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Chapter 1 Atoms and Nuclei /REF5FEF#

A complete understanding of the microscopic structure of matter and the

exact nature of the forces acting is yet to be realized. However, excellent

models have been developed to predict behavior to an adequate degree

of accuracy for most practical purposes.®" These models are

descriptive or mathematical, often based on analogy with large-scale

processes, on experimental data, or on advanced theory.

1.1 Atomic Theory

The most elementary concept is that matter is composed of individual

particles—atoms—" that retain®"! their identity™®? as elements in

ordinary physical and chemical interactions. Thus a collection of helium

atoms that forms a gas has a total weight that is the sum of the weights

of the individual atoms.*? Also, when two elements combine to form a
[F-2]

compound (e.g." 7, if carbon atoms combine with oxygen atoms to form
carbon monoxide molecules), the total weight of the new substance is
the sum of the weights of the original elements.

There are more than 100 known elements. Most are found in
nature; some are artificially produced. Each is given an atomic number
in the periodic table of the elements—examples are hydrogen (H) 1,
helium™" (He) 2, oxygen (O) 8, and uranium™? (U) 92. The symbol Z
is given to the atomic number, which is also the number of electrons in
the atom and determines its chemical properties.

Generally, the higher an element is in the periodic table, the heavier
are its atoms. The atomic mass M is the mass in grams of a definite
number of atoms, 6.02><1023, which is Avogadro’s number, Na. For the
example elements above, the values of M are approximately H 1.008, He
4.003, O 16.00, and U 238.0. We can easily find the number of atoms
per cubic centimeter in a substance if its density p in ggams[c'l] per cubic
centimeter is known. For example, if we had a container of helium gas
with density 0.00018 g/cm’, each cubic centimeter would contain a
fraction 0.000 18/4.003 of Avogadro’s number of helium atoms, i.e.,

2.7x10". This procedure can be expressed as a convenient formula for

adequate adj. i&E 11
accuracy n. HERfifE
descriptive adj. #RTEM
mathematical adj. 1 5L

analogy n. Lt

retain vr. {R¥F
identity n. F§tE

carbon monoxide 7. — % fLHH

periodic table n. J& %

chemical property n. b # 1

cubic centimeter n. 777 JE K

fraction n. LB, 43%(
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finding &, the number per cubic centimeter for any material:

P
N=LN
MA.

Thus in uranium with density 19 g/em’, we find N = (19 / 238)( 6.02 x
102) = 0.048x10** cm>.1°? The relationship holds for™®"! compounds
as well, if M is taken as the molecular weight. In water, H,O, with p =
1.0 g/em® and M = 2 x 1.008 + 16.00 = 18.0, we have N = (1/18)
(6.02x10%) = 0.033x10** cm . (The use of numbers times 10** will turn

out to be convenient later.)

1.2 Gases

[B-3] [A-3]

Substances in the gaseous state

[A-4]

are described approximately by

the perfect gas law

temperature,

, relating pres-sure, volume, and absolute

pV = nkT

where # is the number of particles and & is Boltzmann constant!®), An

increase in the temperature of the gas due to'™?! heating causes greater

molecular motion, which results in®>' an increase of particle
[E-3]

bombardment of a container wall and thus of pressure on the wall.

The particles of gas, each of mass m, have a variety of>* speeds v in

accord with™! Maxwell’s gas theory, as shown in Fig. 1.1.

Number of molecules per unit speed

(0] v
P speed v

Fig. 1.1 Distribution of molecular speeds.

compound n. L&)

substance 7. )i
absolute temperature 7. #i%{iE
B (RFA HRAFEE

thermodynamic temparature )



Chapter 1 Atoms and Nuclei

[A-6]

The most probable speed ™, at the peak of®® this maxwellian

distribution, is dependent on™” temperature according to the

relation®*

The kinetic theory of gases provides a basis for calculating properties
such as the specific heat”7, Using the fact that the average energy of

[D-8]

. . = _3
gas molecules is proportional to" ' the temperature, E = ;kT, we can
deduce that the specific heat capacity of a gas consisting only of atoms

. 3k ] e
is c=—, where m is the mass of one atom. We thus see an intimate

relationship between mechanical and thermal properties of materials.
1.3 The Atom and Light

Until the 20" century the internal® structure of atoms was unknown,
but it was believed that electric charge and mass were uniform.
Rutherford performed some crucial experiments in which gold atoms

were bombarded by charged particles. He deduced in 1911 that most of

the mass and positive charge of an atom were concentrated in a nucleus

of radius only about 10~ times that of the atom, and thus occupying a

volume of about 10" times that of the atom.®™ The new view of atoms

paved the way for®®) Bohr to find an explanation for the production of

light.

