can
be calculated under the Bohr-Wheeler theory, as a function of the degree
of deformation of the drop®®? The form of the results is shown in
Fig. 19-9, where the potential energy E is plotted against a parameter r
which is a measure of the degree of deformation. At r = 0, which repre-
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Fi16. 19-9. Potential energy of two fission fragments as a function of distance
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197 Mev.

sents the initial spherical nuclear drop, there is available an amount of
energy Ey, given by

Eo = c*[M(4, Z) — M(Ay, Z)) — M(As, Z5)), (19-6)

where (4, Z) represents the nucleus that may undergo fission, and the
subscripts 1 and 2 stand for the possible final products. The value of E,
corresponds to the ground state of the compound nucleus formed when
the target nucleus captures a neutron, but does not include the excitation
energy resulting from the neutron capture. It was shown in the last
section that the value of Eq for U23® is about 200 Mev.

The meaning of the graph can now be seen more easily if the process
which would be the reverse of fission is considered. When the drop has
split into two fragments,  is the distance between their centers; if R, and
R, are the radii of the two product drops, r = R, + R is the value of the
deformation parameter for which the two drops just touch. For values
of r smaller than R, + Rz, r represents the degree of deviation of the
original drop from its spherical shape. For values of r greater than
R, + R, the energy is just the electrostatic energy resulting from the
mutual repulsion of the two positively charged nuclear fragments. The
value of E in this region is (Z,Z2¢%/r), and E increases as the distance
between the two fragments is decreased; the energy at r = o is taken
equal to zero. When the two fragments just touch, at r = R; + Rg, the
Coulomb energy is denoted by E, and is

_ Z:\Zye®
E=m+m

When 7 is smaller than R; + R, the energy depends not only on the
electrostatic forces, but also on the surface tension forces; the calculation

19-7)
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of E is then complicated, and three different curves (I, II, and III) are
shown for the possible variation of E in this region. The shapes of these
curves and the values of E are related to the mass of the nucleus, that is,
to the value of A in Eq. (19-6). Stable nuclei with values of A some-
what greater than 100 are of type I, with E, about 50 Mev smaller than
E.. Nuclei like those of uranium, plutonium, or thorium are of type II,
for which E, — E, is about 6 Mev. For still heavier nuclei, £y may be
greater than E., as in case III. Nuclei of type III should undergo fission
spontaneously and would not be expected to last long.

On a classical basis, nuclei of type II should be stable with respect to
fission, but according to quantum mechanies, there is a certain probability
that they will undergo spontaneous fission. The fragments may “leak
through” the barrier represented by E. in the same way that a-particles
do in a-decay. In U233 about 25 spontaneous fissions occur per gram
per hour, and the half-life for this process is about 107 years.

The activation energy E. — E; needed to induce fission in nuclei of
type II has been calculated from the Bohr-Wheeler theory, and can be
compared with the excitation energy resulting from the capture of a
neutron, or other particle, or a v-ray. The excitation energy of a compound
nucleus can be computed with the aid of the semiempirical binding energy
(or mass) formula, or from the masses of the nuclei involved if they are
known. When the compound nucleus is formed by the capture of a slow
neutron, the excitation energy differs by a negligible amount from the
binding energy of the last neutron. In the case of [U?%%], the binding
energy is calculated from the known masses as follows:

Mass of U235 235.11704
Mass of neutron, 1.00898

236.12602
Mass of U238 236.11912

AM = 0.00690 amu = 6.4 Mev.

The values of the excitation energy calculated in this way for a number
of heavy nuclei are listed in Table 19-7 and compared with the correspond-
ing values of the activation energy obtained from the Bohr-Wheeler
theory. In U233 U235 and Pu??? the excitation energy is considerably
greater than the activation energy, and these nuclei would be expected
to undergo fission with thermal neutrons; they do, and the thermal fission
cross sections of U235 and Pu?3? are large, 577 b and 742 b, respectively.
In U238 and Th232, the excitation energy is smaller than the activation
energy and these nuclei do not undergo fission with thermal neutrons, as
predicted. To induce fission, the neutrons must have considerable kinetic
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TaBLE 19-7
FissionaBIiLITY OF HEAVY NUCLEI wiTH THERMAL NEUTRONS
Target Compound Excitation Activation
nucleus nucleus energy, Mev energy, Mev
U283 [U234 6.6 4.6
U235 [U23¢) 6.4 5.3
U288 [U239) 4.9 5.5
Th232 [Th233] 5.1 6.5
Pa23! [Pa232) 5.4 5.0
Np?237 [Np238) 5.0 42
Pu23? [Pu249) 6.4 4.0

