13.4

To understand the observed characteristics of nuclear ground states, such as
angular momentum and the high stability of magic-number nuclei, it is neces-
sary to include nuclear spin-orbit effects. Unlike the spin-orbit interaction for an
electron in an atom, which is magnetic in origin, the spin-orbit effect for nucle-
ons in a nucleus is due to the nuclear force. It is much stronger than in the
atomic case and has opposite sign, so that in nuclei, spin-orbit split states with
higher angular momentum lie lower in energy. When the nuclear spin-orbit
effect is added to a spherical finite potential, the magic numbers are predicted,
because the spin-orbit potenual produces especially large jumps hetween cer-
tain energy levels. In effect, the spin-orbit interaction substantially raises the
energy levels containing 9, 21, 29, 51, 83, and 127 nucleons, thereby making
the levels that contain 8, 20, 28, 50, 82, and 126 nucleons unusually stable.

Finally, it is possible to understand how individual nucleons can be consid-
ered to be moving in welldefined orbitals within the cramped conflines of the
nucleus, which is literally swarming with other nucleons. Under these circum-
stances, it would seem that a given nucleon would undergo many collisions
and not move in a well-defined orbital. However, for the low-energy nuclear
ground state, the exclusion principle inhibits energy-changing collisions by
preventing colliding nucleons from occupying already filled low-lving energy
states. In effect, the exclusion principle prevents nucleon collisions within the
densely packed nucleus at low energy and justifies th = shellmodel approach.

Collective Model

A third mode!l of nuclear structure, known as the collective model, combines
some features of the liquid-drop model and the independent-perticle model.
The nucleus is considered to have some “extra” nucleons moving in quantized
orbits in additon to the filled core of nucleons. The extra nucleons are sub-
ject to the field produced by the core. as in the independent-particle scheme.
Deformations can be set up in the core as a result of a strong interaction
between the core and the exura nucleons, thereby initating vibrational and
rotational motions, as in the liquid<irop model, The collective model has
been very successful in explaining many nuclear phenomena.

13.4 RADIOACTIVITY

In 1896 Henri Becquerel (1852-1908, French physicist) accidentally discovered
that uranyl potassium sulfate crystals emitted an invisible radiation that could
darken a photographic plate when the plate was covered o exclude light. After
a se of experiments, he concluded that the radiation emitted by the crystals
was of a new type, one that required no external stimulation and was so pene-
trating thar it could darken protected photographic plates and ionize gases. This
process of spontaneous emission of radiation by uranium was soon to be called
radicactivity. Subsequent experiments by other scientsts showed that other
substances were even more powerfully radioactive. Marie (1867-1934) and
Pierre Curie (1859-1906) conducted the most significant investigations of this
type. After several years of careful and laborious chemical separation processes
on tons of pitchblende, a radioactive ore, the Cuiies reported the discovery of
two previously unknown elements, both radioactve, which they named polo-
nium and radium. Subsequent experiments, iincluding Rutherford’s famous
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arie Sklodowska Curie
was born in Poland shortly
after the unsuccessful Pol-
ish revolt against Russia in 1863, Af-
ter high school, she worked dili-
gently to help meet the educational
expenses of her older brother and
sister in Paris. At the same time, she
managed to save enough money for
her own move to Paris, where she
entered the Sorbonne in 1891, Al-
though she lived very frugally during
this period (she once fanted from
hunger in the classroom), she grad-
uated at the top of her class.