It is well known that the color of a heated solid or gas changes as
[D-10]

2o from the red end of the

visible region toward the blue end, i.e., from long wave lengths to short
wavelengths. (-] The measured distribution of light among the different

the temperature is increased, tending to

wavelengths at a certain temperature can be explained by the assumption
that light is in the form of photons. These are absorbed and emitted with
definite amounts™®*®! of energy E that are proportional to the frequency
v, according to

E=hy,
where 4 is Planck constant/**], 6.63 X 10 Jes. For example, the energy

corresponding to®'! a frequency of 5.1X 10" is (6.63X107%)(5.1 X

10" = 3.4X 107" J, which is seen to be a very minute amount of
energy. The emission and absorption of light from incandescent

hydrogen gas was first explained by Bohr, using a novel model of the

deduce vt. #Eif, WM

intimate adj. #J](¥)

uniform adj. #)%5]. H—H

crucial adj. HEM), e R

visible region n. B WYX

assumption n. 1%

minute adj. /N
incandescent adj. F1#(H)

novel adj. FFH

~
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hydrogen atom. He assumed that the atom consists of ™% 3 single

BT orbit about a

electron moving at constant speed in a circular
nucleus—proton—as sketched®™ in Fig. 1.2. Each mass that is 1 836

times that of the electron. The radius of the orbit is set by the equality of

electrostatic force, attracting the two charges toward each other, to

centripetal force, required to keep the electron on a circular path. (E-6] ¢
t[B-9]

sufficien energy is supplied to the hydrogen atom from the outside,
the electron is caused to jump to a larger orbit of definite radius. At
some later time, the electron falls back spontaneously® ' to the original
orbit, and energy is released in the form of a photon of light. The energy
of the photon /v is equal to the difference between energies in the two
orbits. The smallest orbit has a radius R; = 0.53 X 10°1° m, while the
others have radii increasing as the square of integers (called quantum
numbers[A'gl). Thus if nis 1, 2, 3, ..., the radius of the nth orbit is R, =

n’R.. Fig. 1.3 shows the allowed electron orbits in hydrogen. The energy

electron

circular orbit
radius 0.53 X 107""m

Fig. 1.2 Hydrogen atom.

electron “jump”

light of energy
hv=E,—-E,

possible
orbits

Fig. 1.3 Electron orbits in hydrogen (Bohr theory).

proton n. Jii |-
sketch ve. fiik
electrostatic adj. #fHl (“%) 1)

sufficient adj. W1

spontaneously adv. [

square n. V-7
integer n. 3%



Chapter 1 Atoms and Nuclei

of the atom system when the electron is in the 1¥ orbit is E;=-13.5 eV,
where the negative sign means that energy must be supplied to remove
the electron to a great distance and leave the hydrogen as a positive ion. | ionn. &7
The energy when the electron is in the nth orbit is E, = El/nz. The

various discrete levels are sketched in Fig. 1.4.

dissociation

0
=17 n=4
2F n=3
=3t
4t n=2
st
-6

Energy/eV
|
~

-9+

n=1

—-14* Ground level

Fig. 1.4 Energy leves in hydrogen atom.
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@ | "9‘.’.g ) G Oxygen
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1\ O, | |
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\ T nucleus / /
\ 1 / /

”
N -
A \\G—’/ i
\ /

Hydrogen Hydrogen

Fig. 1.5 Water molecule.
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The electronic®"'"

structure of the other elements is described by
the shell model, in which a limited number of electrons can occupy a

given orbit or shell. The atomic number Z is unique for each chemical

element, and represents both the number of positive charges on the

central massive nucleus of the atom and the number of electrons in

orbits around the nucleus. £7' The maximum allowed numbers of

electrons in orbits as Z increases for the first few shells are 2, 8, and 18,.
The chemical behavior of elements is determined by the number of
electrons in the outermost or valence shell. For example, oxygen with Z
= 8 has two electrons in the inner shell, six in the outer. Thus oxygen has
an affinity for™"¥) elements with two electrons in the valence shell. The
formation of molecules from atoms by electron sharing is illustrated by

Fig. 1.5, which shows the water molecule.
1.4 Laser Beams

Ordinary light as in the visible range is a mixture of many frequencies,
directions, and phases. In contrast™®'*'*!, light from a laser™'” (light
amplified by stimulated emission of radiation) consists of a direct beam
of one color and with the waves in_step[D'”’]. The device™®'? consists of
a tube of material to which energy is supplied, exciting the atoms to
higher energy states. A photon of a certain'“>! frequency is introduced.