energy, and fission should be a threshold reaction in these nuclei, as it is.
In Pa23! and Np?37, the excitation energy is greater than the activation
energy, and these nuclides should undergo fission with thermal neutrons.
Early experiments indicated that they do not; recent measurements show
that there is some thermal fission, but the cross sections are very small
(about 102 b) compared with those of U?3% and Pu?3®, The fact that the
calculated values of the excitation energy are greater than those of the
activation energy for PaZ3! and Np237 does not agree with the very low
probabilities of fission by thermal neutrons.

The values of the excitation energy listed in Table 19-7 indicate that
the binding energy of the neutron added to a nucleus with an odd number
of neutrons (U233, U235, Pu?3?) is greater than that for a nucleus with an
even number of neutrons (Th232, U238 Pa2?3! Np2?27). Itisfound generally
that the excitation energy is greater for target nuclei with odd numbers
of neutrons than for nuclei with even numbers of neutrons, and this effect
is related to the presence of the “odd-even” term in the binding energy
formula. Fission with thermal neutrons occurs much more often in
nuclei with an odd number of neutrons than in nuclei with an even number
of neutrons, as is shown by the values of the fission cross section listed in
Tables 19-1 and 19-2. Nearly all of the target nuclei with large values
of the cross section for fission by thermal neutrons have odd numbers of
neutrons, while nearly all of the nuclei with very small cross sections have
even numbers of neutrons. There is, therefore, some correlation between
the values of the excitation energy and the occurrence of thermal fission,
in qualitative agreement with the predictions of the Bohr-Wheeler theory.
There are some obvious exceptions; 9¢CmZ24° has a very large cross section
(~20,000 b), and 9,U?3? and 4,U2%2 have appreciable cross sections (25 b
and 80 b, respectively); each of these nuclei has an even number of neu-
trons. The nuclides Pa2%! and Np237 have low excitation energies, corre-



sponding to their even numbers of neutrons, but their activation energies
are still lower, so that they should undergo fission with slow neutrons in
spite of their odd neutron numbers. The theory based on the liquid-
drop model gives incorrect values of the activation energy in these cases.

The above discussion indicates that the liquid-drop model of the nucleus
has been applied with some success to the problem of nuclear fission.
The theory gives a qualitative, and sometimes quantitative, picture of
the process and has made possible the description of some of the properties
of fission, but it also has some serious defects in addition to those already
mentioned. According to the theory, the most probable mode of division
of the liquid-drop nucleus is into two equal fragments, so that it fails to
account for the observed asymmetry of the process; it also yields values
for photofission thresholds and for spontaneous fission rates which are
wrong quantitatively, and whose variations from nuclide to nuclide do
not agree with experiment.

Attempts have been made to modify the liquid-drop theory of fission
in order to overcome these difficulties. The application of the shell model
has been suggested,'® and has had some success in accounting for the
asymmetry,'’  Another promising approach seems to be that of Hill
and Wheeler,® which is based on the new collective model of the nucleus,
and the reader is referred to their article for a complete and detailed dis-
cussion of the mechanism of fission. Many additional papers on the theory
of fission can be found in the general references listed below.



Chapter 4 : Nuclear Fusion .

NUCLEAR FISSION AND
FUSION

We all know that the sun supports life on the earth by continuously providing
energy. It has been doing so for the last several billion years and will continue to
do so for billions of years to come. What is the source of this huge amount of
energy emitted by the sun? This question fascinated human mind always. But
now we reliably know that the energy in the core of sun is produced by fusion of
hydrogen nucli into helium at very high temperatures. This is also true of other
stars. Imitation of these conditions in a fusion reactor is being highlighted as the
ultimate source of all our energy requirements in coming years.