In 1895 Marie Sklodowska mar-
ried the French physicist Pierre
Curie (1859-1906), who was already
known for the discovery of piezoelec-
wicity. (A piczoelectric crystal ex-
hibits a potential difference
pressure.) Using piezoelectric mate-
rials to measure the activity of ra-
dioactive  substances, Marie Curie
demonstrated the radioactive naiure
of the elements uranivm and tho-
rium. In 1898 she and her husbhand
discovered a new radioactive

under

ele-
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MARIE SKLODOWSEKA CURIE
(1867-1934)

ment contained in uranium
which they called polonium after her
native land. By the end of 1898, the
Curies succeeded in isolating trace

amounts of an even more radioactive

ore,

element, which they named radium.
In an effort to produce weighable
quantities of radium, they took on
the painstaking job of isolating ra-

diwm from pitchblende, an ore rich
in uranium. After four vears of puri-
fying and repurifying tons of ore.
and using their own life savings to fi-
nance their work, the Curies suc-
ceeded in preparing abour (0.1 g of
radivm. In 1903, along with Flenri
Becquerel, they received the Nobel
Prize in Physics for their studies of
radioactive substances,

After her husbhand’s death in an
aceident in 1906, Marie Curie as-
sumed his professorship at the Sor-
bonne. Unfortunately, she experi-
enced prejudice in the sciendfie
community because she
woman. For example, after being
nominated to the French Academy
of Sciences, she was refused mem-
bership after losing by one vote.

In 1211 Marie Curie was awarded
a second Nobel prize, this one in
chemistry, for the discovery of ra-
dium and polonium. She spent the
last few decades of her life supervis-
ing the Paris Institute of Radnun.

wias  a

(Conrtesy of AIP Niels Bohr Library /W, F Meggers
Callection)

work on alpha-particle scattering, suggested that radioactivity was the result of
the decay. or disintegration, of unstable nuclei.

Three types of raciation can be emitted by a radioactive substance: alpha
(@), in which the emitted particles are *He nuclei: beta (8), in which the
emitted particles are ecither electrons or positrons; and gamma (y). in
which the emitted “rays” are high-energy photons. A positron is a particle
like the electron in all respects except that the positron has a charge of +¢.
In this book, the symbol e is used to designate an electron, and ¢* desig-
nates a positron.

It is possible to distinguish these three forms of radiation using the
scheme shown in Figure 13.14. The radiation from a radioactive sample is
directed into a region in which there is a magnetic field. The beam splits
into three components, two bending in opposite directions and the third
experiencing no change in direction. From this simple observation, we can
conclude that the radiation of the undeflected beam carries no charge (the
gamma ray), the component deflected upward consists of positively charged
particles (& particles), and the component deflected downward consisis of

negatively charged particles (e7), If the beam includes a positron {¢™).

defiected npward.
The three types of radiation have quite different penetrating powers. Alpha

particles barely penetrate a sheet of paper, beta particles can penetrate o
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Figure 13.14 The radiation from « radioactive source can be separated into three
components through the use of a magnetic field to deflect the charged particles. The
photographic plate at the right records the events, The gamma ray is not deflected by
the magnetic field.

millimeters of aluminum, and gamma rays can penetrate several centimeters
of lead.

The rate at which a particular decay process oceurs in a radicactive sample
is proportdonal to the number of radioactive nuclei present (that is, those nu-
clei that have not vet decayed). If Nis the number of radioactive nuclei pres-
ent at some instant, the rate of change of Nis

dN
el

—AN (13.8)

where A, called the decay constant, is the probability per unit time that a nu-
cleus will decav. The minus sign indicates that dN/diis ncgative because A and
Nare both positive: that is, N'is decreasing in time.

If we write Equation 13.8 in the form

dN
~ = AL
N
we can intearate the expression to give
N AN % f ;
. LY o
Ny N i
N
Inl——| = —At
3 “\"U
or
N= NpgM (134 Expaonential decay

where the constant N represents the number of radioactve nucler av = 0.
Equation 13.9 shows that the number of radioactive nuclei in a sample de-
creases exponentially with time.
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Figure 13,15 A plot of ihe ex-
ponental decay law for radioac-

tive nuclet, The vertical axis

represents the number of ra-

dioactive nuclel present at any

time 4, and the horizontal axis

time. The tme 7,0 is the half-

lite of the sample.
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The decay rate R, or the number of decavs per unit time, can be obtained
by ditferentiating Equation 13.9 with respect to time;

dN

R= i—' = NpAe A = Roe M (18.10)

dt

where By = Ny is the decay rate at (= 0 and R = AN. The decay rate of a
saniple is often referred to as its activity. Note that both Nand £ decrease ex-
ponentially with time. The plot of Nversus  shown in Figure 13.15 illustrates
the exponental decay law.

