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Welcome to the study of physics. This volume, more of a

student's guide than a text of the usual kind, 1s part of a
whole group of materirals that includes a student handbook,
laboratory equipment, films, programmed instruction, readers,
transparencies, and so forth. Harvard Project Physics has
designed the materials to work together. They have all been
tested in classes that supplied results to the Project for

use in revisions of earlier versaions,

The Project Physics course is the work of about 200 scien-
tists, scholars, and teachers from all parts of the country,
respending to a call by the National Science Foundation in
1963 to prepare a new introductory physics course for nation-
wide use. Harvard Project Physics was established in 1964,
on the basis of a two-year feasibility study supported by
the Carnegie Corporation. On the previous pages are the
names of our colleagues who helped during the last six years
1n * 1at became an extensive national curriculum development
prc ram. Some of them worked on a full-time basis for sev-
er. . years; others were part-time or occasional consultants,
co tributing to some aspect of the whole course; but all
we 2 valued and dedicated collaborators who richly eained
th gratitude of everyone who cares about science and the

im rovement of science teaching.

Harvard Project Physics has received financial support
froi the Carnegie Corporation of New York, the Ford Founda-
tion the National Science Foundation, the Alfred P. Sloan
Foundc 1on, the United States Office of Education and Harvard
Univers ty. In addition, the Project has had the essential
support ¢ several hundred participating schools throughout
the United . -ates and Canada, who used and tested the ccurse

as it went thx. "ah several successive annual revisions.

The last and largest cycle of testing of all materials
is now completed; the final version of the Project Physics
course will be published in 1970 by Holt, Rainehart and
Winston, Inc., and w11l incorporate the final revisions and
improvements as necessary. To this end we invite our students
and instructors to write to us if in practice they too discern

ways of improving the course materials.

The Directors
Harvard Project Physics
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Prologue In Unit 6 we shall dig deeper into the problem of
the constitution of matter by studying the atomic nucleus.

In Unit 5 we learned that the atom consists of a very small,
positively charged nucleus surroundei by electrons. Experi-~
ments on the scattering of o particles showed that the nucleus
has dimensions of the order of 1071% m. Since the diameter

of an atom is of the order of 10-!%m, the nucleus takes up
only a minute fraction of the volume of an atom. The nucleus,
however, contains nearly all of the mass of the atom, as 1is
also shown by the scattering experiments. The existence of
the atomic nucleus and its properties raised new questions.

Is the nucleus itself made up of still smaller units? If so,
what are these units and how are they arranc ed in the nucleus?
What methods can be used to get answers to these questions?

What experimental evidence do we have to guide us?

We saw in Unit 5 that the study of the properties and
structure of atoms needed new physical methods. The methods
that could be used to study the properties of bodies of ordi-
nary size, that is, with dimensions of the order of centime-
ters or meters, could not yield information about the struc-
ture of atoms. It is reasonable to expect that it is still
more difficult to get information telling us what, if anything,
goes on inside the nucleus, which is such a small part of the
atcm. New kinds of experimental methods are needed and r.ew
kinds of experimental data must be obtained. New theories
must be devised to help us correlate and understand the data.
In these respects the study of the nucleus is still another
step on the long road from the very large to the very small

along which we have traveled in this course.

One of the first and most important steps on the road to
understanding the atomic nucleus was the discovery of radio-
activity in 1896. Our discussion of nuclear physics will,
therefore, start with radioactivity. We shall see how the
study of radioactivity led tc additional discoveries, to the
development of methods for getting at the nucleus, and to
ideas about the constitution of the nucleus. In fact, the
discovery that the atom has a nucleus was a consequence of
the study of radiocactivity. We shall examine the interaction
between experaiment and theory and the step-by-step development
of ideas about the nucleus. We shall try to see how particu-
lar erperimental results led to new ideas and how the latter,
in turn, led to new experiments. This historical study as
especially usefvl and interesting because nuclear physics is
a new branch of physics, which has been developed over a rel-
atively short period of time. The reports and papers in which

discoveries have been made known are readily available. The

The energy released by nuclear reactions within stars makes them
visible to us over vast distances. The star clouds shown here are
over 10,000 light years away. The sun, a typical star, converts
over 4 billion kg of hydrogen into radiant energy each second.
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research 1is
Progress in
technology,
and applies

ways. Some

st1ll going on, and at an ever-increasing rate.
nuclear physics is closely rela“ed to modern
which both supplies tools for furtner research
some of the results of the research in practical

of these prar~ical applications have serious

economic and political erfects, and we read about them almost

daily 1n our newspapers.

When the

use and control of nuclear technology is exciting

front-page news, 1t may be hard to realize that the study of

the atomic nucleus 1s connected with a chance discovery made

in 1896. But 1t was that discovery which touched off the

whole enterprise that we call nuclear physics, and 1t 1s
there that we s“uli stort.

Before 1939 the main 1ndustrial
use of uranium and 1ts compounds
was in the manufacture of colored
glass, and only small amounts of
uranium were needed. The study
of the radioactivity of uranium
alsc required only small amounts
of uranium ore. A« 4 resule,
uranium was usually obtained s
4 not-espectally desratle by-
product of industrial processes,
Since 1939, uranium has become
extremely important for reasons
we shall discuss in Chapter 24.
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Uranium-prospecting can be done using airborne
instruments. This method is faster than ground-
based prospecting and can be uses in many other-
wise inaccessible places,

Uranium-ore is mined in both "hard-rock" operations,
such as the one in Colorado shown at the left,

and in open-pit operations such as the one in New
Mexico shown below.
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211 Becquerel's discovery. The di scovery of the phenomenon known Summary RI.|[

Becquerel (1852-1908) was another of those "accidents” *hat

as "radioactivity" early in 1896 by the French physicist Henra I Vi 3 ‘j ?ﬁérfﬁew
%L’ x m n 1395,

- : o equerel d raduoacﬁwha
illustrate how the trained and prepared mind is able to re-

spond to an unexpected observation. Only two months before, a. -Wle new v came

1n November 1895, R&ntgen had discovered x rays. In doing uramum f'Fus led fb Tw::

so, he had set the stage for the discovery of radicactavity. fons d) what is The, SOM\"Ce

Rontgen had po:nted out that x rays came from the s»ot on the d Hdh ‘lﬁes(e eﬁf ‘1:
glass tube where the beam of cathcde rays (high-speed elec- ) 0 er e s

g . . smilar yays?
trons) was hitting, and that at the same time light was emit-
ted from that spot. When the cathode ray beam was turned off,
the spot of light on the face of the glass tube disappeared
and the x rays coming from that spot stopped.
The emission of light by the glass tube when it is ex-
Cited by the electron beam is an example of the phenomenon
called fluorescence. A considerable amount of research was
done on fluorescence during the latter part of the nineteenth
F 47: Discovery of vadioactivify
Below is a photograph of the polisped surtace of 4
uranium-bearing rock. On the oppositte pace s an
-autoradiograph of the same surface mace by placing
the rock directly on a piece of film, pachagin:
both 1n a lisht-ticht container, .nd 2liowia. the i - . 2 l'l
{2lm to pe expused for about fifty hours. .Dsq : Mmera" auf dloa
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X-ray production by bombard-
menit of electrons o1 glass.

Henri Becquerel (1852-1908)
received the 1903 Nobel Prize
in physics (for the discovery
of natural radioactivity)
along with Pierre and Marie
Curie (for the discovery of
the radiocactive elements
radium and polonium).

213

century. A substance is said to be fluorescent if 1t imredi-
ately emits visible liaht when struck by visible light of
shorter waveleng:h, or by invisible radiations such as ultra-
violet light, or by a beam of electrons. Fluorescence stops
immediately when the exciting light 1s turned off. (The

term phosphorescence is generally applied to aa emission of

visible light whaich continues after the exciting light is
turned off.)

Since the x rays also came from the spot which showed
fluorescence it seemed logical to see if there was a closer
connection than Roatgen had suspected between x rays and
fluorescence or phosphorescence. Becquerel was doubly for-
tunate in having the necessary materials and training to
study this problem. He was the son and grandson of physicists
who had made important contributions in the field of phospho-
rescence. In his Faris laboratory he had devised an instru-
ment for examining materials in complete darkness a small
fraction of a second after they had heen exposed to a bril-
liant light. The question occurred .o Becquerel: do minerals
or other bodies that are made to fluoresce (or phosphoresce)
with sufficient intensity also emit X rays in addition to the
light rays? He tested a number of substances by exposing
them to sunlight and looking to see whether they emitted
¥ rays while phosphorescing. One of them was a salt of the
metal uranium, a sample of potassium-uranyl sulfate. In his
words:

I wrapped 2...photographic plate...with two sheets

of thick black paper, so thick that the plate did not

become clouded by exposure to the sun for a whole day .

I placed on the paper a [crust] of the phosphorescent

substance, and exposed the whole thing to the sun for

several hours. When I developed the photographic glate

I saw the silhouette of the phosphorescent substance

in black on the negative. If I placed between the

rhosphorescent substance and the paper a coin or a me-

tallic screen picrced with an open-work design, the

image of these tkjer s appeared on the negative. The

same experiment can be ctried with a thin sheet of glass

placed between the phosphorescent substance and the

paper, which excludes the possibility of a chemical ac-

tion resulting from vapors which might emanate from the
substance when heated by the sun's rays.

We may therefore conclude from these experiments
that the phosphorescent substance in question emits ra-
diations which penetrate paper that is opaque to
light....

Becquerel was careful to conclude from this experiment
only that “"penetrating radiations" were emitted from the phos-
phorescent substance. He did not conclude that the substance
emitted x rays while it phosphoresced because he had not yet
verifiad that the radiations were x rays (though the radia-
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211
tions were transmitted through the black paper), or that they

were actuilly related to the phosphorescence (though he

strongly suspected that they were). Before he could investa-

gate these possibilities, he made this discovery:

.among the preceding experiments some had been made
ready on Wednesday the 26th and Thursday the 27th of
February (1896}; and as on those days the sun only
showed itself intermittently, I kept my arrangements
all prepared and put back the holders in the dark in
the drawer of the case, and left in place the crusts
of uranium salt. Since the sun did not show itself
again for several days, I developed the photographic
plates on the 1st of March, expecting to find the
images very feeble. The silhouettes appeared on the
contrary with great intensity. I at once thought that
the action might be able to go on in the dark...

Further experirents verified this thought: whether or

not the uranium compound was being excited by sunlight to
phosphoresce, it continuously emitted something that could
penetrate lightproof paper and other substances opaque to
light,

found that all tke compounds of uranium—umany of which were

such as thin plates of aluminum or copper. Becquerel
not phosphorescent at all—as well as metallic uranium itself
had the same property. The amount of action on the photo-
graphic plate did not depend on the particular compound of

uranium used, but only on the amount of uranium present.

Becquerel also found that the radiations from a sample of
uranium were persistent and did not change, either in inten-
sity or character, with the passing of *- > change in
the activity was observed when the sawple of uranium or of
one of its compounds was exposed to ultraviolet light, infra-
red light or x rays. The intensity of the uranium radiation
or "Becquerel rays," as they came to be known, was the same
at room temperature (20°C), at 200°C and at the temperature

at which oxygen and nitrogen (air) liquefy, about -190°C.

Becquerel also showed that the radiations from uranium
produced ionization in the surrounding air. They could dis-
charge positively or negatively charged bodies such as elec-
troscopes. Thus, the uranium rays resemble x rays in two
important respects: their penetrating power and their ioniz-
ing power. Both kinds of rays were invisible to the unaided
eye, although they affected photographic piates. But x rays
and Becquerel rays differed in at least two important ways:
compared to x rays, these newly discovered rays from uranium
were less intense, and they could not be turned off.

querel showed that even after a period of three years a given

Bec-

piece of uranium and its compounds continued to emit radia-
tions spontaneously.

This unexpected. vesult ma
appear To sluderits & begnl a

result a lucky break | p

tt shau be porfiteck out’ ot
discovery \was made

possnbfe Bequerels vesearch

melhods | Jhich exernplify
acience at ils best.

Also he had the kno»dedge
ana( ood sense 1o rvecooriize

?mf’cance of his”acci-

rz{-" st’uo( T%r contrast,
ey mmrgm-
al nole on page 54,

The air around the charged
leaves of the electroscope
becomes ionized by radiation
from the uranium. The charged
particles produced can drift
to the leaves and neutralize
their charge. The time taken
for the leaves to fall is a
measure of the rate of ioniza-
tion of the gas, and hence of
the intensity of the a-particle
activity.
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Summoary Q1.2
[ mm‘urz also was found 1o
be radwaclive .

& The guantitative investigation
of Mavie and Ferre Cur'?e led
to the conclusion ‘th_?_f mo‘(!:‘r_;—
activity is a properly of
atorms’ of elemerilz r‘lzjz’rher Than
Yre chemical cormbinations or
physical conditions of the
e(emenTS. SG 211

3 Two new elemenls were
discovered , bothh yadiwactive:
polovium ond vadium.

The years 1896 and 1897 were years of high excitement in
physics, to a large extent because of the great interest in
X rays and in cathode rays. Since, as quickly pecame evident,
X rays could be used in medicine, they were the subject of
much research. But the properties of the Becquerel rays were
less spectacular and little work was done on them in the
period from the end of May 1896 until the end of 1897. Even
Becquerel himself turned his attention to other work. But
the fact that the invisible rays from uranium and its com-
pounds could not be turned off began toc attract attention.

Two questions were asked: first, what was the source of
the energy creating the uranium rays and making it possible
for them to penetrate opaque substances? And second, did
any other of the seventy or more elements (that were known
in 1898) have properties similar to those of uranium? The
first question was not answered for some time although it was
considered seriously. The second question was answered within
a short time by the Curies, who thereby, early in 1898, opened
a whole new chapter in physical science.

Q1 Why was Becquerel experimenting with a uranium compound?

Q2 How did uranium compounds have to be treated in order to emit
the '"Becquerel rays''?

Q3 what was the puzzling property of the "Becquerel rays'?

Other radioactive elements are discovered. One of Becquerel's

colleagues in Paris was the physicist Pierre Curie, who had
recently married a Polish -born physicist, Marie Sklodowska.
Marie Curie undertook a systematic study of the Becquerel
rays and looked for other elements and minerals that might
emit them. Using a sensitive electrometer which her husband
had recently invented, she measured the small electric cur-
rent produced when the rays ionized the air through which
they passed. This current was assumed to be (and is) propor-
tional to the intensity of the rays. With this new technique,
she could find numerical values for the effect of the rays,
and these values were reproducible within a few percent from
one experiment to the next.

One of her first results was the discovery that the element
thorium (Th) and its compounds emitted radiations with proper-
ties similar to those of the uranium rays. (The same finding
was mad¢ independently in Germany by G. C. Schmidt, at about
the same time.) The fact that thorium emits rays like those
of uranium was of great importance because it showed that
uranium was not the only source of the mysterious rays. The
discovery spurred the search for still other elements which
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might emit similar rays. The fact that uranium and thorium

Lt ¥
k)

were the elements with the greatest known atomic masses in-
. dicated that the very heavy elements might have special prop-
erties different from those of the lighter elements.

The evident importance of the problems raised by the dis-
covery of the uranium and thorium rays led Pierre Curie to
lay aside his researches in other fields of physics and work
with his wife on these new problems. They found that the in-
tensity of the emission from any thorium compound was directly
proportional to the fraction by weight of the metallic element
thorium present. (Becquerel found a similar result for ura-
nium compounds.) Moreover, the amount of radiation was inde-
pendent of the physical conditions or the chemical combina-
tion of the active elements. These results led the Curies
to the conclusion that the emission of the rays depended only
on the presence of atoms of either of the two elements ura-
nium or thorium. The rate of emission was not affected either
by changes of the physical state or by chemical changes of the
compounis containing atoms of the elements. To the Curies,
these results meant that an explanation of radioactivity lay
within the atom itself and not in its chemical combinations.
The Curies also deduced that chemical compounds or mjxtures
containing uranium or thorium are more or less active depend-
ing on whether they contain a greater or smiller proporticn
of these metals. Atoms of other elements that were present
were simply inactive or absorbed some of the radiation.

These ideas were especially important bec.use they helped
the Curies interpret their later experiments. For example,
in their studies of the activity of minerals and ores of ura-
nium and thorium they examined the mineral pitchblende, an
ore containing about 80 percent uranium oxide {U30g). They
found that the emission from pitchblende, as measured by its
effect in ionizing air, was about four or five times as great
as that to be expected from the amount of uranium in the ore.
The other elements known at the time to be associated with
uranium in pitchblende, such as bismuth and barium, had been
shown to be inactive. If emission of rays is an atomic phe-
nomenon, the unexpected pitchblende activity could be ex-
plained only by the presence in pitchblende of another ele-
ment more active than uranium itself.

To explore this hypothesis, the Curies applied chemical
separation processes to a sample of pitchblende in order to
try to isolate this hypothetical active substance. After
each separation process, the products were tested, the inac-

( tive part discarded and the active part analyzed further.
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a. ¢. Marie Curie.

b. c. Marie and Pierre.

d. Marie, Irene and Pierre;
all 3 won Nobel prizes.

Pirerre Cu-ie (1859-1906) studied

at the Sorbonne in Paris. In

1878 he became an assistant

teacher in the physical labora-

tory there, and some years later,
professor of physics. He was

well known for his resea.ch on
crystals and magnetism. He

married Marie Sklodowska in 1895

(she was 28 years old), After

their marriage, Marie undertook her
doctoral research on radioactivity.
In 1898 Pierre joined his wife in
this work. Their collaboration w.s
so successful that in 1903 they were
awarded the Nobel Prize in physics,
which they shared with Becquerel.
Pierre Curie was run over and killed
by a horsedrawn vehicle in 1906.
Marie Curie was appointed to his
professorship at the Sorbonne, the
first woman to have this post. 1In
1911 she was awarded the Nobel Prize
in chemistry for the discovery of
the two new elements, radium and
polonium. She is the only person
who has won two Nobel science prizes.
The rest of her career was spent in
the supervision of the Paris Insti-
tute of Radium, a center for research
on radioactivity and the use of radium
in the treatmenc of cancer. Marie
Curie died in 1934 of leukemia, a
form of cancer of the leukocyte-
forming cells of the body, probably
caused by over-exposure to the radia-
tions from radioactive substances.

10
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In this note the term
"radioactivity" was used
\ for the first time,
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Finally, the Curies obtained a highly active product which
presumably consisted mainly of the unknown element. In a
note called "On a New Radioactive Substance Contained in
Pitchblende" and submitted to the French Academy of Sciences
in July of 1898, they reported:

By carrying on these different operations...finally

we obtained a substance whose activity is about 400
times greater than that of uranium....

We believe, therefore, that the substance which we
removed from pitchblende contains a metal which has

not yet been known, similar to bismuth in its chemical

properties. If the existence of this new metal is

confirmed, we propose to call it polonium, after the

name of the native country of one of us.

Six months after the discovery of polonium (given the sym-
bol Po), the Curies separated another substance from pitch-
blende and found the emission from it so intense as to indi-
cate the presence of still another new element even more
radioactive than polonium. This substance had an activity
per unit mass 900 times that of uranium and was chemically
entirely different from uranium, thorium or polonium. Spec-
troscopic analysis of this fraction revealed spectral lines
characteristic of the inactive element barium, but also a line

in the ultraviolet region that did not seem to belong to any
known element. The Curies reported their belief that the
substance, "although for the most part consisting of barium,
contains in addition a new element which produced radioactiv-
ity and, furthermore, is very near barium in its chemical
properties." For this new element, so extraordinarily radio-
active, they proposed the name radium (chemical symbol Ra).

A next step in making the evidence for the newly discovered
elements more convincing was to determine their properties,
especially the atomic masses. The Curies had maae it clear
that they had not yet been able to isolate either polonium
or radium in pure form, or even to obtain a pure sample of a
compound of either element. From the material containing the
strongly radioactive substance that they called radium, they
had separated a part consisting of barium chloride mixed with
a presumably very small guantity of radium chloride. Addi-
tional separations gave an increasing proportion of radium
chloride. The difficulty of this task is indicated by the
Curies' remark that radium "is very near barium in its chemical

properties,” for it is very difficult to separate elements
whose chemical properties are similar. Moreover, to obtain
their highly radioactive substances in usable amounts, they

had to start with a very large amount of pitchblende.

With an initial 100-k3 shipment of pitchblende (from which

\“-wn\“‘




the uranium salt had been removed to be used in the manufac-

‘ ture of glass) the Curies went to work in ar. abandoned wood-
‘ shed at the School of Physics where Pierre Curie taught.
Failing to obtain financial support, the Curies made their
pPreparations without technical help in this "laboratory."
Marie Curie wrote later:
I came to treat as many as twenty kilograms of mat-
ter at a taime, which had the effect of filling the

shed with great jars full of precipitates and liguids.

It was killing work to carry the receivers, to pour

off the liquids and to stir, for hours at a stretch,

the boiling material in a smelting basin.

From the mixture of radium chloride and barium chloride
only the average atomic mass of the barium and radium could
be computed. At first an average value of 146 was obtained,
as compared with 137 for the atomic mass of barium. After
many additional purifications which increased the proportion
of radium chloride, the average atomic mass rose to 174.
Continuing the tedious purification process for four years,
during which she treated several tons of pitchblende residue,
Marie Curie was able to report in July 1902 that 0.1 g of ra-
dium chloride had been obtained, so pure that spectroscopic
She
determined the atomic mass of radium and cbtained the value
{ 225 (the present-day value is 226.03).

examination showed no evidence of any remaining barium.

In 1910, Marie Curie
isolated radium metal by means of electrolysis of molten ra-
dium chloride. The activity of pure radium is more than a
million times that of the same mass of uranium; the present
yield of radium from one ton of high-grade uranium ore is

about 0.2 g.
|
|

Q4 How is radioactive emission of an element affected by being
combined into different compounds?

Summary 31.3

. Ruthierford studied the

nalure of the vadioactive ‘
e

Q5 Why did the Curies suspect the existence of another radioac-
tive material in uranium ore?

Q6 What was the main difficulty in producing pure radium? .
measuring their abso

The penetrating power of the radiation: a, 8 and y rays.

The extraordinary properties of radium excited interest both
The number of
workers in the field of radioactivity increased rapidly as

inside and outside the scientific wcrld.

the importance of the subject and the chance that it seemed

The
main question that attracted attention was: what is the na-

to offer of further discoveries came to be reccgnized.

m thin Lols = He found the rays
fo be of Two Ypes , which he
called o ard” 8.

2 A tud tgpe | Y S, Were
diécovered bf'o\z«m.mﬁ ’

3. o’s , which cause the mast
onizalion when passing rou

malter, have the shorlest vande.
Y3 have the greatésf roange.

ture of the mysterious radiations emitted by radioactive
bodies, radiations which can affect photographic plates and

ionize air even after passing through solid metal sheets? 13 l

{
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In 1899, Ernest Ratherford, whose theory of the nuclear

atom has been discussed in Chapter 19, started to seek answers
to this question. He studied the absorption of the radiation
from uranium by letting the radiat.on pass through different
thicknes.»s of aluminum foils. Rutherford thought that the
way in wunich the intensity of the radiation varied with the
thickness of the aluminum might indicate whether the rays
were of more than one kind. He found that, after the passage
of the radiation through 0.002 cm of aluminum, the intensity
of the radiation (as measured by the ionization produced in
air) was reduced to about cne-twentieth of the initial value.
The addition of a thickness of 0.001 cm of aluminum had only
a very small further eff:ct in cutting down the intensity.
The intensity could be reduced further by about one half, by
passing the radiation thrcigh about fifty times as much foil.
Rutherford concluded from these experiments that uranium

See "Rutherford" in Project emits at least two distinct kinds of rays—orne that is very

Physics Reader 6. readily absorbed, which he called for convenience o rays
(alpha rays), and the other more penetrating, which he :alled
# rays (beta rays).

In 1900 the French physicist P. Villarl observed that the
emrssion from radium contained rays much more penetrating than
even the 8 rays, this tyvé of emission was given the name v
(gamma. rays. The penetrating power o the three types of
rays, as known at the time, 1s compared in the table below,
first publaished by Rutherford ain 1903:

Approximate thickness of alx
minum traversed before the ra-
diation intensity i1s reduced

Radiation Tvpe to one-half its initial value

a rays 0.0005 cm
8 rays 0.05 cm
Yy rays 8 cm r- ]

R A7 3 WL L 2N !

E45¥:Range of alpha ond beta warticles. o g
i

The absorption of b rays gives

rise to many modern practicsi

applications of radiocactivity,

One example is the thickness

gauge illustrated in the phorc-

graph and drawing at the right. 5
Sheet metal or plastic is re-
duced in thickness by rolling.
The thickness is measured con-
tinuously and accurately by de-
termining the intensity of the

g rays that pass through the
sheet. The rolling is continued
until the desired sheet thick-
ness is obtained.

—

A

! Grges manrn,

~

:

.

1

o

[ IV A

14




Q

ERIC

Aruitoxt provided by Eic:

213
Of the three kinds of rays, the « rays are the most strongly

1onizaing and the y rays the least; the penetration 1s inversely
proportional to the ionization. The penetratir.g power of the

a rays is low because they expend their energy very rapidly

in causing intense ionization. Alpha rays can be stopped,

that 1s, completely abscrbed, by about 0.006 cm of aluminum,

oy a sheet of ordinary writing paper or by a few centimeters

of air. Beta rays can travel many meters in air, but can ke
stopped by aluminum less than a centimeter thick. Gamma rays

can pass through many centimeters of lead, or through several

feet of concrete, before being almost completely absorbed. “G

One consequence of these properties of the rays 1s that heavy
and expensive shielding is sometimes needed in the study or
use of radiations, especially y rays, to protect people from
harmful effects of the rays. In some cases these "radiation
shields" are as much as 10 feet thick. One example of shield-
ing around a target at the output of an electron accelerator
1s shown below.

1! Lista, 8 and vy rays in order of the penetrating ability,
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21.4 The charge and mass of a, B8 and Yy rays. Another methud used
to study the rays was to direct them through a magnetic field
to see if they were deflected or deviated from theair initial

t
’ Fig. 21.1 Separation of the . . . .. . .
{ a, Band Yyrays from a radio- directions by the action of the field. This methoa which

|
|
active material by their pas- provides one of the most widely used tools for the study of 1
?Sife::rggiha:p:g::;i:ef_ieii' atomic and nuclear events, is based on the now familiar fact 1
2 vacuum, the path of the a that a force acts on a charged particle moving across a mag-
i E:::i:igfc:::;?)be much shorter .o field. As discussed in Unit 4, this force is always at 1‘

l right angles to the direction of motion of the charged par-
ticle. The particle experierces a2 continual deflection and,

in a uniform field, moves along the arc of a circle.

This property had been us:@ in the 1890's by J. J. Thomson
in his studies of cathode rays. He showed that tkese rays
consist of very small negatively charged particles, or elec-
trons (Chapter 18). Becquerel, the Curies and others found
that the a, 8 and v rays behaved differently from one another

in a magnetic field. The behavior of the rays is illustrated
in the diagrams in the margin.

Suppose that some radioactive material, such as uranium,
is placed at the end of a narrow hole in a lead block; a nar-
row beam consisting of o, 8 and vy rays escapes from the open-

= - ing. If a strong, uniform magnetic field is applied perpen-
Ay dicular to the plane of tue page away from the reader, the
three types of rays are separated from each other. The vy

rays continue in a straight line without any deviaticen. The

B rays are deflected strongly downwards, moving in circular
arcs of differing radii. The « rays are bent slightly up-
wards in a circular arc of large radius, but are rapidly ab-
sorbed in the air after moving only a few centimeters from
the lead block.

The direction of the deflection of the B8 rays was the same
as that observed earlier in Thomson's studies of the proper-
ties of cathode rays. It was concluded, therefore, that the
8 rays, like cathode rays, consist of negatively charged par-
ticles. Since the direction of the deflection of the a rays
was oppcsite to that of the 8 rays, it was concluded that the
a rays consist of positively charged particles. Since the Y
rays were not deflectad, it was concluded that they were neu-
tral, that is, had no electric charge; no conclusion could be
drawn from this type of experiment as to whether the Y rays
are, or are not, particles. The magnitude of the deflections
suggests that the a particles have a much larger momentum than
the B8 particles. The conclusions concerning the signs of the

electric charges carried by the rays were tested by directing

the deflected beam into an electroscope and determining the

=
o

T4o: Separalion of «,8, Y raye
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charge that builds up on the leaves. This was done by the
Curies in 1900 to confirm the negative charge of the 3 b
particles. T S——

The g/m for the beta particles could be found from their
deflection in magnztic and electric fields. Becquerel, in-
vestigating 8 particles in 1900, used a procedure which was ___‘——-—“"‘"""
essentially the same as that used by J. 5. Thomson in 1897
to obtain a reliable value for the ratio of charge 9, to
mass m, for the particles in cathode rays (thereby estab-
lishing quantitatively the existence of “he electron). By
sending B rays chrough crossed electric and magnetic field, _Q‘F——

he was able to calculate the speec of the 8 particles. He
Fig. 21,2 If an electric field

obtained a value of gq/m for B particles which was in close
and a magnetic fi:1d 2re at

enough agreement with that found by J. J. Thomson for the right angles, each will deflect
electron to permit the deduction that the 8 particles are charged particles. There will
be only one speed for which
electrons. there will be no deflection.
The nature of the « radiation was more difficult to Smma';j Se‘:’mal f
establish. The value of g/m for o« particles (4.8 x 107 S e toactive
. . . rags were sf&d«ed ff? ds,ﬁ
coul/kg) was about 4000 times smaller than g/m for 8 par- them ﬂﬁmu Flel
ticles. It was therefore necessary to use a very strong 7 was nd ‘lh
magnetic field to produce measurable deflections. Other a) Y rous wpnanf clr\arged
evidence available at the time indicated that q for an a b) 68 Tays were eled?ans
particle was not likely to be smaller than for a 8 particle. c fm{nﬂg ! | ba
et .
It was therefore concluded that m would have to be much SG 213 um e
larger for the o particle than for the 8 particle. SG 21.4

In fact, the value of g/m given above for o particles
is just one half that of g/m for a hydrogen ion. The value
would be explained in a reasonable way it the o particle
were like a hydrogen molecule minus one electron (Hz‘), or
else if it were a helium atom (whose mass was known to be
about four times that of a hydrogen atom) without its two
electrons (He++). Other possibilities might have been
entertained—for example, bace nuclei of carbon, nitrogen
or oxygen would have about the same g/m ratio. But there
were other reasons for thinking that o particles were
related to helium.

Q8 What was the evidence that ;s particles arc electrons?

Q9 What observation led to the suggestion that a particles
are much more massive than 8 pirticles?

Summary 2.5
Ruthrerford showed at o -

' arficles wers helum nuclei ;
oned in radioactive minerals. In addition, Sir William iS 1m ,ea Tanf one nucleus

Ramsey and Frederick Soddy had discovered, in 1903, that ¢an ckange in two other nuc{e;,
17

21.5 The identity of &« rays: Rutherford's "mousetrap." It

was known that the gas helium was always found impris-

T4t : Kutherfords o particle ” mousetrap "
ERIC
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21.5

helium was liberated by a radiocactive compound, radium bro-
mide. Rutherford made the hypothesis that the particle 1s
a doubly-ionized helium atom—a He atom minus two electrons
—or, s we would now say, the nucleus of a helium atom. TIn
a series of experiments from 1905 to 1909 he succeeded 1in
proving the correctness of his hypothesis in several different
ways. The last and most convincing of these experiments was
made in 1909, with T. D. Royds, by constructing what Sir
James Jeans later called "a sort of mousetrap for a parti-
cles.”

The experiment was based on the use of the radiocactive
element radon (Rn), which has properties that made it espe-
cially suitable for the experiment. Radon was discovered
by Pierre Curie ard A. Debierne 1in 1901. They placed some
radium 1n a glass vessel and pumped air out of the vessel un-
ti1l the air pressure was very low. They then found that the
pressure in the vessel increased because a gaseous substance
was given off from the radium. A small amount of the gas
collected in this way was found to be a strony o particle
emtter. The gas was shown to be a new element and was
called "radium emanation" and later “radon." Ramsey ani
Soddy showed that when this radon is stored in & closed ves-
sel, helium always appears in the vessel. Thus helium is
given off not only by radium bromide but also by radon.

Rutherford and Royds put a small amount of radon in a fine
glass tube with a wall only one hundredth of a millimeter
thick. This wall was thin enough so that « particles could
pass thcough 1t. The tube was sealed into a thick-walled
glass tvbe which had a discharge tube at the top. Fig. 21.3
shows diagrai*s of the apparatus. The air was pumped out
of the outer tube and the apparatus was allowed to stand for
about a week, During thi: time, while « particles from the
radon passed through the th:n walls of the inner tube, a gas
gradually collucted in “he previousl: evacuated space. Mercury
was theax used to =ompress the gas anc _.onf.ne it in the dis-
charge tube. Whun a potent.al difference was applied to the
electrodes of the discharge tube, an electric discharge was
produced in the gas. The resulting light was examired with
a spectrosc:upe and *he spectral lines characteristic of helium
were seen. In a separate control experiment, helium gas it-
self was put in the inner, tnin-walled tube instead of radon,
and did nct leak through the wall of the inner tube.

Now 1t was clear how to interpret the results of these
experiments: Rutherford could safely conclude that the helium
gas that collected in the outer tube was formed from a par-
ticles that had passed into the outer tube. Even at low
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gas pressures electrons were present so that the ¢ particles

could form neutral helium atoms by capturing electrons.

Rutherford's conclusion implied that an atom of an element

(radon) spontaneously emits a fragment (an &« particle) which See "The Nature of the Alpha
. Particle" in Project Physics

consists of the nucleus of another element (helium). The re- Reader o.
sult implied that a transmutation, the production of one ele-
ment from another, occurs when radon emits an a particle.

Q10 How did Ruther ford know that the gas whicn appeared in the

tube was helium?
Radioactive transformations. The emission of & and 8 par- Summary Al 6
ticles presented difficult and important questions with re- [ Al wactive alorns are

subject fo division; a |
release yvesulls from
iviston.

spect to existing i1deas of matter and its structure. The
rapid development of chemistry in the nineteenth century had {ﬁe

made the atomic-molecular theory of matter highly convincing.

According to this theory, a pure element consists of identi- . ﬂufﬁorfmd and god%d‘
cal atoms, and these atoms are indestructible and unchange- ;7°5ru(at?dhe %* o=

able. But, if a radioactive atom emits an a particle (shown aclive lra 'S'E””‘l
to be an ionized helium atom), can the radiocactive atom re- z 'Rad((.—&m a‘bms under a

main unchanged? The aaswer seems clearly to be "no"; a Series O,F alions
transmutation must take place in which the radiocactive atom Zl‘::y " a le “d ter
is changed to an atom of a different chemical element. on

If an atom emits an « particle, a substantial part of its
mass will be carried away by the a particie. Wnat about
the atoms whicn emit 8 particles? Tne & particle is not as
massive as the a particle but its mass is not zero, and a
radioactive atom must undergo some change when it emits a
£ particle. It was difficult to escape the conclusion that
all radioactive atoms are, in fact, subject to division (into
two parts of markedly unequal mass), a conclusion contrary to
the basic concept that the atom is indivisible.

Another fundamental question arose in connection with the
energy carried by the rays emitted by radioactive substances.
As early as 1903 Rutherford and Soddy, and Pierre Curie and
a young co-worker, A. Laborde, noted that radium emit.ed a
large amount of energy—so large that a sample of radium kept
itself at a higher temperature than the surrounding air merely
by absorbing some of the energy of the o particles emitted by
atoms in the sample. Curie and Laborde found *hat one gram

of radium releases about 100 calories of heat per hour (or

The water is being boiled by
the heat produced by a small

0.1 kilocalorie). Radium has the remarkable property that

1t can continue to release energy year after year, for hun- capsule of cobalt 67. This
capsule, the first ever made
dreds and even thousands of years. to produce heat from radio-
. . . active cobalt, generated heat
The continuing release of such a quantity of heat could at the rate of 360 watts wh
not be explained by treating radioactivity as if it were an this photo was taken.

19
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In 1900, the English physicist
Sir William Crookes fourd taat
wost of the observed activity
of pure compounds of uraniv=
was rot due to that element,
but to something else which
could be separated chemically
from the uranium. This active
"something else" was called
uranium X to distinguish it
from uranium. Becquerel then
separated the twu substances
and found that the activity of
the uranium X decreased while
that c¢f the uranium increased.
Rutherford and Soddy, of whom
we shall hear more in Chapter
22, obtained similar results
with compounds of thorium.
Their results, published in
1903, are shown below.

S

HE P

TIME (oaysy
Rutherford and Soddy received
the Nobel prize in chemistry
for their work on the radio-
active transformation cf one
element into another.

20 g4 &Y

In 1931 Ruther ford was elevated
to the British peerage becoming
"Baron Ruther ford of Nelsou."
It is said some similarity be-~
tween parts of his coat of arms
and the diagram above has been
intentionally preserved.

RUTHERFORD OF XNELSON

20

21.6
ordinary chemical reaction.

It was also clear that radio-
activity did not involve chemical changes in the usual sense:
energy was emitted by sanples of pure elements; energy emis-
sion by campounds did not depend on the type of molecule in
which the radioactive element was present. The origin of
the production of heat had to be sought in some deeper

changes within the atoms themselves.

Rutherford and Soddy proposed a bold theory of radioactive
They
proposed that when a radioactive atom emits an a or a 8 par-

transformation to explain the nature of these changes.

ticle it really breaks into two parts—the a or B particle
emitted, and a heavy left-over part, or residue, which is

physically and chemically different from the "parent" atom.
There was a good deal of evidence for the last part of the
there was the formation of radon

assumption. For example,

from radium, discussed earlier. When the atomic mass of ra-

don was determined, it turned out to be smaller than that of

radium by just 4 atomic mass units, the mass of an a particle.

According to the proposal of Rutherford and Soddy, the
formation of radon may be represented by means of a diagram:

a

-

Ra —— — = Rn .

In the diagram, Ra stands for an atom of radium and Rn
for an atom of radon. An equation analogous to a chemical

equation may be used equally well:
Ra —=—=Rn + He .

Here He stands fcr the helium atom formed when the a particle
Ficks up two electrons and becomes neutral. The process may
be described as the "disintegration®™ or "decay" or "transmu-
tation" of radium into radon, with the emission of an a

particle.

In addition to the example just cited, many decay processes
had been found and studied, by the Curies, by Rutherford and
his co-workers, and by others, and these processes fitted
easily into *the kind of scheme proposed by Rutherford and
Soddy.
thereby decayir3 into an atom of an element which was called

Radon also is radiocactive, emitting an a particle and

"radium A" at the time.
(po) .

Radium A was shown to be poloniur

Rn —— PO + He .

the

original radium atoms undergo a series or chain of trans-

Polonium is a solid, and also is radioactive. 1In fact,

formations into new, radioactive, "daughter" elements, ending
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with a "daughter" element which is stable, or non-radiocactive. §G 215

Q11 Why couldn't radioactive decay be an ordinary chemical reaction?

Q12What was it about the products of decay that indicated nuclei

were being transmuted?

Surmary 217

Radioactive decay series. The stable end-product of the . Uraru abms und °a
decay of radium and its daughters was identified by its (es‘ OFTF’GnSFarmdf;_ radium
chemical behavior as lead. The chain beginning with radium ﬁbe londl (f’geg‘gsu-(ﬁo: (gg‘ltd
has 10 members, some of which emit 8 particles rather than
a particles. Gamma rays do not appear alone, but always a5 't members
tugether with an « particle or a B particle. Rutherford and oFThe Senes s exlrermel lﬂﬁcu&
Soddy also suggested that, since radium is always found in d“"’fo the close Slmdar ies m
uranium ores, it may be a member of a series starting with cP'tem\cag_ gmpoﬂie:rand WIdel_lj
uranium as the ancestor of all the members. Research showed d4¥bnan eca” roles.
that this is indeed the case. Each uranium atom may in time
give rise to successive daughter atoms, radium being the
sixth generation and stable lead the fifteenth.

Table 21.1 shows the members of the uranium-radium series.
The significance of some of the symbols will be discussed 1in
later sections. The number following the name of an element,
as in uranium 238, indicates the atomic mass. Notice that
there are heavier and lighter varieties of the element, for Two other naturally occurring
example, uranium 238 and 235, polonium 218, 214 and 210. Much ;iﬂig?fi:esigitsesw‘i‘i‘:etﬁﬁre;‘um
more will be said about these varieties in the next chapter. 232 anu the other with uranfum

235 (see SG 22.7 and 22.8),

Table 21.1 There is also a fourth series

Uranium-radium series

Kad v o
T4_3 Present (faamfcng s‘yﬁgén(ég%‘éggoée”eﬁélf-lee

starting with artificially
produced plutonium (see SG 22.9).