Similarly, you most have read about energy security and the role of nuclear energy
to produce electricity in our nuclear reactors at Tarapore, Kota, Kaiga, Narora,
Kalpakkam and Kakrapara. Similarly, you may have read in newspapers that on
August 6, 1945, an atom bomb dropped over Hiroshima, a large city of Japan,
destroyed the entire city almost completely in a span of a few seconds and lacs of
lives were lost. It released an energy equivalent to that released by the explosion
of a 20,000 ton TNT (tri-nitro toluene) bomb and was completely new in human
history. Since then, more powerful (atomic, hydrogen and neutron) bombs have
been made whose destructive power is equivalent to several Mega tons of TNT.
The super powers are said to have stockpiled a large number of such bombs. The
destructive power of their stock is so enormous that they can destroy the entire
earth several times over. The physical process responsible for such colossal amount
of energy is nuclear fission. You will now learn about these processes.



27.1.2 Nuclear Reactions

In nuclear reactions, the nuclei, not electrons, of the reactants interact with each
other. They result in the formation of new elements. This process is also called
transmutation of nuclei. From the previous lesson, you may recall that in nuclear
reactions energies of the order of MeV are involved.

We know that the entire positive charge of an atom is concentrated in its nucleus,
whose size is of the order of 10" m. The nucleus is surrounded by electrons
revolving in certain specified orbits. These create a strong electrostatic potential
barrier (also called the Coulomb barrier) as shown in Fig. 27.1. The Coulomb
barrier is about 3 MeV for carbon nuclei and 20 MeV for lead nuclei. It means
that a charged projectile aimed at a nucleus will experience strong repulsion by
the Coulomb barrier of the target nucleus. If the kinetic energy of projectile is not
large enough to penetrate the barrier, it will come back without producing any
nuclear reaction. For a proton to enter a carbon nucleus and produce transmutation,
its energy should be more than 3MeV or so. It is because of the large amounts of
energy involved in nuclear reactions that we do not observe these reactions in
everyday life at ordinary temperatures and pressures.

The phenomenon of nuclear fransmutation or nuclear reaction was discovered
by Lord Rutherford in the year 1919. He bombarded nitrogen gas with high energy
o-particles of energy 7.7 M eV obtained from a polonium source. He observed
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Fig. 27.1 : Proton and neutron potential energies near a nucleus
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that nitrogen transformed into oxygen. This change was accomponied by high
energy protons :

e+ IINo Yo+ H (27.5)

The oxygen nuclei and protons carry away 6.5 MeV. Clearly this reaction can
occur if
1.2 MeV energy is supplied from outside. Therefore, it is an endothermic nuclear
reaction. When aluminium is bombarded by 7.7 M eV alpha particles from
polonium, the following nuclear reaction takes place and 10.7 MeV energy is
released:

Hats $He - 3si+ Ju (27.6)
Here we see that more energy is released than the input energy; it is an exothermic
reaction. Note that there is a gain of nearly 3 MeV energy per reaction, which is
approximately 700,000 times the energy released in burning of one carbon atom.
But this reaction can't be used for production of energy because out of 125,000
incident alpha particles only one succeeds in producing the reaction. Hence on
the whole, there is much more energy spent than produced.

Nuclear reactions can also be produced by protons, deuterons, neutrons and other
light nuclei. Of these, neutrons are the best projectiles for producing nuclear
reactions; being neutral particles, they do not experience Coulomb repulsion..
Thus even thermal neutrons (i.e. neutrons having energy 0.0253 eV) can penetrate
the target nucleus and produce a nuclear reaction.

Some typical examples of nuclear reactions produced by protons, deutrons and
neutrons are:

§U+ }H — ;He + ‘Z‘He (27.7)
YB+ JH - 33He @73
§°B+n — ;'Li+'§Hc (27.9)

Like chemical reactions, nuclear reactions also follow conservation laws, We state
these now.

27.1.3 Conservation Laws for Nuclear Reactions

o The sum of the mass numbers of the reactants is equal to the sum of mass
numbers of the products, In Eqn. (27.7), mass number T=3+4=6 + 1 is
conserved.