Another parameter that is useful in characterizing the decay of a particular
nucleus is the half-life, 77 o:

The half-life of a radicactive substance is the time it takes half of a given
number of radioactive nuclei o decay,

Scuing N= Ny/2 and 1 = T} » in Equation 15.9 gives
g 0 1/2 [ 5

Ny _—
— = N, AT

2

Writing this in the form AT
sides, we get

= 2 and taking the nataral logarithm of both

In2 0.693
tpa= R

A A

(18.11)

This is a convenient expression for relating half-life o the decay constant, Note
that after an elapsed time of one hall-life. Ny/2 radioactive nuclei remain (v
definition}; after two halfives, half of these have decayed and N, /4 radioactive
nuclei remain; after three halfdives, N, /8 remain: and so on. 1 gencral, after »
halfives, the number of radioactive nuclei remaining is N,/2"
that nuclear decay is independent of the past history of a sample.
A frequently used unit of activity is the eurie (Ci), defined as

. Thus we see

1 Gi=3.7x 1010 decays/s

This value was originally selected because it is the approximate activity of 1 iy
of radium. The SLunit of activity is the beequerel (Bq):

1 Bg = 1 decay/s

Therefore, 1 Ci = 3.7 X 1010 Bgq. The curie is a rather large unit, and the
more frequently used activity units ave the millicurie mCi (1072 Ci) and the
microcurie, nCi (1075 i),

EXAMPLE 13.4 How Many Nuclei Are Left?

o

e T 14 ; ;
I'he isotope carbon-14. '¢C, is radicactive and has a

Solution  In 5730 yr half the sample will have decaved,

half-life of 5730 years (vr). If you start with a sample of
1000 carbon-14 nuclei, how many will still be around in
92 990 vr?
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leaving 500 carbon-14 nuclei. In another 5730 vr (for a
total elapsed time of 11,460 vi), the number wili he
reduced fo 250 nuclei. After another 5730 yr (toral time



17,190 yr), 125 will remain. Finelly, afier four half-hves

(22,920 yr), only about 62 will renuam.
These  numbers  represeor  ideal

Caleulation of radioactive decav is an averaging process

CIrcimstances,

conducted with a very large number of atonis. and the
actual outcome depends on statistucs. Ow original sara-
ple in this example contained only 1000 nclei. certainly
net a very large number. Thus, if we acruadiv conned the
number remaining from this small sample after one half-
life, it probably would not be 500

EXAMPLE 13.5 The Activity of Radium
The haltlife of the radioactive nucleus fiﬂﬂ:! is about
1.6 x 107 yr. (a) What is the decay constant of HRaz
Solution  (a) We can caleulawe the decay constant A by
using Equation 13.11 and the fact that

Tie=16% 108w
(L6 % 107 yr) (3.16 X 107 s/vr)
= 50X 10

it

Therefore,
0.695 (.095

A= = — =14 0
Tya | 5.0 % 1074 :

Note that this result gives the probability that any single
3;’;;‘Ra nucleus will decavin 1 s,

(h) 1f a sample contams 3.0 X 10°8 sueh nuclei a
t = 0, determine its activity at this time.

Solution
at 1 =0 using Ry = ANy where Ry is the decay raie at

(b} We can calculate the activit of the sample

t = 0 and Ny is the number ol radioactive nuclei present
at{ = 0. Since Ny = 3.0 X 10", we have
Ry = ANp = (1.4 x 107571 (3.0 x 10'%)
= 4.2 X 10° decays/s
Sinece 1 Ci = 8.7 x 1010 decavs/s, the activity, or decay
rate, al £ = (bis
Re = 111 uGi

]

(c) What is the decay rate alter the saniple is 2.0 X 107 vt

old?