0ld name
decay
Lé—1: Radicactive deca ecay

Uranium I Uranium 238 9,238 a 4.51 x 109 years
Uraniunm X, Thorium 234 90Th73“ 8,y 24.1 days
Uranium X, Protactinium 234 4,Pa23® B,y 1.18 minutes
Uranium II Uranium 234 92U 230 a 2.48 « 105 years
10onzun. Thorium 230 90Th230 @,y 8.0 x 10% years
Radzium Radium 226 ggRa2?® a,y 1620 years
RaJium

emanation Radon 222 ggRN222 @ 3.82 days
Radium A Polonium 218 gy P0O218 a 3.05 minutes
Radium B Lead 214 g2Pb2ih 8,y 26.8 minutes
Radium C Bismuth 214 g3Ba2lY 8,y 19.7 minutes
Radium C* polonium 214 gy Po2lH a 1.64 -+ 10=* seconds
Radium D Lead 210 g2Pb? 0 8,y 21.4 years
Radium E Bismuth 210 g3B1?10 3 5.0 days
Radium F pPolonium 210 guPo210 a,y 138.4 days 21
Radium G Lead 206 g2Pb206 stable

]
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In 1898 the Curies obtained a
total of about 200 grams of
radium. Seventy years later
(1968) 194 grams of this re-
main as radium. The six grams
of radium that have been lost
correspond to 16 x 10° "radium
atoms that have decayed into
radon and subsequently into
other elements during these
70 years.

SG 216
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Each member of the series differs physically and chemically
from its immediate parent or daughters; it should, therefore,
be possible to separate the different members of the chain.
But the separation problem was made difficult by the fact
that the different radioactive species decay at different
rates, some very slowly, some rapidly, others at intermediate
rates. These rates and their meaning will be discussed in

the next section.

An interesting example is supplied by the portion of the
uranium series starting with the substance called polonium
218.

piece of ordinary material such as a thin foil of aluminum.

A pure sample may be collected by exposing to radon a

Some of the radon atoms decay into polonium 218 atoms which
are deposited on the surface of the foil. The graph at the
left shows what becomes of the polonium 218. Polonium 218
decays into lead 214, which decays into bismuth 214, which
then lead 210, etc.

inal sample contains 1,000,000 atoms of polonium 218 when it

decays into polonium 214, If the orig-
is formed, after twenty minutes it will contain about 10,000
polonium 218 atoms, about 660,000 lead 214 atoms, about
240,000 bismuth 214 atoms and about 90,000 lead 210 atoms.
The number of polonium 214 atoms is negligibly small because
most of the polonium 214 changes into lead 210 in a small
fraction of a second. The numbers of atoms of these radio-
active substances change with time, quite rapidly in this
particular case. A sample of pure, freshly separated radium
(Ra 226) wculd also change in composition in a complicated
way, but much more slowly. Eventually it would consist of
218, lead 214
and all the rest of the members of the chan down to, and
(lead) .
nium may contain, after a time, 14 other elements of which
13—all but the last,

radioactive emission, each in its own way.

a mixture of radium 226, radon 222, poleniu

including, stable "radium G" A sample of pure ura-
stable portion—contribute to tle

A complicated
micture of elements results and many « particles, B par-
ticles and y rays ave emitted, apparently continuously andé
simultaneously.

It 1s therefore evident that the separetion of the differ-
ent members of a radioactive chain is extremely difficult—
especially if some members of the chain decay rapidly. The
determination of the chemical nature and the radiocactive
properties of each member requires the greatest experimental
ingenuity. One successful method depends on the skillful
purification of a particular radioactive substance, as the
For example,

Curies had done with radium and polonium. sup-
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pose that a sample has been obtained from which all the ra-
diocactive substances except radium have been removed. The
sample immediately starts to give off radon gas. The latter
can be drawn off and its properties examined before it becomes
seriously contaminated by the disintegration of many of its
atoms into polonium 218. If this is done, 1c turns out that
radon decays (through several transformations) into lead much
more quickly than radium decays into raden.

Give at least 3 reasons for the difficulty of separating
decay products.

Decay rate and half-life. 1In the last section we saw that

of 1,000,000 polonium 218 atoms present in a freshly pre- Summary 21.8

pared sample of that radioactive substance, only about l 5{}“""_"“‘@ showed “'-mt each

rodicaclive nuclear Species had
N ¢ onlv th a chorackristic dewj vale and

decayed into atoms of lead 214. At the and of on y three hence a characlericlic ha.lF—h{‘e)T.

minutes following preparation of the sample, fifty percent

of the atoms originally present in the semple would remain, Z The ydle K d (ﬂCﬁV‘TB

10,000 would remain after twenty minutes, the rest havaing

)
of

the other fifty percent having already decayed But it 5 Pfopofﬁmal o e’ vum
would take 1620 years for half of the radium atoms in a G“quv"¥7 aferns.

freshly prepared sample of radium to be transformed into 3 me q;mril?f‘aﬁve desonpfl'dn 4
radon atoms. The two substances radium 226 and polonium 218 these -Fad’s shaws tie vandom
illustrate the experimental fact that radiocactive elements natiure o radioactive dmﬂ
show great differences in their rates of decay. In addition,

different atoms of a given element decay at different times;
some decay as soon as they are produced, while others may
never decay. But, in a samgle consisting of an extremely
large number of any given kind of radiocactive atom, it has
been found experimentally that the fraction of the number

of atoms of that kind that decay per second is characterastic,

fixed and unchangeable; 1t is independent of all physical

and chemical conditions, _ach as temperature, pressure and
form of chemical combination. These remarkable properties
of radivactivity deserve special attention, and the meaning
of the underlined statement above will be udiscussed 1in
detail because it is basic to our understanding of radivo-
activaity.

The ratio of the activity to the total number of original
atoms is the fraction of the original number of atoms that
has decayed per unit time. This ratio is analogous to the
death rate—ain the case of the United States, about 5000 per-
sons per day in a population of 200 million, or one person
per 60,000 per day.

Since the fraction of the atoms that decay per unit time
is constant, the number of atoms that decay per unit time
must decrease in proportion to the number of atoms remaining. 23
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21.8
If the number of surviving atoms is plotted as a function of
time, a curve such as that shown at the left is obtained.

The curve that shows the number of atoms that have not
decayed as a function of time approaches the time axis asymp-
totically; that is, the number of survivors becomes small but
never becomes zero. This is another way of saying that we
cannot assign any definite time at which the value of N falls
to zero. The smaller the number of unchanged atoms, the
smaller is the number that decay per unit time.

It is possible to specify the time required for any par-
ticular fraction of a sample to decay—say 1/2 or 1/3 or 37%,
for instance. For convenience in making comparisons, the
fraction 1/2 has been chosen. The time T required for the
decay of one-half the original atoms of % pure sample, Ruther-
ford called the half-life. Each kind of radioactive atom has
a unique half-life, and thus the half-life of a substance can
be used to identify a radioactive substance. As Table 21.1
shows, these half-lives vary widely.

For the parent of the uranium series, the half-life is
4.5 billion years. This means that, after 4.5 x 10° years,
half of the uranium 238 atoms will have decayed. For polo-
nium 214 the half-life is of the order of 1/10,000 of a sec-
ond. If pure samples of each, containing the same number of
atoms, were available, the initial activity of polonium 214
would be very strong and that of uranium 238 very feeble.

If left for even a minute, though, the polonium would have
decayed so rapidly and the number of the surviving atoms
would be so small, that the activity due to polonium would
be less than the activity of the uranium. We can speculate
that some radioactive elements, present in great quantities
long ago, decayed so rapidly that no measurable traces
are now left. Many radioactive elements decay so slowly
that during any ordinary experimentation time their
decay rates seem to be constant.

Fig. 21.4 Radioactive decay curve. The
curve continually approaches but never
reaches the line indicating zero percent.
Because the activity of a sample is directly
proportional to the number of atoms, this
curve of the number of atoms surviving

as a function of time also repre-
sents the decreasing activity.

- -

#
|
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21.8
The principal advantage of the concept of half-life lies
in the experimental result implied in Fig. 21.4 that, no mat-

ter how old a sample with given half-life T is at a given
moment, in an additional time interxval T, half of the existing
atoms will still survive. Thus, the half-life is not to be
thought of as an abbreviation for "half a life." If one-half
the original atoms remain unchanged after a time T, one-fourth
(1/2 x 1/2) will remain after two consecutive half-life in-
tervals 2T, one-eighth after 3T, and so on. Note how different
the situation is for a population of, say, human beings in-
stead of radioactive atoms. If we select a group of N
bab'.es, half the number may survive to their 70th birthday;

of these Ny/2 oldsters, none 1s likely to celebrate a 140th
birthday. But of Ny radioactive atoms with a half-life of

70 years, Ng/4 will have remained intact after 140 years,

No/8 after 280 years, etc. The statistical probability of
survival for atoms is unchanged by the age they have already

reached; in humans, the probability of survival depends SG 21.7
strongly on age. SG 21.8
SG 21.9

We are not corsidering here the behavior of individual
atoms, but the behavior of a very large number. If a hundred SG 21.10
thousand persons were to flip coins simultaneously just once,
we could predict with good accuracy that about one-half of
them would get heads. But we could not accurately predict
that one particular person in this crowd would obtain heads
on a single flip. If the number of coins tossed is small,
the observed count is likely to differ considerably from the
prediction of 50% heads. From experiments in radiocactivity
we can predict that a certain fraction of a relatively large
number of atoms in a cample will survive in any given time
interval—say, 1/2 will survive to reach the age T—but not
whether a particular atom will be among the survivors. And
as thLo cample of survivors decreases in size owing to dis-
integrations, our predictions about the fraction of survivors
become less accurate; finally, when only a few atoms remain EM*’?andam events
unchanged, the predictions are no longer meaningful. In
short, the disintegration law is a statistical law, and is 54-6*-’ HGLF-!(FQ T
thus applicable only to large populations of the radioactive
atoms, not to the decay of individual atoms. It makes no
assumptions as to why the atoms disintegrate. The use of E47: Half-Life ITC
this statistical law is justified because even a minute sam-
ple of a radioactive element contains very many atoms. For 7:43: Kandorn evenls
example, one-millionth of a gram of uranium contains 2.53 x
1015 atoms.

In the discussion of the kinetic theory of matter we saw

25
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The Mathematics of Decay

the pcautifully simple mathanmitical aspoct ot
decay rs that the sraction of atoie boiyan pee

secona doesn't changc with time, Tt pate (dly
. +
thare gre ‘.\'” ttoms, ad 1 certain foaction o1
them dec iy in ene socond, the nurba ot aton 1

decaying 1 ene sceond s Noo fhon at oy bata
time Uy whe s there ne only N atons Ter i,
the fraction thit decay 1noone second wall <tall
bo oo, brt the numocr of atoms Joc v, 1 o
sceond 18 now N, The constamt factien o o
doecaying porountt time 1s cllad the doony 1t
the value of this rite can b tound 101« 1ch

radioactive species, For o oonploy Tt roudtur

s 1.3 1()-” per second, which roane that o
my sample of radium tonn, on the awer

VL O00I00UYOU LTS ot the tot sl ambor aa o
satple LLE o feoey o oo md,

e congtant fractional decry 1t o bo vopre-
sented by the following mathematre osvpression:

-t -t
Ny - Nye s or Ne/NG = s where ¢ 1o 1 mathe-
mitical (onstant 2.718, 0 Since the decay tate

AappL s as an evponent, this CxXpression 1ooan
"eaponent1al™ cgquation d 1s s ad to rteprosent
the "expoaential docay™ 1llustrated by the  1aph

Mo arare s pao 2.

The balt=Tafe T ou aclatad to the accay 1ate <3
the Telationship «m be doeraved as follows.,  We
start by writing the ospenentisl decay cquition
in loguithmic form., This 15 done by tiking the
logari1thm of both sides of the equation., Log
(Ne/Ng) = =3t low o, After the half-life I, tnc
ratio N /Nog = 4. S0 we tan substitute *© fo
Neg/No 1f we substitute [ for t in the cquation:
log(%) = -:T log ¢. This equation c¢in be sim-
plitied by realizing shat log(h) is -0.301 and
log « = 0.4343: -0,301 = =T (0.4343)., Thus,
3T = 0.693. We thercfore find that the product

of the decay rate and the half-life 1s always
equal to 0.693.

For example, radium has a decay rate = 1.36>
1l

per sceond, so ths half-life T of radium

1s 0.693/1.36 ., 10-11 per second, which 1s e¢qual

to 5.10 x 1010 sec  or about 1690 ycars.,

x :

There 1s no relation between the use of the sym-
bol A for decay rita and the use of 1 for wave-
length,
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that 1t 1s a hopeless task to try to describe the motions of
each individual molecule, but we coula calculate the average
pressure of a gas containing a very large number of molecules.
Similarly, in dealing with radiocactivity we find that our in-
ability to specify when each of the tremendous number of
atoms in a normal sample will disintegrate makes a statistical

treatment necessary.

)%V How much of a substance will be left after four of i1¢s half-
lives?

«¢'H If, after many many half-lives, only two atoms of a radio-
active substance remain, what will happen during the next half-
life?

clear Auxiliary Power) gener-
ator installed in a Navy Transit
4-A navigational satellite. The
spontaneous fission of plutonium
238 supplies a continuous flow
of heat which is converted to
electricity by thermocouples.

‘Em..‘vﬁw “ |
C——— -y~ - N An early SNAP (Systems for Nu-
. e TS :

This cutaway view of a SNAP-7
generator shows how thermo-
couples are arranged to con-
vert heat from the radioactive
strontium 90 cores directly to
electrical energy. The outer
wall is a thick metal shield
designed to absorb radiation
from the strontium 90, and the
fins dissipate excess heat to
keep the assembly at the design
temperature. Most SNAP devices
are built to produce a steady
flow of electrical energy for a
period of several years, so
they are particularly adapted
for use in satellites, untended
lighthouses, ocean buoys and
similar applications.

27
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212 A spectroscopic examination of the y rays from bismuth 214
shows that rays of several discrete but different energies are
present. The rays are said to show a "line spectrum." The mea-
sured wavelength corresponding to one of the lines is 0.0168.

a) Show that the energy of each of the y-ray photons respon-
sible for that 1ine is,].2 x 1073 J. (Hint—sce
chapter 20.) & %@ 7 joule

b) What is the equivalent energy in electron volts? 0.75 MeV

21.3 Suppose that in Fig. 21.1 the magnetic field strength is
1.0 x 1073 N/amp.m,

a) What would be the radius of curvature of the path of

electrons entering the magnetic field with a speed of

1.0 x 107 m/sec? (The charge and mass of the electron

are 1.6 x 1071% coul and 9.0 x 10-31 kg respectively.)S 7 > 10" " m
b) If o particles entered the magnetic field with the same

speed as the electrons in part (a), what would be the

radius of curvature of their orbit? (The mass of ana

particle is 6.7 x 1027 kg.) 420 m
¢) Compare your answers to parts (a) and (b). 7350:!

214 If the electrons described in part (a) of the previous
problem pass through crossed electric and magnetic fields as
shown in the lower sketch of Fig. 21.2,

a) what must be the strength of the electric field to just
balance the effect of a magnetic field of strength
1.8 x 1073 N/ampm? .0 x 0% N/coul
b) what voltage must be supplied to the electric deflecting
plates to proauce the electric field strength of part (a)
of this problem if the plates are 0.10 m apart? [.0Ox /0% volts
c) what will happen to the a particles of problem 21.2 (b)
moving through the crossed magnetic and electric fields
of this problem? undeflected

215 For each part below, select the most appropriate radiation(s):
a, 8, or y.

a) most penetrating radiation Y

b) most easily absorbed by aluminum foil ot

c) most strongly ionizing radiation

d) may require thick "radiation shields" for protection Y

e) cannot be deflected by & magnet

f) largest radius of curvature when travelling across
a magnetic field

g) highest q/m value

h) important in RutheY¥ford's and Royd's 'mousetrap"
exper iment o

i) involv:d in the transmutation of radium to radon

j) involved in ithe transmutation of bismuth 210 to
polonium 210 3

216 Suggest an exp..nation for the following observations:

a) The Curies noticed in 1899 ~hat nonradiocactive substances
placed near a radium compound appeared to become radio-
active. dl

d + h
Willian AN HEQYEA P Tadend 4aee) ik Sesatndty xﬁ'a“s';edA,: ,',c:a,'f,g

radiractive uranium-containing compound was purified objects.
chemically, the uranium compound itself was left with a

much smaller activity, and the separate residue contain-

ing none of the uranium was strongly radioactive.

The residue contaned daughters of high activliy ( short half-ife)

b

~
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¢) Becquerel found, in 1901, that in a case like (b) the

uranium compound regained 1ts original activity after

several months while the residue gradually lost most

of its activity during the same time. The wrarum Compound

conﬁnuallv decajed né more acfive dauy'lféw;, but thie da:ghb s n the residue
217 A Geiger counter shows that the rate of emission of - par- re ot veplaced as
ticles from an initially pure sample of a radioactive substance Iﬁeﬂ ‘deuxyjed
decreases to one-half the initial rate 1n 25 hours.

a) What fraction of the nriginal number of radioactive
atoms is still unchanged at that time? -
b) What fraction of the original number will have disinte-
grated in 50 hours? 3
c) What assumptions have you made in giving these answers?
How might you check them? Assume tie Mds$ de<’a7
were nol themselves vadicactive
21.8 Suppose at time o @ sample of pure radium consisted oj
2.66 ~ 102! atoms. (The half-life of radium is approximately
1600 years.)

a) If N is the number of radium atoms in the sample at a
time”t, make a graph of Nt vs. time covering a period of
8000 years,

b) Show that at the end of 8000 years, 8.3 x 10!9% radium
atoms still remain in the sample.

c) From your graph, estimate the pupber of adium atoms in
the s:mplegafzer 4000 years. 8IRS '75“’%”""

21.9 The cylinder in the beaker shown and described on p. 19
reportedly contained 17,000 curies" of cobalt 60. A curie is
defined as 3,70 x 1010 disintegrations per second.

a) How much erergy is released per disintegration in the
cobalt 607 5 7 x 10°F Joules( dswHeqration

b) What would be the rate of heat production of that
cylinder after 15 years? (The half-life of cobalt 60
is approximately 5 years.)

2110 Radioactive isotopes in quantities of 1C micro-curies or
less can be purchased from the U.,S. Atomic Energy Commission.

How many disintegrations per second occur in a 10 micro-curie

sample? 3.70 x 105 dfsmkgmﬁon / Sec

2111 Plot the counting rate as a function of ¢ime and determine
the approximate half-life of the substance having the following
disintegration rates (counting rates):

Counting Counting

Time rate Time rate
(hr) (counts/min) (hr) (counts/mir)
0.0 venn 6.0 1800
0.5 9535 7.0 1330
1.0 8190 8.0 980
1.5 7040 9.0 720
2.0 6050 10.0 535
3.0 4465 11.0 395
4.0 3300 12.0 290
5.0 2430

A5 0 XIO"B/mén.
How many atoms decay each minute for cach 10° atoms in the sample?

(Use the relationship AT = 0.693 derived on p. 26.) Does this
number remain constant? Sx io% Kﬁms‘/mm Yes

2112 It takes 10 years for 10 per cent of tihe atoms of a fresh
sample of radioactive substance to decay., How much of the 90 per

cent that is left will decay in the next 10 years? 59 of the 907, on 27
of the orgmal.
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221 T.e concept of isotopes. The discovery that there are three

Summary A3 |

radic~ “tive series, each containing apbarently new elzments, DY‘(IgﬁG viSion OF fﬁe vdlo
rarsed a serious problem. In 1910 there were some empty {able acconuxkﬂé-fﬁe ytuﬁb-

sraces 1n the periodic table of the elements but there were acfive eglemenls was rmode un-
not enough spaces for the many new elements. The periodic neceesar bg Soddﬁs COncept
table represents an arrangement of the elements according to OF (Stﬁbpét.

“heir chemical properties and, if it were unable to include

the radioactive elements, it would have to be revised, per-

hape 1n some drastic and fundamental way.

Soddy suggested a so'ution that threw a flood of light on
the nature of matter and or the periodic law of the elements.
The c'ue to the puzzle lay (n the observation that some of
the supposedly new elements had chemical vroperties identical
with those of well-known elements, altnrough some of their
physical properties were different. For example, the "great-
granddaughter" of uranium was found to have the same chemical
properties as uranium itself. The two could not be separated
by chemical means; no chemist had detected, by chemical analy-
s1s, any difference between these two substances. But they
do differ from each other in certain physical proverties.
They are now known to be .wo diffcrent forms of uranium---
uranium 238 and uranium 234, respectively. As Table 21.1
shows, uranium 238 and 234 have quite different half-lives:
4.5 x 107 years and 2.5 » 10° years, respectively; and the
rass of a uranium 234 atom must be smaller than that of a
uranium 238 atom by the mass of one¢ « particle and two &
particles. Another pair of radioactive substances, radium 3
and radium G, were found to have the samec chemical properties
as lead: when mixed with lead they could not be separated
from 1t by chemical means. These substances are now kncw:
as lead 214 and lead 206, respectively. But lead 214 1s
radioactive and lead 206 is stable, and Table 21.1 shows
that they must difier in mass by the mass of two « particles
and four ¢ particles. There are many other examples of such

differences.

Soddy proposed that a chemical element could be regarded
as a pure substance only in the sense that all of i1ts atoms
have the same r~hemical properties. e suggested that a
chemical element may in fact be a mixture of atoms some of
which have different radioactive behavior and different
atomic masses but the same chemical properties. This idea
meant that one of the basic postulates of Dalton's atomic
theory would have to be changed, namely the postulate that
the atoms of a pure element are alike in all respects.

According to Soddy, it is only in chemical properties that
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the ¢toms of a given element are i1dentical. The several physi-
cally different species of atoms making up a particular cle-
ment occupy the same place in the periodic table, that 1s, have
the same atomic runber Z. Soddy called them 1sotopes of the
clement, from the Greek 1sos and topos meaning samc and place

(same place in the period:ic table). Thus uranium 238 and uran-
i1um 234 are 1sotopes of uranium; lead 214 and lead 206 are 1so-
topes of lead.

The many species of radioactive atoms in the three radio-
active series were shown by chemical analysis to be 1sotopes
of one or another of the last eleven elements in the periodic
table—from lead to uraniumn. For example, the second and
fifth members of the uranium series were shown to be - -otopes
of thorium, with 2 = 90; the 8th, 1lth and 14th members turned
out to be isotopes of polonium (2 = 84). The old symbols
were therefore rewritten to represent both the chemical simi-
larity and physical difference among isotopes. The present
names, foo example, are uranium 238 and uranium 234, shown
in Table 21.1.

(1 Why wasn't it necessary to expand ths periodic table to fit
in the newly discovered radioactive substances?

Transformat:ion rules. Two guestions then arose: how do changes

in chemical nature come about in radiocactive decay; and, more
specifically, what determines whcther the atomic number Z in-

creases or decreases in a radioactive transformation?

OFO‘ and 6““5‘" In 1913, the answers to these questions were given inde-

pendently by Soddy in England and by A. Fajans in Germany.
They each proposed two rules we will call the transformation
rules of radioactivity. Recall that by 1913 Rutherford's
nuclear model of the atom was generasly accepted. Using this
model, one could consider a radioact:ve atom to have an un-
stable nucleus which emits an o or & particle. Every nucleus
has a positive charge +qu, where Z is the atomic number and
9 1S the magnitude of the charge of an electron. The nuacleus
1s surrounded by Z electrons which make the atom as a whole
electrically neutral and detei.ine the chemical behavier of
the atom. An o particle has an atomic mass of about 4 units
and a positive charge of 2 units, +2qe. A 8 particle has a

negative charge of ore unit, “Qgr and very iittle mass.

The tr nsformation rules may now be stated as follows:

(1) When a nuc.eus emits an a particle, the .ass of the
atom decreases by 4 atomic mass units and the atomic number
Z of the nucleus decrcases by 2 units; the resulting atem be-
longs to an element two spacets back in the periodic table.
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(2) When a nucleus emits a 8 particle, the mass of

the atom is practically unchanged, but the atomic number 2 Example:
1ncreases by one unit; tne resulting atom belongs to an pp21% Bicle 4
element one place forward in the periodic table. When a 82 =353 ®1 2.

Y ray is emitted, there is, of course, no change in the
number of atomic mass units or the atomic number.

Table 21.1 shows that these rules apply to the uranium-
radium series so far as the atomic number is concerned. The
Rutherford-Bohr model of the atom shows why a change in chem-
1cal nature occurs as a result of o or 8 emission. An «a
particle takes two positive charges from the nucleus, and
the resulting new atom can hold two fewer electrons than be-
fore in its outer shells. The new aton acts chemically 1like
an atom of an element with an atomic nurber twc units less
than that of the atom before the radioactive change occurred.
In 8 emission, the nucleus becomes more positively charged,
by one unit. The number of electrons around the nucleus in-
creases by one and the atom acts chemically like an .tom
with an atomic number one unit greater than that ¢f the atom
before the radiocactive change occurred.

By using the transformation rules Soddy and Fajzns were able
to assigr places in the periodic table to all of tho radio-
active elements. Each of these elements fell :nto a place
appropriate to its chemical properties so that no revisaion
of the periodic table was needed. Many of the positions
(determined by atomic number) between Z = 82 (lead) and 2 = 92
(uranium) now contained several 1sotopes. These results were
consistent with the hypothesis of the existence of isotopes,
but direct, independent evidence was also soiught— 1d it was SG 22.2
obtained in 1914.

Q2 By how many units does the mass of an atom chang: during a
decay? During 8 decay?

Q3 By how many units does the charge of a nucleus change during
@ decay? During B decay?

Direct evidence for isotopes of lead. Soddy knew tnat the Summary 2.3

. . , | Expenrrerils showed tat uranium
stable end product of the uranium-radium series had the chem- was everilually T fb { i a

1cal properties of lead, and that the end product of the tho- h'ahf lsoTZpe OF leao(,and thorium
rium series also had the chemical properties of lead. But he Wi a heaqj lSﬁEqu OF lead.
saw that these erd products should have stomic wasses dif-

ferent from that of ordinary lead (that is, lead that was not 2. Lead &Kog and ortﬁﬁaz:ah 71
produced from a radioactive series). This result follows from were ehauW1fblmzwa1he s ‘RUdg

in prepertiés predicted b éimidﬂ.
a simple calculation of the change 1n mass as an atom decays P P 5

from the starting point of a radioactive series to the end

3. The question qvese : are offior
point. The calculation is simplified by ignoring beta decays stable glemerts a mixitire of
in which no appreciable change in mass 1s involved. 1550&3)985?
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Frederick Soddy (1877-1956), an
English chemist, studied at
Oxford, and went to Cznada in
1899 to work under Rutherford
at McGill University in Mon-
treal. There the two worked
out their explanation of radio-
active decay. Soddy retnurned
to England in 1902 to work with
Sir William Ramsay, the dis-
coverer of the rare gases argon,
neon, krypton znd xenon. Ramsay
and Soddy showed, in 1903, that
helium was continually produced
by naturally radioactive sub-
stances. In 1921, Soddy was
awarded the Nobel Prize in
chemistry for bis discovery of
isotopes. He was a professor

of chemistry at Oxford from

1919 to 1936.
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In the uranium series 8 . particles, each with atomic
mass of 4 units, are emitted. Hencz, the end prcduct of
the series 1s expected to have an atomic mass close Lo
238 - (8 % 4) = 206 unmits. In the thorium series, the end
product comes from thorium 232, with an atomic mass of about
232 units, and 6 : particles are emitted along the way. It
should tnerefore have an atomic mass cloze to 232 - (6 » 4)
= 208 units. Thke atomic¢ mass of ordinary lead was known
from cnemical analysis to be 207.2 units. The lead extracted
from the mineral thorite, which consists mainly of thorium
and contains only one or two per cent by mass of uranium may
be pre:tumed to be the final product cf tne thorium series.
The .tcmic mass of lead extracted from thorite should there-
fore be significantly different from the atomic mass of lead
extracted from a uranium mineral such as pitchblende, and

from the atomic mass of or vy lead.

Here was a gquantitative p...iction which could pe checked,
and a number of chemists in Sco*iand, France, Germany, Austraia
and the United States attacked the problem. At Harvard Uni-
versity, T. W. Richards found atomic masses as low as 206.08
for samples of lead from ores rich in uranium. Chemists 1n
Austria found samples of lead, in the ore uraninite, with an
atomic mass of 206.04. Soddy and others found samples of
lead from thorite with atomic masses as high as 207.8 and
207.9. The results left no doubt vhat uranium was trans-

formed into a light isotope of lead, and thorium into a
heavier isotope of lead, and that both isotopes have atomic
masses different from that of orvdinary lead (207.2).

Richards and his co-workers 1so found important similari-
ties between ordinary lead and lead 206. The densities of
these two isotopes turned cut to be proportional to the re-
spective atomic masses, which implied that the atoms of lead
206 and ordinary lead had the same volume. Furthermore,
lead 206 and ordinary lead were found to have thz same opta-
cal spectrum; their compounds had the same solubility in
water, and the crystals of their nitrates had the same index
of refraction. Hence, lead 206 and ordinary lead were shown
to have properties as similar as Soddy nad predicted and as
Bohr's theory suggested they should be. Together, all of
these results meant that the theories of radioactivity and
atomic structure that were emerging -n the early years of
the twentieth century had passed a demanding test, and the
confidence that physicists and chemists had in these theo-

ries was greatly increased.

The three forms of lead which were compared in the studies
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*The normal mixture of all vavieties of lead.

L3
discussed so far, that is, ordinary lead, lead 206 {(from

uranium) and lead 208 (from thorium) were all stable—not

radioactive. The question immediately arose whether other

stable elements are really mixtures of isotopes. In Soddy's

words:

Naturally the guestion was asked whether any of the com-
mon elements, for which radioactive methods of analysis
are not available, are, as supposed, really homogeneous
elements: and whether any are mixtures of different iso-
toves, with different atomic masses but with identical
chemical properties, so merely appeariny to be homogeneous
under chemical analysis.

"+ How were the different atomic masses of lead decay-products
predicted?

Positive rays. It was hard to show that stable elements may
be mixtures of i1sotopes because rsotopes cannot be separated
by ordinary chemical methods. Any attempt to separate a

pair of isotopes must depend on a difference in some property
which depends, in turn, on the difference between their atom-

1c masses. However, except for the very lightest elements,
the difference in atomic mass is small compared to the atcm-
1c masses themselves. For the lead isotopes discussed in the
last section the difference was only two units in about 200
units, or about one per cent. Any difference in a physical
property between two isotopes having such a small mass dif-
ference would be expected to be very small, making separation
difficult to achieve. Fortunately, when the questioun of the
possible existence of isotopes of stable elements aruse, a
This
method, developed by J. J. Thomson and extended by A. J.

Dempster and others, depended on the behavior of positively

method was avairlable which could answer the question.

charged ions when these are traveling in electric and magnetic
fields.

In a cathode ray tube, the erectrons emitted from the
cathode ionize the atoms of gas with which they collide. It
was thought that the positive ions produced would accelerate
toward the cathode and be neutralized there. 1In 1886, the
German physicist Goldstein found that if holes are made in
the cathode, rays pass through the cathode and emerge beyond
1t. Fig. 22.1 is a schematic diagram of a discharge tube for
producing such rays. If the cathode fits the tube tightly,
so that no gas can enter the region behind 1t, and if the
holes are so small that very little gas can get through them,
a high vacuum can be produced on the side where the rays
emerge. The rays then have quite a long range and can be

deflected by externally applied electric and magnetic fields.

Sum,

There are four naturally occur-
ring lead isotopes: g,Pb20%
and the end products of three
decay chains:
82Pb<0€ from uranium;
§2Fb207 from actinium;

sZszo% from thorium.

22.4

o o the isolopes of

&
an zmwf st be done
physicaly, because tiey are
idenllic chemica(lj.

2. Thonson deflected
raf:n £ and B fields 1o
(o)

pore the masses of alonss

3. The modern mass spectio-

%mph s an edremely sensi-

ve nstrument for Tnagneti-
cally separdlin 'lso'('opac and
”m r masses,

ctrvnga
Fig. 22,1 Discharge tube for
producing a beam of positive
ions. The gas between anode
and cathode is ionized by the
electric field. Positive ions
are then accelerated toward

the cathode where some of them
pass through small holes and
enter the well-evacuated region
beyond.
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J. J Thomson (1856 1940) at
work in the Cavendish Laboratory.

Thomeore apparatis used pavallel
electric and magnef 7 elals it

dd not tole ~ for ions
oF a Sin m Tgr

e fons

of a wides, read oF ed: poassed
brough the F ields and {brmeo( o
patlérn of parabelas on a
Ehof‘ogmphac plate — one

r each vawefj and speed of ions.

T45 : Mass specrograph

D6l : Mass 5peo‘l‘?ogroph
L6-2 : Thomsons pos:(‘]ve
Y parabo

Some mass spectrometers are
portable; small ones similar
to this are carried aloft for
analysis of the upper atmos-
phere.
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From the direction of the deflections it was concluded that
the rays consist of positively charged particles. The rays
were therefore called "positive rays" and were thought
(correctly) to consist of positively charged i-ns of the
atoms or molecules of the residual gas remaining in the dis-
charge tube after partial evacuation.

Thomson used the positive rays from different gases to de-
termine the relatlve masses of the atoms of the gases. Rather
than describe the details of Thomson's early apparatus we
shall describe an improved type of instrument that is in com-
mon use. This instrument typically consists of two parts:
the first part provides a beam of ions all moving with the
same speed; in the second part the ions pass through a mag-
netic field, which deflects them from a straight path .nto
several different curved paths determined by their relative
masses. Ions of different mass are thus separated to such an
extent that they can be detected separately. By analogy with
the instrument that separates light of different wavelengths,
the instrument that separates ions of different mass was
called a mass spectrograph. 1Its operation 1s explained on the

opposite page. kdevvelo,::ed by Aston

Thomson had obtained results from measurement of 9 for

positive rays which were quite different from those obtalned
for cathode ray particies or B8 particles. Both the speeds
and 9 were found to be smaller for gases with heavier mole-
culesm These results are consistent with the idea that the
positive rays are streams of positively ionized atoms or
molecules.

Can the values of g and m be separately determ.ned? The
magnitude of g must be a multiple of the electron charge 9
that is, 1t can only be 9gs OF 2q , 3qe 4qe .« The greater
the charge, the greater the magnetlc force will be and, there-
fore, the more curved the path of the ions. In the apparatus
of Fig. 22.2 a doubly ionized atom (an ion with charge +2q )
w1ll follow a path with half the radius of that of a 51ngly
ionized atom of similar type, a triply ionized atom will
trace out a semi-circular path with one-third the radaus,
etc. Thus, for each type of atom analyzed, the path with the
largest radius will be that taken by the ions with the single
charge 9~ Since q is known for each path, the mass of the
ions can be determined from the known values of g/m.

The study of positive rays with the mass spectrograph made
it possible to measure for the first time the masses of in-~
dividual atoms. With the methods used before, it was possible

to obtain only average masses for very large numbers of atoms.
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Fig. 22.2 The principle of the mass spectrograph.

The magnetic scparation of isotopes b~jzins by
electrically charging the atoms of a savple of
material, for example by means of an electric
discharge through a sample of gas. The resulting
ions are then accelerated into a beam by an elec-
tric potential difference.

Before the different isotopes in the beam are
separated, there is usually a preliminary stage
that allows only those ions with a certain veloc-
ity to pass through. 1In one type, the ion beam
initially enters a region of crossed magnetic
fields B and i, where each ion experiences a mag-
netic force of magnitude qvB and an electric force
of magnitude qE. The magnetic and electric forces
act on an ion in opposite directions, and only

for ions of a certain speed will the forces be
balanced, allowing them to pass straight through
the crossed fields. For these ions qvB = qE,

and so their speed v = E/B. Because only ions
with this speed in the original direction remain
in the beam, this part of the apparatus is called
a velocity selector.

The separation of isotopes is then accomplished
by a magnetic field B'. As the beam enters this
field, the magnetic force acts as a centripetal
force to cause each ion to move in a circular

arc whose radius R depends upon the ion's charge-
to-mass ratio. That is qvB' = mv2/R and so

q/m = v/B'R.

The divided beams of ions fall on either a photo-
graphic plate (in a mass spectrograph) or a sen-
sitive electrometer probe (in a mass spectrometer),
allowing the radii of their deflections to be
calculated from the geometry of the apparatus.
Since v, B' and R can be determined from measure~-
ments; the charge-to-mass ratio of each velocity

of ions in the beam can be calculated.
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Suwnmary 8.5

I Thomedn showed that sdtopes
exist for neon, an ordl'narj
(non- vadivoctive ) elernerit

2. Adorn ueed Qaseous diffusion
techniques and Pis rmase spectvo-
graph 1 verfy that neon has
two isclopes. 22.5
3. Aston showed that offier elemerifs
have tsatopas ond by, measuri
their ‘mass spedtra”, he calcudaled
many (Sdbpic ymasses.

Francis William Aston (1877-1945)
studied chemistry at the Univer-
sity of Birmingham. In 1910 he
went to Cambridge to work under
J. J. Thomson. He was awarded
the Nobel Prize in chemistry, in
1922, for his work with the mass
spectrograph. In disagreement
with Rutherford, Aston pictured
a future in which the energy of
the atom would be tapped by man.
In his Nobel acceptance speech
he also spoke of the dangers in-
volved in such a possibility.
Aston lived just long enough—by
three months—to learn of the ex-
plosion of the nuclear bombs.

38

The uncertainty of mass determinations made with modern mass
spectrographs can be less than one part in a hundred thousand,
that 1s, less than 0.001 percent. The difference 1in the
masses of the 1sotopes of an element 1S never less than about
0.3 percent, and so is easily detected.

Q5  The curvature of an 1on beam in a magnetic field depends on
both the mass and speed of the 1ons. How then can a mass specto-
graph make precise separation by mass?

Separating Isotopes. In Thomson's original instrument the

error was about one per cert, but this was small enouch to
vermit Thomson to make the first observation of separated iso-
topes. He introduced a beam of neon ions from a discharge
tube containing chemically pure neon into his mass spectro-
graph. The atcmic mass of neon had been determined as 20.2
atomic mass units by means of the usual methods for deter-
mining the atomic (or molecular) mass of a gas. At about the
position on the photographic plate where ions of atomic mass
20 were expected to arrive, a dark line was observed when the
plate was developed. But, in addition, there was also pres-
ent a faint line such as would indicate the presence of par-
ticles with atomic mass 22. No chemical element or gaseous
compound was known which had this atomic or molecular mass.
The presence of this line suggested, therefore, that neon
might be a mixture of one form, or isotope, with atomic mass
20 and another isotope with atomic mass 22. The average chem-
ical mass 20.2 would result i1f neon contained about ten times

as many atoms of atomic mass 20 as of atomic mass 22.

The evidence that neon has two isotopes was so striking
that Thomson's associate, F. W. Aston, looked for further
evidence that might bear on this problem. it was well known
from kinetic theory that in a mixture of two gases with dif-~
ferent molecular masses the lighter molecules have a higher
average speed than the heavier molecules. The lighter mole-
cules, therelore, collide more often with the walls of a
container than do the heavier molecules. If the mixture is
allowed to diffuse through a porous wall from one container
into another, the heavier molecules are less likely to pass
through than the lighter, faster ones. The gas that does not
get through the wall will, therefore, have more of the heavier
molecules than the gas that does pass through the wall.

Aston allowed part of a sample of chemically pure neon
gas to pass through such a wall. One pass accomplished only
a slight separation of the lighter and heavier molecules, so
a portion of the gas which had passed through the wall was
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passed through the wall again, the prccess was repeated many
times. He measured the atomic mass of each fraction of the
gas and found values of 20.15 atomic mass units for the frac-
tion that had passed through the wall many times and 20.28

units for the fraction that had been left benind many taimes.

The difference 1n average atomic mass indicated that the neon

was, i1ndeed, a mixture of 1sotopes. Even more impressive was
the change in the relative intensities of the two traces (for
the masses 20 and 22) ain the mass spectrograph. The line
corresponding to mass 22 was more prominent 1n the analysis
of the fractio: of the gas that had been left behind, show-
1nag that thas fraction was "enriched" in atoms of mass 22.

Although the separation of the two 1sotopes was not complete,

1t was clear that there are two 1sotopes of neon, one with

atomic mass 20, the other with atomic mass 22. The optical

Side view of one of Aston's
earlier mass spectrographs.

emission spectrum of the enriched sample was the same as
that of the original neon sample—oproving that no substance

other than neon was present.

These results encouraged Aston to improve the design of S 20
the mass spectrograph and determine the atomic masses of L6 -3: Aslns masg specfv"ogmph
many elements. He found that other elements also were made

up of isotopes. The atomic masses of the isotopes of the
naturally occurring elements have now been determined. Although we cannot measure the
Figure 22.3 shows the mass spectrograph record obtained for mass of a neutral atom in a mass
R ?
germanium, indicating that this element has five 1sotopes. sprctrograph (why not?), we

usually list isotopic masses for
Pictures of this kind are called "mass spectra." neutral atoms.

N

Fig. 22.3 The mass spectrum of germanium, showing the isotopes
of mass numbers 70, 72, 73, 74, 76.