St

e The sum of atomic numbers of the reactants is equal to the sum of atomic
numbers of the products. In Eqn. (27.7), atomic number4 =3 +1=2+2 s
conserved.

® Nuclear reactions follow the law of conservation of energy. We know that
mass is concentrated form of energy. Therefore the sum of input kinetic energy
plus the mass of the reactants is equal to the output kinetic energy plus the
mass of the products.

® Nuclear reactions follow the law of conservation of momentum, which results
in distribution of kinetic energy among various product nuclei.
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27.2 NUCLEAR FISSION

The story of discovery of fision is very fascinating. In the year 1938, Enrico
Fermi, Otto Hahn and others irradiated uranium nuclei with slow neutrons to
produce transuranic elements (having Z greater than 92), which do not occur in
nature. When incident neutrons were captured by the uranium nuclei, the neutron-
proton ratio increased. In reducing this ratio, it was expected that uranium would
become P-active. That is a neutron would essentially behave as if it has changed
into a proton resulting in the release of a B-particle and some energy according to
the equation:

BBy +ln » 28 + Ye+0 (27.10)

In this process, a new transuranic element having atomic number 93 was expected
to be produced. In fact, Fermi and his co-researchers observed B-activities with
half-lives different from any of the known values for heavy elements in the vicinity
of uranium. From those observations, they concluded that transuranic elements
had been produced. And to identify the element, they carried out chemical analysis
but failed.

In the same year, Otto Hahn and Fritz Strausmann carried out a series of
experiments and established that barium, an element of intermediate mass number,
rather than a transuranic element, was one of the products of the reaction and it
was accomponied by release of nearly 200 MeV of energy. This result — the
product of slow neutron bombardment of uranium was barium — was completely
unexpected and defied all knowledge of nuclear physics of that time. These findings
were reported in Nature in Dec. 1938.

Initially, Lise Meitner and Otto Frisch explained these results on the basis of
liquid drop model of nucleus and named this process nuclear fission using the
analogy with biological cell division. Later on, Bohr and Wheeler calculated the

amount of energy released in the process, confirming the physical basis of this
model.



27.2.1 Mechanism of Nuclear Fission

In the year 1939, Bohr and Wheeler developed the theory of fission using the
analogy between nuclear forces and the forces which bind molecules in a liquid.
They predicted that 3°U was more fissile than 2° U . Refer to Fig. 27.2. If shows
the schematics of nuclear fission of ;U by lhermal neutrons according to the
equation.

U+ hn— 4§'Ba+ PKr +3hn +Q L)
(0000
-
time —

Fig, 27.2 : Nuclear-fismon of a nucleus according to the liquid drop model

The emitted neutrons have energy of the order of a few MeV, and Q =~ 200MeV.

Note that a fission event occurs within 10~ s of neutron capture and fission
neutrons are emitted within about 107 s of the event. Moreover, the fission
fragments are of unequal mass: one being 1.5 to 2 times heavier than the other.
Also. Eqn. (27.11) gives only one of the more than 40 different modes in which a

U nucleus can fission. It means that about 80 different nuclei of intermediate

masses are produced in the fission of J*U. The heavier fragments lie in the mass
range 125-150 with the a maximum around 140, whereas the lighter fragments
lie in the range 80 — 110 with a maximum around 95. The number of neutrons

emitted is either two or three and the average number of neutrons produced per
fission of **U is2.54
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Fig. 27.3 : Nuclear fission
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Bohr and Wheeler treated the nucleus as a charged spherically symmetric liquid
drop in its equilibrium (lowest energy) state. According to them, when a nucleus
captures a thermal neutron, the binding energy (BE) of this neutron, which is 6.8
MeV per atomic mass unit for 2517, is released. This energy excites the nucleus
and distorts its shape. While the force of surface tension tries to restore the original
shape, the Coulomb force tends to distort it further. As a result, it oscillates
between spherical and dumb bell shapes, as shown in Fig.27.2, depending on the
energy of excitation. When the energy gained by the nucleus is large, the amplitude
of these oscillatious pushes the nuclens into dumb bell shape. When the distance
between the two charge centres exceeds a critical value, electrostatic repulsion
between them overcomes nuclear surface tension and pushes the nucleus into
two parts resulting in fission.