It strikes an excited atom, causing it to fall back to the ground state and
in so doing emit another photon of the same frequency. The two photons
strike other atoms, producing four identical photons, and so on. The
ends of the laser are partially reflection, which causes the light to be

[D-17]

trapped and to build up inside by a combination of reflection and

stimulation. An avalanche of photons is produced that makes a very

intense’®"*! beam, ¥ Light moving in directions other than®'® the

long axis of the laser is lost through the sides, so that the beam that

escapes from the end proceeds in only one direction.!® The reflection

between the two end mirrors assures a coherent beam; i.e., the waves are
in phase® ",

Lasers can be constructed from several materials. The original one
(1960) was the crystalline gem ruby. Others use gases such as a
helium-neon mixture, or liquids with dye in them, or semiconductors.
The external supply of energy can be chemical reactions, a discharge
produced by accelerated electrons, energetic particles from nuclear

reactions, or another laser. Some lasers operate continuously while

shell n. (HLT*) 5¢)2

unique adj. ME—{t)

valence n. &M, R TH

affinity n. SEHJ)
formation n. FEH, ¥Rk SRR
it

laser beam n. BOLHK

device n. ¥ #E

P

ground state n. HEA
identical adj. 4[], [F—f

reflection n. 4

stimulation n. W, #k
avalanche n. i ji}, 1l1f}
intense adj. O, A A
)
beamn. (H£R) K
assure vt. fffi{#

coherent beam n. AH TG

crystalline gem ruby n. 41 % £1
neon n. 7

dye n. Y}

semiconductor n. - F4k

external adj. M



Chapter 1 Atoms and Nuclei

others produce pulses of energy as short as a fraction of a
nanosecond™™ (107 s) with a power of a terawatt (10'* watts). Because
of the high intensity, laser light if viewed directly can be hazardous to
the eyes.

Lasers are widely used where an intense well-directed beam is
required®"'¥, as in metal cutting and weld}ég}: eye surgery and other
medical applications, and accurate surveying and range[B'lsl finding.
Newer applications are noise-free phonographs, holograms (3D images),
and communication between airplane and submarine. \‘)ﬁl A

Later, we shall describe several nuclear applications—isotc_)pg

3

[A-11] ‘;\ 7%

separation, thermonuclear fusion , and military weapons.

by

1.5 Nuclear Structure

Most elements are composed of particles of different weight, called
isotopes. For instance®?"), hydrogen has three isotopes of weights in
proportion 1, 2, and 3—ordinary hydrogen, heavy hydrogen
(deuterium[A"Z]), and Lriti_um[A'”]. Each has atomic number Z = 1 and the
same chemical properties, but they differ in the composition of the
central nucleus, where most of the weight resides. The nucleus of
ordinary hydrogen is the positively charged proton; the deuteron*"'¥
consists of a proton plus a neutron, a neutral particle of weight very

[A-15]

close to that of the proton; the triton contains a proton plus two

neutrons. To distinguish isotopes, we identify the mass number 4, as the

total number of nucleons, the heavy particles in the nucleus. F'% A

complete shorthand description is given by the chemical symbol with
subscript 4 value and subscript Z value, e.g. 1H, 2H, 3H. Figure 1.6
shows the nuclear and atomic structure of the three hydrogen isotopes.
Each has one electron in the outer shell, in accord with the Bohr theory

described earlier.

O ol O
P \ - \ # \

A\ b Y \
/ \ / b / \
\ \ \
! ! /
i ! | ! | !
\ ! | ! \ !
I I /
\ \ \
A / \ / \ /
\ / \ / \ /
\ 7 ’ \ 7 / N i 4
~ ~ ol -~ i ~ - -~ = ~ - -
Hydrogen Deuterium Tritium
I 2 3
iH H H

Fig. 1.6 Isotopes of hydrogen.

intensity n. 5#/%

surgery n. FMEF (%)
accurate surveying ». ¥ i il &
range finding n. HlIFE
phonograph n. HiIEHL
hologram n. 4§ (JAH)

communication 7. #fF

proportion n. LA

heavy hydrogen n. 4

reside vi. JE{E, REAFFAE

nucleon n. #% f
shorthand . i#id

subscript n. FFx
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Fig. 1.7 Atomic and nuclear structure

The structure of some of the lighter elements and isotopes is sketched in
Fig. 1.7. In each case, the atom is neutral®'® because the negative
charge of the Z electrons in the outer shell balances the positive charge
of the Z protons in the nucleus. The symbols for these are {H, 3He, $Li,
7Li, JBe, 180, and 23Na. In addition to®*" the atomic number Z and
the mass number 4, we often need to write the neutron number N, which
is , of course, A—Z. For ‘the set of isotopes listed, N is 0, 2, 3, 4, 5, 8,
and 12, respectively.