Both the electromagnetic and gas-diffusion methods of
separating 1sotopes have been modified for large-scale appli- Déea : Asfon analog
cations. The electromagnetic method is used by the United
States Atomic Energy Commission to provide samples of separa-
ted 1sotopes for research. The method used by Aston in
achireving a small degree of separation of the neon 1sotopes
has been developed on an enormous scale to separate the 1so-
topes of uranium 1in connection with the manufacture of nu-

clear bombs and the production of nuclear power.

vt What were 3 experimental results which supported the belief
1n two isotopes of neon?

{1/ 1sotopes are separated in a mass spectograph because more
massive ions are deflected less. Why are 1isotopos separated in
diffusing through a porous wall?

39




i
|

W

ERIC

Aruitoxt provided by Eic:

5umma.rg k2.4
. Both mass (sce Table 22.1). For example, the lighter and heavier
mass number A are used To

QP%,F a Mlar adomic 1sotopes of neon are charactevized by the pairs of values:
y or .

2.In equalions represerilin,

Wgnﬁé;?fﬁmazbn' mbe are determined by the properties of the atomic nucleus: ac-~
k01 e . .

balance e mic. numbers cording to the Rutherford-Bohr model of the atom, the atomic
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The Atomic Energy
Commission's Gas-

22.6 A useful notation for nuclides and nuclear reactions. It
eous Diffusion -
Plant at Qak will be useful to summarize some ideas and notations. Be-
Ridge, Tennessee. cause of the existence of isotopes it was n
o longer possibl
The long buildings P 9 P ¢

right of center
:fg:t"p the first Z alone: To distinguish among the isotopes of an element

some new symbols were introduced. One is the mass number , A
defined as the whole number closest to the measured atomic

to designate an atomic species by means of the atomic number

’

atornic number Z and

nuclide 2 =10, A =20, and Z = 10, A = 22, respectively. An element
which consists of a single atomic species can, of course,

nuckear also be characterized by its Z and A values. These values

number 2 is the magnitude of the positive charge of the nu-
cleus in elementary charge units. The mass number A 1s very
nearly equal to the atomic mass of the nucleus (expressed in

atomic mass units) because the total electron mass 1s very

small compared to the mass of the nucleus. The term nuclide
15 used to denote an atomic species characterized by particu-
lar values of 2 and A. An isotope is then one of a group of
two or more nuclides having the same atomic number 2 but §if-
ferent mass numbers A. A radioactive atomic Species 1s a
radiocactive nuclide, or radionuclide for short. A nuclide

40 is usually denoted by the chemical symbol with a subscript at
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the lower left giving the atomic number, and a superscript at
the upper right gaving the mass number. In the symbol ZxA
for a nuclide, Z 1s the atomic number, X is the chemical sym-
bol and A is the mass number. For example, ,Be? is the nu-
clide beryllium with atomic number 4 and mass number 9; the
symbols (¢Ne2® and ;oNe?’ represent the neon i1sotopes dis-
cussed above. The Z-value 1s the same for all the isotopes
of a given element (X), and so is often omitted—except when
it is neeged for balancing equations (as you will shortly
see). Thus, we oftea write 06 for 40!6, or Ne2? for |gNe2?
or U238 for 54,0238,

The introduction of the mass number and the symbol for a
nuclide makes 1t possible to designate the radioactive nu-

clides in an easy and consistent way, as was Shown in Table

21.1. Radioactive decay can be expressed by a simple equa- F4g . Y38 md(oad’u’fifg series

tion representing the changes that occur in the decay process.
The first step in the uranium-radium series, the decay of

uranium 238 into thorium 234, may be written:

77N

decays into \
9, U238 Y 90Th23% +  ,He". K\fii:j

The symbol ,He" stands for the helium nucleus (a particle);
the other two symbols represent the initial and final atomic
nuclei, each with the appropriate charge and mass number.

The equation represents a nuclear reaction, and is analogous

to an equation for a chemical reaction. The atomic numbers
on the two sides of the equation must balance because the
electric charge of the nucleus must be conserved: 92 =

90 + 2. Also, the mass numbers must balance because of con-
servation of mass: 238 = 234 + 4. We see from Table 21.1
that g9oTh23% (thorium 234) decays to ¢;Pa?3"% (protactinium
234) with the emission of a f particle. Since a B particle

(electron) has charge -9, and has an extremely small mass, 8 particle.

the symbol . e’ is used for it. This B decay process may

then be represented by the equation: in Sec, 23.6.
§G 225
90Th? 3" QEEEZE_£EEP g1Pa?®" + _je® + % SG 22.6
SG 227
SG 228

Q8 write the complete symbol for the nuclide with atomic mass 194
and atomic number 78. Of what element is it an isotope?

Q9 cComplete the following equation for a-decay:
Y ?
ZXA —_— 2He +Z_2X
Q10 Complete the following equation for B8 -decay:

ZXA —_— e°+?XA
-

1

®

m294

There is also an antincutrino
(V) given off together with the
The neutrino and
antineutrino are two particles
which will be discussed briefly
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Table 22.1 Relative natural abundances and masses of some nuclides

The masses are given in atomic mass units {amu) based on {C:- = 12,000 000
Element Chemical Atomic Mass Relataive Mass of
Symbol Number Number Abundance Neutral Atom
2z A 3 {amu)
Hydrogen H 1 1 99.98 1.007825
1 2 0.02 2.014102
Helium He 2 4 100.00 4.002604
Lathium Li 3 6 7.42 6.015126
3 7 92.58 7.016005
Beryllium Be 4 9 100.00 9.012186
Carbon c 6 12 98.89 12.000000
€ 13 1.11 13.003354
Nitrogen N 7 14 99.63 14.003074
7 15 0.37 15.000108
Oxygen 0 8 16 99.76 15.994915
8 17 0.04 16.999134
8 18 0.20 17.999160
Neon Ne 10 20 90.92 19.992440
10 21 0.26 20.993849
10 22 8.82 21.991385
Alum1inum Al 13 27 100.00 26.981535
Chloraine Cl 17 35 75.53 34.968855
17 37 24.47 36.965896
Platinum Pt 78 190 0.01 189.9600
78 192 0.78 191.9614
78 194 32.90 193.9628
78 195 33.80 194.9648
78 196 25.30 195.9650
78 198 7.21 197.9675
Gold Au 79 197 100.00 196.9666
Lead Pb 8” 204 1.50 203.9731
52 206 23.60 205.9745
32 207 22.60 206.9759
82 208 52.30 207.9766
Thoriunw ch 990 232 100.00 232.0382
Uranium U 92 234 0.006 234.0409
92 235 0.720 235.0439
92 238 99.274 238.0508
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Chart of the known nuclides. Each black square represents a stable nuclide,
cach open square represents an unstabie nuclide. All Lsotupes of 2 given
clement are found in a vertical column centered on the element's atumic
number Z. (As will be seen in the next chapter, the Z number is the number
of protons in the nucleus, and A - Z, the difference bet.een the atomic mass
and atomic number, is the number of neutrons.)
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Atomic mass

Detection of the isotopes of
potassium in a mass spectro-
meter. In a mass spectrometer
the current due to the ions 1s
detected. Comparison of the
current due to each isotope per-
mits fairly precise estimates of
the relative abundances of the
isotopes.

ol 2o

Fbo Long livke infervals

Deo Naturaily occurrin
radlbaofv‘w(g
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The stable isotopes of the elements and their relative abun-

dances. Mass spectra, such as the one of germanium shown in
Fig. 22.3 have been determined for all the elements with at
least one stable nuclide. These are the elements with atomic
numbers between 1 (hydrogen) and 83 (bismuth). A few of the
results are listed in Table 22.1. The takble also includes
the unstable (radioactive) elements uranium and thorium be-
cause they have such long half-lives that they are still
present in large quantities in some rocks. Uranium has three
naturally occurring isotcpes, one of which, U235, has remark-
able nuclear properties that have made it important in mili-
tary and political affairs as well as in science and industry.
As can be seen in Table 22.1, the relative abundance of U235
is very low and it must first be separated from the far more
abundant U?%® before it can be used in practical applications.
Such applications and some of their social effects will be

discussed in Chapter 24,

Of the elements having atomic numbers between 1 and 83,
only about one-fourth of them are single species, the others
all have two or more isotopes. the 83 elements
actually consist of 284 naturally occurring nuclides. All
but 25 of these nuclides are stable.

one stable nuclaide,

As a result,

Many elements have only
others have several and tin has the
greatest number, ten. Carbon and nitrogen each have two and
oxygen has three. (Table 22.1 shows that the 1sotope 016
has a very high relative abundance; the isotopes 0!7 and 0!8

being relatively rare.)

The 25 naturally occurring unstable nuclides show a very
small degree of radioactivity; they are not associated with
the decay chains of the heavy radionuclides and have activi-
ties whicen are generally much feebler. The most common of
these light nuclides is ;4K"?, an isotope of potassium that
has a relative abundance of only 0.012%. This isotope,
which emits 8 particles, has a long half-life (1.3 x 109
years) which makes it extremely useful for determining the
ages of certain rocks. Such information, coupled with in-
formation on the decay of U238, can be used to estimate the

age of the earth.

Hydrogen, the lightest element, has two stable isotopes,
ot which the heavier one, with mass number 2, has a relative
abundance of only 0.02%. The hydrogen 1sotopes are excep-
tional in that the rare isotope has an atomic mass twice that
of the common isotope. As a result, the differences between
the properties of the two isotopes are more marked than in
any other pair of isotopes. The hydrogen isotope of mass 2

has therefore been given its own name, deuterium, with the
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symbol D; sometimes 1t is called "heavy hydrogen." There 1is
a kind of water, called "heavy water" or "deuterium oxide,"”
with the formula (;H?),0 or D,0. Heavy water differs from
ord.nary water in some important respects: 1%is deasity is
1.11 gram per cm® as compared with 1.00 for ordinary water;
1t freezes at 3.82°C and boils at 101.42°C, the corresponding
temperatures for ordinary water being 0°C and 106°C, respec-
tively. Uaturally occurring water contains only abcut 1 atom
of H? per 7000 atoms of H!, but methods lave been developed
for producing nearly pure D,0 in large umounts. Heavy water
is important 1in some types of devices for the c.ntrolled re-

lease of nuclear energy, as will be explained in Chapter 24.

Some 1interesting and important regularities have been
found among the natural abundances. The number of nuclides
with the various combinations of even and odd values of 2

and A are listed in Table 22.2. It 1s evident that nuclides

Table 22.2 Some Interesting Data Concerning Nuclides

H. C. Urey received the 1934
Nobel Prize in chemistry for his
Number of Nuclides discovery of "heavy" hydrogen.

Number of Avg. Number

Stable with with of Isotopes
Elements 0odd A Even A Total Per Flement
0odd 2z 40 53 8 6l
Even Z 43 57 166 223 5.2
Tctal 83 110 174 284 3.4

with even Z and even A are much more numerous than those
with any other combination. Elements with even Z have, on

the average, more isotopes per eclement than those with odd Z.
Any theory of the nucleus will have to account for these reg-
ularities, which are related to the stability of atomic nu-

cler. Information of this kind is analogous to observations
of the positions of planets, to data on chemical compounds
and to atomic spectra. All of these prcvide mater:ial for

the building of theories and models.

What 1s deuterium?

Neon actually has three isotop.s (see Table 22.1),

Why did Thomson and Aston find evidence for only two
1s5otopes?

Atomic masses. The masses Of most of the stable nuclides

have been determined and the results are of fundamental im-
portance in quantitative work 1n nuclear physics and 1ts ap-
plications. The standard of mass adopted by physicists for
expressing the atomic mass of any nuclide was slightly dif-

ferent from that used by chemists for the chemical atomic

This is a photograph of the
oscilloscope display of a high-
resolution mass spectrometer.
The high peak, on the lefr, in-

dicates the He isotope of mass
3.016030 amu. The other peak
indicates H , the extra heavy
hvdrogen isotope, otherwise
known as tritium, whose mass is
3.016049 amu, The mass differ-
ence is therefore about one part
in 150,000.
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weights. The chemists' scale was defined by assigriag the

value 16.0000 atomic mass units to ordinary oxygen. But, as
can be seen in Table 22.1, oxygen is a mixture of three iso-
topes, two of which, 0!7 and 0!®, have very small abundances.
For isotopic mass measurements, the value 16.0000 was assigned
to the most abundant isotope, 0%, and this mass was used as
the standard by physicists. For some years, up to 1960, the
atomic mass unit, 1 amu, was defined as 1/16 of the mass of a
neutral 0!'% atom. Since 1960, 40!¢ has been replaced by ¢C!?
as the standard, and the atomic mass unit is now defined by
both physicists and chemists as 1/12 of the mass of a neutral
C!? atom. The main reason for the choic: of carbon is that
mass-spectrograph: ¢ measurements of atomic masses are much
more accurate than the older chemical methods. Carbon forms
an exceptional variety of compounds, from light to very heavy,
which can be used as comparison standards in the mass spectro-

graph.

The results obtained for the atomic masses of some ele-
ments of special interest are listed in Table 22.1. Atomic
masses can be determined with great accuracy and, when ex-
pressed in atomic mass units, all turn out to be very close
to integers. The mass differs from an integer by less than
¢.06 amu for each nuclide. This resalt is known as Aston's

whole-number rule and provides the justification for using

the mass number in the symbol ZxA

physical basis for this rule 1s connected with the structure

for a auclide or atom. The

of the nucleus ané will be discussed in the next charter.

Q13 what nuclide is the current standard for atomic mass?




List of the Elements

Element Symbol
Act inium Ac
Aluminum Al
Americium Am
Ant imony Sb
Argon Ar
Arsenic As
Astatine At
Bar ium Ba
Berkelium Bk
Beryllium Be
Bismuth Bi
Boron B
Bromine Br
Cadmium Cd
Calcium Ca
Californium Cf
Carbon C
Cerium Ce
Cesium Cs
Chlorine Cl
Chromium Cr
Cobalt Co
Copper Cu
Cur ium Cm
Dysprosium Dy
Einsteinium Es
Frbium Er
Europium Eu
Fermium Fm
Fluorine F
Francium Fr
Gadolinium Gd
Gallium Ga
Germanium Ge
Gold Au
Hafnium HE
Heliun He
Holmium Ho
Hydrogen H
Indium In
TIodine I
Iridium Ir
Iron Fe
Krypton Kr
Lanthanum La
Lawrencium Lw
Lead Pb
Lithium Li
Lutetium Lu
Magnesium Mg
Mendelevium Md
Mercury Hg
Molybdenum Mo
Neodymium Nd
Neon Ne
Neptunium Np
Nickel Ni
Miobium Nb
Nitrogen N
Nobe 1ium No
Osmium Os
Oxygen 0
Palladium Pd
Phosphorus P
Platinum Pt
Plutonium Pu

Atomic Number

Year of Isolation or Discovery and Ccigin of Name*

1900 Greek aktis, ray

1825 latin alumen, substance with astringent taste
1944 America

15th century, Greek antimonos, opposite to solitude
1894 Greek argos, inactive

13th century, Greek arsenikon, valiant

1940 Greek astatos, unstable

1808 Greek barys, heavy

1949 Berkeley, California

1797 mineral, beryl

15th century, German weisse masse, white mass

1808 Arabic bawrag, whit

1826 Greek bromos, a stencn
1817 Latin cadmia, calamine, a zinc ore
1808 Latin calcis, time

1950 State & University of California
prehistor‘c, Latin carbo, coal
1804 the astercid Ceres discovered 1803

1860 Latin caesius, sky blue
1808 Greek chloros, grass sreen
1797 Greek chroma, colo.

1735 Greek kobolos, a goblin
prehistoric, Latin cuprum, copper

1944 Marie and Pierre Curie

1886 Greek gysprositos, hard to get at
1952 Albert Einstein

1843 Ytterby, a town in Sweden

1900 Europe

1953 Enrico Fermi

1886 Latin fluere, to flow

1939 France

1886 Johan Gadolin, Finnish chemist
1875 Gaul, or France

1886 Germany

prehistoric, Anglo-Saxon gold, symbol from Latin aurum

1922 Hafnia, Latin for Copenhagen
1895 Greek helios, the sun

1879 Holmia, Latin for Stockholm
1766 Greek hvdro genes, water former
1863 indigo-blue spectrum line

1811 Greek iodes, violet-like

1804 Latin iridis, rainbow

prehistoric, Anglo-Saxon iren or isen, symbol from Latin ferrum
1898 Greek kryptos, hidden

1839 Greek lanthanien, to be concealed
1961 Evnest 0. Lawrence, inventor of cyclotron

Prehistoric, middle English led. symbol from Latin plumbum
1817 Greek lithos, stone

1905 Lutetia, ancient name of Paris
1774 Latin magnes, magnet
1955 Dmitri Mendeleev, who devised first Periodic Table

prehistoric, Latin Mercurius, the god and planet
1782 Greek molybdos lead

1885 Greek neos, new, and didymos, twin

1898 Greek neos, new

1940 planet Neptune

1750 German Nickel, a goblin or devil

1801 Niobe, daughter of Tantalus

1772 Latin pitro, native soda, and gen, born

1957 Alfred Nobel

1804 Greek osme, a smell, from the odor of its volatile
tetroxide

1774 Greek oxys, sharp, and gen, born

1803 planetoid Pallas, discovered 1801
1669 Greek phosphoros, light bringer

1735 Spanish plata, silver

1940 Pluto, the second trans-Uranus planet

*adapted from Alfred Romer, The Restless Atom, Science Studv Series, Doubleday Co., N.Y.
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Polonium Po 84 1898 Poland, country of discoverer
b Potassium K 19 1807 English potash, symbol Latin kalium
1 Praseodymium Pr 59 1885 Greek praseos, leek green, and didymos, a twin
Promethium Pm 61 1947 Prometheus, fire bringer of Greek mythology
Protactinium Pa 91 1917 Greek protos first, and actinium because it
disintegrates into it
Radium Ra 88 1898 Latin radius, ray
Radon Rn 86 1900 because it comes from radium
Rhenium Re 75 1924 Latin Rhenus, Rhine province of Germany
Rhodium Rh 45 1804 Greek rhedon, a rose
Rubidium Rb 37 1860 Latin rubidus, red
Ruthenium Ru 44 1845 Latin Twthenia, Russia
Samarium Sm 52 1879 Samarski, a Russian engineer
Scandium Sc 21 1879 Scandinavian peninsula
Selenium Se 34 1817 Greek selene, moon
Silicon Si 14 1823 Latin silex, flint
Silver Ag 47 prehistoric, Anglo-Saxon seolfor, symbol from Latin argentum
Sodium Na 11 1807 Medieval Latin soda, symbol from Latin natrium
Strontium Sr 38 1808 town of Strontian, Scotland
Sulfur S 16 prehistoric, Latin sulphur
Tantalum Ta 73 1802 Tantalus of Greek mythology
Technetium Tc 43 1937 Greek technetos, artificial
Tellurium Te 52 1782 Latin tellus, the earth
Terbium Tb 65 1843 Ytterby, town in Sweden
Thallium Tl 81 1862 Greek thallos, a young shoot
Thorium Th 90 1819 Scandinavian mythology, Thor
Thulium Tm 69 1879 Latin Thule, most northerly part of the habitable
wor 1d
Tin Sn 50 prehistoric, origin of name unknown, symbol Latin stannum
Titanium Ti 22 1791 Greek mythology, Titans, first sons of the earth
Tungsten w 74 1783 Swedish tung sten, heavy stone, symbol from the
mineral wolframite
Uranium 1] 92 1789 Planet Uranus
Vanadium v 23 1830 goddess Vanadis of Scandinavian mythology
, Xenon Xe 54 1898 Greek xenos, strange
t Ytterbium Yb 70 1905 Ytterby a town in Sweden
Yttrium Y 39 1843 Ytterby a town in Sweden
Zinc Zn 30 prehistoric, German Zink, akin to Zinn, tin
Zirconium Zr 40 1824 Arabian Zerk, a precious stone
Periodic Table of the Elements
Group— N .
Perod I It 1 v v Vi Vit 0
! 10080 40026
1 H He
1 2
6939 | 9012 10811 | 12011 | 14007 | 159900 | 18998 | 20183
2 L Be B C N [} F Ne
3 4 s 6 7 8 9 10
22990 | 2431 2698 | 2800 | 3097 | 3206 | 3545 | 3995
3 Ns Mg Al St 4 S Cl Ar
1 12 13 1" 15 16 17 18
3910 | 4008 | 4496 | 4700 | 5094 | 5200 | S494 | 5585 | 5893 | 5871 | 6354 | 6537 | 6972 | 7250 [ 7492 | 7896 | 7991 | 8380
4 K Cs Se T \Z Cr Ma Fe Co A Cu In Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 bad 28 2 30 31 2 33 34 35 36
8547 | 8762 | 8801 | 9122 | 9291 | 9504 | (99) | 10107 | 10291 | 1064 | 10787 | 11240 § 11482 | 11869 | 12175 | 12760 | 1269 | 13130
5 Rb Sr Y Zr Nb Mo Te Ru Rh P Ag Cd In Sn Sb Te I Xe
37 3 39 0 4l 42 43 “ 45 ' a7 8 9 %0 s1 52 53 54
13291 | 13734 17849 | 15095 | 18385 | 1862 | 1902 | 1922 | 19509 | 19697 | 20050 | 20437 | 20710 | 20898 | 210 | (210) | 222
(] Cs Bs he Hf Te w Re Os Ir Pt Au Hg T Pb B Po At Ra
55 6 | S7-11 | 32 73 74 75 76 77 78 79 80 81 82 83 84 85 86
@ | 2605 | ]
7 Fr Rs t
87 88 89
(k/ “Rare- | 13891 | 14012 | moor [ ey | qun) 15035 | 15196 | 15725 | 15302 | 16250 | 16493 | 16726 | 16893 | 12304 | 17497 |
| rarth [ #3 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Fr Tm Yb Lu l
metals | 57 ! 38 59 60 61 62 63 64 65 66 67 63 69 70 71
t |20t | 231 | 2803 | 23n | (242) (243) | (245) | (249) | (249) | (253) ' (255) | (256) | (283) | (257) 49
Actiude[ Ac ! Th P v Np | Am Cm Bk Cct E Fm Mv No Lw
metah | 39 | % 91 92 93 M [ 9 9% 97 98 % | 100 101 102 103
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22.1 Soddy's proposal of isotopes meant that not all atoms of
the same element are identical, Explain why this proposal does

not require that thelmogfof %V%Mnﬁﬂoméi%efes in

chemical behavior.

22.2 After Soddy's proposal of isotopes, how could one zo about
determining whether an apparently new element was really new and
should be given a separate place in the perlodiwr}ﬁ'h&or s
simply an isotope of an already known elamental properlies are umque.,

22.3 it the National Bureau of Standards, in 1932, a gallon of
liquid hydrogen was slowly evaporated until only about 1 gram re-~
mained. This residue allowed the first experimental check on the
existence of the "heavy" hydrogen isotope H<,

a) With the help of the kinetic theory of matter,
explain why the evaporation should leave a residue

with an increased concentration of isoto [
greater atomic mass., The Egﬁbr par‘i‘«lcj;eiz; wolld af,‘(f:sde saway frem the
b) Why should the evaporation methed be especially ! ace rmore
The l:z«?ra en 15510 rapidl evaporalion
AR TalteS WS B Veotop Harsls (3 1 Tomd  hovce forwmr of Bom
hernce The lbargest rafid of speeds (7 /3 ) waould ve-erder thg hqurd
22.4 A mass spectrograph similar to that shown in the mar-
gin causes singly charged ions of chlorine 37 to travel a

semi-circular path 1.000 meter in diameter and then strike
a photographic plate,

a) How far apart will the t:raceb.oofs.sﬂlin7 and C135 pe
on the photographic plate?

b) What would be the diameter of the orbit of lead 208
ions if the same electric and magnetic field inten-
sities were used to analyze a sample of lead? S é4m

¢) The problems of maintaining a uniform magnetic field
over surfaces larger than 1 square meter are con-
siderable. What separation between lead 207 and lead

208 would be achieved if the diameted- 8f éhe orbit of
lead 208 were held to 1,000 meter? O-905m

22.5 Supply the missing data in these transformation equations:

a) ’)Pb212_,731212 + 173 “pb;ua —> 548 ;ua.,__‘eo

b) ?BiZlZ—p? + eo; 838‘2’2 —_ 9+P02’2

-1 +_e®

c) ? —>?Pb208+ zﬁel". 8+P04‘2—, ggpbzo' +2Hc4'

22.6 The radioactive series originally called Lhe actinium series
is now known to start with the uranium isotope g,U235 This
parent member undergoes transmutations by emitting in succession
the following particles: gs B> g» Bs» Gs Os @» as Bs o» B¢ This
last disint:gration yields 3,Pb207 which is stable. From this
information, and by consulting the periodic table, determine the
complete symbol for each member of the series. List the members
of the series in a column and beside each member glve its mode of
decay (similar to what was done in Table 21.1). chart, the end

product belnﬂ sa PO 207,
22.7 In the following diagram of the thorium series, which be-
gins with o Th232, the symbols used are those that were originally
assigned to the members of the sequence:

a 2 ? 2 8 ! ?
2l et Lo Lot Lo o 2
goTh HsTh ) goMSTh ,RaTh , ThX
2 2

? ? B ? ?
? Z ? Z ? Z ? Z ? Z
Tn gy ThA ?ThB ?ThC gy ThC'

Thp 208 (stable)

Supply the missing data, then by consulting the periodic table
replace the old symbols with the present ones. Indicate where
alternative possibilities exist in the series. d ; 2

1agvam , ending with il
The allernatives are n the wode of decaﬁ of o 9 52 P
mPo‘”‘ and o, 81 R




22.8 From 9“Pu2“l, an isotope of plutonium produced artificially
- by bombarding uranium in a nuclear reactor, a radioactive series
% has been traced for which the first seven members are 4, Pu?"!
gsAm24l, o Np237,5Pa233 g,U%%3, Th229and 4 Ra225 OQutline
the disintegration series for these girst seven msmggrs showing
ram
the modes of decay as in the prece/yé\gmqalﬁas’;i#nam‘j are 8 ot , & 8
22.9 A trace of radioactivity in natural carbon makes it possible
to estimate the age of materials which were once living. The radio-
activity of the carbon is due to the presence of a small amount of
the unstable isotope, carbon 14, This isotope is created mainly
in the upper atmosphere by transformation (induced by cosmic rays)
of the stable isotope carbon 13 to carbon 14. The rate of pro-
duction of carbon 14 from carbon 13 matches the rate of beta-decay
of carbon 14 into nitrogen 14, so the percentage of total carbon
in the atmosphere consisting of carbon 14 is relatively constant.
When carbon dioxide is used by plants in photosynthesis, the re-
sulting cell growth incorporates the isotopes of carbon in the same
proportions as exist in the atmosphere. The activity of the carbon
at that time 1s 15.3 beta emissions per minute per gram of carbon.
When the interaction with the atmosphere stops, for example, when
a branch is broken off a living tree for use as a tool, its radio-
activity begins to decrease at a rate characteristic of carbon 14.
If the activity 1is measured at some later time, and if the half-
life of carbon 14 is known, then one can use the decay curve given
on page 24 to determine the time elapsed since the branch was
taken from the tree. For example, suppose the activity dropped
from 15,3 to 9.2 beta emissions per minute per gram of carbon.
Knowing that the half-life of carbon is 5760 years, determine the
time elapsed. 4.000 years.

Repeat the procedure to calculate the age of charcoal from
an ancient Indian fire pit if the activity of the carbon in the
charcoal is found to be 1.0 beta emissions per minute per gram of
carbon, What assumption are you making in this part of the problem?

22.10 a) 7ind the average atomic mass of carbon by calculating
the '"weighted average" of the atomlc masses of the two
carbon isotopes, (Use the data of Table 22.1.) @ o
U amu

b) Find the average atomic mass of lithium,

6.9l anmu
c) Find the average atomic mass of lead. 207.2 amu
-2 a

2211 The mass of a neutral helium is 4.00260 amu, and that
of an electron is 0.00055 amu. From these data find the mass of

the o particle in amu, 4.0015 amu
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Chapter 23 Probing the Nucleus

Section
231

23.2
23.3

234
235

23.6
237
238
239

Ernest 0, Lawrence (left) and
M.S. Livingston (right) are shown
standing beside the magnet for
one of the earliest cyclotrons,
Lawrence and Livingston invented
the cyclotron in 1931, thereby
initiating the developmeut of
high-energy physics in the

United States,
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23.1

23.2

The problem of the composition and structure of the atomic Summary 23. |

nucleus. The discoveries of radioactivity and isotopes raised The discéveries of md(oa,d'wfg

new questions about the structure of atoms—questions which and 601—0}006 made dear The

involved the atomic nucleus. We saw i1n Sec. 22.2 that the need for a rmodel a"mam
© answer the guestion: wiat

transformation rules of radicactivity could be described in makes “F’ the rucleus and
terms of the Rutherford-Bohr model of the atom. But that how owe _me Cons'rl‘faeﬂt
model said nothing about the nucleus other than that it has a Parh‘b‘eg Pu‘t ‘bgéjﬁer?
charge and mass, and that, when radioactive, it emits an «

or a B particle. This implies that the nucleus has a compo-

sition or structure whaich changes when a radiocactive process

occurs. The question arose: how can we develop a theory or

model of the atomic nucleus that will explain the facts of

radioactivity and the existence of isotopes?

The answer to this questio.: makes up much of what is called
nuclear physics. The problem of nuclear structure can be

broken into two questions: (1) what are the building blocks

of which the nucleus is made, and (2) how are the nuclear
building blocks put together? Answers to the first question
are considered in this chapter. In the next chapter we shall
take up the question of how the nucleus is bound together.

The attempt to solve the problem of nuclear structure, al-
though not yet completely successful, has led not only to

many new discoveries and to large-scale practical applications,
but also to important social and political problems. 1Indeed,
it has had consequences that have stretched far beyond physics
and have had a serious impact on society in general. Some of Su,"mqrg» 3.2

these consequences will be discussed in Chapter 24. {. The prolon ‘me nucleus of the
en aom inthe Rutherford -

The proton-electron hypothesis of nuclear structure. The Bohr model aF dlomic Sf_ucmr'e

emission of a and B particles by atoms of radioactive nu- must P im orfan‘t par'('

clides suggested that a model of the nucleus might be con- n anﬂ mclear rmodel.

strucced by starting with these particles as building blocks.

Suct a mole might se expected tz be useful for the jadio- i“ﬁaA pr‘dfon e(ecfr'on )15 OIFBSIS
ugh dlfracfive i some

active elements, because it would make it easy to see, for Yes‘oecf's had o be Y‘u(ed ouf

example, how a number of a particles could be emitted, in an elec‘{'mn ust camol ex(gt

succession, in a radioactive series. But not all nuclei inse the nucleus.

have masses that are multiples of the o-particle mass. More- SG 231

over, the nucleus of an atom of the lightest element, hydro~
gen, with an atomic mass of one unit (two units in the case of
the heavy isotope), is too light to contain an a particle.

So is the light isotope of helium, ,He3

A positively charged particle with a mass of one unit
would be more satisfactory as a nuclear building block. Such
a particle does indeed exist: the nucleus of the common iso-
tope of hydrogen. This particle has been named the proton.

According to the Rutherford -Bohr theory of atomic structure, 53
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Protomr—from the Greek "protos"
(first). It is not known who
suggested the name originally—
it is found in the literature
as far back as 1908. In 1920
Rutherford's formal proposal of
the name proton was accepted by
the British Association for the
Advancement of Science.
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the hydrogen atom consists of a proton with a single electron

revolving around it.

In the preceding chapter (Sec. 22.4), we discussed Aston's
whole-number rule, expressing the experimental result that the

atomic masses of the nuclides are very close to integers.
This rule, together with the properties of the proton—its
mass of very nearly one unit and its single positive charge—
made it appear possible that all atomic nuclei are made up ot
protons. Could a nucleus of mass number A consist of A pro-
tons? If this were the case, the charge of the nucleus would
be A units; but, except for hydrogen, the nuclear charge 2 is
always less than A—usually less than %A. To get around

this difficulty, it was assumed that in addition to the pro-
tons, atomic nuclei contain just enough electrons to cancel
the charge of the extra protons, that is, A-Z electrons.
These elcctrons would contribute only a small amount tc¢ the
mass of the nucleus, but would make the net charge equal to +2
units as required. It was thus possible to consider the atom
as consisting of a nucleus of A protcns and A-Z electrons,
with Z additional electrons outside the nucleus to make the
entire atom electrically neutral. For example, arn atom of
g0!® would have a nucleus with 16 protons and 8 electrons,
with 8 additional electrons outside the nucleus. This model
of the nucleus is known as the proton-electron hypothesis of

nuclear composition.

The proton-electron hypothesis seemed to be consistent
with the emission of ¢ and 8 particles by atoms of radioactive
substances. Since it was assumed that the nucleus contained
electrons, explanation of beta decay was no problem: when the
nucleus is in an appropriate state it may simply eject one of
its electrons. It also seemed reasonable that an o particle
could be formed, in the nucleus, by the combination of four
protons and two electrons; an « particle might exist as such,
or it might be formed at the instant of emission.

The proton-electron hypothesis is similar to an earlier
idea suggested by English physician William Prout in 1815.
On the basis of the small number of atomic masses then known,
he proposed that all atomic masses are whole numbers, that
they might be integral multiples of the atomic mass of hydro-
gen and that all the elements might be built up of hydrogen.
Prout's hypothesis was discarded when, later in the nineteenth
century, the atomic masses of some elements were found to be
fractional, in particular, those of chlorine (35.46 units)
and copper (63.54 units). With the discovery of isotopes, it
was found that the fractional atomic masses of chlorine and
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copper, like that of neon, are those of mixtures of isotopes,

but each separate isotope has an atomic mass very close to an

integer.

Although the proton-electron hypothesis was satisfactory
in some respects—as in accounting for nearly intedaral (whole
number) isotopic masses and in being consistent with the
emission of a and 8 particles by radioactive nuclides—it
led to serious dafficulties and had to be given up. The
existence of electrons inside the nucleus had to be ruled out
for a number of reasons too complicated to discuss at this
point.

Summary 23.3

I. Tn 19 Rutherford detzcled
o Why was the idea of hydrogen atoms being a basic building Wﬁflél'all induceo( 1— rm&f‘dns
block of all atoms given up in the nineteenth century? when aY'dlr.? v aforns

Q2 On the basis of the proton-electron hypothesis, what would with alP"‘a
a nucleus of §C contain?

2. Nuclear veaclions of this T Ype
everlually led fo the dlsc:over_kj
of the néulron.

The discovery of artificial transmutation. A path which led

to a better understanding of nuclear composition was opened
in 1919. 1In that year Rutherford found that when nitrogen
gas was bombarded with a particles from bismuth 214, swift
particles were produced which could travel farther in the gas
than did the o particles themselves. When these particles
struck a scintillation screen, they produced flashes of light

of the same intensity as would be produced by positive hydro-

gen 1ons (protons). Measurements of the effect of a magnetic
field on the paths of the particles suggested that they were

Rutherford's diagram of the
indeed protons. Rutherford ruled out, by means of careful apparatus used to detect the

experiments, the possibility that the protons came from hydro- Protons from disintegrations
P nESy P Y P Y produced by a particles. The
gen present as an impurity in the nitrogen. Since the nitro- g source was on a movable

en atoms in the gas were the only possible source of protons, Stand. Nitrogen nuclei in the

K J o I_’ _ o p_ " nitrogen gas which filled the
Rutherford concluded that an o particle, in colliding with a box are transmuted by the a's.
At the end of the box was a

i ucl i k a 1 particle—
nitrogen nucleus, can occasionally knoc small p piece of silver foil thick

a proton—out of the nitrogen nucleus. In other words, enough to stop a's, but not
Rutherford deduced that an a particle can cause the artifi- protons, Behind the foil was
I a lead sulfide screen which
cial disintegration of a nitrogen nucleus, with one of the would show flashes of light
products of the disintegration being a proton. The experi- when struck by protons.

(The photo on p., 73 of the
Unit 5 Text shows Rutherford

about one million « particles passing through the gas. holding this apparatus.)
Between 1921 and 1924, Rutherford and Chadwick extended the

mental results showed that only one proton was produced for

work on nitrogen to other elements and found evidence for
the artificial disintegration of all the light elements from

boron to potassium, with the exception of carbon and oxygen.

The next step was to determine the nature of the nuclear
process leading to the emission of the proton. Two hypothe-

ses were suggested for this process: (a) the nucleus of the 55
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Fig. 23.1 The Wilson cloud
chamber. When the piston is
moved down rapidly the gas i{n the
cylinder becomes supersaturated
with water vapor. The water
vapor will condense on the ions
created along the path of a
high-energy charged particle,
thereby making the track.

For his invention of the cloud
chamber Charles Thomson Rees

Wilson (1869-1959) of Scotland
shared the 1927 Nobel Prize in
physics with Arthur H. Compton.

Fig. 23.2 a-particle tracks in
a cloud chamber filled with ni-
trogen gas. At the right, one

@ particle has hit a nitrogen
nucleus; a proton is ejected up-
ward toward the left, and the
resulting oxygen nucleus recoils
downward to the right. (From

P. M, S. Blackett, 1925)
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bombarded atom promptly loses a proton "chipped off" as the
result of a collision with a swift o particle; or (b) the «
particle is captured by the nucleus of the atom 1t hits form-
1ng a new nucleus which, a moment later, emits a proton. It
was possible to distinguish experimentally between these two
possible cases by using a device, called a "cloud chamber, "
which reveals the path or track of an individual charged
particle. The cloud chamber was invented in 1912 by C. T. R.
Wilson; a schematic diagram of the instrument is shown in Fig.
23.1. In case (a) four tracks should be seen 1in a photograph
of a disintegration event: the track of the a particle before
the collision, the track of the a particle after collision

and the tracks of the proton and recoiling nucleus after colli-
sion. In case (b) the a particle should disappear in the
collision, and only three tracks would be seen: that of the
a particle before the collision and the tracks of the proton
and recoil nucleus after the collision. The choice between
the two possibilities wes settled in 1925 when P. M. S.
Blackett studied the tracks produced when « particles passed
through nitrogen gas in a cloud chamber. He found, as shown
an Fig. 23.2, that the only tracks which could be seen were
those of the incident o particle, a proton and the recoil
nucleus. The absence of a track corresponding to the presence
of an o particle after the collision proved that the « parti--
cle disappeared completely and that case (b) 1s the correct

interpretation.
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The process in which an o particle is absorbed by a nitro-
gen nucleus and a proton is emitted may be represented by an
equation which is analogous to the equations used near the
end of Sec. 22.€ to represent radicactive decay. The equa-
tion expresses the fact that the total mass number is the
same before and after the collision (conservation of mass
number) and the fact that the total charge 1s the same before
and after the collision (conservation of charge). The atomic
number, the mass number and the nuclear charge are known for
the target nucleus ;N!“, the incident a particle ,He" and the
proton H!.
number 7 + 2 - 1 = 8, and the mass number 14 + 4 - 1 = 17.
The product nucleus is g0'7, an isotope of oxygen, and the
disintegration process may be represented by the nuclear

reaction:
2He + SN e 0u 017 4+ | HI,

This reaction shows that a transmutation of an atom of one
chemical element into an atom of another chemical element has
taken place. This transmutation did not occur spontaneously,
as 1s the case in natural radioactivity, but was man-made; it
was produced by bombarding target atoms (nuclei) with pro-
jectiles from a radioactive nuclide. In the paper in which
he revorted this first artificially produced nuclear reac-
tion, Rutherford said,

The results as a whole suggest that, if a particles—or

similar projectiles—of still greater enerqgy were avail-

able for experiment, we might expect to break down the

‘nuclear structure of many of the lighter atoms.

The further study of reactions involving light nuclei lea
{as we shall see in the next section) to the discovery of a
new particle-—the neutron—and to a better theory of the
censtitution of the nucleus. Many types of reactions have
been observed with nuclei of all masses, from the lightest to
the heaviest, and the possibilities indicated by Rutherford
have been realized to an extent far beyond what he could have

imagained in 1919.

(.- What evidence showed that the bombarding a particle was
absorbed by the nitrogen nucleus, rather than bounced off?

The discoverv of the neutron. It was suggested by Rutherford

in 1920 that an electron and a proton inside the nucleus might

be tied to each other so closely as to form a neutral partacle
Rutherford even suggested the name “neutron" for this particle
Physicists looked for neutrons, but the search presented at
least two difficulties: (1) there were no naturally occurrine
sources of neutrons; and (2) the methods used for detecting

See "The Tracks of Nuclear
Particles" in Project Physics
Reader 6.

The product nucleus will therefore have the atomic

®/
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©
N
SG 733
Summar A3.4

I. Connt |h9 evidence for the
existence of nedlrons wag
found in 1932, in the form of
uncharged roys.

&. Using corservation of
rromeriturn  and ener?ald
ed

‘relations, Chadwick ca
.he mass of

the nedlron
ddala on neulron collisions with
differerit nuclet.
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James Chadvick (born 1891)
received the Nobel Prize
in Physics in 1935 for his
discovery cf the neutron.