A substance like 3*U which undergoes fission by thermal neutrons is called a

[issile material. Other fissile materials are 2'Th, 2'U and 2’Pu. You may note
that all these nuclei have odd mass number and even atomic number.

We can estimate the amount of energy released in the fission of 2)° U by calculating
the mass defect as follows:

Table 27.1 Energy Generated in o Nuclear Reaction

Reactants Mass Products Mass

-y 235.0439 u w Ba 1409139 u

'n 1.008665 u ﬁKr 91,8973 u
3xVn 3.025995 u

Total mass 236.052565 u Total mass 235837195 u

Mass defect 0.21537u

Encrey released 0.21537 x 931 = 200 MeV

27.2.2 Nuclear Chain Reaction

You have now learnt that when a neutron
is captured by U, it splits into two
fragments and 2-3 neutrons are emitted,
These are capable of causing further
fissions. This immediately presented the
exciting possibility of maintaining a
fission chain reaction in which each
fission event removes one neutron and
replaces that by more than two. When Fig. 27.4 : Nuclear Chain reaction




the rate of production of neutrons equals the rate of loss of neutrons, the reaction
is said to be self-sustained. The device designed to maintain a self-sustained and
controlled chain reaction is called a nuclear reactor.

Nuclear reactors are usually classified according to the purpose for which they
are used. So a nuclear power reactor is used to produce electricity and a research
reactor is used to produce radioisotopes for medical purposes, carrying out
experiments for refinements or applied research. We also categorise nuclear
reactors as fast and thermal, depending on the energy of neutrons causing fission.
In India, we have thermal power reactors at Tarapore, Narora, Kota, Kaiga, etc.
At Kalpakkam, we are developing a fast breeder research reactor.
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You now know that uranium nucleus can be made to split into lighter nuclei
resulting in release of huge amount of energy. You may now ask: Can we combine
lighter nuclei to produce energy? To discover answer to this question, refer to the
binding energy per nucleon (BE/A) curve (Fig.26.2). You will note that binding
energy per nucleon increases as we go from hydrogen to helium . It means that
helium is more stable than hydrogen, Consider the following reaction:

D'+ D' = He' +Q
You can easily calculate the B.E of reactants and products:
Total B.E of reactants, BE, =2 x 2.22 = 4.44 MeV
Total B.E of products, BE, =28.295 MeV
Q =(BE, - BE )~ 24 MeV

.. Note that the energy released per nucleon in this reaction is 24/4=6 MeV,
which is nearly seven times the energy released per nucleon (200/238 = 0.83
MeV) in a nuclear fission event.

The process in which two light nuclei combine to form a heavier nucleus is
called nuclear fusion.

Fusion process presents itself as a more viable energy option. However, the process
of fusion is more difficult to achieve than nuclear fission because both the deuterons
are positively charged. When we try to bring them together to fuse into one
nucleus, they repel each other very strongly and the reaction is ordinarily
impossible.

To achieve this reaction, the deuterons have to be heated to nearly 10 million
kelvin so that they acquire sufficient kinetic energy to overcome repulsion before
they collide to fuse into helium nucleus. But the problems associated with
maintaining such high temperatures continuously and containing the reactants
together has not yet been solved fully. The controlled thermonuclear reaction
necessary for harnessing this source of energy is however not far now.

Almost inexhaustible amount of deuterium (heavy hydrogen) is present in the
ocean. Once we begin to harness this source, our energy problem should be solved
for ever. We will get an endless supply of cheap electricity without any pollution.
This is because one gram of deuterium (heavy hydrogen) yields about 100,000
kW h of energy.

27.4.1 Energy in the Sun and Stars

The stars like our sun are very massive objects. They have been continuously
emitting tremendous amount of energy for the last billions of years,




Such a huge amount of energy cannot be obtained by burning conventional fuels
like coal. Nuclear fission can also not be the source of this energy, because heavy
elements do not exist in the sun in large quantity. The sun mainly consists of
hydrogen and helium gases. Then you may like to know: What is the source of
energy in the sun? This question has engaged human intellect for long. As a child,
you must have gazed the sky when you learnt the rhyme: Twinkle twinkle litter
star, How I wonder what you are!