When we study nuclear reactions, it is convenient to let the neutron
be represented by the symbol implying a mass comparable to that of
hydrogen }H, but with no electronic charge, Z = 0. Similarly[B'm, the
electron is represented by _Je, suggesting nearly zero mass in
comparison with™ 2“4 that of hydrogen, but with negative charge. An
identification of isotopes frequently used in qualitative[B'lg] discussion
consists of the element name and it’s A value, thus sodium-23 and

uranium-235, or even more simply Na-23 and U-235.
1.6 Sizes and Masses of Nuclei

The dimensions of nuclei are found to be very much smaller than those
%

'

setn. A, B, 4

respectively adv. 4353

imply: vt. 75, Bk

suggest vr. ffAHHE, HiR

identification n. ¥k, %5
qualitative adj. EEM)

dimension n. JLJ%



Chapter 1 Atoms and Nuclei

= F

7

of atoms. Whereas the hydrogen atom has a radius of about 5X 10~ ¢m,

its nucleus has a radius of only about 107" cm. Since the proton weight
is much larger than the electron weight, the nucleus is extremely dense.

The nuclei of other isotopes may be viewed as closely packed particles

of matter—neutrons and protons—forming a sphere whose volume,

gnR3, depends on A, the number of nucleons. ¥ A useful rule of

thu_mblc'sl to cglculate radii of nuclei is

RS L R(em) = 1.4X 107345,
Since 4 ranges from | to about 250, we see that all nuclei are smaller
than 107" cm.

The masses of atoms, labeled ME '4], are compared on a scale in
which an isotope of carbon '2C has a mass of exactly 12. For 1H, the
atomic mass is M = 1.007 835, for 24, M =2.014102, and so on. The
mass of the proton on this scale is 1.007 277, of the neutron 1.008 665,
the difference being only about 0.1%). The mass of the electron on
this scale is 0.000 549.

The atomic mass unit (u) “'® as 1/12 the mass of '2C,
o

corresponds to an actual mass of 1.66 X 1 g. To verify this,

merely®"'? divide 1 g by Avogadro’s number*"'” 6.02 X 10%. 1t is easy

to show that 1 u is also equivalent to®*) 931 MeV. We can calculate the
actual masses of atoms and nuclei by multiplying the mass in atomic
mass units by the mass of 1 u. Thus the mass of the neutron is (1.008
665)(1.66 X 10*) = 1.67 X 10™ g.

[A-18]

1.7 Binding Energy

The force of electrostatic renul& | between like charges, which varies
[B-20]

inversely ast>24F-6) the square of their separation, would be

expected to be so large that nuclei could not be formed."'? The fact

that they do exist is evidence!®?" that there is an even larger force of
attraction. The nuclear force is of!<*®! very short range, as we can deduce
from the above rule of thumb. The radius of a nucleon is approximately
1.4X107"° cm; the distance of separation of centers is about twice that.
The nuclearforce acts only when the nucleons are very close to each

other, and binds them into a compact structure. Associated with the net

force is a potential energy of binding. ™"* To disrupt™®?? a nucleus and

separate it into its component nucleons, energy must be supplied from

the outside. Recalling Einstein’s relation between mass and energy[A'lgl,

whereas conj. i, &2, %
T, RE

dense adj. FHM, WEM

range vt. fi1fE, IR

scale n. UK, Lb#] (JO

actual adj. SZFRfH
verify vi. K23, K8, #iE,

repulsion n. /¥

evidence n. iF#%, %

compact adj. "1
netadj. A0, SR
disrupt ve. 7254

component adj. 411K
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this is the same as saying that a given nucleus is lighter than the sum of
its separate nucleons, the difference being the binding mass-energy. Let
the mass of an atom including nucleus and external electrons be M, and
let m, and my be the masses of the neutron and the proton plus matching
electron. Then the binding energy is
B = total mass of separate particles — mass of the atom
or

B=Nmy,+Zmy—-M

H-3 atom Separate particles

0 ®

QQ +Energy —»

©®

Fig. 1.8 Dissociation of tritium.

©

(Neglected[B'23] in this relation is a small energy of atomic or chemical
binding.) Let us calculate B for tritium, the heaviest hydrogen atom. Fig.

[B-24] (€] if a sufficient

1.8 shows the dissociation that would take place
energy were provided. Now Z = 1, N = 2, m, = 1.008 665, my =
1.007 825, and M =3.016 049. Then
B =2(1.008 665) + 1(1.007 825) — 3.016 049
B =0.009 106 u.
Converting by use of the relation 1 u =931 MeV, the binding energy is

B =8.48 MeV. Calculations such as these are required for several

purposes—to compare the stability of one nucleus with that of another,

to find the energy release in a nuclear reaction, and to predict®®! the
[E-14]

possibility of fission of a nucleus.

We can speak of ®*! the binding energy associated with one
particle such as a neutron. Suppose (826 that M, is the mass of an atom
and M, is its mass after absorbing a neutron. The binding energy of the
additional neutron of mass m, is then

Bn'—_ M] I mn—Mz

10

neglect v. 4%, ZB%

dissociation . 433

convert vi. ¥4t

predict ve. Tl