58

ERIC

Aruitoxt provided by Eic:

23.4

atomic particles all depended on effects of the electric
charge of the particles and could not be applied directly to
neutral particles. Until 1932, the search for neut.sons was

unsuccessful.

The proof of the existence of neutrons by the English phy-
sicist, James Chadwick, came in 1932 as the result of a series
of experiments on nuclear reactions made by physicists in
different countries. The discovery of the neutron 1s a good
example of how physicists operate—how they think about
problems and arrive at solutions; it 1s an excellent "case
history" in experimental science. Working in Germany in 1930,
W. G. Bothe and H. Becker found that when samples of boron
and beryllium were bombarded with o particles, they emitted
radiations which appeared to be of the y-ray type, that is,
which had no electric charge. Beryll:iim gave a partaicularly
marked effect of this kind. Observations by physicists in
Germany, France and Great Britain showed that the radiation
from the beryllium penetrated further (in lead, for example)
than any y radiation found up to that time and had an enerqgy
of about 10 MeV. The radiation was thus much more energetic
than the y rays previously observed, and, as a result, aroused
much interest. Among those who investigated this radiation
were the French physicists Frédéric Joliot and his wife Irene
Curie, a daughter of the discoverers of radium; they studied
the absorption of the radiation in paraffin, a material rich
in hydrogen. They found i1n the course of their experiments
that the radiation from beryllium, when it fell on paraffin,
ejected large numbers of protons from the paraffin. The ener-
gies of these protons were found to be about 5 MeV. )S1ng
the principles of conservation of momentum and energy, they
calculated the energy a y ray would need if it were to trans-
fer 5 MeV to a proton in a collision. The result was about
50 MeV, a value much greater than the 10 MeV that had been
measured. In addition, the number of protons prcduced was
found to be much greater than that predicted on the assump--
tion that the radiation consisted of y rays, that is, photons

or quanta of radiation.

These discrepancies (between the results of two sets of
experiments and between theory and experiment) left physi-
cists in a dilemma. Either they could give up the application
of conservation of momentum and energy to the collisions be-~
tween the radiation and the protons in the paraffin, or they
could adopt another hypothesis about the nature of the radia-
tion. Now, if there is any one thing physicists do not want
to do it is to give up the principles of conservation of

momentum and energy. These principles are so basic to scien-
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tific thought and have proven so useful that physicists tried

very hard to find an alternative to giving them up.

In 1932, Chadw:ick found a successful alternative, a new
hypothesis about the nature of the radiation. In his paper
"The Existence of a Neutron," he said:

If we supposc that the radiation is not a quantum

radiation, but consists of particles of mass very

nearly equal to that of the proton, all the difficul-

ties connected with the collisions disappear, both

with regard to their frequency and to the enecrgy

transfers to different masses. In order to explain

the great penetrating power of the radiation, we

must further assume that the particle has no net

chargc. We must suppose i1t to consist of a proton

and clectron in close combination, the 'neutron'

discussed by Rutherford in his Bakerian Lecture of

1920.

Accordinyg to Chadwick's hypothesis, when a light element
(such as beryllium) is bombarded with s particles, a second
kind of nuclear reaction can take place (in addition to the

onc that produces protons):
oHe" + ,Be’—s (C!® + n!l,

The symbol gn! represents the ncutron postulated by Chadwick,

with zero charge and mass number equal to 1.

The neutrons postulated by Chadwick had no charge, and
could even penetrate bricks of a material as dense as lead
without giving up their energy. Neutrons could also approach
charged nuclei without being repelled or deflected by strong
electrostatic forces, as a particles are deflected when
scattered by nuclei. In a head-on col’ision with a hydrogen
nucleus (proton), whose mass should be very close to that of
the neutron, the neutron could give up practically all its
kinetic energy to the proton. The latter could then be ob -
served because of the ionization it produces, and 1ts kine-
tic energy could be determined. Thus Chadwick's hypothesis
could account in a qualitative way for the observed effects

of the "radiation" from beryllium.

It was still necessary, however, to determine the mass of
the neutron quantitatively, and this Chadwick did by means of
some additional experiments. His method was based on the fact
that in a collision between a moving and a stationary parti-
cle, the speed imparted to the latter is greatest in a head-
on collision, in which the stationary particle now moves off
1n the same direction as that in which the incident particle
approached it. A formula for the maximum speed can be de-
rived from the equations of conservation of energy and momen-

tum in a head-on collisicn. See page 6l
L49. Colisions with an unkrown obJeof

See "Conservation lass" 1,
Project Phvsics Reader 6.

See "Some Personal Notes on the
Search for the Neutron' 1in
Project Physics Reader 6.
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Letters to the Editor

(The Editor doea not hold humaelf responsble for
optraons cxpresacd by his correspondents  Nether
can he undertake to retum, nor to correapond wath
the writers of, rejected manuscripts intended for thia
or any other part of NATURE  No nolire 1 taken
of anonipmons communicationa ]

Possible Existence of a Neutron

IT hns been shown by Bothe and othems that
bery i when bombarded by o partielos of poloniun
“mts o rndintion of great penetrating power, which
hasnnabsorption coefficient m load of about 0 3 (em. )3,
Recently Mme Cunie Joliot and M Joliot found,
when paennrne the womsation produced by this
bervihum redintion 1 1 vessel with a thin window,
thut the joneatior inereased when matter containing
hyiropen was plueed in front of the window. The
effec tappenred to be due to the ejection of protons
with velocities ap to nmuamum of nearly 3 < 109 em.
per see Clhey sugpested that the transference of
eneres to the proton was by n process sumilar to the
Compton « feet, and estunated that the berylhum radia.
tion had noquantum cnergy of H0 < 10% electron volts,

1 have 1ade some experiments umng the valve
counter to exathme the properties of thna radhation
exated an bervihum  ‘The valve counter consists of
a snalb onisation chumber connected to an amplfier,
nnd the sudden production of 1ons by the entry of a
purticle, such ns n proton or a particle, 18 recorded
by the deflexion of an osallograph These oxper:-
ments have shown that the radiation ejecta particles
from hydrogen, hebum, hthium, berylhum, carbon,
wr, nid nrgon "T'he particles ojected fromn hydrogen
behinve, as regnrds range and 1omising power, hke
protons with speods up to about 3 2 x 10 cm. per sec.
The particles from the other elements have a large
omsing power, and appear to boe 1n each case recoil
atoms of the elements

If we nsenibe the ejection of the proton to a Compton
recoll from a quantum of 52 - 10% eloctron volts,
then the mitrogen recal atom ansing by a similar
process should huve an enargy not greater than about
400.000 volts, should produce not more than about
10,000 1wms, and bhave a range in air at N T.P. of
about 13 mm  Actually, sotne of the recod atoms
m omtrogen produce at Jeast 30,000 ions. In col
laborntion with Dr Feathor, 1 hnve observed the
recotl atomns - an expansion chamber, nnd their
range, estunated visunily, was sometimes £3 much
as 3 nun nt NJT P,

Thos results, nnd others I have obtamed in the
course of the vork. are very difficult to explamn on
the wsumption that the radition from beryilnm
1 0o quantwm radimtion, af onorgy and momentum
are 1o bo conserved m the colhsions.  The difficulties
disappear, however, if it be assumed that the radia.
tion consiats of partickss of mass | oand charge 0, or
neutrons — The capture of the a-particle by the
Bev nucleus mny be supposed to result m the
formation of & (2 nucleus and the emission of the
neutron  From the enerwy relations of thg process
the veloaty of the neutron emutted in the forward
direction may well be about 3> 10 en. pur sec.
The collimons of this neutron with the ntoras through
which 1t pusses give rise to the recoil ntoms, and the
observed energies of the recoll atoms are mn fur
agreement with thns viow.  Moreover, 1 have ob.
served that the protons ejected from hydrogen by the

radintion emitted an the opposite direction to that of -

the exciing a-particle npperr to have a much smallor
rango than those ejected by the forward raation,

No. 3252, VoL 129)

+ This again roceives a mmple explanation on the
neutron hypothes:s.
If 1t be sup that the radmtion conuista of
%uanm, then the capture of the a particle by the
e* nueleus will form a ("* nucleus. The mass
defect of C'* 18 known with sufficient accuracy to
show that the energy of the quantum cmntted i this
i)mcmn cannot bo greater than about 14 . 108 voltz
t 18 difticult to make auch 8 quentum rexponsible
for the effects observed
It to be expected that many of the offects of a
c neut-Hn - passing through matter should resemble

! those of & quantum of high energy, and it 1 not onsy

to reach the final decimon between the two hypo
theses Up to the present, all the evidence 14 in
favour of the neutron. while the quantum hypothesis
can only be upheld if the conservation of energy und
moinentum be relinquished at some point.
J. Crapwick
Cavendish Laboratory,
Cambridge. Feb, 17

Chaswivk s frrot p tlivheo .-
Pttt ot ety Llectule




Determiring the Neutron’s Mass

- \'n ’
T Vi
.\ e .,,__,.
| /e Fix
: v/ P
”

’ -1,
|

cAvazE N

The sketch above represents the perfectly
elastic collision of a neutron and a pro-
To determine the mass of the neutron,
we proceed by considering a head-on colli-
sion: conservation of kinetic energy and
conservation of momentum provide twr alge-

|
} ton.
}

braic equations which must both hold. Com-
bining the equations algebraically (solving
the momeatum equation for vn', substituting
this for vn'
ing, collecting terms and solving for v ')
leads to an expression for v ', This ex-
pression includes the term Vo however,

which can’t be measured, We can eliminate
vo from the equation by analyzing another
collision and combining the results with

what we already have,
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The sketch above represents a perfectly
elastic collision between a neutron and a
nitrogen nucleus. When the collisic. is
head-on, we can write energy and mowentum
equations similar to what we wrote before,

but this time leading to an expression for

1
N
unmeasurable Vi

v This expression also includes the

The vp' equation and vN' equation are

then combined algebraically (eliminating
the vn) and solved for m . The expression
for m, now contains only terms which can

{ be measured—-—so m can be calculated,
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in the energy equation, expand-
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Summary 23.5
(. With < discovery o the
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theory of the composition of
ruce!’ was established :
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Chadwick calculated the mass of the neutron to be 1.16
amu. The difficulties of measuring the speeds of recoil H*
and NiY kept this from being a very precise value, but it
was good enough to show that the neutron has a mass close
to that of the proton; thus Chadwick's hypothesis did indeed
offer a satisfactory solution to the problem of the "radiation"
emitted when boron and beryllium were bombarded with a parta-
cles. In more precise experiments, Chadwick found that the
neutron mass is between 1.005 and 1.008 amu. The best methods
now available for determining the neutron mass give 1,008665
amu as compared with the proton mass of 1.007276 amu (based
on the scale C!? = 12.000 000).

Much research has been dore since 1932 on the properties
of neutrons and on the interactions between neutrons and atoms.

A branch of study called neutron physics has been developed.

Neutron physics deals with the production of neutrons, their
detection and their interaction with atomic nuclei and with
matter in bulk. This research has leé among other things,
to the discovery of nuclear fission, to be discussed in
Chapter 24.

) interpreted as being y rays?

measurements on protons?

The proton-neutron theory of the composition of atomic nuclei.

The discovery of the neutron, with an atomic mass close to one
unit and with no electric charge, confirmed Rutherford's sug-
gestion that the atomic nucleus is made up of protons and neu-
trons. This hypothesis was soon used as the basis of a de-
tailed theory of the nucleus by Heisenberg in 1932, and is
still the basis of attempts to describe the properties and
structure of the nucleus. According to the proton-neutror
hypothesis, the nucleus cf atomic number Z and mass number A
consists of 2 protons and A-2Z neutrons. The nuclei of the iso-
topes of a given element differ only in the number of neutrons
they contain. Thus the nucleus of the hydrogen 1sotope of
mass number 1 contains one proton; the nucleus of deuterium
{hydrogen 1sotope of mass number 2) contains one proton and
on& neutron. The nucleus of the neon isotope Ne2® contains

10 protons and 10 neutrons; while that of Ne?? contains 10
protons and 12 neutrons. The atomic number Z, identified

with the change in the nucleus, is the number of protons it
contains. The mass number A is the total number of protons
and neutrons. If we use the term nucleons to refer Lo both
kinds of nuclear particles, then A is the number of nucleons.




ERIC

Aruitoxt provided by Eic:

23.6

The proton-neutron hypothesis can be shown to be consis-

See "Models of the Nucleus'

tent with the facts of radioactivaty. If two protons and Project Physics Reader 6.
two neutrons could combine, the resulting particle would have
2=2 and A=4—just the properties of the . particle. The
emission of the combination of two protons and two neutrons
(1n the form of an . particle) would be consistent with the
first transformation rule of radinactivity. (The a particle
might exist as such in the nucleus, cr 1t might be formed at
the instan' of emission; the latter possibility is now con
sidered more likely.) But, if the rucleus consists of protons
and neutrons, where could a & rarticle come from? This gues-
tion 1s more difficult to answer than that of the origin of

an 2 particl~. The second transformation rule of radiocac-
tivity prcvides a clue: when a nucleus :mits a = particle

its charge Z increases by one unit while 1ts mass numrber 2
remains unchangec. This woulé happen if a neutron were to

change into a proton and a 3 particle.

We now know that a free neutron—a neutron separated from
an atom—changes into a proton, an electron and arcther,
uncharged particle (which we shall discuss later). The dis-
integration of the neutron is a transformaticn into three
particles, not just tihe separation of a neutror into a proton

and an electron. The nalf-life of free nectrons is abhout

Oka

12 minutes. 1In the 3 decay of a radioactive nucleus (since

8 particles are not present in the nucleus) a § particle must @

be created in the act cf % decay. This can occur if a neutron o

-,
*(\d

in _the nucleus is transformed into a proton, an electron (and

the not-yet discussed neutral particle). This concept forms

the basis of the currently accegted theory of s decay, a
theory which has successfully accounted for all the known

phenomena of 3 decay.

0F  According to the proton-neutron theory of the nucleus, what
is in the nucleus of ,N1?

Q7 Describe a helium atom in terms of the threz elementary
particles: proton, neutron and electron.

Q8 If nuclei do not contain * particles, how can 3 emission be

in

explained? Jd3. 6
The pn;oqoles conservalion

The neutrino. The descrigpiicn of 8 decay in terms of the ? and mome_{_v'mm
transformation of a neutron in the nucleus involves one appea b b@ leaed n

8 decay; e neufrino was

j.

of the rf\ost fascinating stories in modern physics: the pOSfUIa d % be resporé«ble
prediction and eventual discovery of the particles known For the vit dtscrqoanc
as the neutrino and the antineutrino. Quantitative studies Jn [95¢ neulrimos were
of the energy relations in § decay during the 1920's and detected . We riow Know
1930's raised a difficult and serious question. Methods &VM( Kinds o( neut'—'"'zos'

were devised for determining the energy change in a nucleus
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Enrico Fermi, one of the most
productive physicists of this
century.
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during 8 decay. According to the principle of conservation
of energy, the energy lost by the nucleus should be equal to
the energy carried off by the 8 particle. But, when the
energy lost by the nucleus was compared with the measured
kinetic energy of the 8 particle, the latter was nearly al-
ways smaller: some of the eneryy lost by the nucleus seemed
to have disappeared. Meacurements made on a large number

of 8 - emitters indicated that about two-thirds of the energy
lost by the 8-decayin¢ nuclei seemed to disappea.. Attempts
to find the missing enerqy fairled. For example, some physi-
c1sts thought that the missing energy might be carried off

by v rays; but no such y rays could be detected experimentally.
The principle of conservation of energy seemed to be violated
in 3 decay. Similar discrepancies were found in measurements

of the momentum of the electron and the recoiling nucleus.

As in the case of the experiments that led to the dis-
covery of the neutron, physicists tried very hard to find
an alternative to accepting the failure of the principles of
conservation of energy and momentum. An Austrian physicast,
Wolfgang Pauli, Jr., suggested in 1933 that anotner particle
is emitted in 8 decay along with the electron, and that this
particle carries off the missing energy and momentum. This
hypothetical particle would have no electric charge because
the positive charge of the proton and the negat*tive charge of
the electron together are equal to the zero charge of the
neutron. (Conservation of electric charge'!) The mass-energy
balance 1in the decay of the neutron indicated that the mass
of the hypothetical particle should be very small—much
smaller than the mass of an electron, and possibly even zero.
The combination of zero electric charge and zero or nearly
zero mass would make the particle extremely hard to find.

The Italian physicist Enrico Fermi called the suggested
particle the "neutrino" or "little neutron." 1In 1934 Ferma
constructed a theory of 3 decay based on Pauli's suygyestion.
This theory has been successful, as mentioned earlier, 1n
describing all the known facts of & decay. From 1934 on,
the neutrino was accepted as a "real" particle for two reasons,
bot: theoretical: it saved the principle of conservation of
erergy in 8 decay, and ic¢ could be used successfully both to
describe the results of experiments in 8 decay and to predict
the results of new experiments. Many unsuccessful attempts
were made to detect neutrinos over a period of 25 years.
Fipally, in 1959, neutrinos were detected in an exper:iment
using the extremely large flow of neutrinos that comes out
of a nuclear reactor (see Chapter 24). The detection of

neutrinos involves detecting the products of a reaction
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23.6
provoked by a neutrino. The reaction used was reverse 8
decay-—the production of a proton from a neutron. Again the
farth of physicists in the principle of conservation of
energy was justified.

There is still one more complication: 1t 1s now known
that there are several kinds of neutrinos. The one involved
in B decay (as discussed so far) is referred to as an anti-
neutrino, and is denoted by the symbol v (Greek letter "nu," &Oee@ Append(x B) page 119.
with a bar over it). The transformation of a neutron 1s
then wratten:

0
1N — lpl + _:¢ + v

0¥ Why was an unknown, almost undetectable particle invented
to patch up the theory of g decay?

3! The first detection of

B neutrinos was in this
tank., Reactions pro-
voked by neutrinos cause
flashes of light in the
liquid with which the
tank 1s filled. The
flashes are detected by
the photoelectric tubes
which stud the tank wall.

S ——




F5: The linear accelerator

Summar 23.7 The need for particle accelerators. Up to 1932 the study of
1 Urtil ;&3& all arfi uxa(nuc@ﬂrnuclear reactions was limited b the kind of projectile that

reaﬁﬁbns here ”Kﬁﬂya? 2 could be used to bombard nuclei: only : particles from the
av'md S m
};o_rveesoﬁrom;ﬂau (o~ naturally radioactive nuclides could bring about reactions.

Progress was limited because a partizles coulc be obtained
Q. To learn more abour-tf:‘e only 1in beams of low intensity and wi:h energies .ess than 8
nucleu.s rgecﬁle Fur(‘c(es-q’ MeV. These relatively low-energy pacticles could produce

much hl er Bﬂe*gy were transmutations only in light elements. When heavier clements

YE“Z“’ are bombarded with « particles, the repulsive electric force
. exerted by the greater charge of the heavy nucleus on an o

See "The Evolution of the Cyclo- i . .

tron” and "The Cyclotron as Seen particle makes it difficult for the a particle to reach the

by..." in Project Physics Reader 6.

nucleus. The probability of a nuclear reaction taking place
becomes very small-—almost zero. But because the 1nterest
1n nuclear reactions was great, physicists sought methods of

increasing the energy of charged particles to be used as pro-
jectiles.

There were advantages to be gained by using particles that
have only one positive charge—particles such as the proton
or the deuteron (the nucleus of the deuterium atom) Having
but a single charge, these particles would experience smaller
repulsive electric forces than would a particles in the neigh-
borhood of a nucleus, and thus might succeed in producing
transmutations of heavy target nuclei. Protons or deuterons
could be obtained from positive-ray tubes, but their energies
would not be high enough. Some device was needed to acceler-

ate these charged particles to higher energies. Such devices

First stage of a 750 kilovolt might also offer other advantages: the speed (and energy) of
t 1 t . 5 . .
zynﬁgtaz;eera or (see p. 59 the bombarding particles could be controlled by the experi~

menter; and very intense projectile beams might be obtained.
It would be possible to find how the variety and abundance of
nuclear reactions depend on the energy of the bombarding
particles.

Since 1930 many devices for accelerating charged particles
have been i1nvented. In each case the particles (electrons,
protons, deuterons, a particles or heavy ions) are acceler-
ated by an electric field. 1In some cases a maghetic field 1is
used to control the path of the particles, that is, to steer
them. Accelerators have become basic tools for research in
nuclear and high-energy physics. Also, they are used in the
production of radioactive isotopes and serve as radiation
sources for medical and industrial purposes. The table pre-
sented on the next page summarizes the major types of par-

ticle accelerators now being used.

—— Gnmff:géwrauﬂ e Next on the long-range planning list of the U.S. Atomic
on a vertical axis. Energy Commission 1s a 200 BeV part.cle accelerator to be
3. This need led o The develop merit of machines usin e/ec'(?zc and m efc Peelds 1o
66 accelerdte particles % high ces the rend fowa 2 s of higher
and hi gher energy hes no?‘ m;? 44 Even ‘fhough manb new [m fcles hme
Q discovéred by means of accelerabrs | the problerin of Structure of The
EMC nucleus has not ljef been solved.

Aruitoxt provided by Eic:
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Table 23.1 Major types of particle accelerators

Type

Principle of
Operation

Maximum Particles
Energy

Notes

ONCE-THROUGH ACCELERATION

Cockcroft-
Walton

Van de Graaff
generator

Linear
accelerator

Linear
accelerator

direct high volt-
age potential

high voltage by
moving belt

successive appli-
cation of high
frequency volt-
ages

pulsed high
frequency wave

CYCLIC ACCELERATION

Betatron

Cyclotron

Synchro-
cyclotron

Electron
synchrotron

Proton
synchrotron

Alternating
gradient
synchrotron

Strong-focusing
synchrotron

magnetic i1nduc-
tion (electrons
accelerated in an
evacuated tube be-
tween the poles of
an electromagnet)

voltage of con-
stant freguency
applied to parti-
cles 1n fixed mag-
netic field

voltage of vari-
able frequency
applied to parta-
cles in fixed
magnetic field

voltage of con-
stant frequency
applied to par-
ticles orbiting
in variable mag-
netic field

synchronized
voltage of high
frequency ap-
plied to par-
ticles orbhiting
in variable mag-
netic field

same as synchro-
tron except
successive seg-
ments of mag-
netic field
have oprosite
curvature.

=4 MeV various

=3 MeV electrons
=14 MeV protons

commercrally available

commercially available

*10 MeV heavy i1ons Lawrence Radiation Labor-

per par-
ticle

=20 BeV electrons

=300 MeV electrons

=12 MeV protons
=24 MeV deuterons
=48 MeV particles

=750 MeV protons

=7 BeV electrons

=12 BeV protons

=30 BeV protons

=70 BeV protons

~200-400 BeV
protons

atory and Yale Unaversity

Stanford Unaversity, two
miles long

Largest machine at the
University of i[llinois

numerous installations

184-inch unit at Lawrence
Radiation Laboratory, Berkeley

Hamburg, Germany (7.5 BeV),
Cambridge Electron Accel-
erator (6 BeV) operated by
Harvard and M.I.T.

6.2 BeV "Bevatron" at Law-
rence Radiation Laborztory,

3 BeV Cosmotron at Brook-
haven, 3 BeV at Pranceton,

and 12.5 BeV synchrotron

at Argonne National Laboratory

Brookhaven National Labor-
atory (Long Island) and
CERN, Switzerland

Serpukhov, U.S.S.R.

Weston, Illinois (in planning
and design stage)
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The Stanford '"Linac"
(linear accelerator).
The CERN proton syncho-
tron at Geneva. The
evacuated ring in which
the protons are acceler-
ated is at the upper

left of d.

The 184" cyclotron at
Berkeley.

The Brookhaven Cosmotron,
in operation from 1952
to 1967, has been super-
ceded by larger acceler-
ators.
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A lorge {lask was conrected here. Tt was pumped out , and then connected suddegj
to the cloud chamber {loor , causing it to drop very suddenltj and produce a rapi
expansion n e chamber = 237

corpleted py 1973 for approximately $240 mi1llion. Initial -~

plans for jan 800 to 1000 LeVv machine are being formulated; .
constructyon should began by 1971 at a cost of about $800

million. [Why 1s a nation willing to budget such surs for
larger particle accelerators? Wwhat do we plan

0 discover wth these high-energy machines? BBasicaily, the
answer 1s a s

ple one: we woula like to find cut as much as
we can about the structure of nuclear particles and the na-
ture of the fgrces holding them together.

ith theAdiscovery of the neutron in 1932 it was believed
that three "elementary" particles act as the building blocks
of matter: the proton, the neutron and the electron. We have
mentioned the existence of new particles, such as neutrinos
and antineutrinos. As high-energy accelerators became avail-
able, additional "elementary" particles were discovered one
after another. 1In the appendix is a list of some of these

a. Wilson's cloud chamber.,

b. Particle tracks in a cloud chimber,

¢. The tiny bubble chamber, 3 cm long, invented by D.A,
Glaser in 1952, Glaser was 26 at the time and § years
later was awarded the Nobel Prize for his vention.
(Note the particle track.)

d. The 200 cm Bubble Chamber Assembly at the Brookhaven
National Laboratory,

-Srzese ¥ |
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particles: they are grouped into "families" according to
their properties. Most of these particles exist only very
briefly—typical lifetimes are of the order of 10~¢ second
or less. A whole new field, 'high-energy physics," has
vvolved and the high-energy physicist of today is trying (o
Jdetect some order and structure into which he can fit the
large rumber of "elementary' particles he has discovered.

How uo we detect these particles? We have already men-
tioned a number of methods by which we can observe and measure
radiroactivity. They include the Geiger counter (Sec. 19.3),
the electroscope and electrometer employed since the early
days of radioactivity, and the Wilson cloud chamber. 1In addi-
tion we now have various types of ionization chambers, scin-
tillation counters, photographic emulsions, semiconductor
devices, bubble chambers and spark chambers, some of which
are displayed on these pages. One of the additional units in
this course, Elementary Particles, describes the discoveries

made with these detecticn devaces.

e. The viewing of a projected, enlarged photograph of
particle tracks in a bubble chamber.

f. g. h. A spark chamber. A charged particle passing
through the chamber ionizes the gas along its path
between the plates. When high voltage is applied,
sparks jump between the plates along the 1onized
tracks, thus revealing che paths of the particles.




Summary 23.¢

l. The uie of accelerdlors has
led o thousards of nuclear
reaclions of many TYpes .

8. The ancient dream of the
alchemist las come True . \we

are now able to wroduce
artificially almost any nuclide
we want; in afl
(2) and ‘mass number (A)
must be comnsenved.

3. Nedleon - producing reactions
are especiall lm,g Tant,
secause the ‘neulrons them-—
selves can induce a great
vane?g of reactions.
We discuss the transmutation
into gold only as an example of
a nuclear reaction; a more use-
ful reaction is the transmuta-

tion of gold into something else
—for example:

7oMul®7 4 nl— Hgl984 oo,

which is used to obtain very
pure samples of a single mercury

isotope.
el
@
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T47: Nuclear equations
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(110 Why can low-energy o particles cause transmutations only
in nuclei of 1ow mass?

Q31 Why are protons more effective projectiles for promoting
nuclear reactions than g particles or heavy ions?

, Charge23.8 Nuclear reactions. The de@lopment of the cyclotror and other

particle accelerators led to great advances in the study of
nuclear reactions. Nearly all of the stable nuclides have
been bombarded with protons, deuterons, o particles, neutrons
and y rays, and hundreds of nuclear reactions have been ex-

amined. Examples of reactions induced by o« particles and pro-

tons have already been discussed.

Since the first known alchemical writings during the third
or fourth centuries A.D., and throughout the historical de-
velopment of chemistry, the dream of "making gold" has al-
ways been present. In most nuclear reactions one element a1s
changed into another: the ancient dream of the alchemist has
come true, but it is unlikely to make a fortune for anyone.
Now we are finally able to transmute various elements into
gold, but such transformations are a far cry, both in method

and purpose, from the attempts of the ancient alchemists.

Gold has only one stable isotope—;qAul%7; all other
gold i1sotopes are radioactive and are not found 1n nature.
We will illustrate two types of nuclear reactions induced by

deuterons, both resulting in gold. One is

le + 80H9199 —— 79Au197 + ZHe’-o'
The other is

1H2 + 78Pt196 — 79Au197 + Onl-

In both cases we neec an accelerator to produce high-energy
deuterons; in bombarding a mercury isotope we preduce «
particles besides our desired gold. Bombarding platinum we

produce neutrons in addition to the gold.

Tha last reaction, in which a neutron was produced, is an
example of reactions ‘thich have become especially important
because of the usefulness of the neutrons produced. Neutrons
can result when nuclei are bombarded with protons, deuterons

Or o particles, as in the reactions:
ngisa + 1H1—>29Cu58 + onl,

¢Cl2 4+ |H2 N34 nl,

L,Be9 + 2He“—-— 6C12 + onl-
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The neutrons produced by bombardment can, in turn, be used
to induce nuclear reactions. Neutrons are especially effec-
tive as "bullets" because they have no electric charge. They
are not subject to repulsive electrostatic forces in the
neighborhood of a positively charged nucleus, and are there -
fore more likely to penetrate nuclel than are protons, deu-
terons or a particles. Because of the neutron's lack of
2lectrical charge many more reactions have been ind.ced by
neutrons than by any other kind of particle. Fermi was the
first to undertake a systematic program of research 1nvolving
the use of neutrons as projectiles in nuclear reactions. He
bombarded many elements, from the lightest to the heaviest,
with neutrons, and studied the croperties of the nuclides
produced. The research described in the prologue to Unit 1

was done as part of this program.

A typical neutron-induced reaction, once again resulting

in gold, is:
Onl + 80}{9198__» 79Au197 + 1H2.

In a very common type of ntiutron~induced reaction the neu-
tron is captured and a y ray is emitted, as in the following

example:
on! + ;P 196 op197 4 |

Note that since there is no change in the atomic number

the element remains the same. An isotope of the target nu-
cleus is produced with a mass number greater by one unit than
that of the target nucleus. The new nucleus is produced in
an excited state and returns to 1ts lowest energy stote by

emitting one or more y rays.

Atomic nuclei can also undergo reactions when bombarded
with y rays; an example, once again resulting in cold, 1is

the reactaion:
y + eoﬂglge —_— 79Au197 + 1Hl.

In this case the energy of the y ray excites the mercury tar-
get nucleus which becomes unstable, ejects a proton and be-

comes a gold nucleus.

The amount of gold produced by the above reactions is very
small; we simply tried to illustrate some typical artirficial
transmutations. The examples we have given barely suggest
the rich variety of such reactions that have been observed.

In this bubble chamber picture,
2 neutron is produced at bottom
center and in turn causes a
reaction near the center.
(Neucral particles do not leave
tracks in bubble chambers.)

v
() :>
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A These arfifcall
radioaclive rucli zi
emit electrons or posd’r

Summary 3.9
. Man
vesutl |

3. Almost (200 wnetable
nuclides have been

awui:denhﬁe

This 1s one of the earli-
est records of a '"shower"
of electrons and positrons,
and shows their tracks
curving in opposite direc-
tions in a4 strong magnetic
field. The shower was
caused by cosmic rays and
was recorded in this Wilson
cloud chamber paoto taken
at an altitude of 4.3 km.

74

of the nuclear reactions
radioactive products.

produced
((y

239 Artificially induced radioactivity.

prepared

71e products of these reactions may change as the energy of
the bombarding particles changes. Nuclear reactions are 1m-
portant, not only because they indicate our ability to produce
new nuclides, but also because they provide imneortant data
about nuclear structure. A model of nuclear structure, to be
successful, must enable us to predict the results of these
nuclear reactions,just as a successful model of atomic struc-
ture must allow us to predict the results of chemical reac-
tions.

Is this statement true or false: "All nuclear reactions in-
volve transmutation from one element to another'?

What property of neutrons makes them particularly uscful for
provoking nuclear reactions?

Complete the following equation for 4 nuclear reaction:
?

dALY Tt 817,

In the discussion of

nuclear reactions we have passed over an interesting dis-
covery. We have shown that the capture of a neutron by
platinum 196 results in platinum 197 and the emission of a
Yy ray. As seen from Table 22.1 six different 1sotopes of
platinum are found in nature—but platinum 197 is not among
these. The question arises: is the platinum 197 produced by
neutron capture stable? The answer is no; it is radiocactive
and decays by the emissior of a 8 particle to gold 197,
becoming the only stable gold 1sotope:

7aPt1 97

79AU!?7 4+ el 4+ T,

The half life of platinum 197 is 20 hours.

The production of radioactive platinum 197 1n a nuclear

reaction is an example of artificially induced radioactivity,

discovered in 1934 by Irene Curie and F. Joliot. They were
studying the effects of 1 particles on the nuclei of light
elements. When they bombarded boron, magnesium and aluminum
with o particles from polonium, they cbserved protons and
neutrons, as expected. But, in addition to these particles,

positive elsctrons, or positrons, also were observed. The

positron 1s a particle whose mass 1s the same as that of the
electron, and whose charge has the same magnitude but oppo-
site sign to that of the electron.

The positron had been discovered earlier by C. D. Anderson
1n 1932 while studying photographs of cosmic ray tracks in a
cloud chamber. Cosmic rays are highly penetrating radiations

which originate outside the earth and consist of protors,
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F53. Fosidron - electron annihilaton sas

electrons, neutrons, photons and other particles. Employing

a cloud chamber situated in a magnetic field, Anderson ob-
served some tracks which could have been produced only by
particles having the mass and magnitude of charge of the elec-
iron, but the curvature was opposite 1n direction to that of
electron tracks; Anderson concluded that the particles pro-

ducing them must have been positively charged.

The production of posi‘rons along with neutrons as a re-
sult of the boumbardment o. a light element with a particles
seemed to indicate that a new type of nuclear reaction could
occur in which a neutron and a positron were emitted. But
further experiments by Curie and Joliot showed that the light-
element targets continued to emit positrons even after the
When the rate
of emission of the positrons was plotted against the time

source of the o particles had been removed.

after the removal of the a particie source, curves were ob-
tained, for each target, similar to the curves obtained in
natural 8 radioactivity. The results seemed to show that an
initially stable nuclide had been changed into a radiocactive
one. In the case of the bombardment of ;3;A1%’ by a particles,
which produced neutrons as well as the new radioactive material

the reaction expected would producs an isotope of phosphorous:

2
13A127 + 21‘!8“-—'»0“1 + 15P30.

Curie and Joliot made chemical separations <imilar to those
made in the study of the naturally radiocactive elements, and
showed that the target, after bombardment, contained a smalil
amount of phosphorus that was radioactive. Now, phosphorus
occurs in nature only as ;sP3!; natural ;sP?! has an isotope
abundance of 100 percent and no isotope of phosphorus with
mass number 30 had ever peen found to occur naturally. It
Was reasonable to suppose that if P30 yere made in a nuclear
reaction 1t would be radiocactive and would decay in the fol-
lowing manner:

lsp?o—blhsiao + leo + v,

where 1,Si3% is a known 1sotope of silicon, 1e? represents
a positron (-e? represents an electron), and v is a neutrino.

The half-life of P3% turned out to be 2.5 minutes.

This kind of 8 decay implies that a proton in the nucleus

is transformed into a neutron and positron (and a neutrino):

’

F. Joliot and Irene Curie in

their laboratory.
married in 1926.

They were

75
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23.9

After the discovery that the bombardment of light nuclides
by o particles can lead to radioactive products, 1t was found
that nuclear reactions induced by protons, deuterons, neu-
trons and photons can also result in radioac.ive products.

As in the case of the natural radionuclides, an artificial
radionuclide can be characterized by its half-life and the
type of radiation it emits. When the products of nuclear
reactions are radioactive they can be traced in chemical
separations by means of their characteristic half-lives or
decay products. Otherwise they could not be traced pecause
of the very small amounts involved—often less than a
millicenth of a gram. The special branch of chemistry that
deals with the separation and identification of the radio-
active products of nuclear reactions is called radiochemistry
and has become an important part of nuclear science. The
breadth of th:s field is indicated by the fact that since
1935 about 1200 artificially radiocactive nuclides have been
nade and identified.

1 Complete tne following equation for a positive 8-decay:
?
13 2 :
7N — ,eY+ ?C

How many neutrons and protons were there in the nitrogen nucleus
before decay? How many in the carbon nucleus afterward?




) The bubble chamber photo at the upper left
EXPAN. N TANK r - gxpANSION vaive

. illustra.es one of the most important dis-
L ";;égg::q coveries of modern physics, the intercon-
[:]*LTv*-tJ" g version of energy and matter (Chapters 9
</ Q_ i o EMERiamae s and 20). The diagram above shows the sig- |
wPRESSIR T T COX 5 My SupRLy nificant tracks of that phot¢  In the up-
e AT VTS o per lzft ar electron-positron pair is
L BLuIM - MP_ o q % formed by a4 gamma ray (not visible in bub- )
@ L ey i ble chamber pictures) interacting witn a
U N, akes B4 i VENT hydrogen nucleus. An 2pplied magnetic
JATIUM CANK A —-%. g field causes the electror and the pnsitron
vou - sk ;‘ ﬂ to be deflected 1n opposite directions.
’ . (Can you deterrmine the direczion of the nag-
EXPLNSION LINE 1"{- ; netic field?)
“€e7 £aw 1‘ 3
i In the lower lefr of the <ame photo a gamma
RE " " SMIERL (B, Tl ? ray forms another electron-positron pair;
.::p;§M3§g I 10 INCH ; the additional electron (third track, up-
Sd THAMBER 74‘ SEAM ward) was knocked out of a hydrogen atom
HEATE 22 = ﬁ during this process.
el he i
- g“;‘ij:zazza”uzzjj‘—‘ The bubble chamber photo was taken in a
B R 10" liquid hydrogen bubble chamber at the

Lawrence Radiation Laboratory of the Uni-
versity of Calitornia. The chamber is
shown at the far left with the liquid ni-
- trogen shield removed. The accompanying
3 diragram gives some of the details of the
bubble chamber and its ausiliary equipment. 77
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23.1 Why would it be difficult to explain s-U- 3%as a ~ixture of
alpha particles and electrons? X35 s rol dwisible gﬂ

23.2 On the basis of the proton-electron hypothesis of nuclear com-
position. kow many protons wculd you expect to find in the aV 3
nucleus? How many electrons? &35 prolons, /43 ekctons.

23.3 cComplete the following nuclear equations:

N
13

(a) 5B

+ sHe® ——e (‘Clz) + 1H".

(b) 1:Na?? & zue*‘—»(‘ﬂ,’ﬁ + H.

2

(c) 1341 7+:He“ —_— S‘,’o) +yit
W

(d) (‘Sn) + 2He"-—> ;7C135 + :H:.

(e) (HK") + s He ™ ———e 23Ca"2 + 3H1.
23.4 Complete the following nuclear equations:

(@) SLi®+ jHl—e He* + (:ue’)-

(b) .Be®+ (Hle——w,He" + (31_;‘)_

(¢) . Be’+ jH!—s (4323) + . H2.

(d) B P + ,He'——u oN1% (o"' n.
23.5 Cozplete the following nuclear equations:

27 1 28
(a) Ai¢’ + ot =AY+ (.r ).
() a127 + W —e (B £ (29,
(c) A127 4 2H3—>2}{e"'+ (M‘J“

(d) Ai27 + (B2 (He® + ( 29.
! 2 Mg
What aspect of nuclear reactions do equations (b) and (d) illustrate?
same. nuclide bomberdest by diferent parfitles wil weld dferent prosucts.
25.6 Explain triefly why the’ caxicum speed gained By nitrogen
nuci.i in collisions with neutrons is approximately an order of
@agritude less thaa that gained by hydrogen nuclei in collisions

with neutrons. N# nuclei are . of rifade yroce

23.7 One ma,or Tfs’;é‘(r.ant?g%nof qnd;:' ect methsds of measurement is
that the experimental uncertainty is often increased. If Chadwick
had measured a maximum speed of 3.2 x 19° cm/sec for hydrogen
nuclei {a shift of only 3%), and 6.7 x 108 cw/sec for nitrogen
nuciei (no shift), what would be the calculated mass of the neutron?
By what percentage would the calculated mass of the neuizon chzuge
due to the 3% shift in the speed measurement? .
1.24. orw 6.9/,

23.8 1Indicste the mass number A, the atomic numb2r Z, the number
of protons and the number of neutrons for each of the following
nuclei: (Make a similar table in your notebook.)
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protons neutrons

l il i ] , . ¢
i 2 2 ! i /
| He ® 4 Coa 2 2
Li? 7 3 3 4
} ct3 13 6 ‘ 6 -7
.y as- a3 L= 14-6
} mi- R34 . Q90 | 9o P44
| Th 2320 tazo | 40 ’ 70 ‘ 14-9
pp2le | 4 | g2 2 | 132
pPp20% : 306 &a i 82 E 124

23.9 How many electrons are there in 2 neutral atom of
(a) platinum 19627¢
(b) gold 1977 79
(c) rcercury 1937 80

23.10 Cozplete the following nuclear equaticns:

2z

() ;Na*F 4+ jHE — gl & (’,(.’&),

(®) 1 Na®’ + gaf—w v 4 (Na™) -

(<) Azb‘.gz" LY Lp—— ED ().
r

(d) !:Hg‘€‘+1ﬂz—>:ﬂe“+(~au).
]

What aspect of nucleac reactions do these equations illvstrate?