You may know that the huge mass of the sun produces extremely strong
gravitational field, which compresses its constituent gases by enormous pressure
resulting in the rise of temperature to millions of kelvin at its centre. It has been
estimated that the temperature at the centre of the sun is 20 million kelvin. At
such high temperatures and pressures, gas molecules travel at high speeds and
collide setting in thermonuclear reaction and resulting in the release of large amount
of energy.

Bethe proposed that fusion of hydrogen into helium is responsible for the energy
produced in stars:

4'H - 3He + 2.¢€ +Q

The overall result here is: four hydrogen nuclei fuse into a helium nucleus with
the release of two positrons (electron-like microscope particles of the same mass
but positive charge) and 26.8 MeV energy. The tremendous amount of energy
released in a thermo-nuclear reaction is the source of energy in stars. The
quantity of hydrogen in the sun is sufficient to keep it shining for nearly 8 billion
years more.



27.5 NUCLEAR ENERGY

We need energy for all economic activities in life. The amount of energy consumed
per capita is a measure of advancement of a nation. According to a recent UNESCO
report (2007), we are consuming about 40% more than what mother earth can
generate in the form of food, water and energy. In fact, the human society has
been continuously striving for energy security and looking for newer sources of
energy. Due to over use, conventional sources of energy are depleting very fast
and may exhaust completely in the next one hundred years. The nuclear energy is
perhaps an important option for meeting our future energy needs through peaceful
applications. Let us discuss these now.

27.5.1 Peaceful Applications

The most important peaceful application of nuclear energy is in the generation of
electricity. One of the main advantages of nuclear power plant is that the fuel is
not required to be fed into it continuously like the gas or coal in a thermal power
plant. Further, it does not pollute the environment to the extent discharge of
smoke or ash from fossil fuel/power plants do. The fuel once loaded in areactor
runs for nearly 6 months at a stretch. Because of this nuclear power plants have
been used to power huge ships and submarines.

However, spent fuel of a reactor is highly radioactive because a large number of
radio-isotopes are present in it. India has developed its own facility to treat spent
fuel and extract it from those radio-isotopes which find uses in agriculture,
medicine, industry and research. To avoid the spread of radioactive radiations
from the radioactive wastes, the radioactive wastes are generally embedded deep
inside salt mines in heavy steel cases. Yet, it has evoked considerable controversy
due to its destructive potential which was displayed on August 6, 1945, when an
atom bomb was dropped on Hiroshima (Japan) killed hundred thousand people in
a very short time. Subsequently, even more powerful hydrogen and nitrogen bombs
have been developed. These can destroy this beautiful planet many times over.



Chapter 5

Components of a nuclear reactor
There are several components common to most types of reactor:

Fuel

Uranium is the basic fuel. Usually pellets of uranium oxide (UO.) are arranged in
tubes to form fuel rods. The rods are arranged into fuel assemblies in the reactor
core.* In a 1000 MWe class PWR there might be 51,000 fuel rods with over 18
million pellets.

* In a new reactor with new fuel a neutron source is needed to get the reaction going. Usually this is
beryllium mixed with polonium, radium or other alpha-emitter. Alpha particles from the decay cause
a release of neutrons from the beryllium as it turns to carbon-12. Restarting a reactor with some used
fuel may not require this, as there may be enough neutrons to achieve criticality when control rods
are removed.

Moderator
Material in the core which slows down the neutrons released from fission so that
they cause more fission. It is usually water, but may be heavy water or graphite.

Control rods or blades

These are made with neutron-absorbing material such as cadmium, hafnium or
boron, and are inserted or withdrawn from the core to control the rate of reaction, or
to halt it.* In some PWR reactors, special control rods are used to enable the core to
sustain a low level of power efficiently. (Secondary control systems involve other
neutron absorbers, usually boron in the coolant — its concentration can be adjusted
over time as the fuel burns up.) PWR control rods are inserted from the top, BWR
cruciform blades from the bottom of the core.