Solution  (¢) We can use Equation 13,10 and the fact
that 2.0 % 10% v = (2.0 X 10% w) (315 X 107 s/v5) =
6.3 % 10 s
R= Rye M
=42 X 10%decays/s) e \1-4+5 10 W 1ye6a% 100 5)

1.7 % 107 decavs,/s
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EXAMPLY 13.6 The Activity of Carbon

A vadicactve smnple contains 3.50 pg of pure ]E]g(l. which

has o halldife of 204 min, {(a) Determine the number of
nucici i the sample at £ = 0.

" a4 3 (PP ;
Solution The atomic mass of T 1s approximately 11.0,

and so 11.0 @ contains Avogadro’s number (6.02 X 10%%)
of nuclei. Therefore 5.50 uy contains N nuclei, where

N 5.50 % 107 ¢

6.02 > 10™ nuclei/mol 11.0 g/mol

N= 192 X 10" nuclel

(h) What is the activity of the sample initally and after
8.00 h=

Solution Since 7;,0 = 204 min = 1224 5, the decay
constant is

0.693  0.699
S T it i)

T 1294 5

Therefore. the initial activity or decay rate of the sample s
¥ ) I

Ry = ANy = (5.66 % 107%s71)(1.92 % 109
= 1.08 % 10" decavs /s
We can use Equation 13.10 1o find the activity at any time
i For { = 8.00h = 2,88 X 10%s, we see thut Af= 163,
and s
R= Ry = (1.09 % 16" decays/s)¢ 103
= 8.46 % 10" decavs /s

Tabie 15.3 lists values for activity versus the gme i honrs

for this situation.

Table 13.3  Activity Versus Time for
the Sample Described in

Example 13.6

t (h) R (decays/s)
0 1.08 x 10™
1 141 x 1009
2 1.84 = 10
b 239 » 10!
4 %72 x 10W
5 1.06 % 0
6 598 < 108
7 6.88 = 107
8 8.96 x 10°
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Exercise I
after 8.00 h.

Answer

EXAMPLE (3.7 A Radioactive Isotope

of lodine

A sample of the isotope P!, which has a halflife of 8.04
days, has an activity of 5 mCi at the time of shipment
L='pcm receipt of the i1 a medical laboratory, its activ-
iy is 4.2 mCi. How much time has elapsed between the
tWwo neasurements?

Solution  We can make use of Equation 13.10 in the form

R
= M

Ry

Taking the natwral logarithm of each side, we get

o

R ) —
Hu

1.58 % 10! nnelei

Caleulate in Example 3.6 the number of radioactive nuelei that ramaia

To find A. we use Equation 13.11:
(1.693 0.685
(2) e A
Ty 19 8.04 duys

Substituting (2) into (1) gives

( 8.04 davs ) ( 4.9 mCi ) _
- = - = 202 diavs
0.693 5.0 mCi :

13.5

DECAY PROCESSES

Ay we stated in the preceding section, a radioactive nucleus spontancously de-
cays by means ol one of three processes: alpha decay, beta decay, or gamima
decayv. Let us discuss these processes in more detail,

Alpha Decay

It a nucleus emirs an « particle (?_tHe'), it loses two protons and two neutrons,
Therefore, the atomic number Zdecrcases by 2. the mass number A decreases
by 4, and the neutron number decreases by 2. The decay can be written as

Alpha decay

IX— 323y + e (18.12)

where X is called the parent nucleus and Y the daughter nucieus. For exam-
Qe BT - y
ple, #U and ?*Ra are both alpha emitters and decay atcording o the

schemes

9

20Ra— “32Rn + JHe (15.14)

The half-life for the *¥U decay is 4.47 % 10" vears, and that for *2"Ra decay is
1.60 X 103}"631‘5. In both cases, note that the mass mumber of the danghier
nucleus is 4 less than that of the parent nucleus. Likewise, the atomic number
is reduced by 2. The differences are accounted for in the emitied o particle
(the *He nucleus). Observe that alpha decay processes release energy because
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