23.11 Describe the following reactions in words: doscnpﬁon

2

~)

1

}ZAI +Gn—> 1',:“8274'1““.

- - -

1M 3 AlF T+ et Ts Y; T = 9.5 min.

23.72 It is often necessary to infer informaticn in the bSsence of
direct evidence. Thus when a hunter following the tra.a> of a
rabbit in the snow finds that the tracks suddenly stop with no
evidence of o her tracks or of hiding places, he may infer some-
thing about ¢t possible presence of owls or eagles.

The bub. < chamber photograph at the right shcws, amon; other
things, the tr«-ks of two nuclear particles that originate or ter-
minate at point A. Describe the interaction that occurs at point A
in terms of your knowledge of the law of conservation of momen-um.

discussion
23.13 How do you think the discovery of artifically radiozotive
nuclides helped the developt it of theories of nuclear structure?
discussion,
b A
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was on the transformations of nuclei and on the properties of arwdgzezi m Brms ¢¥’ﬂi2
the nuclides formed. But there is another property of these masses and_ energjies berore

and ofter the reaction.

ergy. The way in which we wrote the equations for nuclear 2 W‘?j in ;-t <
aed With o knélic

and we can extend the analogy to the treatment of the energy eqanag_Chargyz m accordonce
relations in nuclear reactions. In some chenical reactions wi _kvuﬂéﬂas rnass - energy
energy must be -upplied from the outside to keep the reaction relation : AE = Amc?
going, while in others energy is liberated. The formation of In both cases we neglect the

reacticns that is important—the absorption or release of en-

reactions is analogous to that used for chemical equations, 18 assaci

small amount of energy which
may be reGuired to start the
which energy is liberated: the reaction beatween these two reaction.

water from oxygen and hyd-ogen is an example of a reaction in

gases is usually violent and heat is given off. We may con-

clude that the water fo.-med has less energy than did the sub-
stances of which the water is made. When water is decomposed
by electrolysis, electrical e.ergy must be supplied by passing
a current throagh che water, and the products cf the reactior
—the oxygen ana hydrogen liberated@—have more energy than the

wated.

Chemical reactions can be analyzed quantitatively in terms
of the amounts of the reacting materials and of the products
i formed, and in terms cf the energy .chermal or electrical) ab-
sorbed or liberated. 1In an analcgous way a nuclear reaction
can be analyzed in terms of the masses and tie energies of
*he nuclei and partic® oefore and after the reaction. Nu-
clear reactions way ab.orb energy or they may liberate eneray.
The amount of energy absorbed or emitted per nucleus involved
is greater by a factor of a million or more than the amount

involved per atom in a chemical reaction. Since mass and

It would be a good idea to re-
read pp. 102-105 in Unit 5, tc
companied by cl...nges in the total rest mass of the interact- review the relativistic rela-
tionship of anass and cnergy.
Two important ideas for this
aralyzing uauclear reactions. Nuclear fission and nuclear chapter are: a) the mass of a
moving body is greater than

the rest mass by KE/c2, aad
kinds of nuclear rsactions in which the energy release 1is b) - particle at rest has a

energy are equivalent, larae release of energy will be ac-
ing nuclei. The 1+« lation E = mc? plays an important part in
fusion (discussed later in :his chapter) are two special

much greater, by a factor of 1 to 100, than that in other rest energy of moer .
nuclear reactions. It is the exceptionally large energy
release in these two types of reactions that makes them

important in industrial and military app-ications.

In vhis chapter we shall examine the mass and energy re-
lations in nucliear reactions and some of their consequences. See "Conservation Laws” in
. . Project Physics Reader 6.
This study will show how some of the ideas and experimental ] s

information of the last three chapters are linked together.

Q1 1Is energy always liberated in a nuclear reaction? 81

In this nuclear-electric power plant, a controlled

Q tissicn reaction supplies heat energy for operation of
[Elz\v(: a steam turbine whick dilves an electrical generator.
BT T
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. 24.1 Conservation of energy in ruclear reactions. 1In the discus- 5wmma;g g4"{

. sion of nuclear reactions in the last chapter "he emphasis I. Nucle reactions can be
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The energy of nuclear binding. Our concepts of atomic and

nuclear structure—rthat an atom consists of a nucleus sur-

Summary 4.2 24.2
l. For alorme Species, The
aomic mass s smaller Than The
sum of the rest rmasses of the
constilient parficles.

rounded by electrons and that the nucleus is made up of pro-
tons and neutrons—led to a fundamental question: is the
rass of an atom equai to the sum of the masses of the protons,

neutrons and electrons that make up the atom? This question

8. “The loss in rest mase is
equwalent fo the
velease #'om the rucleus. This

energ release s called the
lomd:r% energy of the nucleus.
As early as 1927 Aston concluded

from his measurements with a
mass spectrograph. if two light
nuclei combine to form a heavier
one, the new nucleus weighs less
than the sum of the original

can be unswered because the masses of the proton, the neutron
and the electron are known, as are the masses of nearly alil
the atomic species. A survey of the known atomic masses shows
that, for each kind of atom, the atomic mass 1s always less
than the sum of the masses of the constituent particles 1in
their free state. The simplest atom containing at least one
oproton, one neutron and one electron is deuterium, H?; in

this case we hava for the masses:

rest mass of one

ones . proton = 1.007276 amu
rest mass of one neutron = 1.008665
rest mass of one electron = 0.000549
total rest mass of constituent
particles in free state = 2.016490
rest mass of deuterium atom = 2.014102
difference (Am) = 0.002388 amu.
Al_.hough the difference Am in rest mass may appear small,

it corresponds to a significant energy difference because of
The difference AE
in energy should correspond to the difference in mass ac-

the factor c? in the relation E = mc?.

cording to the relaticn: AE = smc?. The conversion factor

from atomic mass (expressed in amu) to energy (expressed in
MeV) is

5= 1 amu = 931 MeV.

If a proton and neutron combine then a rast mass of

4
LE c 0.002388 amu should be "lost," appearing as 0.002388 amu x

931 MeV/amu =

"
~
y
-
3
9
~
—~
J
ey

2.22 MeV of kinetic energy.

o

The result calculated from the change in rest mass can
secC

When
hydrogen is bombarded with neutrons, a neutron can be cap- |

be compared with the result of a direct experiment.

n
e
I~
el

KR joules

_14.9 ¥ ic U tured in the reaction:

1.6 - 107 joules/Mcy

1 vl 2
931 Mev on* + jH' e ——— H® + y.

Since there are no fragments with large kinetic energy, the {
"missing” mass of 0.002388 amu must be carrier away by the |
y radiation. The energy of the y ray has been determined,

and is 2.22 MeV, as predicted! The inverse reaction, in
which deuterium is bombarded with vy rays, has also been

studied;

e
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ll{2+y — lHl +9n‘ .

When the enerqgy of the y rays 1s less than 2.22 MeV, no re-
action occurs. But 1f we use y rays of enerqgy 2.22 MeV or
greater, the reaction does occur: a proton and a neutron

are detected. 1In the "capture" of a neutron by the nucleus
\H+, energy is liberated. 1In the inverse reaction (,H? bom-
barded with y rays) energy is absorbed. The energy, 2.22 MeV,
is called the binding energy of the deuteron. It 1s the en-

cleuas. (The binding energy :is also, therefore, the amount of
energy which would be needed to break the deuteron up again.)

Q2 ¥hen energy is "liberated" during a nuclear reaction, what
becomes of it?

Stability and binding energy. The calculation made for deu-

Surnmar, 524, 3

terium can be exterded to the other nuclear species. 1In
I. 'Ier birtds

15 calcu(afed
practice, physicists make such calculations for atoms ratner direct ﬁ%z

than for atomic nuclei, because experimental values of afomlcrﬂaBS

& %sfabl&%ofa rucleus
de awerage bm:’lnj
energﬂ per nucleon.

masses are known from mass—-spectrographic measurements.

Since ar atom contains electrons (in the outer shells) as
well as the protcns and neutrons in the nucleus, the mass of
the electrons must be included in the ¢ ilculations. It is
convenient to do so by combiring the mass of one proton and
one electron and using the mass of one hydrogen atom for the
combination. (The binding energy and equivalent mass in-~
volved in the formation of a hydrogen atum from a proton and
an electron may be neglected—it is only 13 eV as compared

to nuclear kinding energies which are several MeV per nuclear
particle.) The following example 1llustrates the calculations
necessary t> find the binding energy of an ctom. We compare
the actual mass of a carbon 12 atom with the total mass of

its separate componen% particles:

rest mass of 6 hydrogen atoms
(includes 6 protons and 6

electrons) 6 x 1,007825 = 6.046950 amu
rest mass of 6 neutrons 6 x 1.008665 = 6.051990
total rest mass of particles 12.098940
rest mass of carbon 12 12.000000
difference in rest mass Am = 0.098940 amu

0.098940 amu x 931 MeV/amu = 92.1 MeV.

Tn the same manner one can calculate the binding energy of 53 247

any stable atom. Figure 24.la shows how the binding energy for
83
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Fig. 24.1la Binding energy
as a function of A.

5G 24.2

T48- B(iadlhg energy curves

Netice the unusually high prsi-
tion of He" (the dot near 7.1
MeV). This is related to its
unusually great stability.

84

24.3

stable nuclides increases with increasing atomic mass, as
more particles are added to the nucleus. Such data have im-
portant implications for the structure of the nucleus. This
can be seen more clearly if we calculate the average binding
energy per particle. In the case of carboa 12 example, we
found the total binding energy to be 92.1 MeV. Since we are
dealing with 12 particles inside the nucleus (6 protons and
6 neutrons), the averaye Einding energy per particle 1s 92.1
MeV/12 or 7.68 MeV. In Fig. 24.1b the values of average
binding energy per particle (in Mev} are plotted against the
number of part:cles (mass number A).

The binding energy per particle starts with a low value
for deuterium, and then increases rapidly. Some nuclei, for
example He", C!Z? and 0!6 have exceptionally high values as
compaced with their neighbors. More energy would have to be
suprlied to remove a particle from one of them than from one
of cheir neighbors. We would therefore expect He%, C!2 ang
01% to be exceptionally stable. There is evidence in favor
of this conclusion: for example, the fact that the four par-
ticles making up che He" nucleus are emitted as a sirgle unit,
the o particle, in radioactivity. The curve has a broad
maximum extending from approximately A = 50 to A = 90 and
then drops off for the heavy elements. Thus, ,4Cu®3 has a
binding energy per particle of about 8.75 MeV, while 9,U235,
near the high-2 end of the carve, has a value of 7.61 MeV.
The nuclei in the neighborhosd of the maximum of the curve,
for example, those of copper, should be more difficult to
break up than those of uranium.

n ~
—_—

B

BupiNG ENERGY PER NucLeon CHeV)
b b}

LN

N T T i 200 220 240
MASS NUMBER

Fig. 24.1b Average binding ene'gy per particle as a function of the
number of particles A.
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Now it is clear why atomic masses are not exactly whole
number multiples °f the mass of a hydrogen atom, even though

nuclei are just ccllections of identical protons and neutrons.

The total est mass of a combination of these particles is

reduced by an amount cnrresponding to the bhinding energy,

:nd the average binding energy varies from nuclide to nuclide.

With the information we now have about the nuclear binding

energy, we shall be able tc get an understanding of the energy

relations in nuclear reactions. (There are other important

implications of the average binding energy curve, Fig. 24.1b

which we shall mention later.)

Q3 which would be more stable, a nuclide with a high tota' binding
energy, or a nuclide with a high average binding energ-”

The mass-energy balance in nuclear reactions. In the previ-

ous sectior we used a very simple nuclear reaction to intro-
duce the concept of binding energy. In this section we shall
use a more complicated reaction—one in which the products

are nuclei—to show an important relation between the binding

energy and the energy liberated in a nuclear reaction.

We shall analyze the mass-energy balance in the reaction
of a proton with lathium 7:

\H' + 3Li7 ———> ,He“ + ,He"

This reaction has historical interest: it was the first case
of a nuclear disintegration brought about by artificially
accelerated particles; and the analysis of the reaction pro-
vided one of the earliest quantitative tests of Einstein's
mass-energy relation. The reaction was a good one to analyze
because the mcsses of the proton, the o particle and the Li
atom ' ere known, and t'e kinetic energies of the proton and
the two o particles could be measured accurately. The vaiues

of the atcmic masses are:

7.016005 amu
1.007825 amu
4.002604 amu

rest mass of Li’

[0}

rest mass of H!

[t}

rest mass of HeY

The energy released may be calculated by finding the
difference in rest masses before and after the nuclear
mass is

reaction takes place. The difference in rest

0.018622 amu, corresponding to 17.3 MeV. Since total enerqgy
1s conserved, we can assume that 17.3 MeV of lost res: energy
appears in the total kiretic energy of the two o particles

emitted. In actual experiments the incident proton has ki-
netic energy so that the 17.3 MeV represents the difference

between the kinetic energies of the two emitted « particles

Summayr

4.4

|. The adreement beliveen

Hrcovelical and experimerial
values for changes of mass
and en. in “nuclear reaclions
provides § evdence {or the

validity of Eij nsTems mass -

eneqaﬂ ZQua(on

& In oany nuclear reaction if
the parlicles in e pro duct
nuclei are more fic C#bound
than thcse in the reactin
nuclei , energy must ha
beew releas 47 dun'n9 the

reaction.

before after

He"
He"

4.002604
4.002604
8.005208

7.016005
8.0.3830

Li’
Hl

8.023830

- $.505208
Am = 0.018622 amu

0.018622 amu x 931 MeV/amu
= 17.3 MeV
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24.4 and tne kinetic energy of the incident proton. The agree-
ment between the energy calculated from the masses and the
experimental value found from the kinetic energies shows
that the mass-energy relation is valid. There is a genuine
release of energy from the lithium atom at the expense of
some of the rest mass of its fragments. This experiment
was first done in 1932. Since then hundreds of nuclear
transformations have been studied and the results have in-
variably agreed with the mass-energy relationships calcu-

lated by means of Einstein's equation E = mc?.

The results obtained for the mass-energy balance in nuclear
reactions can be related to information about binding energy
contained in Fig. 24.1b. For example, the binding energy per
particle of the lithium 7 nucleus 3Li7 is 5.6 MeV. Since
lithium 7 has seven particles jin the nucleus, the total bind-
ing energy is 5.6 x 7 or 39.2 MeV, while the incident proton
has no binding energy. The total binding energy of each «o
particle (He" nucleus) is 28.3 MeV; a total of 56.6 MeV for
the two o particles. Since the nucleons in the product
frééﬁents are more tightly bound by 56.6—39.2 = 17.4 MeV,
there will be 17.4 MeV of energy released in the reaction,
appearing as kinetic energy of the fragments. This checks

with the increase in kinetic energy found experimentally.

Analysis of many nuclear reactic verifies the general
rule: When the total binding energy of the products exceeds

Since binding energy is the that of the reuctants, energy is liberated. That is, when-
energy released in the formation .

of a nucleus, those nuclei with
the highest binding energy have average binding energy curve, they have greater binding
lost the most rest energy.

ever the products of a niuaclear reaction lie higher on the

energy per particle and so energy is released in “heir
formation.

The shape of the average binding energy curve indicates
that there are two general processes which can release energy
from nuclei: combiring light nuclei into a more massive
nucleus, or splitting up heavy nuclei into ruclei of medium
mass. In either process the products would have greater
average binding energy, so enargv would be released. 2a
process in which two nuclei join together to form a heavier

nucleus is called nuclear fusion. A process in which a

heavy nucleus splits into fragmenss of intermediate mass is

called nuclear fission. Both fusion and fission have been

shown to occur. Both processes cas ke made to take place
slcwly (as in a nuclear power plant) or very rapidly (as in
a2 nuclear explosion).

Q1 Would breaking very heavy auclei up irto very light nuclei
result in the liberat_g.on of energy?
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24.5 Nuclear fission: discovery. The discovery of nuclear fission

1s an example of an unexpected result of great practical im-

o

portance, obtained du_ing the course of research carried on
for reasons having nothing to do with the possible usefulness
of the discovery. It is also an excellent example of the
combinea use of physical and chemical methods in nuclear re-
search. After Joliot and Curie showed that the products of

nuclear reactions could be radioactive, Fermi and his col-

. . A few of the problems encoun-
leagues in Italy undertook a systematic study of nuclear tered by Fermi in his work on
reactions induced by neutrons. One of the purposes of this these reactions were related in

the Prologue to Unit 1.
Summary 4.5

. . I. Nucdeat fission wae discovered
determined. The kind of nuclear reaction used most success- mmu h e . 'blh’én involvin

fully in this study was the capture of a neutron with the the Lombardment OF uranium

emission of a y ray as discussed in Sec. 23.7. For example, with neudions mn an aﬂ"empt’ro
when aluminum is bombarded with neutrons, the following re- Form a new, heavier elemen‘t

action occurs:
& The cogiure of a neufron m
on! + 13127 o La128 4 | uranium  nuclexs somelfimes |
b fission and sometimes 1o B

Aluminum 28 is radioactive with a half-life of 2.3 minutes dm‘i’o‘mea deca;@ OF“m"."-‘m

research was to produce new nuclides. 1Indeed, mmany new

radioactive nuclides were made and their half-lives were

and decays by 8 emission into silicon: ar wd 16 resutt in te P’T‘
mdlion of tWwo new ansuranium |
13A128 ——m 15§28 4 100 4 T . elemenls | neplunium and plutorium!
( As a result of the two reactions a nuclide 1s produced with
values of Z and A each greater by one unit than those of the
initial nucleus. Fermi thought that 1f uranium (the atomic
species having the largest known value of 2) were bombarded
with neutrons, a new element might be formed by the &g decay
of the heavier uranium isotope:
on! + o,U238 920239 4 y
9pU%3? - 3(?)239 4 _1e0 + T . SG 247

If the new nuclide denoted by g3 (?)739 were also to emit a 8:
93(?)239 —— 91,(?)239 + -1e° + V.

In this way, twc new elements might be produced (with 2z = 93
and 94). If these reactions could be made to occur, the re-
sult would be the man-made production of an element, or ele-

ments, not previously “nown to exis‘—transuraanium elements.

Fermi fcund in 1934 that the bombardment of uranium with
neutrons actually producec several new half-lives in the
target; these were attributed to traces of new-formed trans-

( uranium elements.
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The results aroused ruch interest, and in the n-xt five
years a number of workers experimented with the neutron bom-
bardment of uranium. Many different radiocactsve half-lives
wexe discovered, but attempts to i1dentify these half-lives
with particular elements led to great confusion. The methecds
uscd were similar to those used in the study of the natural
radioactive elements. A radicactive nuclide formed in a
nuclear reactiocn is usually present in the target area only
in an extremely small amount, possibly as little as 10~1<
grams, and special techniques to separate these smcll guanti-

ties had tc be develcped.

The reason for the confusion was found early in 1939 when
Otto Hahn ard Fritz Strassmann, two German chemists, showed
definitely that one of the supposed trarsuranium elements was
actually #n 1sotope of barium (s¢Bal3?) 1deniilied by its

half-life of 86 minutes and its chemical behavior. Another

nuclide resulting from the neutron bombardment of uranium was

By bombarding heavy elements i1dentified as lanthanum (s;Lal“%) with a half-l1fe of 40
with a variety of particles

1t has been possible to creat.
artificiallv & series of trans-
uranium elemeats. Those ele-
ments, up to Z = 103, are listed uranium, which has the atomic number 92 and an atomic mass of
below. A tiny sample of one
of them, curium 244——dissovlved
in a test tube of water, is which the uranium nucleus 1s split almost in half. If such
shown in the 5-minute expo-
sure above.

hours.

The production of the nuclides s¢Bal?® and 57Lal*? from
nearly 240, reguired an unknown kind of nuclear reaction in
a process really occurred, it should also be possible to €find

"the other half,"” cthat is, to find nuclides with mass between
90 and 100 and atomic numbers of about 35. Hahn and Strass-

9, U Uranium

mann were able to find a radioactive i1sotope of strontium
93Np Neptunium (z = 38) and one of yttrium (2 = 39) which fulfilled these
¢yPu  Plutonium conditions, as well as isctopes of krypton (Z = 36) and xenon

Am A  crum (Z = 54). It was clear from the chemical evidence that the
95 rericiu

uranium nucleus, when bombarded with neutrons, can indeed

96Cm Curium split intc two nuclei or interrediate atomic mass.

97Bk  Berkelium Although Hahn and Strassmann showed that isotopes cf inter-

3gCf Californium mediate mass did appear, they hesitated to state the conclu-

. C sion that the urxanium nucleus could be split inte twe large
99Es Einfteinium

parts. In their repcrt dated January 9, 1939, they said:
100Fm  Fermium )
On the basis of these oriefly presented experiments,

101Md Mendelevium we must, as chemists, really rename the previously of-
fered scheme and set the symbols Ba, La, Ce in place

102No  Nobelium of Ra, Ac, Th. As "nuclear chemists" with close ties
to physics, we cannot decide to make 2 step so contrary

103Lw Lawrencium to all existing expecience of nuclear physics. After

all, a series of strange coincidences may, perhaps, have
led to these results.
The step which Hahn and Strassmann could not bring them-
selves to take was taken on Januery 16, 1939 by twc Austrian
38 physicists, Miss Lise Meitne:r anc. Otto R. Frisch. They
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suggested that the neutron initiated a decomposition of the
uraniur. nucleus into "two nucler of roughiy egual size," a
process which they called "nuclear fission" after the divi-
sion, or fission, of a living cell into two parts. They pre-
dicted that the fragments would have great xinetic energy and
would be radiocactive. The predictions of Meitner and Frisch
were soon verified experimentally. Shortly afterward, 1t was
found that transuranium elements also are formed when uranium
1s bombarded with neutrons. In other words the capture of a
neutron by uranium sometimes leads to fission, and sc cimes
leads to & decay. The 8 decay results in the formation of
1sotopes of elements of atomic number 93 and 94—later named
neptunium and plutonium. The mixture of the two types of

reaction, ficsion and neutron capture, followed by 8 decay,
was responsible for the difficulty and confusion ain the
analysis of the effects of bombarding uranium with neutrons.
The experiments opened two new fields of scilentific .ndeavor:
the physics and chemistry of the transuranium elemerts and

the study and use of nuclear fission.

The discovery of nuclear fission inspired reseaxcli workers
all over the world and much new information was obtained
within a short time. It was found that a uranium nucleus,
after capturing a neutron, car split into one of more than
40 different pairs of fragments. Radiochemical analysis
showed that nuclides result with atomic numbers from 30 to
63 and with mass ruambers from 72 to 158. Neutrone also are
emitted in fission; the average number of neutrons emitted 1s
usually between 2 and 3. (Under appropriate conditions these
neutrons can, in turn, cause fission in neighboring uranium

atoms, and a process known as a chain reaction can develop 1in

a sample of uranium.) The following reaction indicates one of

the many ways in which a uranium nv~leus can split:

Onl + 920235-————>568a1“ + 36}(1‘92 + 3 onl .

Schematic diagram representing
uranium fission.

Lise Meitner and Otto Hahn

Lise Meitner, born in Austria,
joined Otto Hahn in 1998 in a
. zsearch collabcration that
‘asted thirty years. In 1938,
iilss Meitner was forced to
leave Germany. She was in
Sweden when she published the
first report on fission with
her nephew, 0. R. Frisch.

Otto Frisch
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The nuclides sgBa'“! and ;4Kr?2? are not found in nature and
are not stable: they are radiocactive and decay by 8 emission.
For examgle, c¢¢Ba!“! can decay into (qPr!“! by successive
emission of three 8 particles, as shown by the following
scheme (in which the numbers in parentheses are the half-

lives):
o o o
-1 /-]e /..]e
56361“14 57La““L, 58Ce]“14>591’r“‘1
(18 min) (3.6 hr) (32 days)

Similarly, 3¢Kr®? is transformed into ,(2:°2 by four succes-
sive 8 decays.

Only certain nuclides can undergo fission. For those
which can, the probability that a nucleus will split depends
on the energy of the neutrons usea in the bombardment. The

Plutonium 239 (g,Pu239) is nuclides ¢,U235 and ¢4,Pu23? can undergo fission when bombarded
produced by the capture of a with neutrons of any energy, from a small fraction of an
neutron by 92U238 and the sub-

sequent emission of two B par- electron volt, say 0.01 eV or less, up. On the other hand,
ticles, as discussed on p. 89. U238 and Th2?32 undergo fission only when bombarded with neu-

trons having kinetic energies of 1 MeV or more. The latter
nuclides, which have even % and even A, are less likely to

undergo fission than are uranium 235 and plutonium 230 which
Surrmar. &4.6 have even 2 and odd A. Such information is very helpful in
. Coriirol’ of a fission veaction ) yoe

dq;vndg on {he balance mtrying to construct the nuclear models to be discussed in
reulron preduction and lpss. Sec. 24.11, 12.

2. Moderators ave used for . . .
reduc'm .me ener% oﬁhe MeV. This value can be calculated either directly from the
_Fast nZ‘h‘fons,. slotk naulrons atomic masses or from the average binding energy curve of

have a mbab}l'{{-y °F Fig. 24.1b. The energy release is much lar~er than in the
promofihﬂ fl%ian. more common nuclear reactions (usaally less than 10 MeV).

. . The combination of the large energy release in fission and
3. Lght nuclei aksorb ener
from’ neulrons in fewer collisions

#im do h& nuclej and So large-scale use of nuclear energy.
make 9ood eralors.

The energy released in the fission reaction is about 200

the possibility of a chain reaction is the tasis of the

. ) Q5 What two reactions resulted in the appearance of a transuranium
4. Conlrol of & chan veaction element?
also usually involves a material
. Q6 h oduct of fissi hai, ti 3 ible?
whose Auc ! b nouﬁ'ans. what product o ission makes a chain reaction possible

24.6 Nuclear fission: controlling chain reactions. For a chain

Fx reaction to continue at a constant level, it is necessary
F54': 1Sston that there be a favorable balance between the net produc-
tion of neutrons by fissions and the loss of neutrons due

to the following three processes:
(1) capture of neutrons by uranium not resulting in
fissions;
90 (2) capture of neutrons by other materials;
(3) escape of neutrons without being captured.

.V




24.6
If tco many neutrons escape or are absorbed, there will not

o
be enough to sustain the chain reactioa. If too few neutrons 4 o / Q Q
escare or are absorbed, the reaction will puild up. The N O ; ee

design of nuclear reactors as energy sources involves » NP

finding proper sizes. shaves, and materials to maintain a O ® @ »
balance between neutron production and loss. o @

Since th2 nucleus occup.les only a tiny fraction of an ¢ Q
atom's volume, the chance of a aeutron's colliding with a @

uranium nucleus 1s small and a neutron can pass through

@
billions of uranium (or other) atoms while moving a few ? @
inches. 1If the assembly is small, a significant percent- @ O
age nf the fission neutrons can escape from the assembly -, ‘7.\:__—-—;——0
wi.chout causing further fissions. The leakage of neutrons //i O O g h'i o
can be so large that a chain reaction cannot be sustained. . o © //O (]
If the assembly is made larger, a smaller percentage of

the neutrons esci:pe, or leak out: if the assembly were A schematic diagram of the begin-

ning of a chain reaction. The
nucleus In the center has fis-

infinitely large, this fraction would approach zero.

For a given combination of materials—uranium and other ma- sioned into 2 parts, releasing
. . . . amma rays and neutrons. Some
b — g
terials which may be needed—there is a size, called the of the neutrons are capturea by
critical size, for which the net production of neutrons by other nuclei, promoting further
. . . . . . fissioning with th mpanyin
fission is just equal to the loss of neutrons by nonfission g € accompanying

release of more neutrons.... and
capture and leakadk. If the size of the assembly is smaller S0 on.

than this critical size, a chain reaction cannot be sus-

tained. The determination of the materials and their arrange- S5G 24.10

ment with which a reasonable critical size can be obtained
is an important part of research in the new field of "nuclear L6~ 5 : Cnlical size
engineering.”

Another important problem in the design of nuclear reacto

%ﬂier lerms also are used inthis

Conneclion . For a qiven ,€9.
U235 is bombarded with slow neutrons than wher 1t is bombardegy éphere | theve il be a critical

with fast neutrons. Although nuclear rezctors can be buxlt mp.ss, and -For Qa g:ven massfha'e
in which the fissions are induced by fast neutrons, it has will be a crifical geomeliy

_ _ o . in- (mvolving shape and/or the posito
been easier to build reactors in which the fissions are in- ( Qa {0" e posiiion
duced by slow neutrons. The neutrons released in fission OP-S 2 carnpmenfs - G Y10

brmgs these issues up.

arises from the fact that fission is much more probable when

have kinetic energies from about 0.01 MeV to nearly 20 MeV,
with an average kinetic energy of about 2 MeV. The fast fis-

sion neutrens can be slowed down if the uranium is mixed with

a material to which the neutrons can lose energy in collisions.

The material should be relatively low in atomic mass so that

the neutrons can transfer a significant fraction of their en-
ergy in elastic collisions; but the material should not ab-
scrb many neutrons. Carbon in the form of graphite, and also

water, heavy water and beryllium meet these requirements.

These substances are called moderators because they slow

down—moderate—the newly produced neutrons to energies at

See "Success” in Project Physics
which the probability of causiry additional fission is high. Reader 6.
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Fig. 24.2 Schematic diagram of i
processes in a nuclear reactor. s MCDERATQ R TEL ABSORBER,
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Hydrogen atoms 1in water are very effective in slowing down
neutrons because the mass of a hydrogen nucleus is nearly the
same as that of a neutron and because the number of hydrogen
atoms per unit volume is high. A neutron can lose a large
fraction of its energy in a collision with a hydroger nucleus
and only a~out 15 to 20 coilisions are needed, on the average,
to slow down the neutron to energies of 1 eV or less. How-
ever, the use of hydrogen has the disadvantage that the proba-
bility of the reaction

lHl + 0n1—>1H2 + Y

1s large enough so that too many neutrons may be ebsorbed by
the hydrogen. In fact, it has been found 1mpossible to

achieve a chain reaction with natural uranium and water.

On the other hand, the absorption of a neutron by a deu-
Heavy water: (H2),0, or D,0. terium nucleus in heavy water

1H2 + onl — 1H3 + v

has an extremely smali prokability. A chain reaction can

therefore be achieved easily with natural uranium and heavy
water. Reactors with natural uraniur as the fuel and heavy
water as the moderator have been built in the United States,

Canada, France, Sweden, Norway and other countries.

The contrast between the nuclear properties of hydrogen
and deuterium has important implications for the development
of nuclear reactors. Heavy water (D,0) 1s much more expensive
than ordinary water (H,0) but, when 1t is used with natural
uranium (mostly U238) a chain reaction can be achieved effi-
ciently. Ordinary water can be used, nonetheless, if urani-
um enriched in the 1sotope U235 15 used instead of natural
uranium. Many reactors "fueled" with enriched uranium and
with ordinary water have been built in the United States. 1In
fact, this general reactor type has been used in nearly all
the large nuclear power plants built so far and in the re-

92 actors used in nuclear-powered submarines.
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Carbon 1i1n the form of graphite has been used as a moderator
in many reactors, including the earliest ones. It is not as
good a slowing-down agent as water or heavy water: about 120
collisions with carbon atoms are needed to slow fission neu-
trons with an a’serage energy of 2 MeV to the energy of about
0.025 eV desired; in heavy water only about 25 collisions are
needed, and in water abcut 15. Although carbon in the form
of graphite is not the best moderator and absorbs some neu-
trons, it does permit a chain reaction to occur when lumps of
ratural uranium (cylindrical rods, for example) are suitably
arranged in a large me~s of graphite. The rods must be of
appropriate size and must be suitably spaced throughout the
graphite. The determination of just how this could be done
was one of the main problems that had to be solved before
the first chain reaction could be achieved, in 1942 at the
Uriversity of Chicago. Many graphite-moderated reactors are
now in operation throughout the world.

The control of a reactor is relatively simple. If fission
is occurring too frequently a few “"control" rods are inserted
into the reactor. The rods consist of a maerial (such as
cadmium or boron) that absorbs slow neutrons, thereby reducing
the number of neutrons in the moderator. Removal of the con-
trol rods will allow the reaction to speed up. big. 24.2 is
a schematic diagram of the main processes that occur in a nu-

clear reactor in which uranium is the fi ‘onable material.

Q7 wWhat is a "moderator?"

08 what is an advantage and a disadvantage of using water as
a moderator in nuclear reactors?

The west wall of the football

stands of Stagg Field. Squash
couits under these stands were
used as the construction site of
the first nuclear reactor., Be-
low is an artist's sketch of that
graphite-moderated recactor as it
first became self-sustaining,
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24.7 Nuclear fission:

It was essentially an applied
engineering problem rather
than a research problem in
physics. Analogous work was
known to be in progress in
Nazi Germany

Summary 4.7
I. Nucl ene can be
released quickly’, as in ‘fﬁe

omic bomb, or slowly,
in a nuclear reactor,

& Nuclear explosions Temble as
m? are in blast alone

de even_ rmore o(ed)‘ ucT Ve
by e “fal out” of radwactive

ris,

3. The use of confmlled -F:ss:on
has

ons

4. Vital problems concerni

te use of nuclear enery

require a well informed ci{’zenrj

Scientists have been prominently
involved in activities to alert
their government and fellow
citizens to the moral and prac-
tical problems raised by the
nuclear weapons race.
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large-scale energy release and some of

its consequences. The large~scale use of auclear energy

in chain reactions was accomplished in the United States
between 1939 and 1945.
Sure of World War II, as a result of tne cooperative

The work was done under the pres-

efforts of large numbers of scientists and engineers.

The workers in the U.S. included Americans, Bratons and
European refugees from fascist-controlled countries.

The energy was used in two rforms:
bomb,

few millionths of a second;

in the so-called atomic
in which an extensive chain reaction occurs in a

and in the nuclear reactor,

in which the operating conditions are so arranged that
the energy from fission is released at a much slower and
steadier rate. In the nuclear reactor the fissionable

naterial is mixed with other materials in such a way that,
on the average, only one of the neutrons emitted in fission
causes tne fission of another nucleus; in this way the
Chain reaction just sustains itself. In a nuclear bomb
the fissionable material is unmixed (that is, pure) and
the device is designed so that nearly all of the neutrons

emitted in each fission cause fissions in other nurlei.

Nuclear reactors were used during World War II to manu-
facture Pu?39 from U238,

that some of the neutrons from the fission of U235 were

They were designed in such a way .

slowed down enough so that they would not cause fission of
U238 put, instead, were absorbed by the U238 to form Pu239
through the reactions described in the previous section. A
using U235, destroyed the city of
1945;
gyPu?3d, destroyed the citv of Nagasaki three days later,

single nuclear bomb,

Hiroshima, Japan, on Avgust 6, another bomb, using
just prior to the surrender of Japan and the end of World

War II.

Since the end of World War II in 1945,
nuclear energy from fission has been developed in two

the use of
different directions. One direction has been military.
Other countries besides the United States have made nu-
clear weapons, ramely, the United Kingdom, the Soviet
Union, France, and China. The enormous death-dealing
capability of these weapons and the ever-larger numbers
of bombs that have been accumulating have increased and
made more dangerous the tension throughout the world and
have emphasized the need for the peaceful settlement of

tnternational disputes.

One incidental problem has been that of the radio- -
active fallout from bomb tests. The explosion of a nu-

clear bomb liberates very large amounts of radiocactive

oot
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materials. These materials can be blcwn by winds from
one part of the world to another and carried down from
the atmosphere by rain or snow. Some of the radioactivi-
ties are long-lived; the materials may be absorbec in
growing foodstuffs and eaten by anaimals and people. It
is known that under certain conditions radioactive ma-

terials can cause harmful genetic effec’s as well as

somatic effects. One of the most abundant and long-lived
products of the fission of U233 and Pu?3? is strontium 90 A technician checking milk
(385r%%) . This 1sotope of strontium is similar to , Ca"? samples for radioactivity.
in its chemical properties. Hence when Sr%0 is caken into

the body, it finds its way into bone mraterial. It decays

by emission of 0.54-MeV B8 particles (half-life = 28 years).

If present in large quantities it can cause leukemia,

bone tumor, and possi} ly other forms of demage, particu-

larly in growing children. There has been much research
Genetic effects of radiation: ef-

fects producing changes in cells

ar? future generations. As a result, the United States, which will affect offspring of
exposed individual.

and discussion of the possibility of damage to present

th~ United Kingdom, the Soviet Unic * and most other nations
. Somatic effects: all effects
agreed, in 1963, to a moratorium on further bomb tests caused by radiation to an in-

in the atmosphere. dividual during his lifetime.

The second direction in which the use of nuclear energy
has been pushed on a large scale has been in the production
of electrical power from the energy released in fission.
The increasing need for electrical energy is an important
aspect of modern life. The amount of electricity used in
an advanced industrial country, such as the United States,
has been doubling approximately every ten years since
about 1900. Although there are still large supplies of
coal, o011 and natural gas, it 1s evident that additional
sources of energy will be needed, anG nuclear energy from Sece "The Nu:lear Energy Revolu-

. . . " in Project Physics Reader 6.
fission can £fill this need. tion 3 y

In almost all present systems of nuclear powe. produc-
tion, the reactor 1s a source of heat for running steam
turbines; the turbines Jdrive electrical generators just
as they do in conventional power stations.
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These photographs illustrate one type of com- |
mercial installation for converting the heat
energy from a fusion chain reaction into elec-
trical energy. The s:teel "drywell" at the
left is the housing for the nuclear reactor at
the Nine Mile Point generating station, near
Oswego on Lake Ontario. Just above, the re-
actor vessel is shown being lowered into the
drywell. A later stage of constructicn is
shown at the top. The cutaway drawing shows
the reactor, turbine-generator and other com-
ponents of a similar installation: the Dresden
nuclear power station at Joliet, Illinois.
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The photos on this page show 3 research reactors.

At the top is the small rescarch reactor at M,I.T.
in Cambridge, Mass.

At the right, technicians load fuel siugs in the
A.E.C.'s graphite reactor at Oak Ridge, Tennessee.

Above ic a model of the Brookhaven graphite reactor.




See "A Report to the Secretary of
War," "Twentieth Birthday of the
Atomic Age" and "Calling All Stars"
in Project Physics Reader 6.

Below is shown a model of a nu-
tlear power and desalting plant
to be built on a man-made island
off the coast of southern Cali-
fornia. It will generate elec-
tricity at the rate of 1,8 mil-
lion kilowatts and also produce,
by distillation, 150 million

gallons of fresh water daily.
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For a variety of reasons, some administrative and some
technical, but mostly connected with the "Cold War" that
started after World War II and intentified during the
early fifties, the U, S. Atomic Energy Commission (AEC)
did not =mplasize applied research on nuclear-electric
power systems until President Eisenhower so directed in
1953. By that time America's first experimental breeder
reactor (EBR-1) had demonstrated foi two years in Idaho
that electric power could be produced in significant
amounts while simultaneously producing plutonium from the

U238 planket around the neutron-and energy-producing core.

Not until fully twenty years after the Manhattan Project
reached its goals could one say that the age of nuclear-
electric generation of power had arrived. Nuclear energy
sources became economically competitive with hydroelectric
and fossil-fuel sources in the early 1960's when costs per
kilowatt-hour were reduced to as low as one-half cent. In
1966 there were 29 contracts for construction of large
nuclear power reactors in the United States alone. This
commitment represented more than half of the total new
power plant construction in the United States. The British
and French also successfully used reactors to generate com-~
mercial electric power. Thus there finally are strong

reasons for optimism concerning new sources of energy.

Such new sources were clearly needed, for along with
the population explosion, the depletion of fossil fuels
and the falling water table, an energy shortage threatened
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to limit mankind's future development. Power reactors,

Z? now entering a third generation of development, show def-
inite promise of being able to desalt sea water economi~
cally, to convert atmospheric nitrogen into powdered fer-
tilizers, and to make fluid fuels from hydrocarbons in 1ow-
grade coal. If all this can be done cheaply enough with
breecer reactors that produce at least as much fissionable
material as they "burn," then indeed the war-born nuclear
technology at last can have the beneficial impact on all of
human society that is so desperately needed.

I* the meantime, the social costs of +the nuclear e erqgy
revolution have already been very high—in human lives, 3.

money, and in the anxiety of life under the threat of nu-

clear war. In some ways these are analogous problems to
A blast of hydrogen exhaust

(above) from an experimental
of the steam engine (Unit 2). At the same time, the poten- nuclear rocket engine (below).

the human price of industrialization after the development

tial benefit to man is great. As in the past, the decis.ons
that will be necessary in the future development of nuclear
power cannot be made on the basis of physics alone. Science
can illuminate alternatives, but it cannot and should not

be used by itself to choose among trem. Responsible scien-
tific opinion must be supplemented by political insight and

{ a broad humanistic view of society. But at the very least,

responsible citizens must have some understanding of the

scientific principles that will underlie the alternatives

among which they must choose.