* In fission, most of the neutrons are released promptly, but some are delayed. These are crucial in
enabling a chain reacting system (or reactor) to be controllable and to be able to be held precisely
critical.

Coolant

A fluid circulating through the core so as to transfer the heat from it. In light water
reactors the water moderator functions also as primary coolant. Except in BWRs,
there is secondary coolant circuit where the water becomes steam. (See also later
section on primary coolant characteristics.) A PWR has two to four primary coolant
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loops with pumps, driven either by steam or electricity — China’s Hualong One
design has three, each driven by a 6.6 MW electric motor, with each pump set
weighing 110 tonnes.

Pressure vessel or pressure tubes

Usually a robust steel vessel containing the reactor core and moderator/coolant, but
it may be a series of tubes holding the fuel and conveying the coolant through the
surrounding moderator.

Steam generator

Part of the cooling system of pressurised water reactors (PWR & PHWR) where the
high-pressure primary coolant bringing heat from the reactor is used to make steam
for the turbine, in a secondary circuit. Essentially a heat exchanger like a motor car
radiator.* Reactors have up to six 'loops', each with a steam generator. Since 1980
over 110 PWR reactors have had their steam generators replaced after 20-30 years
service, over half of these in the USA.

* These are large heat exchangers for transferring heat from one fluid to another — here from high-
pressure primary circuit in PWR to secondary circuit where water turns to steam. Each structure
weighs up to 800 tonnes and contains from 300 to 16,000 tubes about 2 cm diameter for the primary
coolant, which is radioactive due to nitrogen-16 (N-16, formed by neutron bombardment of oxygen,
with half-life of 7 seconds). The secondary water must flow through the support structures for the
tubes. The whole thing needs to be designed so that the tubes don't vibrate and fret, operated so that
deposits do not build up to impede the flow, and maintained chemically to avoid corrosion. Tubes
which fail and leak are plugged, and surplus capacity is designed to allow for this. Leaks can be
detected by monitoring N-16 levels in the steam as it leaves the steam generator.

Containment

The structure around the reactor and associated steam generators which is designed
to protect it from outside intrusion and to protect those outside from the effects of
radiation in case of any serious malfunction inside. It is typically a metre-thick
concrete and steel structure.

Newer Russian and some other reactors install core melt localisation devices or
‘core catchers' under the pressure vessel to catch any melted core material in the
event of a major accident.

There are several different types of reactor as indicated in the following table.



types of nuclear reactor

Pressurised water reactor (PWR)

This is the most common type, with about 300 operable reactors for power
generation and several hundred more employed for naval propulsion. The design of
PWRs originated as a submarine power plant. PWRs use ordinary water as both
coolant and moderator. The design is distinguished by having a primary cooling
circuit which flows through the core of the reactor under very high pressure, and a
secondary circuit in which steam is generated to drive the turbine. In Russia these
are known as VVER types — water-moderated and -cooled.
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A PWR has fuel assemblies of 200-300 rods each, arranged vertically in the core,
and a large reactor would have about 150-250 fuel assemblies with 80-100 tonnes
of uranium.
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Water in the reactor core reaches about 325°C, hence it must be kept under about
150 times atmospheric pressure to prevent it boiling. Pressure is maintained by
steam in a pressuriser (see diagram). In the primary cooling circuit the water is also
the moderator, and if any of it turned to steam the fission reaction would slow
down. This negative feedback effect is one of the safety features of the type. The
secondary shutdown system involves adding boron to the primary circuit.

The secondary circuit is under less pressure and the water here boils in the heat
exchangers which are thus steam generators. The steam drives the turbine to
produce electricity, and is then condensed and returned to the heat exchangers in
contact with the primary circuit.

Boiling water reactor (BWR)

This type of reactor has many similarities to the PWR, except that there is only a
single circuit in which the water is at lower pressure (about 75 times atmospheric
pressure) so that it boils in the core at about 285°C. The reactor is designed to
operate with 12-15% of the water in the top part of the core as steam, and hence
with less moderating effect and thus efficiency there. BWR units can operate in
load-following mode more readily than PWRs.

