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Neutron captured by 235 U.
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239U decays by 8 decay
to neptunium-239,
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3;§f§'Np itself decays by
B decay to produce
plutonium-239,

FIGURE 31-1 Neptunium and
plutonium are produced in this series
of reactions, after bombardment of
Z5U by neutrons.

FIGURE 31-2 Fission of a Zj3U
nucleus after capture of a neutron.
according to the liguid-drop model.
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(b) 235U (excited)

The artificial transmutation of elements took a great leap forward in the
1930s when Enrico Fermi realized that neutrons would be the most effective
projectiles for causing nuclear reactions and in particular for producing new
elements. Because neutrons have no net electric charge, they are not repelled by
positively charged nuclei as are protons or alpha particles. Hence the proba-
bility of a neutron reaching the nucleus and causing a reaction is much greater
than for charged projectiles,” particularly at low energies. Between 1934 and
1936, Fermi and his co-workers in Rome produced many previously unknown
isotopes by bombarding different elements with neutrons. Fermi realized that if
the heaviest known element, uranium, is bombarded with neutrons, it might be
possible to produce new elements with atomic numbers greater than that of
uranium. After several years of hard work, it was suspected that two new
elements had been produced, neptunium (Z = 93) and plutonium (Z = 94).
The full confirmation that such “transuranic™ elements could be produced came
several years later at the University of California, Berkeley. The reactions are
shown in Fig. 31-1.

It was soon shown that what Fermi had actually observed when he
bombarded uranium was an even stranger process—one that was destined to
play an extraordinary role in the world at large. We discuss it in Section 31-2,
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In 1938, the German scientists Otte Hahn and Fritz Strassmann made an
amazing discovery. Following up on Fermi’s work, they found that uranium
bombarded by neutrons sometimes produced smaller nuclei that were roughly
half the size of the original uranium nucleus. Lise Meitner and Otto Frisch, two
refugees from Nazi Germany working in Scandinavia, quickly realized what had
happened: the uranium nucleus, after absorbing a neutron, actually had split
into two roughly equal pieces. This was startling, for until then the known
nuclear reactions involved knocking out only a tiny fragment (for example,
n, p, or «) from a nucleus.

Nuclear Fission and Chain Reactions

This new phenomenon was named nuclear fission because of its resemblance

to biological fission (cell division). It occurs much more readily for *j3U than for

the more common “3U. The process can be visualized by imagining the uranium
nucleus to be like a liquid drop. According to this liquid-drop model, the
neutron absorbed by the U nucleus gives the nucleus extra internal energy
(like heating a drop of water). This intermediate state, or compound nucleus, is
23U (because of the absorbed neutron). The extra energy of this nucleus—it is in
an excited state—appears as increased motion of the individual nucleons, which
causes the nucleus to take on abnormal elongated shapes, Figure 31-2. When the
nucleus elongates (in this model) into the shape shown in Fig. 31-2¢, the attrac-
tion of the two ends via the short-range nuclear force is greatly weakened by the
increased separation distance, and the electric repulsive force becomes domi-
nant. So the nucleus splits in two (Fig. 31-2d). The two resulting nuclei,
X, and X, , are called fission fragments, and in the process a number of neutrons

(typically two or three) are also given off, The reaction can be written
n + 23U - WU - X, + X, + neutrons. (31-3)

The compound nucleus, 233U, exists for less than 10775, so the process occurs
very quickly. The two fission fragments more often split the original uranium mass
as about 40%-60% rather than precisely half and half. A typical fission reaction is

n + 23U = '¥Ba + $Kr + 3n, (31-4)

although many others also occur.

"That is, positively charged particles. Electrons rarely cause nuclear reactions because they do not
interact via the strong nuclear force.
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