Among the many problems for
" public policy raised by devel-

opments in nuclear power is the

~ Plowshare program of the A.E.C.

* The crater at the left was part
of Plowshare's research into
creating lakes, harbors and sea-
level canals between oceans by
the use of thermonuclear explo-
sions.
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Chronology of Developments in Nuclear Science and Technology

1896

1899
1905

1911

1919

1920-
1925

1931

1932

1939

1940

1942

1945

1946

1951

Becguerel discovers unstable
tradioactive) atoms.

Isolation of radium by Curies.

Einstein announces equiva-
lence of mass and energy.

Rutherford discovers nucleus.

Rutherford achieves trans-
mutation of one stable chemi~-
cal element (nitrogen) into
another (oxygen).

Improved mass spectrographs
show that changes in mass per
nuclear particle accompanying
transmutation account for en-
ergy released by nucleus.

Lawrence and Livingston con-
struct first cyclotron.

Chadwick 1dentifies neutrons.

Evidence of uranium fission

by Hahn and Strassmann, iden-
tification of fission products
by Meitner and Frisch.

Discovery of neptunium and
plutonium (t.ansuranium ele-
ments) at the University of
California.

Achievement of first self-
sustaining nuclear reaction,
University of Chicago.

First test of an atomic dev
at Alamagordc, New Mexico,
followed by the dropping of
atomic bombs on Hiroshima and
Nagasaki, at the end of World
War II.

President Truman signs the
5ill creating the U.S. Atomic
Energy Commission.

First shipment of radioactive
isotopes from Oak Ridge goes
to hospital in St. Touis,
Missouri,

First significant amount of
electricity (100 kilowatts)
produced from atomic energy
at testing station in Idaho.

1952

1953

1954

1955

1956

1957

1959

Jo61l

1962

1963

1964

1966

1968

First cetonation of a hydrogen
bomb, Eniwetok Atoll, Pacific
Ocean.

President Eisenhower ennounces
U.S. Atoms-for-Peace program
and proposes establishment of
an international atomic energy
agency.

First nuclear-powered subma-
rine, Nautilus, commissioned.

First Uni.2d Nations Interna-
tional Co: r:rence on Peaceful
Uses of Atomic Energy held in
Geneva, Switzerland.

First commercial power plant
begins operation at Calder
Hall, England.

Shippingport Atomic Power
Plant in Pennsylvania reaches
full power of 60,000 kilowatts.

International Atomic Energy
Agency formally established.

First nuclear-powered merchant
ship, the Savannah, launched
at Camden, New Jersey.

A radioactive isotope-powered
electric generator piaced in
orbit, the first use of nuclear
power in space.

Nuclear power plant in che
Antarctic becomes operational

President Kennedy ratifies the
Limited Test Ban Treaty for
the United States.

President Johnson signs law
permitting private ownership
of certain nuclear materials.

Beginning of the rapid develop-
ment of nuclear power plants in
the U.S.

"Non-proliferation" agreement,
signed by the United States,
the Soviet Union and other
countries, limiting the number
of countries possessing nuclear
weapons.




24.8 Nuclear fusion. Fusicn reactions have been produced in the

Summary; 24.%

L . “The -fré-nendocus eneroy velease
ample, high-energy deuterons from a particle accelerator. In Haak suld ult _me ;%

( laboratory by bombarding appropriate targets with, for ex-

these reactions energy is liberated, as expected. Some typ- cad—m”ed Fus«'on o{'ﬁ'iﬁu'r: Md
ical examples of fusion reactions, together with the energy deui‘endm nuc(ei hac ndt gwt
liberated in each reaction, are: been explo'«fab(e. The difficullt
is B confine the extremely kot
(H2 + (H2 ——« (H3 + H! + 4 Mev, placma requred for fusich.

1H2 4+ H? e———= ,He3 + gn! + 3.3 Mev,
1H2 + JH3 —— . ,He" + gn! + 17.6 Mev,

1H2 + ;He3 ——+=,He" + ;H! + 18.3 Mev.

In the first of the above equations, one product nucleus is
an isotope of hydrogen, called tritium, with mass number
A = 3; it is radioactive with a half-life of about 12 years
and it decays by beta emission into ,He3, an isotope of
helium. When a target containing tritium is bombarded with
deuterons, ,He" can be formed, as in the third equation

above, liberating 17.6 MeV of energy. Of this energy, 14.1 Although the energy liberated
in a single fusion is less than
in a single fission, the energy

kinetic enerqgy of the a particle. per unit mass is much greater.
About 50 helium atoms are needed

The fusion of traitium and deuterium offers the possibility to equal the mass of 1 uranium

MeV appears as kinetic energy of the neutron and 3.5 MeV as

. . B atom; 5C % 17.6 MeV is 1040
( of providing large sources of energy, for example, in elec MeV—compared to 200 MeV for a
tric power plants. Deuterium occurs in water with an abun- typical fission,

dance of about one part in seven thousand of H! and can be
separated from the lighter isotope. One gallon of water con-
tains about one-eighth of a gram of deuterium which can be
separated at a cost of about 4 cents. If this amount of
deuteraium could be made to 1eact with tritium under appropri-
ate conditions, the energy output would be equivalent to that
from about 300 gallons of gasoline. The total amount of deu-
terium 1in the oceans is estimated tu be about 10!7 kilograms,
and its energy content would be about 1029 kilowatt-years.

If deuterium and tritium could be used to produce energy,
they would provide an enormous source of energy. There are,
however, some difficult problems to be solved, and some of
these will be discussed briefliy.

The nuclei which react in the fusion processes are posi-
tively charged and repel one another because Gf t'.e repulsive
electric force. The nuclei must, therefore, be made to col~
lide with a high relative velocity to overcome the repulsive
force tending to keep them apart. Experiments have shown
that this can occur when the particles have kinetic energies

( of about 0.1 MeV or more. The nuclei must also be confined

in a region where they can undergo many collisions without 101
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Plasma: ionized gas in which
positively and negatively
charged particles move about
freely.

» demonstration model of a
"Stellarator." The figure-
eight shape enables strong
magnetic fields to contain

a continuous plasma stream
in which a controlled fusion
reaction might occur.
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escaping, being absorbed by the walls bounding the region or
losing energy by collisions »:th cooler molecules. There
must be enough collisions per unit time so tnat fusion can
occur at a rate that will yield more energy than tnat needed
to cause the ccllisions. The combination of tnese require-
ments means that the nucleir must be contained at a tempera-

ture of the order of 100 millicn degrees.

At the temperatures reguired for fusion, the atoms have
been stripped of their electrons, and the resulting nucleax
and separated electrons are said to form a plasma. No wall
made of ordinary material can contain a hot plasma at 10%°K
(the wall would be vaporized instantly!). But the charged
particles of a plasma could, in theory, be contained in an
appropriately designed magnetic field. The fairst problem to
be solved, thereiore, is to contain the plasma of deuterium
and tritium ruclei in a magnetic field, while accelerating
the nuclei by means of an electric field to the required
kinetic energy (or temperature). The rate at which the fu-
sion reactions occur must also be regulated so as to produce
energy which can be converted to electrical energyv. These
problems have not yet been soived on a practical scale, but
research on them is being carried on 1n many countries. There
is considerable international cooperation in this research,
.ncluding visits of research teams between the United States,
Britain and the U.S.S.R, Although the effort ard expense are
great, the possible pay-off 1in terms of future power resources

is enormous.

13 Why are very high temperatures required to cause fusion
reactions?

Q12 How could extremely hot gases be kept from contacting the
wall of a container?




24.9 rusicr recactions in stars. One of the mos: "ascinating
1S g

aspects of nuclear physics 1s the study of the sources of
the energy o: different types of stars. Let us take the
sun as an example. In the sun the fusion process involves
the production cf a heliur nucleus from four protons.

The net results of the reactions can be written as:

4 | H! —— -He" + 2,,e? + 26 Mev.
The recaction does not take place in a single step but can
proceed through different paths of sets of reactions whose net

energy released 1s 26 MeV. The fusion of four protons into

a helium nucleus is the main source of the energy of the sun.
Chemical reactions cannot provide energy at large enough rates
(cr for long enough duration!) to account for energy produc-
tion in the sun, but nuclear fusion reactions can. Hydrogen
and helium together make up about 99 percent of the sun's
mass, with approximately twice as much H as He, so there is
plenty of hydrogen to supply the sun's energy for millions

of years to come.

\
results are summarized in che above equation; the amount of
The possibility that four protons could collide to form a
helium nucleus has been ruled out because the probability for
such a reaction under solar conditions is too low to account
for the amount of energy released. It now seems more likely
that the four protons z:re formed into a helium nucleus in
several steps, that is, by a series of nuclear reactions. We
shall ment:on briz:fly on. such series. When the temperature
reaches ab>ut 107°K, the kinetic energies are large enough
to overcome the eiecir:c repulsion between protons, and fusion
of two protons (,d!} takes placs. The nuclear reaction re-
sults in a deuteron (;H?), a positron (+1e°) and a neutrino.
As soon as a deuteron is formed, it reacts with another proton
resulting in heliunm 3 (,He?) and a y ray. The helium 3 nuclei
fuse with each other forming a particles and two protons. In
each of these reactions enerqgy is released, resulting in 26
MeV for the complete cycle of four protons forming a helium

nucleus.

The rates of the reaction depend on the number of nuclei
per unit volume and on the temperature; the higher the tem-
perature, the faster the thermal motion of the particles and
the more frequent and energetic the collisions. At the tem-
perature of the sun's interior, wtich has been estimated to
be 10 to 20 million degrees, the kinetic energies resulting

- from the thermal motion are in the neighborhood of 1 Kev.

Man has been able to achieve thc release of large amounts
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of energy by means of fusion processes in thermonuclear ex-
plosions, such as hydrogen bombs. A hydrogen bomb consists
of a mixture of light elements with a fission bomb. The lat-

See "Power from the Stars" in
Prolect Physics Reader 6.

ter acts as a fuel that initiates the fusion of the light
elements. The explosion of a fission bomb produces a temper-
ature of about 5 x 107° K, which is sufficiently high to make
SG 24M  fusion possible. The fusion reactions then release additional
SG 2412  jarge amounts of energy. The total energy release is much
SG 2413  greater than would be liberated by the fissicn bomb alone.

SG 2414 .

SG 245 Qmn Is the ratio of the amount of hydrogen to the amount of helium
in the sun increasing or decreasing?

SG 2416

2410 The strength of nuclear forces. The large energies involved
in nuclear reactions, a million or more times larger than
the energies involved in chemical (molecular) reactions, in-
dicate that the forces holding the nucleus together are very
much stronger than the forces that hold molecules together.
Another clue to the magnitude of nuclear forces is the den-
sity of a typical nucleus. The work of Rutherford and his
colleagues on the scattering of o« particles showed that atom-
jc nuclei have radii in tne neighborhood of 107!3 cm to 10-12
cm; this means that the volume of an atcmic nucleus may be
as small as 1073% to 1073% cm3. Now, the mass of one of the
lighter atoms is of the order of 10-2% agram and this mass

Summary R4-. 1o

The ,'ncpeomo[e densifc oth'e is almost all concentrated in the -ws, with the result
nucleus Irhpll'eS' ver rong that the density of the nucleus may be as high as 10!2 to
aftractive nuclear ces 10'* grams per cubic centimeter. Densities of such magni-

Tnforrralion corncerna
binding energies mdicnte
thal raclear Torces decrease . . o .
Vi ra_pidl with d!STame) nary material are in the neighborhood of 20 grams per cubic

tude are thousands of billions of times beyond the limits of

our ordinary experience since the greatest densities of ordi-

So Yﬂpidl_lj thal & nucleon centimeter (uranium, gold, lead). It is evident that the
onl hin‘f'emc‘@ with f& closes‘i' forces that hold the atomic nucleus together must be very
neiyhbors.

different from any forces we have considered so far. The
search for understanding of these forces is one of the most
important problems of modern physics and one of the most dif-
ficult. Although a good deal has been learned about nuclear
forces, the problem is far from solved

Information about nuclear forces has been obtained in
several ways. It is possible to deduce some of the proper-
ties of nuclear forces from the known properties of atomic
nuclei, for example, from the binding energy curve of Fig.
24.1b. That curve shows that the average binding energy per
particle in a nucleus has nearly the same value for all but
the lightest nuclei—about 8 MevV. In other words, the total
binding energy of a nucleus is nearly proportional to the

104 number of particles in the nucleus. Now, if every particle
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24.10
in the nucleus were to interact with every other particle,

the energy of the interactions and, therefore, the binding
energy would be approximately proportional to the number of
interacting pairs. Each of the particles would interact with
all others. The binding energy calculated by assuming such
interacting pairs is very different from the experimental re-
sults. To avoid this contradiction 1t is necessary to assume
that a nuclear particle -joes not interact with all other nu-
clear particles but only with a limited number of them, that
is, only with its nearest neighbors. For this to be the

case the nuclear forces must have a short range. Tne auclear
forces must fall off very rapidly as the distance between

two nucleons increases. This decrease must be more rapid than
the 1/r? decrease of the gravitational force between two par-
ticles or the 1/r? decrease of the Coulomb electric force be-
tween two charges.

The presence of protons in the nucleus also tells us some-
thing about nuclear forces. Since there are only positively
charged and neutral particles in the nucleus, the electric
forces mus: be repulsive. Since the nucleus is very small—
of the order of 10712 cm in diameter—these forces must be
enormous. So why 1s the nucleus stable? It seems reasonable
to assume that the electric repulsion is overcome at very
smail distances by very strong attractive forces petween the
nuclear particles. Information about such specifically nu-
clear forces can be obtained by studying the scattering of
protons or neutrons by materials containing protons. Scatter-
ing experiments and the theory needed to account for their
results form an important branch of nuclear physics. They
show that such attractive nuclear forces do indeed exist, and
many of the properties of these forces are now known—but not

all. The complete solution of the problem of nuclear forces
and how they hold the nucleus together has not yet beern ob-
tained; this problem lies at the frontier of nuclear research.

In the absence of a complete theory of nuclear forces and
structure, models of the nucleus have been developed. Several
models are used because no one model adequately describes the
wide variety of nuclear phenomena, ranging from particle emis-
sion 1in radiocactive decay to nuclear reactions and fission.
Two of these models are of special interest: the liquid drop
model and the shell model.

Q12 Why was it assumed that there are special nuclear forces to
hold the nucleus together?

Q13 Why was it assumed that the nuclear force is very short=~-range?
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24.11 The liquid-drop nuclear model. In the liquid drop model the

See "Models of the Nucleus" in
Project Physics Reader 6.

Summayri 34 .11
Usiin ﬂﬁz liguid -drop ynodel
of € nucleus , Bohr and

nucleus is regarded as analogous to a charged drop of laiquid.
This mcdel was suggested because the mclecules in a liquad
drop are held together by short-range forces, as are the nu-

cleons in a nucleus. According to this model, the particles

in the nucleus, like the molecules in a drop of 1liquid, are

in continual random motion. In analogy with the evaporation

Wheéeler weve able 7o) muntof molecules from the surface of a liquid drop, a group of

for nuclear fission : 1 a
neulron of Suﬁ’lble;tf'FKE Is
absorlaeo(. by the nucleus, fhe
nucleus s ;e{brmea( and
{ission vesults.
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nuclear particles may pick up enough energy through chance
collisions with other nucleons to overcome the attractive nu-
clear forces and escape from the nucleus; this process would
correspond to spontaneous a emissions. This model has been
especially useful in describing nuclear reactions: a parti-
cle may enter the nucleus from outside and img.:-t enough ad-
ditional kinetic energy to the protons and neutrons to permit
the escape of a proton or a neutron, or a combination such as
a deuteron or an a particle. A qguantitative theory of nuclear

reacztions based on this idea has been developed.

The usefulness of the liquid drop model is also shown in
its ability to account for fission. When a sample of y235
is bombarded with slow neutrons, that is, neutrons whose
kinetic energy is very small, a U?3% nucleus may capture a
neutron to form a UZ3® nucleus. We can calculate the binding
energy of the captured neutron:

235.04393 amu

mass of U235 pucleus

mass of neutron = 1.00867
total mass of the
separate parts = 236.05260

mass of U236 nuycleus 236.04573

change of mass (a&m) 0.00687 amu

0.00687 amu x 931
6.4 Mev.

binding energy gﬁ%

At that instant when the neutron is captured, the U236 pu-
cleus formed has this additional energy, 6.4 MeV, which is
called the "excitation energy due to the neutron capture."
This energy is several MeV even though the kinetic energy
of the neutron is so small, less than 1 eV, that it can be
neglected.

What happens to the excited U236 nucleus? This problem
was studied theoretically in 1939 by Niels Bohr, who had come
to the U. S., and John A. Wheeler, an American physicist.
They showed that, according to the liquid drop model, the

U236 can act like a drop of mercury when "excited" by being
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given mechanical energy. The nucleus can be deformed into
an elongated or dumbbell-like shape whose two (charged) parts
nay be beyond the range of the attractive nuclear forces.
The electric force of repulsion between the two parts of the
deformed nucleus can overcome the short-range attractive
forces, causing the nucleus to split, that is to undergo fis-
sion, and causing the fragments to separate with high veloc-
ity. Each of the fragments will then quickly assume a
spherical (or nearly spherical) form because within it the
attractive nuclear forces again predominate. A schematic
picture of a possible sequence of steps is shown in Fig. 24.3.
Fission occurs less than one billionth (10~9%) of a second
after the neutron is captured.

4
W

N . 0
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C®¢é
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\

Fig. 24.3 Schematic representation of steps leading to the figsion of
a compound nucleus, according to the liquid drop model.

The liquid drop m.del gives a simple answer to the ques-
tion: why do some nuclides (U235 and Pu?39% undergo fission
with slow neutrons whilz others (Th232 ang U23%) undergo fis-
sion only with fast neutrons? The answer 1s that a cerialn
minimum amount of energy must be supplied to a nucleus to de-
form 1t enough so that the repulsive electric forces can over-
come the attractive nuclear forces. This energy, called the
activation energy, can be calculated with the aid of the
mathematical theory of the liquid drop model. When U235 cap-
tures a neutron to make U236, the excitation of the U236 pu-
cleus is greater than the energy required for fission, even
when the neutron has very low kinetic energy. This calcula-
tion was made by Bohr and Wheeler in 1939; they predicted, cor-
rectly, that U235 ywould undergo fission with slow neutrons.
The thecry alsgggredicted that when U238 captures a slow neu-
tron to form U the excitation energy is smaller than the
activation energy by 0.9 MeV. Hence U238 should undergo fis-
sion only when bombarded with neutrons with kinetic energies
of 0.9 MeV or more. The correctness of this prediction was
verified by experiment.

Q14 According to the liquid drop model, what kind of force causes
fission?

Q15 Why does 238 require fast neutrons to provoke fission?

When U235 captures a neutron
to make U238, the excitation
of the U236 nucleus is sreater
than the energy requirei for
fission, even when the neutron
has very low kinetic energy.

SG 24.7
5G 24.18
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24.12 The_shell model. Another nuclear model is required to ac-
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is undler developmenl.

As with the electron, the
"shells" are thought of as
quantized energy states.

count for other properties of the nucleus—proverties that
cculd not be accounted for by the liquid drop model. We saw
in Sec. 22.7 that nuclides with even numbers of neutrons and
protons are more stable than nuclides that contain odd num-
bers of either protons or neutrons. Detailed experimental
studies of nuclear stability have shown that nuclei having

2, 8, 20, 50 or 82 protons, or 2, 8, 20, 50, 82 or 126 neu-
trons are unusually numerous and stable. ‘These nuclei have
greater binding energies than closely similar nuclei. When
the exceptional properties of nuclei with these numbers of
protons and neutrons became clear, in 1948, no available the-
ory or model of the nucleus could account for this situation.
The numbers 2, 8, 20, 50, 82 and 126 were referred to as
"magic numbers."

It was known from the study of atomic properties that atoms
Wwith atomic numbers 2, 10, 18, 36, 54 and 86—the noble or in-
ert gases helium to radon—also have special stability proper-
ties. These properties were explained in the Bohr~Rutherford
model of the atom by the idea that the electrons around each
nucleus tend to arrange themselves in concentric shells, with
each shell able to contain only a certain maximum number of
electrons: 2 for the innermost shell, 8 for the next, and so
on. A full electron shell corresponds to an especially sta-
ble atom. Although the Bohr-Rutherford model has been ra-
placed by quantum mechanics, the idea of shells still pro-
vides a useful picture, and a nuclear model—the nuclear
shell model—has been developed.

In the nuclear shell model it is assumed that protons can,
in a rough way of speaking, arrange themselves in shells, and
that neutrons can, independently, do likewise; in the magic-
number nuclei the shells are filled. The model has been
worked out in great detail on the basis oi: guantum mechanics,
and has been successful in correlating the properties of nu-
clides that emit o or B particles and y photons, and in de-
scribing the electric and magnetic fields around nuclei. But
the nuclear shell model does not help us understand fission,
and there are fundamental differences between this model and
the liquid-drop model. For example, the shell model empha-
sizes definite patterns in which nucleons are arranged, while
the liquid-drop model pictures the nuclear material in ran-
dom motion. Each model is successful in accounting for some
nuclear phenomena but fails for others.

When two seemingly contradictory theories or models must

be used in a field of physics, a strong effort is put into
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trying to develop a more general viewpoint, or theory, which
car include the two as special cases. Such a nuclear theory
1s being developed; it is called the collective model, and

one of the physicists who has worked on this model is Aage
Bohr, the son of Niels Bohr. This model represents an ad-
vance beyond the shell and liquid-drop models in correlating
nuclear data. It does not answer the fundamental question
of the nature of nuclear forces, which is still one of the
chief problems in the physics of our times.

Q16 According to the shell model, what makes the "magic numbers"
of protons and neutrons magic?

Q17 which is better, the liquid drop or the shell model?

Biological and medical applications of nuclezr physics. 1In Summart ;UPJ3
Sec. 24.7 we mentioned the military applications of nuclear Nuckal veactors oduce

energy and the use of nuclear energy as a source of electrac rad:oacl"ve isotb &5 fOY use in
any fields msearah as
well as in med:ca( diagnosis
and therapy.

power. There are many other applications which may, in the
long run, turn cut to be more important. These may be in-

cluded under the general heading of radiation biology and

medicine. The field of science indicated by this name is
broad and we can only indicate, by means of a few examples,
some of the problems that are being worked on. In this work,
radiations are used in the study of biological phenomena, in
the diagnosis and treatment of disease, and in the improve~
ment of agr.culture.

The physical and chemical effects of various kinds of ra-
diations on biological materials are being studied to find
out, for example, how radiation produces genetic changes.
The metabolism of plants and animals is being studied with
the aid of extremely small amounts of radiocactive nuclides
called isotopic tracers, or "tagged atoms." A radioactive

isotope (for example, C!*) acts chemically and physiologi-
cally like a stabic isotope (C!?). Hence a radioactive tra-
cer can be followed with counters as they go through various
metabolic procasses. The ways in which these processes take
placz can be studied accurately and relatively easily by
means of these technigues. The role of micronutrients (ele-
ments that are essential, in extremely small amounts, for
the well-being of plants and animals) can be studied in this
way. Agricultural experiments with fertilizers containing
radioactive isotopes have shown at what point in the growth
of a plant the fertilizer is essential. In chemistry, ra-
dioactive isotopes help in the determination of the details
of chemical reacctions and of the structure of complex mole-
cules, such as groteins, vitamins and enzymes.
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A grain of radioactive dust in
the atmosphere is the origin of
these a-particle tracks in a
photographic emulsion (enlarged
2000 times).

An autoradiograph of a fern
frond made after the plant had
taken in a solution containing
radioactive sulfur 35.
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24.13
Tahble 24.1

Isotope Half-1life Important Uses

1H3 11 years Used as a tag in organic sub-

stances.

gClY 4700 years Used as a tag in studying the
synthesis of many organic
substances. When ¢Cl% 1s in-
corporated in food mater:ial,
the metabolic products of

the organism are markea with

1t.

Useful in a wide variety of
brochemical investigations
because of its solubility
and chemical properties.

11Na2" 15 hours

15P32 14 days For the study of bone metab-
olism, the treatment of blood
diseases and the specific

uptake in tumor tissue.

16835 87 days Has numerous chemical and

industrial applications.

Because of its intense ¥y
emission, may be used as a
low-cost substitute for
radium in radiography and
therapy.

27C080 5.3 years

3I131 8 days For the study of thyrcid
5 y

metabolism and the treatment
of thyroid diseases.
Perhaps the most rewarding uses of radioisotopes have

been in medical research, diagnosis and therapy. For example,
tracers can help to determine the rate of flow of blood
through the heart and to the limbs, thus aiding in the diag-
nosis of abnormal conditions. Intense doses of radiation
can do serious damage to livang cells. Diseased cells are
often more easily damaged than normal cells. Radiation can,
therefore, be used to treat some diseases, such as cancer.
Some parts of the body take up particular elements preferen-
tially. For example, the thyroid gland absorbs iodine easily.
Specially prepared radioisotopes ot such elements can be ad-
ministered to the victims of certain diseases, thus supplying
desired radioactivities right at the site of the disease.
This method haz been used in the treatment of cancer of the
thyroid gland, blood diseases and brain tumors and in the
diagnosis of thyroid, liver and kidney ailments.

Table 24.1 summarizes the use of a few radioisotopes, most
of which are produced by neutron bombardment in nuclear re-
actors. Such uses suggest the promise that nuclear physics
holds for the future. 1Indeed, they symbolize the meaning of
science at its best: research in science lays open to our

understanding the secrets of nature—and from the application

of this knowledge to human needs, all mankind can benefit.
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At the top, the damaged trees surround a radiocactive cesium

137 capsule which had been kept there for nearly 6 months in
an experiment to ctudy the effects of ionizing radiation on

biological systems.

The upper pcrtion of the photo at the left shows normal plant
cell chromosomes divided into 2 groups. Below that the same
cell is shown after x-ray exposure. Fragments and bridges
between groups are typical radiation-induced abnormalities.

Above is a 14,000 yr. old burial site being uncovered by an
archeological team near the Aswan Reservoir. The age of the
burial site is determined by carbon-14 dating (described in
SG 22.9) of scraps of wood or charcoal found in it,
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241 Suppose that ¢C!3 is formed by adding a neutron of a 6C12
atom, Calculate the binding energy due to that neutron in C! 3;
the atomic masses of C!2 and C!3 are 12.000000 and 13.003354 zmy. 4.95MeV

24.2 The atomic mass of He" is 4.00260 anmu; Vhat is the average
binding energy per particle? 7-07 MeV?nucean

24.3 Suppose that a proton with negligible kinetic energy
induces the following reaction:

3L.|.'7 + IHI-——’ ZHe" + 2He".

If the lithium nucleus were initially at rest, what would be

the relative directions of the two a particles? What would be

the kinetic energy of each a particle? opposife divections, each with K& of
8.65 MeV

24.4 The first nuclear transmutation (produced by Rutherford

in 1919) was the reaction:

14 Yy 17 1
oN° T 4 pHe  mme—w 087 4+ H.
The atomic masses involved are:

N'%: 0 14.003074 amu
0!7: 16.999134 amu

: 4.00260% amu
H' 0 1.007825 amu

Is energy absorbed or released in this reaction? How much en-
ergy (in MeV) is involved? absorbed , !/ 19 MeV

24.5 In an experiment on the reaction of SG 24.4, the a par-
ticles used had a kinetic energy of 7.68 MeV, and the energy
of the protons was 5.93 MeV. What was the "recoil" energy of
the 017 nucleus? 0.56 MeV

24.6 Calculate the amount of energy (in MeV) liberated in the
following nuclear reaction:

14 2 1§ 1
AN B N L g MeV
The atomic masses are:

N'%: 14.003074
HZ :  2.014102
N'S: 15.000108
H @ 1.007825

24.7 Appreciable amounts of the uranium isotope 920233 do not
occur outside the laboratory; 920233 is formed after the thorium
nucleus 90Th232 has captured a neutron. Give the probable steps

23 233
leading from ¢ Th232 to o,U233, Nouteon caplire, @ decaj 8 decay.

24.8 Use Fig. 24.1a to find the binding energies for U235

Bal%l and Kr92, Use these values to show that the energy re-

leased in the fission of U235 jg approximag&ly 200 MeV.UR ¥ . 1790 MeV
Ba¥: lIBoMeV. Kr "2 ; goo MeV

24.9 Possible end-products of U235 fission, when provoked by

capture of slow neutrons, are 5-,Lal:')9 and szog 5. This reaction

may be described by the equation:

9207 *% 4 gnt e g 7Lal 394 4?5
+ 240 +7( 0.
The mass of 5,La' 3% s 138.8061 amu; that of , ,Mo?5 is 94.9057

amu. How much energy is released per atom in this particular

fission? The mass of the seven electrons may be neglected.
Ro s MeVv




24.10 loss of neutrons from a mass of fissionable material

. ( depends on its shape as well as its size. For some shapes, it
is impossible to reach a critical size because the neutron loss
through the surface is too great. With what shape would a

mass of fissionable material suffer, the least loss of neutrons
from the surface? The most? feas’l‘ioss- 2"“:"‘/7' "“’Sffo‘" flat sheet

24.11 why are the high temperar 'res proauced by the explesion

of a fission b%mbhne&%ssar to initiate fusion in a thermonuclear
device? ver, projone vequired

2412 1t is generally agreed that stars are formed when vast
clouds of hydrogen gas collapse under the mutual gravitational

attraction of thﬁir particlesP How do fusion reactions begin
in such stars? 7igh enough lemperalures resuft: from e collapse,

2413 One of the energy sources in the sun is the production of
helium nuclei by four protons as described in Sec. 24.9:
AIHI——> oHet + 2 +129%.  Show that about 26 MeV of energy are
releaced in each cycle,

2414 Fusion reactiors in the sun convert a vast amount of
hydrogen into radian: energy each second.
(a) Knowing that the energy output of the sun is
3.90 x 102¢ joules/sec, calculate the rate
at which the sun is losing mass. A 3% x 10% Kg/Sec
(b) Convert the value 3.90 x 1026 joules/sec to
horsepower, (Recall that 1 horsepower is
equivalent to 746 watts). S 23 »xjo 23 horsepover

24.15 A source of energy in the sun may be the "carbon cycle,"
proposed by Hans Bethe, which is outlined below. Complete the
six steps of the cycle.

13

12 H! N +
( GC 4+ (H e Y

N -};Hl — 054y

+le + v

/15 1 12 4
7)~ + e C + He

24.16 Another reaction which may take place in the sun is:
yo' He3 + He'——. Be” + T

The atomic mass of He3 ig 3,016030 amu, and that of Be’ is

<, 7.016929. 1Is energy absorbed or released? How much energy? .
8 &Yy feleaseo(jl.sq MeV
24.177 Th¢ atomic masses of 920233 and 92U%3% are 233.039498
and 234 040900 amu, The activation cnergy for the fission of
the nucleus q,U23%4s 4.6 MeV. Is U233 fissionable by slow
neutrons? ) . .

Yes, because Tie exddafion energy s gredfer thoa e aclivation energy.
24 .18 Bombardment of gl‘Puzl‘lwith slow neutrons sometimes leads -
to the reaction:

241 1 242

9y PU + 4n ——t gy Pu +vy.

The atomic masses of Pu2%! and Pu2“Z are 241.056711 amu and
242.058710 amu, The activation energy of Pul'!l is 5.0 MeV.
Is Pu2“) figsionable with slow neutrons?

v . ( Yes
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Epilogue In this unit we have traced the development of
nuclear physics from the discovery of radioactivity to cur-
rent work in nuclear fission and fusion. We have seen how
radioactivity provided a place to start from and tools to
work with. 1In radioactivity man found the naturally occurr-
ing transmutation of elements that made it possible for him
to achieve the transmutations sought Ly the alchemists. The
naturally occurring radioactive series pointed to the exist-
ence of isotopes, both radiocactive and stable. Artificial
transmutation has increased by many hundreds the number of
atomic species available for study and use.

Nuclear physicists and chemists study the reactions of
the stable and radioactive nuclides; and sn nuclide charts
and tables grow. The collection and correlation of a vast
body of experimental data remind :s - % the work of the nine-
teenth-century chemists and spectror- ,.ts. Nuclear models
are built, changed and replaced by newer and, perhaps, better
models. But the detailed nature of nuclear forces is still
the subject of much research, especially in the field of
high-energy physics.

But that is only on2 of the fields that remains to be ex-
plored. The nucleus also has magnetic properties which affect
the behavior of atoms. Sometimes it helps to study these
properties when the atoms of matter are at very low tempera-
tures, as close to absolute zero as we can get them. Nuclear
physics overlaps with solid-state physics and with low-tempera-
ture physics; strange and wonderful things happen—and quanta
again help us understand them.

The study of light through the development of devices such
as the laser attracts many physicists. These devices are
made poscible by, and contribute to, our increasing under-
standing of how electrons in complex atomic systems jump from
one energy state to another—and how they can be made to jump

where and when we want them to.

The properties of liquids are still only imperfectly under-
stood after much study. Thales of Miletus was perhaps the
first man on record to make a large-scale scientific specula-
ticn when he proposed, over twenty-six centuries ago, that
maybe everything in the world is bacically made of water in
combinations of its various states. Thales was wrong, but
even today we are trying to develop an adequate theory of
the behavior of water molecules,

All the subjects we have mentioned touch on engineering,
where physics and other disciplines are made to work for us.
All of the engineering fields involve physics. Nuclear
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engineer ing and space engineering are the most recent and,
at the moment, perbaps the most glamorous. But today "he
chemical engineer, the mechanical engineer and the metallur-
gist all use quantum mechanics. They must understand the
properties of atoms and atomic nuclel, because 1t is no long-

er enough to know only the properties of matter in bull.

The radiations we have talked about—a, 8 and vy rays—are
tools for industry, kiology and medicine. They help to cure,
preserve, study, understand. Neutrons are not only constitu-
ents of the nucleus, they are also probes for studies in
science and in industry.

So our study of atoms and nuclei, indeed our whole course,
has been an introduction not only to physics but also to the
many fields with which physics is closely linked. It has
been an introduction to an ever-expanding world in which much
is known ¢nd unacrstood, bhut where much more—and perhaps the
most wonderful part—is waiting to be discovered.
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fission, 81, 86

forces, 104, 105

fusion, 86

physics, 53

power, 92, 99
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Brief Answers to Study Guide
Chapter 21

21.

21.

21.

21.

21.

21.

21.

21.

21.

21.
21.

21.

1

10
11

12

(a) The radioactivity of thorium
was nroportional to the amount
of thorium.

(b) new radioactive elements polo-
nium and radium

(a) 1.2 « 10713 joule
(b) 0.75 MeVv

(a) 5.7 x 1072 m
(b) 420 m
(c) 7350:1

wa) 1.0 « 10* N/coul
(b) 1.0 x 10% volts
(c) undeflected

(a) v (£)
(b) o (g)
(c) = (h)
(d) r (1)
(e) v ()

(a) Radium decayed 1into radon {a
gas) which decays into radium A
which 1s deposited on nearby
objects.

(b) The residue contained daughters
of high activity {short half-
life) .

(c) Trne uranium compound continual-
ly decayed into more active
daughters, but uaughters in the
residue were not replaced as
they decayed.

(a) 1/2

(b) 3/4

(c) Assume the products of decay
were not themselves radiocactive.

w e R W

(a) graph
(b) 8.31 = 10!?% atoms
(c) 5.0 ~ 10‘° atoms

(a) 5.7 x 10713 joules/disintegra-
tion
(b) 45 watts

3.70 + 10° disintegrations/sec

5.0 = 10"3/m1n
5 x 10 atoms/min
Yes

10% of the 90% or 9% of the orig-
inal.

Chapter 22

22,

22,

22.

22.

22,

22.

22.

22.

1

Isotopes of an element have
same 2.

Determine 1f 1ts chemical proper-
ties are unique.

(a) The lighter particles would
diffuse away from the liquid
surface more rapidly after
evaporation, hence fewer of
them would re-enter the liquid.

(b) The hydrogen isotopes have the
largest ratio of 1sotopic masses
(2:1) and hence the largest
ratio of speeds (1:v2).

(a) 0.054 m
(b) 5.64 m
{c) 0.005 m

212
(a) gyPb?! g3B1212 & _ o0

(b) g3B1212 8uP0%17 4 _ g0

(c) guPo?12 g2Pb201 & ,Hew
chart, the end product being
eszzc7.

diagram, ending with g,Pb208, The
alternatives are in the mode of
decay of 3,Po?!® and ¢3Bi‘l®6,

decay diagram, the modes of decay
are B, a, a,; 8, a, a.

22.9 4000 years
25000 years

22.10 (a) 12.011 amu
(b) 6.941 amu
(c) 207.2 amu

22.11 4.0015 amu

Chapter 23

23.1 235 1s not divisible by 4.

23.2 235 protons
143 electrons

23.3 ({a) (CH! (b) ;Mg’® (c) 1.,81°Y
(d) 1(532 (e) 19}(17

23.4 {a) jHe? (b) ;L1”
(c) Be® (q) on!

23.5 (a) ¥y (b) Al-*
(c) Mg’™ (d) Mg?°
The same nuclide bombarded by dif-
ferent varticles will yield diffe:-
ent products.

23.6 Nitrogen nuclei are an order of
magnitude more massive than hydro-
gen.

23.7 1.24 amu
6.9%

23.8 table

23.9 (a) 78 (b) 79 (c) 80

23.10 The missing product nuclide 1in
each case 1s the same. |;NaZ“,

23.11 description

23.12 explanation

23.13 explanation

Chapter 24

24.1 4.95 MeVv

24.2 7.07 MeV/nucleon

24.3 opposite direcrions,
each with KE of B8.65 MeVY

24.4 absorbed,

1.19 MeVv

24.5 0.56 Mev

24.6 8.61 MeV

24.7 neutron capture,,
8-decay
g-decay

24.8 U’3%: 1790 Mev
Bal“l: 1180 Mev
Kr?2: 800 MeVv

24.9 208 Mev

24.10 least loss—-spherical
most loss—flat sheet

24.11 very high KE protons required

24.12 high enough temperatures result
from the collapse

24.13 "proof"

24.14 (a) 4.33 » 107 kg/sec
(b) 5.23 x 1023 horsepower

24.15 (1) ,n13 (4) N
(2) 13 (5) sNi®
(3) ,N1© (6) ,N1®

24.16 released
1.59 Mev

24,17 Yes, because the excitation energy
1S greater than the activation
energy.

24.18 Yes




Appendix A Some Physical Constants and Conversion Factors

Name Value
Speed of light 3.00 x 108 m/sec
Planck's constant 6.63 x ZLO_34 J-sec
-1¢

Charge of electron -1.60 x 10 19 coul
Rest mass of electron 9.11 x 10-31 kg

= 0.000549 amu
Rest mass of proton 1.67 x 10727 kg

= 1.007276 amu
Rest mass of neutron 1.67 x ZLO_27 kg

= 1.008665 amu
Mass of neutral hydroge:s atom 1.67 x jLO"27 kg

= 1.007825 amu
-13

1l eV s=1.60x 10 J
6
1 MeV = 10" ev
1 amu = 931 MeV
( Appendix B Some “Elementary’’ Particles
Family Particle Symbol Rest Electraic Antiparticle Average lifetime
name name mass* charge (seconds)
Photon photon vy {(gamma 0 neutral same particle infinite
ray)
Leptons neutrino v, vu 0 neutral v, Cu infinite
electron e~ 1 netative et (positron) infinite
u-meson u” 207 negative ut 1076
(muon)
Mesons n-mesons nt 273 positive n~  same as 10-8
(prons) L 273 negative nt the 10-8
m 264 neutral n°® particles 10”18
K-mesons K: 966 positive K; (negative)
(Kaons) K 974 neutral K 10710 and 1077
n-meson n® 1073 neutral ' 10-18
(eta)
Baryons proton P 1836 positive B (antiproton) infinite
neutron n 1839 neutral n (antineutron) 10
lambda A 2182 neutral x° 10710
sigma ot 2328 positive z: (negative) 10-10
7 2341 negative I, (positive) 10”10
A 2332 neutral z 10 20
X1 £ 2580 negative it (positive) 10710
=t 2570 neutral g 10-10
omega Q- 3290 negative at 10-10

* Mass of electron is 1 unit on this scale
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Answers to End of Section Questions
Chapter 21

It was phosphorescent.

Q1
Q2

03

Q4

Q5

Q6

Q7

Q9

Q10

Q11

Q12

Q13

Ql4

Q15

Ql

Q2
Q3

Q5

No treatment was needed—the ~mission was
spontaneous,

Thelr apparent constancy—they couldn't be
turned off or even varied.

It isn't—although slight differences might
be observed because of the other element absorbing
some of the radiation.

The radioactivity was much greater than ex-
pected for the amount of uranium in the ore.

separating it from barium, which 1is almost
identical chemically

from most to least penetrating: y, B, a

B particies were found to “ave the same q/m
ratlo as electrons,

a rays were deflected much less than 8 rays
by a magnetic field,

Its emission spectrum, when caused to glow by
an electric discharge, was the same as helium's,

It occurs when only a single pure element {is
present, and isn't affected by chemical combina-
tions of that element.