The steam passes through drier plates (steam separators) above the core and then
directly to the turbines, which are thus part of the reactor circuit. Since the water
around the core of a reactor is always contaminated with traces of radionuclides, it
means that the turbine must be shielded and radiological protection provided during
maintenance. The cost of this tends to balance the savings due to the simpler design.
Most of the radioactivity in the water is very short-lived*, so the turbine hall can be
entered soon after the reactor is shut down.

* mostly N-16, with a 7 second half-life

A BWR fuel assembly comprises 90-100 fuel rods, and there are up to 750
assemblies in a reactor core, holding up to 140 tonnes of uranium. The secondary
control system involves restricting water flow through the core so that more steam
in the top part reduces moderation.
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Pressurised heavy water reactor (PHWR)

The PHWR reactor has been developed since the 1950s in Canada as the CANDU,
and from 1980s also in India. PHWRs generally use natural uranium (0.7% U-235)
oxide as fuel, hence needs a more efficient moderator, in this case heavy water
(D20).** The PHWR produces more energy per kilogram of mined uranium than
other designs, but also produces a much larger amount of used fuel per unit output.

** with the CANDU system, the moderator is enriched (i.e. water) rather than the fuel — a cost trade-
off.

The moderator is in a large tank called a calandria, penetrated by several hundred
horizontal pressure tubes which form channels for the fuel, cooled by a flow of
heavy water under high pressure (about 100 times atmospheric pressure) in the
primary cooling circuit, typically reaching 290°C. As in the PWR, the primary
coolant generates steam in a secondary circuit to drive the turbines. The pressure
tube design means that the reactor can be refuelled progressively without shutting
down, by isolating individual pressure tubes from the cooling circuit. It is also less



costly to build than designs with a large pressure vessel, but the tubes have not
proved as durable.
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A CANDU fuel assembly consists of a bundle of 37 half metre long fuel rods
(ceramic fuel pellets in zircaloy tubes) plus a support structure, with 12 bundles
lying end to end in a fuel channel. Control rods penetrate the calandria vertically,
and a secondary shutdown system involves adding gadolinium to the moderator.
The heavy water moderator circulating through the body of the calandria vessel also
yields some heat (though this circuit is not shown on the diagram above).

Newer PHWR designs such as the Advanced Candu Reactor (ACR) have light
water cooling and slightly-enriched fuel.

CANDU reactors can accept a variety of fuels. They may be run on recycled
uranium from reprocessing LWR used fuel, or a blend of this and depleted uranium



left over from enrichment plants. About 4000 MWe of PWR might then fuel 1000
MWe of CANDU capacity, with addition of depleted uranium. Thorium may also
be used in fuel.

Advanced gas-cooled reactor (AGR)

These are the second generation of British gas-cooled reactors, using graphite
moderator and carbon dioxide as primary coolant. The fuel is uranium oxide pellets,
enriched to 2.5 - 3.5%, in stainless steel tubes. The carbon dioxide circulates
through the core, reaching 650°C and then past steam generator tubes outside it, but
still inside the concrete and steel pressure vessel (hence 'integral’ design). Control
rods penetrate the moderator and a secondary shutdown system involves injecting
nitrogen to the coolant. The high temperature gives it a high thermal

efficiency — about 41%. Refuelling can be on-load.
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The AGR was developed from the Magnox reactor. Magnox reactors were also
graphite moderated and CO- cooled, used natural uranium fuel in metal form, and
water as secondary coolant. The UK's last Magnox reactor closed at the end of
2015.

Light water graphite-moderated reactor (LWGR)

The main LWGR design is the RBMK, a Soviet design, developed from plutonium
production reactors. It employs long (7 metre) vertical pressure tubes running
through graphite moderator, and is cooled by water, which is allowed to boil in the
core at 290°C and at about 6.9 MPa, much as in a BWR. Fuel is low-enriched
uranium oxide made up into fuel assemblies 3.5 metres long. With moderation
largely due to the fixed graphite, excess boiling simply reduces the cooling and
neutron absorbtion without inhibiting the fission reaction, and a positive feedback
problem can arise, which is why they have never been built outside the Soviet
Union. See appendix on RBMK Reactors for further information.
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