The mass of a duaughter was found to be less
than the mass of the parent by the mass of a
hel{um nucleus.

1) Many of the substances in a series have
the same chemical prope-ties,

2) There are only small percentage differences
in atomic mass.

3) Many of the substances decayed very rapidly
into something else; all three kinds of rays are
glven off by the mixture.

1/16 of 1t

No definite prediction is possible. As usual,
the odds are 50:50 that one of them will dis-
integrate. (But the odds are 1 in 4 that both
will, and 1 in 4 that neither will.)
Chapter 22

They were chemically the same as previously
known elements,

decreases 4 units; stays essentially the same

decreases by 2 + charges; increases by
1 + charge

by subtracting @ particle masses from the
mass of the parent of the decay series

The ions coming out of the "velocity selector™
all have the same speed,

Q6

Q7

Q8

Q10

Q11

Q12

Q13

Ql

Q2
Q3

Q5

Q6

Q7

Q8

Q9

Q10

Q11

Q12

Ql4

1) faint second line in mass spectrum of
pure neon

2) different atomic masses of samples of
neon separated by diffusion

3) more {ntense second line in mass spectrum
of one of the samples separated by diffusion

More massive atoms have a lower average speed
and so diffuse more slowly than less massive ones.

7gPt1%Y ; platinum.
(a-4)
(Z+1)

an isotope of hydrogen with twice the atomic
mass of ordinary hydrogen

The third isotope has a very low abundance.
12
6C
Chapter 23
Several atomic masses (which were not recog-

nized as the average of several isotopes) were
not close to whole multiples of the atomic mass
of hydrogen.

12 protons and 6 electrons

In a cloud chamber there was no after-collision
track for the a particle.

The way 1t knocked protons out of paraffin
would be for v rays a violation of the principles
of energy and momentum conservation.

A neutron has no charge, and so isn't deflected
by magnetic or electric flelds, nor does it leaves
a track in cloud chamber.

7 protons and 7 neutrons

a nucleus of 2 protons and 2 neutrons, sur-
rounded by 2 electrons

A neutron in the nucleus changes into a proton
and & B particle, which immediately escapes.

Without the extra particle, there was no way
to explain the disappearance of energy in B8-decay.

The repulsive electric force exerted by the
large charge of the heavy nucleus on an a particle
prevents it from reaching the nucleus.

Protons have only a single charge.

They have no electric charge and so are not
repelled by nuclei.

False: Neutron capture, for example, can pro-
duce a heavier isotope of the same element.

28
1451

121
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Q15

Ql

Q2

Q3

Q5

Q6

Q7

Q8

Q9

Q10

Qll

Q12

Q13

Ql4

Q15

Ql6

Q17

122

1
60‘3. 7 protons, 6 neutrons before; 6 protons,

7 neutrons after.

Chapter 24

No, in some nuclear reactions energy is ab-
sorbed,

It can go off as y rays or as the KE of the
product particles.

A nuclide with a high average binding energy is

more stable.

No. Light nu *-i are lower on the curve than
heavy nuclei,

capture of a neutron by a uranium nucleus,
then the B decay of the new nucleus

neutrons
a substance which slows down neutrons

It slows down neutrons well (because of the
abundance of H atoms), but it also absorbs many
(to form "heavy" water).

The positively charged nuclei repel each other
and high speeds are necessary for the nuclei to
come near enough in collisions to fuse.

Since at very high temperatures the gas is
ionized, a properly shaped magnetic field could
deflect the charged particles away from the walls.

decreasing

The protons in a nucleus repel each other with
intense electric forces.

The average biading energy curve suggests that
each particle in the nucleus is bound only by its
immediate neighbors,

An excited nucleus becomes distcrted in shape;
electric repulsion between bulges then forces
them apart.

The excitation energy resulting from neutron
capture alone is less than the activation energy
required for fission,

They correspond to completed shells (or sets
of energy states) of protons and neutrons in the
nucleus,

Your answer should be that this is not a sen-
sible question. Both models are incouplete; the
point is not to decide between them, but to blend
them into a more complete general model.
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Overview of Unit 6

The main purpose of Unit 6 1s to trace
the development of our ideas of the con-
stitution and structure of the atomic
nucleus. Th: story line 1s saimpler than
that of Unit 5 and extends over a much
shorter time interval—from 1896 to the
present. The material has been chosen to
trace the story and at the same time, to
accomplish some additional prrposes.
These are: first, to emphasize important
concepts from carlier units, for example,
the use and importance of the principles
of conservation of energy and momentum,
the motion of cherged particles in elec-
tric and magnetic fields; second, to
relate the physics to practical applica-
tions, and to social and economic prob-
lems. The material of Unit 6 is more
amenable to these purposes (in the space
available) than was the material of Un:it
5.

The story of the atomic nucleus starts
with the discovery of radioactivity. The
phenomena of radioactivity furnished in-
formation about atomic transformations
that were shown later to occur in the
nucleus. Radioactivity supplied the first
proiectiles (the a particles) that made
possible the discovery of the atomic nu-
cleus and of artificiral transmutation
and nuclear reactions. The investigation
of radioactivity also led to the concept
of isotopes. Hence, the study of radio-
activaity opensd secveral roads that led to
the nucleus and 1ts properties. Chapter
21 deals, therefore, with *“he discovery
of radioact*tivaity, the phenomena o. radio-
activity, and the theory of radioactive
transformations. We are led in a direct
way to the discovery of isotopes, treated
in Chapter 22. The quantitative investi-
gation of 1sotopes by means of the mass
spectrometer made possible the measure-
ment of the masses of individual atoms.
These measurements are based on the mo-
tion of charged particles in electric
and magnetic fields. A large amount of
data was obtained on 1sotopic masses and
natural abundance, which made possible
theories concerning the composition of
the nucleus. These theories are treated
in Chapter 23 which includes much of the
heart of Unit 6. That chapter provides
a fine example of the interplay between
theory and experiment. The first hypo-
thesis of the constituticn of the nu-
cleus, the proton-electron hypothesis,
was unsuccessful. Further experimenta-
tion led to the discovery of artificial
transmutation which led, in turn, to the
discovery of the neutron. The proton~
neutron hypothesis of the constitution
was then possib .e. The discovery of
artificial transmutation and nuclear
reactions opened up the field of radio-
chemistry, and led to the invention of
charged-particle accelerators. The use
of these machines resulted in the accu-
mulation of an enormous amount of infor-
mation, in analogy to the development

Unit Overview

of chemastry in the 19th century. The
phenomena studied in this chapter are
closely dependent on the principl.s of
conservation of energy and momentum (the
neutron and neutrino).

The information developed in Chapters
22 and 23 makes possible the quantitatave
study of the energy balance in nuclear
reactions and led to the concept or nu-
clear binding energy. These are the
first subjects studied in Chapter 24.
They are intimately connected with nu-
clear fission and nuclear fusion and the
vast release Of energy in these reactions.
Hence, nuclear fission is studied in some
detail, along with its practical applica-
tions and industrial, economic, and polit-
ical consequences. The energy release
1n these nuclear reactions focuses atten-
tion on the forces holding the nucleus
together, and on models of nuclear struc-

ture. Nuclear physics i1s far from complete,

and Unit 6 ends with hints of problems
and possibilities that remain.

Experiments
E44* Random events

E45% Range of alpha and beta particles
E46% Half-Life I

E47 Half{-Life II

E48 Radioactive Tracers

Demonstrations

D59 Mineral audioradiograph

D60 Naturally occurring radioactivity
D61 Mass spectrograph

D62 Aston Analogue

Transparencies

T40 Separation ofa , 8, Y rays

T4l Rutherford's o Particle "mousetrap"
T42 Radioactive disintegration series
T43 Radioactive decay curve

T44 Radioactive displacement rules

T45 Mass spectrograph

T46 Chart of the nuclides

T47 Nuclear equations

T48 Binding energy curves

Loops
149 Collisions with an unknown object

Non-Project Physics Loops

L6-1 Radioactive decay

L6-2 Thomson's positive ray parabolas
L6-3 Aston's mass spectrograph

L6-4 Nuclear reactions

L6-5 Critical size




Unit Overview

Films (16mm

F47 Discovery of radioactivity

F48 U238 radioactivity series

F49 Random events

F50 Long time intervals

F51 Isotopes

F52 The 1inear accelerator

F53 Positron-clectron annihilation
F54 Fission

Reader Articles
R1 Rutherford
R2 The Nature of the Alpha Particle
R3 Some Personal Nctes on the Search for the
Neuvtron
R4  Antiprotons
R5  The Tracks of Nuclear Particles
R6  The Spark Chamber
: R7  The Evolution of the Cyclotron
R8  The Cyclotron As Scen By,..
R9 CERN
R10 Mr. Tompkins Tastes a Japanese Meal
R11 Models of the Nucleus
| R12 Power from the Stars
R13  Success
| R14  The Nuclear Energy Revolution
R15 Conservation Laws
R16 The Fall of Parity
R17 Can Time Go Backward?
R18 A Report to the Secretary of War
R19  Twentieth Birthday of the Atomic Age
R20 Calling A1l Stars
R21 Tasks for a World without War
R22  One Scientist and his View of Science
R23  The Development of the Space-Time View of
Quantum Electrodynamics
R24  Physics and Mathematics
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UNIT SIX MULTI- MEDIA SCHEDULE (Detals on fllovang poges )
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Multi-Media

Details of the Multi-Media Schedule

Day 1
Teacher introduction to Unit 6

Points to make:

1. that there 1s a stage beyond atoms

2. new techniques and ideas are re-
quired in order to study what one
caanot sce

Film: Discovery of Radioactivity (color),
International Film Burcau

Small group discussion of film (Provide
juide questions)

Day 2

Lab stations: Detection of Radioact:vity

1. Cloud chamber, Projcect physics
type. Provide sources so that
students car compare tracks of
alpha and beta particles.

2. Geiger counter; Pro-ect Physics
or other type 1s sufficient. Pro-
vide alpha and beta sources.

3. Electroscope. Observe discharge
rate of electroscope with and
withcout presence of radiocactive
sources.

4. 3-D viewer and pictures from
bubble chamber.

5. Spinthariscope. Many designs are
available for purc ase or construc-
tion, all require t.me for eyes to
become dark adapted.

6. Photographic plate. See Teacher
Guide for details.

Day 3

Library Day: Students are glven an oppor-
tunity to pick area for an i1ndividual
study.

Some possible topics:

Accelerators (or specific accelerator,
e.g., Brookhaven)

Detection devices (or specific device,
e.g., bubble chamber)

Types of research with isotopes
(specifically: medicine, biology)

Political issues of nuclear sclence:
detection of tests, control of
power, financing of resecarch, etc.

Engineering applications of nuclear
power

The future of the nuclear age:
nuclear power, cheap power, etc.

New Particles: Quarks, o~

The "8-fold way"

Radiation safety

Day 4
Lal stationrs Bohavior o, ST an
Fart:cles

USC same stations as for D o, Lat o0 -
phasize the behavorial characteristice,
of part:cle

Investigate absorption, magnetic deflee-
tion, scattering, and 1nverse-sguare law
of radiation intcnsity. (Be carcful about
the inverse-square law becausce air 1s a
good absorber of radiation.)

bay 5

labrary Day

Help students find toplcs rele*ing to
Unit 6 concoinvs and consistent with the:r
ability and interests. 1n general, stu-
dent shoula .a) find a topic of interest,
(5) read w on it, (¢) teil the rest of
the class aoout 1t on Days 20-22.

Days 6,7, 8 Lxperiments on radiroactivity

Students do one experiment each day.

E 44 Random cvents
E 45 Range of alpha and beta particles
£ 46 Hall-life i

Day 9

Summary

Teacher leads class in summarlzing experi-
ments and results.

Day 10

Problem-solving day

Select appropriate end-of-chapter problems
on displacement rules, half-life, decay
constant, etc.

Day 11

Student activity

Students continue to read and plan for
contract*. Give students latitude 1n the
way topiles can be described to class.
For example, a student who studies reac-
tors may wish to make a model to show;

a studen® wh~ studies political implica-
tions of nuctear power may wish to write
an essay to read; and students studying
the financing of nuclear research may
want to dramatize a make-believe request
in front of the class.
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Laly Stations: Models ard Applicat:icns

1. Model of mass spectrograph. Drov
steel balls nf various masses
past a strong magnet and note
where they land. <Compare vrin-
ciple to mass swectrograpb.

2. Model of nuclear scattering.
Mount magnet under glass tray.
Use aagnetic discs and beads to
show Rutherford scatterinc.

Other models passible.

3. Model of chain reaction. "Mouse-
trap-and-cork” model 1s 1deal;

a set of dominoes arranged in a
pyramid also 1llustrates the
reaction.

4. Film loop 492. <Collizinn with
unknown obiect.

5. Dice model of decay. Twenty-sided
and eight-sided dice used to show
decay rates. See Teacher Guide.

6, Model cyclotron. TPlace a marble
in the center of a flat board
(approx. 24" + 24"). Tilt the
board back and forth to cause
the marble +» roli faster and
faster in a circular path.
Compare principle to cvclotron,

Days 13, 14 15

Ditto a contract form for students. to
fill in. Contract should contain a
bibliography of material studicd and a
description of the way it will bhe pce-
sented to class. You may want to have
student specify what grade he will re-
ceive for successful completion of
contract terms. Thls technigue secems

to appeal especially to slower srudents.
Help students write reasonable contracts.

Day 16

Lecture presentation on fission

Show guantity of iE from ‘m. Avoid
homework assignments here to allow
students to concentrate on projects.

Day 17

Fission (continued)

Local power companies often have infor-
mation on nuclear power reactors that
provides an extension of this topic.

A good wrap-~up film (10 min.) 1s Prin-
ciples of Nuclear Fission (McGraw-Hill).

bay 18

Lecture presentation on fusion.

Show quantitative relationships of ~E
and Am.

Multi-Media

Do 1u

Coatainue Day 18,

Student roport day

Ctudent presontations, Jdenonstrations,
and “ramatizations are given to class.

Dy 23

ocvrew for 'nit 6 test

Colleue Bowl-type quiz could be sot

up by a student or students as their
contract project. All the class can
particCipate as judges, sSC. °rs, timers
and tear members,

F1lm:

The Strange Casc of the Cosmic Rays
Avallable through local telephone of-
fice (58 min., color).

*A contract 1s an agreament, between

teacher and student, which relates the
nature and amount of work to be performed
by the student to his expected grade. It
can be either verbal or written and can
exist 1n various deqgrees of intensity
depending vpon the circumstances.
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Chapter 21 Experiment Summaries

Summary of Experiment 44*: Random Fvents

The student observes a series of random
events 1n each of three different situa-
tions and seeks a pattern of behavior
common to all of them. The apparatus and
technigques are used again in the followinc
experiment with alpha and beta particles.

Apparatus for each student group

A. tray containing 120 twenty-sidced dice
graph paper

B. continucu: cloud chamber and
alpha-particle source
cardboacd barrier to confine alpha

dry 1ce or source of CO, snow
methanol (methyl alcohol)
light source

graph paper

C. beta-par*icle source
Geiger counter with i1ts power supply,
pulse divider, amplifier and loud-
speaker
graph paper
radioirsotopes (order well ahead)
planchets
10-ml pipettes with rubber bulb OR
disposable plastic syringes
disposable plastic gloves

Summary of Experaiment 45*: Range of Alpha
and Beta Particles

The range of alpha particles 1s mea-
sured 1n a cloud chamber and the range of
beta particles 1s measured with a Geiger
counter, using apparatus and techniques
from the previous experiment in both cases.

Equipment

I'or each student group:

A, al ' ~-particle source
con..nuous cloud chamber
cardboard barrier used in random events
experiment
dry ice or CO; source of dry-ice snow
methanol (methyl alcohol)
clock with second hand
light source
centimeter ruler

B. beta-particle source
six 2" x 2" squares of shirt card-
board and/or thin aluminum foil
Geiger tube with its power supply,
pulse divider, amplifier and loud-
spe aker
graph paper
clock with second hand
filter paper, 25 mm disc
Geiger counter with power supply, pulse
divider and amplifier
stopper, #3 neoprene, to fit funnel
2 graduated cylinders, 25 ml
stopwatch or clock with second “and

10

rincstand and clamp for funnel

filter nump

ammonliun phosphomolybdate

thorium nitrate solution

filter flask, 250 ml, with tubing to
connect to pump

diluted nitric acid

distilled or deionized water in
beaker or wash bottle

bottle or flask for catching filtrate

Summary of Experiment 46*: Half-Life

Three examples of exponential decay
are measured 1in this exercise and in
each case a decay curve 1s plotted and
half-11fe and decay constant computed.
The three examples are independent of
cach other, making 1t possible to omit
one or two of them without loss to the
essnetial idea of the experiment. No
knowledge of logarithms or exponents 1is
required although 1{ may be made use of
1f desared.

Equipment

A. tray containing 120 twenty-sided
dice graph paper

B. resistance of about 10" ohms (see
Teacher Guide for discussion
capacitor of about 6000 uF
(dry cell, 1-1/2 volts or 6 volts)
voltmeter (0 - 2.5 volts dc)
switch (optional)
Connect.ng wires
graph paner

C. polyethytene Buchner funnel
(26 mm plate diareter)

Summary of Experiment 47: Half-Life II

This 1s a very simple and clean half-
life experiment. Lead 212 is deposited
on negatively charged aluminum fo1l in-
si1de a vessel conta:ning thorium nitrate.
Although the decay scheme proceeds through
several more radiocactive nuclides before
the stable lead 208 1s reached, all the
others have much shorter half-lives than
lead 212. The decay of lead 212 is
therefore the rate-determining process
and students should find that the sample
does have a constant half-life of about
10.5 hours (’I‘;5 for lead 212 1s 10.6 hr).

Equipment

thorium nitrate

Geiger counter and scaler

aluminum foil

plastic container (e.g. refrigerator
jar, ice-cream box)

rubber sponge

Petrie dish, watch glass, etc.
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Chapter 22 Resource Chart

32 | The concept of
Isolopes

b, 22.2  Transformalion 2
: rules

223 Direct evidence
for isolopes of lead

2.4 Positive rays

o ' 3 4 D&l Mass speckograph
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for nuclides and
nuclear reactions
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22 8 Atomic masses o
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Chapter 22 Resource Chart
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Chapter 23
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L49 Colisons with an unkrown dbyect
%5 The Tracks of ruclear parlicles
Re The 5park chamber

R3 Some personal ndles on the search for the neulron
Rie The fall of parity
Ri7 Con lime go backword ?

R Models of he nucleus
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TA7  Nuclear equalions
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Chapter 24 Experiment Summaries

E48*. Radioactive Tracers

Although one simole autoradiograph
experiment 1s described, the intent of
this exercise 1s to encourase students
to design their own tracer experiments,
for which a bibliogravhy of source ma-
terial 1s given. The teacher needs to
plan ahead carefully so that the radio-~
1sotopes are ordered in time and so that
the necessary equipment for handling
them 1s on hand.

Equipment

A. Tor doing the autoradiograph experi -
ment described here:

Polaroid film types 57, 4" x 5" OR

No-Screen x-ray film, 5" x 7" sheets

Polaroid camera b.<k or developing -
roller OR x-ray developer and fixer

radioactive object-—radioisotope,

lump of radioactive ore, luminous

vatchdial with crystal removed

22




Study Guide
Brief Answers

Brnief Answers to Unit 6 Study Guide

Chapter 21

21.1

21.

21.

21.

21.

21.

21.

12

(a) The radioactivity of thorium
was pronortional to the amount
of thoraium.

(b) new radioactive elements polo-
nium and radiurw

(a) 1.2 <« 1073
(b) 0.75 Mev

(a) 5.7 « 107 m
(b) 420 m
(c) 7350:1

(a) 1.0 - 10*' N/coul
(b) 1.0 » 10? volts
(c) undeflected

(a) (£)
(b) (g)
(c) (h)
(d) (1)
(e) (3)

(a) Radium decayed into radon (a
gas) which decays into radium 4
which 1s deposited on nearby
objects.

(b) The residue contai-ed daughters
of high act:vity (short half-
lafe).

(c) The uranium compound continual-
ly decayed into more active
daughters, but daughters in the
residue were not replaced as
they decayed.

(a) 1/2
(b} 3/4
(c) Assume the products of decay

Jjou.re

- < 2 <
W R QT R

were not themselves radioactive.

(a) graph
(b) 8.31 » 10!? atoms
(c) 5.0 « 1020 atoms

(a) 5.7 » 10713 joules/disintegra-
tion

(b) 45 watts

3.70 » 10° disintegrations/sec

5.0 x 10”3/min

5 « 103 atoms/min
Yes

10% of the 90% or 9% of the orig-
inal.

Chapter22

22.

22,

22.

4,

ERIC
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(&%)

Isotopes of an element have the
same z.

Determine 1f 1ts chemical proper-
ties are unique.

(a) The lighter particles would
diffuse away from the liquid
surface more rapidly after
evaporation, hence fewer of
them would re-enter the liguid.

(b) The hydrogen isctopes have the
largest ratio of 1sotopic masses

(2:1) and hence the largest
ratio of speeds (1:»2).

22.4 (a) 0.054 m
(b) 5.64 m
{c) 0.005 m

22.5 (a) ,Pb Bt o+ e
(b) .,B1-!- -wPo't o+ _,ev
(c) w.Po?l « Pb 0% &+ Hen

22.6 chart, the end product being
. Pb227,

22.7 diagram, ending with ,,Pb’?%., The
alternatives are in the mode of
decay of 5,Po‘!" and ¢3B2¢1l’

22.8 decay diagram, the modes o1 decay
are o, a1, a. B, 2, u.

22.9 4000 years
25000 years

22.10 (a) 12.011 amu
(b) 6.941 amu
(c) 207.2 amu

22.11 4.0015 amu

Chapter23

23.1 235 1s not divasible by 4.

23.2 235 protons
143 electrons

23.3 (a) ¢C'?  (b) [MgT®  (c) ,,8130
(a) 16532 (e) 19K37

23.4 (a) ,He® (b) ;Li®
(c) ,Be®  (d) g¢n!

23.5 (a) v (b) A1?8
(c) MgZ"  (d) Mg?®
The same nuclide bombarded by dif-
ferent particles will yield differ-
ent products.

23.6 Nitrogen nucler are an order of
magnitude more massive than hydro-
gen nuclel.

23.7 1.24 amu
7.8%

23.8 table

22.9 (a) 78 (b) 79 (c) 8y

23.10 The missing product nuclide an
each case 1s the same: ;;Na?".

23.11 description

23.12 explanation

23.13 explanation
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Chapter 24
24.1 4.95 Mev
24.2 7.07 MeV/nucleon
24.3 opposite directions,
each with KE of 8.65 MeV
24.4 absorbed,
1.19 Mev
24.5 0,56 Mev
24.6 8.61 Mev
24.7 neutron capture,
gB-decay
g-decay
24.8 U235: 1790 Mev
Bal“l: 1180 Mev
Kr%2: 800 Mev
24.9 208 Mev
24.10 least loss—spherical
most loss-—flat sheet
24.11 very high KE protons required
24.12 high enough temperatures result
from the collapse
24.13 "proof"
24.14 (a) 4.33 x 10° kg/sec
(b) 5.23 x 1023 horsepower
24,15 (1) 4ni3 (4) ,nNi4
(2) 7N13 (5) 7N15
(3) ,wi% (6) ,N1S
24.16 released,
1.59 Mev
24.17 Yes, because the excitation energy
is greater than the activation
energy.
24.18 Yes
24
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21.1

1f the Curies had relied only on photographic
techniques for detecting radioactivity they would
have been unlikely to discover

a) that the intensity of radiation from
thorium was directly proportional to the cmount
of thorium in the sample.

b) two other radioactive elements (polonium
and radium) in pitchblende,

The use of the sensitive electrometer invented
by Pierre Curie yielded quantitative information
that greatly facilitated the above discoveries.

21.2

a) The energy of a photon

he

E = hf =5

- 6.6 x 10-34 joule-sec x 3 » 108 m/sec
0.016 x 10710 o

= 1.2 x 10713 j0ule

b) Since 1 eV = 1.6 x 10719 joule,

1.2 » 10713 joule
1.6 x 1072 joule/ev

= 0.75 x 108 eV

the energy in (a) is

or 0.75 MeV.

21.3

a) The magnetic force is a centripetal force;

my?2 _mv
Bqv = R SO R = Bq

9.1 x 1073 ke x 1.0 x 107w/sec
1.0 x 107N/ amp-nm x 1.6 x 10 ! %coul

R =

= 5.7 x 10~

b) In part (a) it is seen that the radius of
curvature is directly proportional to the mass
of the particle; so for a particles of the same
speed as the electrons, the radius of curvature

=27
5.7 x 1072n x 212 107 kg
9.1 x 1073 kg

N

L]

420 m

¢) The radius of curvature of the a particles
is far larger (i.e.,they are less deflected)
than that of electrons. The ratio of their
radii of curvature is 6.7 x 10'2?kg 7350

9.1 x 10°3%g 1

Study Guide
Chapter 21

21.4

a) when the e¢lectric and magnetic foreces on
a charged particle are 1n balance,

qE = Bqv. so E = Bv

E=1.0> 103~ 1.0. 1002
amp -m sec
\i
= 1.0 «10—2— 2 1.0 10" N
amp - sec coul

b) The electric field stiength 1s the ratio
of the voltage to the plate separation, E = %,

soV=Ed=1.0 » 10" EgﬁT « 0.10 m

1.0 » 103 dodes o e
coul

volts.

¢) As can be seen in part (a), the condition
for balance does not 1nvolve the charge of the
particle but only the speed; thus the a particles
will pass through the crossed fields undeflected,

21.5
a) Y f) a¥
b) « g) B
c) a h) a
d) v i) a
e) Y ) B

*The radius of curvature of the Y is infinite,
therefore one could put Y for this answer,

21.6

a) The radiur decays into radon, a gas
("emanation"), which diffuses into the surround-
ing atmosphere. Some atoms of radon will decay
immediately or nearly immediately to Radium A,
a solid, which will be deposited on nearby ob-
jects. Since Radium A and its daughters are
radioactive, the ordinary objects would appear
to have acquired radiocactivity. Another pos-
sibility is that the initially nonradiocactive
substances might be transmuted into unstable
isotopes by radiation from the radium compound.

b) The uranium compound and the daughters
which resulted from its decay were separated
ir .o two parts—the uranium and the daughters.
Since the daughters have a shorter half-'!ife
than the uranium, tae activity of the part con-
taining the daughters would be greater,

¢) The decay of the uranium would gradually
lead to a buildup of the daughters in the series.
Since the daughters have shorter half-lives the
activity would be greater. On the other hand,

25
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some ot the daughters sould have. an the in-
terval, reached Ra 6 (.table lead) so & smaller
proportion of atoms sould be radioactive, A

poor analopy might be wath balls dropped perioi-
tcaliv down a long and 1rregualar f1icht of stairs.
We notice the bounces as the ball we.s trom one
step to another. If the rate at which balls

are let loose at the top is slov (the halt-lite
is long), the number of bounces on an mitially
erpty staircase (dauchters separated mitially)
will slowly burld up. On the other hand, 1f

the source at the top 1s cut off (no more
uranium) more aud more balls will 1cach the
bottom of the staitcase without replacement so
the total number of bounces will slowly deciease.
That o1 'v several months are requuied to approach
equilibrium is surprising sirce some of the

other half-lives are quite lony,

21.7

4) Since the rate of emission is proportional
to the fraction of the sample remaining, one-half
of the original number will remain after 25 hours.

b) Since one-quarter ot the origindl number
will remain after 50 hours, three-quarters will
have disintegrated,

¢) We have assumed that the vadioactive sub-
stance did not decay into daughter products that
are unstable and contribute to the #-cmission.
To check this possibility one would have to sep-
arate the daughter products by chemical means
and determine whether or not they were radioactive.

aton
s

5+

numpie .

2 3 ¢+ 5 6 7 &
Sme o Thoesvras or yuars
b) 8000 years = 5 half-lives
= 1,5 _ 21,1 .
N8000 years = No(3) = 2.66 < 10°°(33)

.0831 » 10°!

8.31 » 1019 atoms,

~ 21
©) N4000 years -5 <10

= 5.0 » 1020 atoms,

26

21.9

a) The rtate ot eneray 1o lease 1e ot .
or 360 joules/sec.  This corrcsponds to 17,000
curies - 5,70 > luef dismnteuwrations, = o,3 -«
1034 disintegrations,
The energy release par disintegration is
360 joulds/sec
6.3 ~ 101" disintegrations/sce

tts,

1
7

= 5.7 x 10’13Joulc/din1n1cgratxon.

b) After 15 years, o1 3 half-lives, the 5
rate of heat production 'will be 360 watts {5
= 45 watts. -

21.10

The activity is 10 microcuries, or 10 x 10°%
curies, which is 10°° curies « 3.70 - 1019 disinte-
prations per curie per second = 3.70 < 10% disinte-
yrations/sec,

21.11

~
-
l
Y. 4

Kovsands ——om
£

>
Ve

a

C o >
Ps

/
4

<
=

HOU;S .

The half-life, T, can be obtained from a graph
of the data (see above curve; also below). For
example, it takes about 2.3 hours (138 min) for
the counting rate to drop from 8090 counts/min
to 4000 counts/min, To drop from %000 counts/min
to 2000 counts/min requices about 2.3 hours
(138 min). To drop from 2000 counts/min to 1000
counts/min again requires about 2.3 hours (138
min). Thus the half-life appears to be constant
at about 138 min.

The decay rate can be computed from

AT = 0,693
_0.693 _ 3,
A o= s ° 5.0 x 10~7/min.

Since X1s the fraction of any sample of atoms
that decay per minute, a sample of 10% atoms
will have 5.0 x 10=3/min x 106 = 5 « 103 atoms
decaying each minute.

Yes, the number of atoms decaying/per minute for
every 106 atoms in che sample does remain constant.

21.12

If 10% of the sample decays in the first 10
years, 10% of the remaining 90% decays in the
next 10 years: 10% of 90% is 9% of the original
amount.
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<
. Solutions to Chapter 22 Study Guide
)2 }
22. 50K 0
b) D .= :3%%': 1,0N0 m = 5,640 m
Yoty
The chemical properties of an ¢lement are
' determined by 1ts electron configuration, hich )b o
in turn 1s determined by the atemic number Z. ~= -
The rwotopes of an elemont have the same 2 and b, m g
hence the same chemical propertics,
207.0
= 000 m
R T U E
22.2
= 0.9950 n
1f the apparcnt Iv new c¢lement had chemical
propertics differeat trom those of any known The separation 1s theretore 1,000 mo- 0.9950 w
¢lement, then one could be certain that the = 0.005 m. Note that 1f the division is to be
clement deserved a separate place wn the periodic done on a slide rule, a more accurate answer can
table. 1If, on the other hand, 1t was found to be obtainca as follows by using the fact that
have chemical properties identicat to those of 1
. =1 - « when x«« 1.
a known clement (although having a slightly 1+ x
different mass than the known element) then it 07.8
could be regarded as an isotopc of the known IThe separation is 1.000 m - 208'0 > 1,000 m
eloment . .
1
= 1.000 r
00 r - 2080 "
22.3 207.0
a) Although the rate of escape from the sur- = 1.000 m - 7000 i 1o ™
face would be the same for both, (escape requirces N 367-6
a certain amount of work against cohesive forces, *
and so depends on KE, not speed pur sec) the 1.0
. = 1.000 m - .000 - Y
lighter and hence faster particles would diffuse 1.000 m - (1.000 207.0) "
away from the surface more rapidly after escape, 1.0
and so have a lower probability of re-cntering = 267 o™ this division can be accurately
the surface. .
. lone on a slide rule to vield 0.004 .
b) The hydrogen isotopes have the largest ae ° ° e rul o vield 0 8 m
ratio of {sotopic masses (2:1) and hence the
largest ratiu of speeds (1:/Z). Separation of 775
the hydrogen isotopes by evaporation therefore .
proceeds more rapidly than separation of isotopes I Rav: 21 o}
a) Pb By + el
of other c¢lements. 8> — B -1
(Since the mass number didn't change, the
577 transmutation was due (o beta decay.)
A
b)  Bi‘l'Z Por L7 4 o0
The magnetic force is the centripetal force, <1 =tk -1
2
so Bqv = m%—, thus In a beta decay, the atomic number increases
by one but the mass number remains unchanged.
Re™ 4 eoRam The product nucleus here then has Z = 84 and
R TIE ) . A = 212. Reference to a list of elements or
periodic table, such are shown on the preceding
3¢ Diam,, m,, page, shows that the element with Z = 84 is
R " Dismen ” moo volonium.
37 TidMyg 37
D c) QJPOZIZ Q?Pb208+ ZHe“
35 34.97
= === (See Table 22.1) . . .
1.000 m  36.97 The atomic number of lead is 82, the atomic
number and mass number of the initial nucleus
D3q = 0.9460 x 1.000 m = 0.9460 m. must therefore be 84 and 212, As was seen in
h part (b), the element is polonium.
Therefore, the separation is
D37 - 035 = 1.000 m ~ 0.9460 m
= 0.054 m
« or 5.4 em,
. 4
(&) 27
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22.6
Actinium Series

New Symbol Decay Made
W 0730 o (yHe®)
NThz31 & (_:eo)
,“Pa”‘ N
”gAcz:” F
90Th2?7 N
8&Ra??3 o4
Mane a
SRP0215 a
szbzn 2
¢ 4B1? 11 a
81-“?o? 2
g P07 stable

22.7 N " q

goThzazA ggRa”EZ,EQAC?”A
[¢3 Q Q
90Th?284 seRaN‘A sckn?20. L0
a g
L s.>Pb2]24

euP"?”‘ '
| |

Z . esAtHGL—

a 8

L 8].“2084.

21?\ ' 208
Bi ) 82Pb .

| s «|
212
L, gqpo 4
(The decay route through Bszzlz is much more
common than through ¢ cAt216. The other case of
branching is unus'al in that the two decay routes

are both common; ¢ T1298 is formed 33.7% of the
time and g,Po212 45 formed 66.7% of the time.)

22.8

8 a a
2u1£ 261 237 223
i g fm 493”" A»elpa
a a
233 229, 225
g,V 4—90Th ggRa

28

22.9

The percentage of the original activity at

9.2 o g
5.3 ° 100% = 607,
Referring to the radiocactivity decay curve on p.
24, it can be seen that 60% corresponds to a
time of approximately 0.7T or 0.7 v 5760 yr,
vhich is about 4000 years.

the time of measurcment is

An activity of 1.0 beta emissions per minute

1.0

%, = 7
5.3 * 100% = 6.57 of
the original activity. From the curve on p. 24,
this activity is seen to correspond to a time of
nearly 4T, or 25,000 years.

per gram of carbon is

22.10

The average atomic mass is the sum of the
products of relative abundance and isotopic mass
a) For carbon, the average mass
A= 0.9889 x 12.000 + 0.0111 * 13.00

"

11.867 + 0.144

= 12.011 amu (five significant digits
are justified because 0.9889 is accurate to 1
part in 10,000),

b) For lithium, the average mass
A =0.0742 x 6.615 + 0.9258 « 7.016

0.446 + 6,495
= 6.941 amu

c) For lead, the average mass is
A =0.0148 % 203.97 + 0.236 x 205.97

+ 0.226 x 206.98 + 0.523 ~ 207.98

]

3.02 + 48.6 + 46.8 + 108.8

1]

207.2 amu

22.11

The mass of the alpha particle can be found
by subtracting the mass of two electrons from
the mass of the helium atom:

By = Mg T 2,

4.00260 amu - 0.0011 amu

1]

4,0015 amu.

Note—the actual mass is slightly larger than
the amount obtained by simple subtraction because
of the transformation of binding energy to mass.
The difference is negligible though; because the
mass equivalent of the binding energy of an
electron is of the order of 10~ % amu.
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23.1

Since the mass number of g,U%3% is not exactly
divisible by 4 (the mass of an a particle) it is
hard to see how a nucleus could be made up of
only electrons and alpha particles. Also, by
the uncertainty principle, the electrons could
not exist in the nucleus.

23.2

According to the proton-eclectron hypothesis,
the nucleus represented by 4,U235 yould be com-
posed of 235 protons; 235 - 92 = 143 electrons,

23.3

(a) B0+ He" '3 4 W

Since mass number is conserved, 4 + 10 = 14,
14 -1 = &2. Since nuclear charge is conserved,
542=7,7-1=6, SoZ= 6, which is the

X =
atomic number of carbon.

(b) 11Na23 4+ JHe' | Mg26 + H!

For mass number; 23 + 4 = 27, 27 - 1 = 26,
For nuclear charge; 11 + 2 = 13, 13 - 1 = 12.
Z = 12 is the atomic number of magnesium.

(c)  3A127 4+ ,He 18130 + | H!

For mass number; 27 + 4 = 31, 31 - 1 = 30,
For nuclear charge; 13 + 2 = 15, 15 - 1 = Lﬁ.
Z = 14 is the atomic number of silicon.

(d) 16832+ pHe" o ;€135 4+ H!

For mass number; 35 + 1 = 36, 36 - 4 = 32.
For nuclear charge; 17 + 1 = 18, 18 ~ 2 = 16.
Z = 16 is the atomic number of sulfur.

(e) gk + JHe" —a 5Ca%2 + |H!

For mass number; 42 + 1 = 43, 43 - 4 = 39,
For nuclear charge; 20 + 1 = 21, 21 - 2 = 19.

Z2 = 19 is the atomic number of potassium.

23.4
(a) sLi6 + H! o oHe" + ,He?

mass number: 6 + 1 =7; 7 - 4 =3
nuclear charge: 3 + 1 = 4; 4 - 2 =2
(ZHe3 is a rare isotope of helium, natural abun-
dance = 0.00013%)
(b)  yBe® + H} e JHe" + ,Li®
(¢)  Be® + H' —& Be® + H?

(d) SBe11 + 2He“.-—> 7N1u + on1

Study Guide
Chapter 5, 6

23.5

na

(a) A1%7 4 0"1 —_ Al 4+ y

Since Z does not change (Al ——sAl) and since
mass numbers already balance,only a Y ray (no
charge, no mass) can result.

(b  A127 4+ B o (H' 4+ A28

i +1=2, +1, the resulting nucleu
Since ZA] 1 Al s e resulting nucleus

must be aluminum. Total mass number on the left
side is 29 (27 + 2) = total mass number on right
side. So AAI + 1 =29 and we have A128,

271 e e+ M2t

(c) Al
Since the particle input on the left has
charge 1 and the particle output on the right
has charge 2, the nucleus on the right has one
less positive charge than the nucleus on the left:
move one place toward hydrogen in the periodic
table. The nucleus must be magnesium.

Alternatively, 2
= 12 and ZMg = 12,
For mass number: 27 + 1 = 28, 28 - 4 = 24

AL 13 s0 13 +1=14; 14 -2

(@ AP+ (H? _ He" + Mg?5

By the reasoning of (c), the nucleus is
magne sium.,

Mass numbers: 27 + 2 = 29, 29 -~ 4 = 25

The same nuclide bombarded by different par-
ticles will yield different products.

23.6

Since nitrogen nuclei are about 14 times more
massive than ncutrons, if the neutron were to hit
the nitrogen nucleus and stop dead in its track,
the nitrogen nucleus would have a velocity of
only 1/14 x the original velocity of the neutron
Voo Actually, the neutron rebounds somewhat,

but its velocity of rebound cannot be greater
than its initial velocity or energy would not be
conserved. Thus the momentum given the nitrogen
nucleus must be less than twice the original
neutron momentum, and the nitrogen nucleus must
have a velocity less than 2(1/14 of the original
neutron velocity). We can see then, without
calculating the actual velocity of the nitrogen
nuc leus, that it must have been between 1/14 and
1/7 the original neutron velocity (i.e., an
order of magnitude less). But since the neutron
and proton have nearly the same mass, a complete
transfer of momentum from neutron to proton would
give the proton very nearly the same velocity as
the original velocity of the neutron. Thus, the
nitrogen nucleus will have a velocity an order
of magnitude less than the proton's velocity.

29
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23,7

From page 61,

v, + m
£ - s L . Suostituting for known
V,. m +m
N p n masses and speeds:
m o+ 14 9
L. 3.2 x10° cm/sec -
mo+ 1 4.7 x 10 cm/sec 6.8
so

mo+ 14 = 6.8 (mn + 1)

5.8m_ =14 - 6,8 =7.2
n

mo= 1.24 amu

Difference in mass: 1.24 - 1.16 = 0.08 amu.
Percent difference

. 0.08 _ o
“1.16 = 6%
Thus, a difference of measurement of 3% is
multiplied in the calculation to a difference
of 6.9%.

23.8
A Z protons neutrons

! 1 1 1 0
n? 2 1 1 1
He" 4 2 2 2
Li’ 7 3 3 4
cl3 13 6 6 7
y238 238 92 92 146
Th234 234 90 90 144
Th230 230 90 90 140
pp2lih 214 82 82 132
pp206 206 82 82 124

23.9

(a) 78 (b) 79 (c) 80

30

23.10
(@ Nl 0 R a2
For method of solution see $G 23.3.

23 1 21
(b) “Na +0n —.—‘Y‘f‘llNa’ .

I

24 1 1 E
Mg<™ + 0" ]H + 1 Na

() 12

(d) L Me28 4 B LHe* + | NaZh

Notice that the nuclide IlNa?“ can be pro-
duced in at least four ways. Of course, the
reactions noted are not unique. When bombarding
11N323 with neutrons, for example, the major
product varies with the neutron energy and, even
with single-energy neutrons, more than one type
of product may result. (The target, after all,
contains many more than one nucleus of 11Na23.)

23.11

When a target of the aluminum nuclide with
mass number 27 is b>mba:ded by ncutrons, the
neutrons react with the aluminum to produce a
magnesium nuclide with mass number 27 and an
ejected proton, The magnesium nuclide is radio-
active, undergoing beta decay; accompanied by
emission of a gamma ray and an anti-neutrino.
The half-life of the artificially radioactive
Mg nucleus 1s 9,5 minutes.

23.12

Assume that the tracks originate at the point
marked A: the law of the conservation of momentum
requires that the vector sum of the momenta of
the two particles be equal to the momentum of
the neutral particle that 'exploded' at point A,

A similar argument holds Lf the tracks termi-
nate at A, except that in this case the neutral
particle (which leaves no track) goes off in the
direction determined by the vector sum of the
momenta of the particles that combined at A,

23.13

The existence of artificially radioactive
nuclides simply provided much more data on un-
srable (radioactive) nuclides., There are only
54 raturally occurring radioactive nuclides,
i.e., only 54 test cases for theories of nuclear
stability. Most of these are heavy nuclides,

The manufacture of 1200 artificial nuclides
which span the entire spectrum of mass number

and charge made possible far more sensitive tests
of theoretical prediction.
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24.1
€2+ n —cl3

The mass of the neutron added 1s 1.008665 amu,
whereas the mass of C!3 i only greater than that
ot C'2 by 1.003354 amu. Tae discrepancy in mass
(often called the "mass d' fect™) of 0.005311 amu
is equisalent to 0.005311 amu x 931 MeV/amu =
4.95 MeV, and represents the binding energy of
the neutron.

24.2

The sum of the individual masses of the 2
protons, 2 neutrons and 2 electrons comprising
the helium atom is 2 x (1.007276 + 1.008565 +
0.000549) amu = 4.03298 amu. Since the atomic
mass is only 4.00260 amu, there is a mass dif-
ference of 0.03038 amu, which is cquivalent to
0.03038 » 931 MeV/ amu = 28.3 MeV. Therefore,
the average binding cnergy is 28.3 MeV/4 nucleons
= 7.07 MeV/nucleon,

(The pvinding energy of the two clectrons was
ignored——it is only 13 eV per electron,)

24.3

By the law of the conservation of momentum
the two o particles will fly off with identical
speeds but in opposite directions, Their total
KE is calculated on p. 87 to be 17.3 MeV, thus
they would each have a KE of 8.65 MeV.

24.4

The total atomic mass of the reactants {is
14.003074 amu + 4,002604 amu = 18.005678 amu.
The total atomic mass of the products is 16.999134
amu + 1.007825 amu = ]18.006959 amu. Since the
products have a greater total mass than have the
reactants, energy must have been absorbed in the
reaction,

The mass difference is 0.001281 amu, which
is equivalent to 0,001281 amu » 931 MeV/amu =
1.19 MeV, Thus,

SNIY 4+ He + 1,19 MeV—p 017 4 R,

24.5

As calculated in the prededing question, 1,19
MeV is required to promote the reaction. If we
subtract this from the KE of the « particles, the
amount of energy remaining will represent the
total KE of the reactants (we assume that the
N1% target is stationary). Thus, 7.68 MeV - 1.19
MeV = 6.49 MeV is the total KE of the reactants.
The "recoil” energy of the 0!7 nucleus is then
the difference between 6.49 MeV and 5.93 MeV,
or 0.56 MeV.
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24.6

The total atomic mass of the reactante is
14.003074 amu + 2.014102 amu = 16.017176 omu.
The total atomic mass of the products is
15.000108 amu + 1.007825 amu = 16.007933 amu.
The mass difference (mass defect) is thus
16.017176 amu - 16.007933 amu = 0.09243 amu.
The energy liberated is 0.09243 amu ~ 931
MeV/amu = 8,61 MeV,

24,7
We consider three successive steps.

1. Addition of a neutron. This changes
the total number of nucleons by one, but does
not change the charge number.

232 1 233
B N 1
(neutron capture).

2. B-decay. The total number of nucleons
remains the same. A neutron changes to a proton
with g-decay, i.e.. the emission of an electron.
This enhances the charge number by 1,

b2 e Pa23% 4 O,

T
30 -1

3. Another B-decay gives the final transi-
tion to 92U233.

Pa’3 i U233+ ef.

91 92 R

24,8
From the figure we find approximately:

B.E. per nucleon for Bal“*! = 8.4 MeV

n

B.E. per nucleon for Kr?? 8.7 MeV

B.E. per nucleon for 0?35 = 7.6 MeV,
The total binding energy is found in each
case by multiplying by the total number of

nucleons in the nucleus. Thus we have

total B.E. of Bal®!
= 8.4 x 141 = 1180 MeV

total B.E. of Kr??
8.7 » 92 = 800 MeV

1980 MeV.

sum

total B.E. of U235
= 1790 MeV.

The energy released in the reaction is equal
to the difference of the total binding energy of
the products and the total binding energy of the
incident particles, 1i.e.,

(1980 - 1790) MeV

190 MeV

n

200 MeV,
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26.9

U7 3% 235.04393 amu Lal39% 138.9061 amu
nl: 1.00867 amu M0%% & 94.9057 amu

1
LIRS 2
sum = 236.05260 amu 2 n': 2.0173 amu

sum = 235.8291 amu
mass aefect = (£.2235 amu

Binding energy = 0.2235 amu x 931 MeV/amu = 208
MeV

24.10

A given mass of fissionable material will
lose the least number of neutrons through its
surface if it is spherical in shape. Any other
shape would mean a larger surface area and hence
a larger loss of neutrons.

The neutron loss would be greatest if the
material were formed into a thin flat sheet;
the thinner the sheet, the larger the surface
area and neutron loss.

24,14
a) We can use the Einstein relation E = Amet
to calculate the rate of mass loss in the sun.

E _ 3.90 » 162 joules/sec
Am = —2— = = ’
¢ (3 ~ 10"m/sec)
= 0.433 * 10} 0 kp/sec
4.33 x 10" kg/sec

b) 3.90 x 10°¢ joules/sec is 3.90 - 10" 7 vatts

>
This is equivalent to  3.90 x 10° watts

7.46 watts/hp

= 5.23 « 10?3 horsepower.

24,11

The high temperatures are required for fusion
to commence because the kinetic energies of the
protons must be great enough to overcome the
electrical repulsion between them,

24.15

The completed six steps of the carbon cycle
are as follows

gCl 2+ Hl—e N34y
N €13 4 00+ v
6Cl3+ I Nle gy
N B e 5015 4y
8015——>7N]5+ ‘]eo + v

15 1 12 b
SN° 2+ ]H —o-eC + zlle .

24.12

As the vast clouds of hydrogen collapse
gravitationally, the gravitational potential
energy of the particles is transformed into
kinetic energy. Eventually the contraction
results in particles of sufficient kinetic
energy to initiate fusion reactions.

24.16

The total atomic mass of the reactants is
3.016030 amu + 4.002604 amu = 7.018634 amu.
The mass difference is 7.018634 amu - 7.016929
ame = 0,.001705 amu, Therefore, the energy re-
leased is 0.001705 amu x 931 MeV/amu = 1.59 MeV.

24.13

The net result of the proton-protor chain
is given as 41H]--—>-2He“ + 2,4e0,

(Note that to be complete, we should also show

2 neutrinos on the right-hand side of the
equation.) Since we are to show that the energy
released per cycle is about 26 MeV, we are only
interested in 2 figure accuracy. Therefore we
can simply deal with atomic masses and ignore
the mass of the electrons and positrons. The
mass defect is then

4 (1.007825 amu) - 4,002604 amu

= 0.028696 amu. The corresponding

energy release = 0,02870 amu x 931 MeV/amu
= 26.7 MQV.~

24.17
mass of U233 = 233,039498 amu
mass of n! =  1,008665

mass of U233+ nl = 234.048163
- mass of U23%= 234,040900

mass defect

excitation energy

activation
energy of p2 3

excitation energy

energy, 970233 is

= 0.007263 amu
= 0.007263 amu x 931 MeV/amu

= 6.76 MeV, but the

= 4.6 MeV; thus, since the
is greater than activation
fissionable with slow neutrons,
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24.18

mass of Pu2bl

mass of n!

total mass

- mass of Pu?4?
mass defect

excitarion cnergy

Since the activation
Pu2*! is fissionable

= 241.056711 amu
= 1.008665

= 242.065376
= 242.058710

= 0.006666 amu

: 0.006666 x 931 MeV
6.20 MeV.

energy is only 5.0 Mev,
with slow neutrons.
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Prologue

In Unit 5 we nave discussed o« number
of experimental resuits which led to the
construction of a mouel for the atom.

In vart:icular we have looked at the re-
sults of spectroscopic measurements.
For many years an enormous amount of
spectral cata were taken for many daf-
ferent gases; Balmer's empirical rela-
tion qave this data an order which had
to be explained by postulated models.
We accepted Bohr's postulates because
they led to a mouel for the hydrogen
atom from which predictions checked with
the known experimental data. The Ryd-
berg constant—originally found purely
experimentally—coulé now actually bea
calculated.

This approach of constructing a model
to explain ‘he experimental data can be
used for the nucleus as well as for the
atom. In this Unit we shall discuss
some of the experimental results of nu-
clear physics just as we discussed
experaimental results of atomic physics
in Unit 5. The problems are, however,
very much more difficult. While the
size of the atom is of the order of
10-10 m, the nucleus has a diameter of
the order of 10-!“% m. The enerqies
involved on the atomic scale were rela-
tively low—the ionization potential of
hydrogen is -13.6 eV and the work func-
tion of most materials for the photo-
electric effect is only a few electron
volts. X-ray energies go up to a few
thousand electron volts; all of these
enerqgies can be produced without too
much difficulty in the labor:tory.

The energies of particles inside the
nucleus are several million electron
volts or higher. The procduction of such
energles is very difficult, and requires
machines which appeared only gradually.
As a result of these and other difficul-
ties we are not yet in a position to
postulate a nuclear model which will ex-
plain all of our experimental results.
Although the practical applications of
nuclear physics have increased at a
very rapid rate during the last twenty
years, our understanding of the detailed
structure of the nucleus and the role of
the so-called fundamental particles is
far from complete.

We therefore present some of the ex-
perimental facts of nuclear physics with
a few possible explanations. But the
end to the story—the end to Unit 6—
has yet to be written.

In Unit 6 we apply a4 number of con-
cepts discussed in earlier units—
some of these are really threads through-
out the stuuy of physics. Our a and 8
particles follow the dynamics discussed
in Unit 1. Conservation of energy fand

Background and Development
Prologue
Chapter 21

mass) as well as ccnservation of mormen-
tum (Unit 3) are used throughout this
Lnlt. tPorces on chargeu particles in
maanetic fieius (Units 4 and 5) once
again play an important role. The stu-
dent should be aware tha* he now applies
principles, already stuc.ed, to the nu-
cleus; there are relatively few new
concepts 1in this Unit.

Sec. 21.1 Becquerel's giscovery

The story of Becquerel's discovery 1s
an exciting one, and probably little
teacher explanation will be required. It
would be uscful to point out examples of
fluorescence, such as fluorescent lights
the face of a TV tube, etc. It 15 also
useful to emphasize that phosphorescence
1s similar to fluorescence, the differ-
ence being that phosphorescence involves
a time delay between the absorption of
radiation and the subsequent re-emission.
The word phosphorescence 1s unfortunately
also used to describe the light emitted
by small marine orgarisms (bio-lumines-
cence). That therc are twc different
uses of the term is worthwhile mentioning
to the students.

The discovery of radioactavity by
Becquerel was a kind of serendipic re-
sult, since he was looking for something
quite different when he began. The
question as'.ed on the margun of page 7
1s an important one, and should not be
overlooked 1n class discussion. This
1s good practice in the understanding
of what 1s meant by "evidence," and how
evidence of different kinds must be
carefully sorted out by scientists.
Sometimes, the leap to a general infer-
ence pays off (as in the case of modern
genetics); sometimes, 1t leads to great-
er confusion.

Sec. 21.2 Other radioactive elements are discovered

Here 1s an opportunity to give vyour
students a feeling for two things: 1)
the tremendous progress in the technol-
ogy of laboratory equipment, and 2) the
abrlity of research to exist and succeed
under the conditions of minimum technol-
ogy.

You could point out to your students
that the Curies worked under conditions
that would repel the average graduate
student in science today. Their "labora-
tory" was just a shed with no heat, and
their equipment was far poorer than that
found in most junior high school science
laboratories today! Nevertheless, they
were able to carry out experaiments of
high sophistication and to make fairly
exact measurements. Since they were
chemists, therr approach to the job of
finding the source of the mysterious
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Becquerel rays was a cnemical one—that
1s, they used the technigue of reducing
radium ore as far as possible, unt:l
tney arrivec at the non-reducible sub-
stance: radium. Though 1t 1s not too
pertinent until later in the Un-t, you
might 1ndicate at this point that the
enerq.es i1nvolved in the chemical pro-
cesses Of reduction were very, very
small, compared to the enerqgies inherent
in the radioactive atoms themselves.

Since their major quantitative instru-
ment was essentially a rather sensitive
electroscope, you might refer back to
the Unit on electricity to remind your
students about how electroscopes work,
and how they can be used as imeasuring
instruments. Ycu might ask: 1s 1t just
sheer luck that the amount of ionization
produced by a "Becquerel ray" is directly
proportional to the deflection of the
charged electroscope leaves?

Another interesting point about the
work being done during this time on both
X rays and radioactive substances was
the complete lack of kncwledge of the
biological effects of radiation. Pierre
Curie carried samples of radium in glass
vials 1n his pocket; after his death,
his skin was found to have burn marks in
that area. Until the invention of bet-
ter tubes—notably the Coolidge tube—
X-ray photos were made with very long
exposures without any thought about the
damage caused to cell structure. Even
as late as the 1940's and early '50's,
there were x-ray machines (fluoroscopes)
in shoe stores, and any child could have
“fun” by irradiating his feet!

You could recommend the famous bio-
graphy of Marie Curie (see Student Ac-
tivities) to interested students; most
libraries have 1t. Often, the famous
movie based on this book 1s shown on the
"early” or "late" show on televisioa.

If there are girls .n your science class,
they might be interested in knowing that,
despite her unique and international
fame, the French Academy of Sciences
refused to elect her (she missed by one
vote)—an interesting comment on the
attitude toward women as scientists ac
that time. (You might ask your class

to find out 1f that attitude has under-
gone any change during the last 60
years.)

A pertinent article is: “The Early
Years of Radioactavity," by G. E. M.
Jauncey, in the American Journal of
Physics, v. 14, pp. 226-241, (1946].

Sec. 21.3 The penetrating power of the
radiation: a , 8 and Y rays

If your students inquire further about
the meaning of tne word “range," when ap-
plied to the distance traveled by radio-
active emanations, you might explain that

36

the less penetrating ones-—the particles
that are charged—give up their enerqgy
gradually as they go along; for example,
an alpha particle in air lcoses about 35
eV for each ion-pair formed, until all
1ts KE is gone; it then captures 2 clec-
trons to become a helium atom. (You
might ask your class how many 10n-pairs
w1ll be formed in air by a 6 MeV alpha
particle.) In the same way, the energy
of a beta particle 1s absorbed; however,
Leta particles have a much wider range
ot energies than do alpha particles or
camma rays.

Gamma r&ys, on the other hand, do not
ionize air molecules casually as they go
along and so do not lose their energy
gradually. A gamma ray photon is removed
from the beam in a single event—by photo-
electron absorption, electron scatteraing
or pairr-production.

Sec. 21.4 The identity of arays: Rutherford's “mousetrop"

It is worth mentioning to your students
that the separation of a, 8 and y rays
1llustrated by Fig. 21.1 is, of necessity,
greatly exaggerated, (Students doing
SG 21.3 will discover that if o and &
particles erter a qaven magnetic Jield
with the same speed, the ratio of their
radii of curvature would be 7350:1.)

Note that at the bottom of p. 16 1t is
stated that "The magnitude of the deflec-
tions suggests that o particles have a
much larger momentum than the 8 particles."
The other possibility to note 1s that a
particles are deflected much less than

8 particles because they have a much
smaller charge. Independent measures of
the charge indicated that such was not
the case. Students will realize that the
greater momentum of the alpha particle
could be due to either a greater mass or
to a greaater speed. The greater momentum
was found to be primarily due to greater
mass .

Ser 21.5 The charge and mass of a, § and y rays

Students will be much aided in their
understanding of Rutherford's ingenious
"mousetrap” by a brief teacher-led dis-
cussion based on transparency T-41.

Sec. 21.6 Rcdioactive transformotion

Though it 1s correctly pointed out
in this section that the establishment
of alpha and beta rays as pacticles
coming out of atoms—thus breaking down
the earlier i1dea that atoms were "un-
Cuttable"—you mignt want to point out
that the discovery of <athode rays was
also a step in this dicection. When
Thomson measured e/m for the electron,
his empi_ical work proviced the basis
for an atom model made of two separate
parts. However, you might then ask:
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"What 1s tne difference petween the
electrons of cathode rays and the elec-
trons which are beta rays, in terms of
their places in the model of an atom?"

The discovery that radium released
heat as part of 1its raaioactivity has
had technological consequences. You
can refer your students to the photo of
the SNAP generator on page 3 of the
text, to see how the heat energy result-
1ng from a nuclear event can be trans-
formed to do useful work. You can ac-
quire additional ainformation about SNAP
in two publications: Power from Radio-
1sotopes, and Direct Conversion of Ener-
gy, by writing to

U. S. Atomlc Energy Commission
P. O. Box 62
Oak Ridge, Tennessee 37830.

It ought to be emphasized that the
proposal of Rutherford and Soddy that
there was a transmutation of elements
1n the radioactive series was a very
bold step, and that their idea was an
exciting breakthrough. If the loss of
an alpha or beta particle from an atom
meant that the result was a different
atom, that difference had to i1ie 1in a
change 1n the nucleus. Recall the nu-
clear atom model proposed by Ruther-
ford—from where else could an alpha
particle emerge?

Sec. 21.7 Radicactive decay series

The uranium-radium series given in
Takle 21.1 can be most effectively dis-
cussed by referral to T42A. (The term
half-life 1s not defined un%il the next
section; it would be useful to briefly
mention its meaning in class and to
point out the tremendous range of half-
lives listed in Table 21.1.) Discourage
students from attempting to learn in de-
tail the decay sequence described on p.
22, It is important to understand the
kinds of transformation that take place,
but specific examples are fnr illustra-
tive purposes only.

Sec. 21.8 Decay raie and half-life

The radioactivity decay curve framing
P. 24 1s a natural focus for class dis-
cussion of this section. If students
understood what is meant by half-life,
they will have little difficulty under-
standing the shape of the decay curve.
They might have trouble though if they
don't realize that the units of time on
the horizontal axis are "half-1lives",
i.e., that T represents the half-lire of
a radioactive substance. It is important
to emphasize that %nowinrg that 50% of a
sample will decay Jduring its half-1life
does not imply thet we have any way of
predicting which a oms of the sample will
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decay during any given half-life. Of
course 1f the sample size 1s extremely
small, large fluctuations from the pre-
dicted decay are likely.

Note that the mathematics of the decay
has been set aside on a gray page, p. 26,
and w1ll be appropriate reading only for
those students who are particularly math-
ematically ainclined.
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Sec. 22.1 The Concept of Isotopes
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for tne "ph:losopher's stone," th
unicue substance that would enabl
to change one metal intc anotner
eravly iron, lead, or mercury into
ver or golu}. Rauloactivity and the
corcept of the nucliear atom, :n tais
sense, are tne 'philosopher's stone"

of mocern physical scrence, for tney
provide the xey to unuerstaniing how
tre atoas of one cnenical element can
ve transmuted into tne atoms of another.
Perhaps oOne or two :nterested students
would like to loox into the history of
alcheny. 4 fascinat:ing book on this
subject 1s Through aAlchemy to Cnemistry,
by John Read, liarper TorchbooX =561.
Anotner good scurce 1s Tne historical
Background of Chemistryv, oy tenry .
Leicester, J. Viley Scrence Editions,
1965, a paperzack.

Sec. 22.2 Transformation Rules

sidered to be misleading and was not
used. "Transformation rules" is a far
more appropriate term because it is de-
scriptive of the two processes involved.

One cuestion you might ask (1f you
students don't) :1s: "Why do the radio-
active series elements only lose mass
by emitting an alphe particle?" For
example, 1in the gracual change from
L 7% to Pb--*, the nucleus loses 32
atomiC mass units {and 10 units of
charge). Wwhy 1sn't a nuclear fragment
of this size thrown out all at once,
insteaa of a gradua: loss of mass and
charge by alpha and beta particle emis-
sion?

“sk your students to calculate the
ratio of mass to charge (p/2) for such
a fragment (3.2), and then ask them to
search through the periodic table, or
better stiil, a table of the nuclides
if you have one, to see if such a nu-
cleus exists {they must keep .esting
the ratic A/Z2). They will not find
such a nucleus 1n existence. Ask them
to consider the possible emission of
other particles, like iH' or ;Li® in-
stead ¢f alpha particles. would these
provide the required change of mass and
charge?

Your students should come to the
conclusion that since alpha particles
are the only significant massive par-
ticles emitted by nuclel in the radio-
active series, such a particle must
exist 1n the nucleus as an entity.

38

ERIC

Aruitoxt provided by Eric:

The term "displacemen. rules" was con-
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Sec. 2.3 Direct Evidence for lsotopes of Lead

This section provide a good oppor-
tunity to emphasize what 1t 1s about
the isotopes of an element that enables
us to sey that they are in fact varie-
ties of the same element. What 1s 1t
about the four isotopes of lead that
makes them chemically ident:ical? Of
course 1t 1s the atomic number 82 that
they have in comwon. (The atomic num-
ber determines the eclectron configura-
tion of the atom and hence determines
all the chemical properties and most of
the physical properties.)

That 3 of the 4 naturally occurring
1sotopes are end products of 3 different
decay series is very fortunate—by
aralyzing rock samples we can determine
both the initial composition and age
from the relative abundance of the lead
isotopes in the rocks.

Sec. 22.4 Positive Rays

The term "canal rays" 1s often used to
refer to positive rays; however, because
it 1s a misleadirg term it was not used
1n the text.

Encourage students to study the cap-
tions and diagram of the mass spectro-
graph on p. 37. Students will likely be
pleased that their knowledge of a few
simple principles enables them to under-
stand the operation of this ingenious
device.

Sec. 22.5 Separating lsotopes

Whereas the preceding section dealt

with the theorv of the mass spectro-
. —— -

graphic determination of the mass of
ions and the separation of isotopes,
this section recounts Thomson's experi-
ment with the mass spectrograph in which
he discovered that neon has 2 isotopes.

To understand the work cf Asten in
separating isotopes by gaseous diffusion,
students probably need to be reminded
that the average kinetic eneraies of
different species of molecules in a mix-
ture of gases 1s the same if the temper-
ature of the mixture is uniform. Thus,
the lighter ones must, on the average,
move faster and hence will diffuse
through a porous wall more quickly.

Sec. 22.6 A uyseful notation for nuclides and
nuclear reactions

Although the latest ~onvention for
symbolizing nuclides is to write both
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the subscript 2 and superscra, to the
left of the element symbol, this conven-
tion was not followed in cthe text because
of printing considerations: to separate
vhe superscript and subscrapt adequately
puts them too close to the lines of type
above and below.

The proton and neutron do not come
into the story-line until the next chap-
ter, but the chart on p. 43 has its axis
labeled A-2 vs. 2, and Number of Neutrons
vs. Number of Protons. This was done to
make the chart more useful to refer back
to when reading the next chapter. Note
that the first open square (at A - 2 = 1,
2 = 0) represents a free nautron.

Point out to students that the large
arrow in the diagram on p. 41 is a "proc-
ess" arrow; that is, 1t represents a
process by which, in this case, U238
gives off an alpha particle and becomes
Th?3%. The large arrow does not repre-
sent & velocity. (The small arrows shown
represent the relative velocities of the
reaction products.)

Sec. 22.7 The Stable Isotopes of the Elements
and their Relative Abundances

It is interesting to note that if an
element with «n 0dd atomic number has
two isotopes, the atomic masses of the
isotopes will also be odd numbers. For
example, the atomic number of chlorine
is 17 a~d it has :wo isotopes, Cl35 and
C137. The isotopes are stable.

Bat, Ior heavy elements, 1f the ele-
ment has an odd Z put an even mass numher
A, that isotope is radiocactive! For
example, potassium has an atomic number
of 19 and has an isotope K% that is
radiroactive.

If you bring the above generalizations
to the attention of the students, stimu-
lating questions might arise as to the

reason for these regularities in behavior:

i.e. what is it about the nucleus that
allows the "oddness" or "evenness" of
its composition to determine its stabil-
ity? You might drop a hint ! re abocut
the shell model of the nucleu a model
which they will read about in Sec. 24.12.

A point relating to stability that
should eventually be brought tc the at-
tention of students is the way the plot
of the nuclides on p. 43 curves up (away
from an imaginary 45° line that would
represent equal numbers of protons and
neutrons in nuclei.) This up-curviny
implies that the masses of nuclei go up
faster than their charges. At higher 2
numbers, the greater positive charse of
the nucleus is in effect "diluted" by
uncharged matter (neutrons) in such a
way that the nucleus is not forced apart
by electrostatic repulsion. (This cou-
lomb repulsion is very large due to the
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extremelv small distance between protons
in the nucleus.) The effect of the
greater proportion of uncharged matter
1s to give rise to very strong short-
range attractive forces which hold the
neucleus together.

Another interesting point arises from
the chart on p. 43. If you imagine a
best-fit "stability line" drawn through
the black squares, the unstable nuclides
above that line have excessive negataive
charge (too few protons) for stability
and aence undergo &-decay to become
stable; whereas those unstable nuclides
below the stability line have excessive
positive charge (too few neutrons) for
stability and hence undergo #+ decay.

In other words, the heavier isotopes of
a given element emit electrons, the
lighter isctopes of the element emit
positrons.

In other words, the heavier isotopes of
a given element emit electrons, the
lighter i1sotopes of the element emit
positrons. (In addition to positron
emrssion as a way of reducing positive
ckarge, there are other processes such
as electron capture and alpha decay
which accomplish the same result.)

Sec. 22.8 Atomic Masses

This brief section presents Aston's
whole-number rule, which suggests so
strongly that nuclei consists of differ-
ent numbers of identical pieces each of
which has a mass of 1 amu,
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Sec. 23.1 The Problem of the Composition
and Structure of the Atomic Nucleus

At the beginning of this chapter, 1t
might be helpful 1f the students were
asked to summarize the information they
would have had at their disposal at this
point in history (about 1925) relative
to the structure of the nucleus. This
might be tabulated on the board. Items
such as Rutherford scattering, half-

life phenomena, particle energies, knowl-

edge about the electron, isotopic mass
variation, etc. might be included.
Students should be asked what each
piece of evidence might imply about
nuclear structure. They should be re-
minded that the neutron had not been
discovered at this time, and also that
Heisenberg had not formulated the Un-
certainty Principle until the thirties.

A second provoking question to think
about throughovt the chapter is: what
1s charge? There 1s presently no
simple answer to this question, and 1t
gives one practice in spinning out
hypotheses. An interested student
might be .sked to look into the present
state of inguiry into the nature of
ciaarge.

Sec. 23.2 The Proton-Electron Hypothesis
of Nuclear Structure

It might not be entirely wrong to sav
that the whole point of Chapter 23 is
the development of answers to the ques-
tions: what is the purpose ot a model?
On what criteria do models succeed or
fail? How real is a model? How much
do models allow the scientist to under-
stand or explain nature (that 1s: what
are the limitations of models)?

Hopefully, these are the kinds of
questions that have been coming up in
class during the entire course. The
aware student ought to realize that, as
the investigation of natural phenomena
has passed frcm the macroscopic world
to the microscopic one, the models have
pecome incCreasingly complex. This
nmakes for an interesting contrast: as
we proceed from the behavior of large
and complex masses of matter to that of
simpler masses, the mcdels go from
simpler to more complex.

The proton-electron theory of the
nucleus is an interesting example of
how a model inevitably depends upon
the empirical evidence available at
the time. fThus, the proton-electron
model works very well, if all you know
is that certzcia heavy nuclei are emit-
ting either alpha or beta particles.

Note that at the en of this section,
there is no reascn givon for the fail-
ure of the proton-electron model. Yet,
some perceptive student may want to know
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upon what critcria the model faliled.

The fact 1s that the criteria are rather
sophisticated. One was the discovery
that the nucleus had an angular momen-
tum, called spin. This property could
be measured by spectroscopic analysis
(very high resolution of hyperfine
structure). The result of such analy-
sis is an ability to measure a quantity
called the magnetic moment of the proton
and electron. It turns out that

the magnetic moment of the electron is
much larger chan the magnetic moments

of different nuclei. So, one must ask
the question, if there are electrons in
the nucleus, why i1sn't the magnetic
moment of the whole nucleus greater

than that of the electron?

Sec. 23.3 The Discovery of Artificial

Transmutation

There is one question related to
the Rutherford observation of artifi-
Cial transmutation that you might use
to stimulate some class discussion:
why are the chances of a collision
between an alpha particle and the ni-
trogen nucleus so small (1 for every
105 alpha particles passing through
the nitrogen gas)?

In terms of the kinetic tlieorv (Unit
3), it seems reasonable that the
probability of capture should be much
greater.

However, remind your students that
kinetic theory does not take into
account (1) the extreme smallness of
nuclear diameters, or (2) the effect
of the electrical fields of the nuclei.

The nitrogen atom has a radius of
about 10-1%m; however, the nucleus is
far smaller, with a radius of about
3.6 x 10=1°m. 1Imayine a target with a
diameter of 300 meters, whose bullseye
is only 1 centimeter across! To make
things worse, imagine standing a few
thousand meters away and shooting at
this target blindfolded. What are the
chances of hitting the bulls-eye? Sup-
pose all the targets were moving around
randomly in space at the same time,
what would happen to the probability?

As for the effect of the electric
field, the N nucleus has a charge of
+ 14 elementary charge units, while the
alpha particle has +2. Ask your stu-
dents to calculate, by Coulomb's Law,
the repelling force between two such
charged particles at a distance equal
to the sum of the radii of both par-
ticles (the radius of the alpha par-
ticle is about 2.4 x 10-15m). fThey
should be surprised at the result.

In fact, they have a right to ask,
how is it that an alpha particle ever
manages to get inside a nitrogen nu-
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cleus? (The answer, of course, 1s
outside the realm of classical physics
- only a guantum mechanical analysis
can offer an explanation.)

The nitrogen atom has a radius of
about 10-1%n; however, the nucleus 15
far smaller, with a radius of about
3.6 x 10715, Imagine a target with a
drameter of 300 meters, whose bulls-
eye is only 1 centimeter across! To
make things worse, imagine standing a
few thousand meters away and shooting
at this target blindfolded. What are
the chances of hitting the bulls-eye?
Suppose all the targets were moving
around randomly in space at the same
time, what would happen to the probabil-
ity?

You can relate Wilson's invention
to the Millikar 011 Drop Lxperiment
(Unit 5) by pointing out that Wilson
first used his cloud chamber to calcu-
late the charge on the electron. He
created the water cloud between two
parallel metal plates. First, he ob-
served the gravitational fall of the
top surface of the cloud; then he
created a un. form electric field between
the plates and observed the fall under
the influence of both gravitational
and electrac fields. By comparing the
two rates of fall, Wilson calculated a
charge of 1.0 x 10719 coul, about 2/3
of the accepted value today. Ask your
students what kind of error could be
caused by using a water cloud (evapo-
ration), and why the technique of
using single droplets of oil was a
better one.

Fifteen years later, Wilson realized
that his cloud chamber could be used to
observe the tracks of particles from
radioactive disintegration, For this
work (together with Arthur Compton), he
recerved the Nobel Prize.

Sec. 23.4 The Discovery of the Neutron

This section explains the evidence
for the neutron in a fairly clear and
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detailed fashion, and vour students
should be able to follow the arguments
without rmuch difficultv. Remind them
that in this chapter, they are seeing
the application of Newton's idea of

the universality of the laws of natu.e,
The princivles of conservation of
momentum and energy came from observa-
tions 1n the macroscopirc world; but
here they are being applied to the
motion of tiny, invisible particles
moving with high speeds. Nevertheless,
the predictions which are made on the
basis of the validity of these conser-
vation principles do check out correctly.
‘Don't forget the article "Conservation
Law" by Kenneth Ford in the Umt 6
Reader. )

Sec. 23.5 The Proton-Neutron Theory of the
Composition of Atomic Nuclei

This brief section provides an ex-
cellent example of how models change in
physics. In the long run, the validaty
of the model depends only upon how
nature behaves. Scientists must accom-
modate the model to the behavior - not
the other way around. You might ask
your students to contrast this model
change with the attempts to change the
solar system model in early astronomy .

If your students are curious, the
empirical evidence for the existence
of neutrinos was discovered by Reines
and Cowan at Los Alamos in a famous
nuclear pile experiment. They made a
very large neutron counter and placed
it near one of the atomic pirles at
the Savannah River Project. The reac-
tion they were looking for was thas
proposed one:

proton + neutrino = neutron +
positron.

Since the heavy pile shielding kept all
other particles except nzutrinos from
coming through, the appearance of neu-
trons and positrons in the counter
showed that the above predicted reac-
tion was indeed taking place.

Sec. 23.6 The Neutrino

If your students want more informa-
tion about the neutrino, there was an
excellent article in the January 1956
Scientific American by Philip Morrison,
"The Neutrino." But first, they should
read Chadwick's own notes about the
search for the neutron in the Unit 6
Reader.

It might interest your students to
know that though Pauli suggested the
existence of another particle, the
name "neutrino” was coined by Enrico
Fermi (it means "little neutral one"
in Italian).
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For your better students, who might
want to know just how the principle of
conservation of energy 1s violated
without emission of the neutrino, there
is a lively explanation of the neutrino
on pp. 134-135 of the paperback book,
The Atom and Its Nucleus, by George
Gamow (Spectrum Books) .

If there is no reading available for
your students, point out that a free
neutron tends to disintegrate fairly
quickly into a proton and a beta par-
ticle. However, if we write the nuclear
equation as:

ont > pl o+ _jef

the masses on each side of the equation
do not balance. The rest mass of the
neutron turns out to be 0.00084 amu
larger than the combined rest masses of
proton and electron. This rest mass
dirfference represernts an energy of 0.78
MeV, which should be the energy of the
emerging electrons; however, very few
electrons emerge with as much energy

as this. So, Pauli suggested the exis-
tence of another energetic particle to
make up the difference in energy.

How is the conservation of momentum
principle violated by the nuclear equa~
tion above? If the neutron does break
up into only a proton and electron, the
two particles should recoil from each
other at 180° - that is, they should
fly diametrically apart,relative to
their center of mass. But observation
of the tracks showed that they did not
do what the law of conservation of mo-
mentum required. The angle of separa-
tion suggests that another particle
must be part of the interaction.

In the case of beta emission, the
missing particle i1s an antineutrino.
(The neutrino and antineutrino are
similar particles; the former is
associated with positron emission; the
latter, with electron emission.)

Tell your students to conceptualize
the neutrino as a kind of photon - that
is, with zero rest mass and with a
velocity = c. But the neutrino behaves
quite differently from a light photon;
for example, it does not cause a
photoelectric effect. In fact, the
neutrino rarely interacts with other
particles; this is why it has such
tremendous penetrating power. Many neu-
trinos probably pass through the entire
earth without interacting with any par-
ticles! (The chances of a neutrino in-
teracting with the atoms of your body
are only about 1 an 10!3.)

Neutrinos are produced in the
upper atmosphere by cosmic ray bomtard-
ment. They also come from many stars,

and some astronomers think that as white
dwarfs degenerate into even more incred-
ibly dense stars—black dwarfs and neu-
tron stars—vast numbers of neutrinos
are emitted.

Sec 23.7 The Need for Particle Accelerotors

It is interesting to point out the re-
markable contrast between the size of the
particles that are accelerated and the
size of accelerating machines (shown on
pp. 68, 69). Similarly, the scale of de-
tection devices such as the Brookhaven
bubble chamber assembly shown on p. 70
is worthy of mention. Another thing to
contrast with the size of that immense
bubble chamber assembly is Glaser's tiny
bubble chamber, also shown on p. 70.

Students who might be particularly in-
terested in elementary particles should
be encouraged to look through the addi-
tional unit "Elementary Particles," (if
you have it on hand) and to study it in
detail 1f time permits.

A good paperback book on accelerators
for your interested students to read is
the Science Study Series (Doubleday An-
chor Books), Accelerators: Machines of
Nuclear Physics, by Littauer and Wilson.

Sec. 23.8 Nuclear Reactions

The purpose of this section 1s to
emphasize that a change in nuclear
charge means a change in place in the
periodic table - and this means that
transmutation has occurred.

Many examples of nuclear reactions
can be found to supplement the few
examples in the text. But it might be
more interesting and informative for
your students to be aware of the Bohr
theory of the compound nucleus (pro-
posed in 1936) to explain .uch reac-
tions. Niels Bohr made two assumptions
about the order of events in a nuclear
reaction:

(1) the particle that strikes the
nucleus is absorbed into the nucleus
to form a compound nucleus;

(2) the compcund nucleus is unstable
and disintegrates by ejecting a particle
or gamma photon, with new nucleus
formed as product.

Bohr also assumed that the compound
nucleus depends upon its own energy
state and its angular momentum (and has
nothing to do with the way the nucleus
is formed). So, irn terms of the Bohr
theory, the first reaction on p. 72 of
the text would look like this:

1H? + goHg!39 5> [)T12%1] - ,0Aul97 4+ ,Hed,
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' Have your students rewraite the
nuclear equations in this section and
1n the following one in terms of the
compound nucleus theory.

Bohr assumed that the energy of the
entering particle was shared by all the
other nucleons in the capturing
nucleus - this newly available energy
he called the excitation energy. If
this energy is large enough, 1t may
provide the means for one nucleon or a
combination (like the alpha particle)
to escape (this amoun:i needed for es-
cape 1s called the separation energy-—
about 8 MeV).

Thus, compound nuclei are formed
whenever a nucleus captures a proton,
neutron, electron, deutron, alpha par-
ticle or even an x-ray photon of high
enough energy. In a very short taime,
the compound nucleus disintegrates to
eject a particle and leave a new prod-
uct nucleus.

Sec. 23.9 Avtificially Induced Radioactivity

One of the most interesting cases of
induced radioactivity 1s that of sodium
discovered by E.O. Lawrence. He bomnm-
barded rock salt with deuterons of 2
millaion electron-volts energy and ob-
tained radiocactive sodium. The reaction
can be written

“Na“ + 1H2 =[11Na2“] + lﬂl
followed by
[11Na2%] = j,Mg?% + _je?

with a half life of fifteen hours. The
magnesium nucleus, however, 1s in an ex-
cited state and 1n falling to the normal
state emits gamma rays. Hence, radio-
sodium emits beta and gamma rays identa-
cal 1n nature with those from natural
radioactive substances. These gamma rays
are more penetrating than those from
radium. The advent of induced radio-
activity creates new possibilities in
biological and chemical research. The
active atoms are so easily detected that
they can be traced through a process or
reaction. They serve as marked or
"tagged" atoms which can be located by
their effect upon a counter. The time
for an in-depth discussion of radiation
biology, medicine and agriculture will
be 1n Sec. 24. 13. Today there are far
more artaificially produced radiocactive
isotopes than there are natural ones,
and there is no essential difference
between them.
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Sec. 24 1 Conservation of Energy in Nuclear
Reactions

The sts'ement that nuclear reactions
are far more energetic than chemical
reactions can be made more vivid by
having your students calculate the num-
ber of electron volts of energy released
1n a typical exothermic reaction.

A well-known reaction 1is the combin-
1ng of oxygen and hydrogen to form
water. The heat of formation for a
gram molecular weight of water is
-68.4 kcal (the minus sign means the
reacticn is exothermic). The steps
your students should follow are:

1) change kcal into joules by using
the mechanical equivalent of heat:

W = JH;

2) compute the number of joules of
energy released per molecule. Remind
your students that there 1s an Avogad-
ro's number of molecules 1in a gram
molecular weight;

3) change the number of joules/mole-
cule to electron volts,

The students will discover that the
total energy released per molecule of
water 1s about 3 eV. And this 1s con-~
sidered a fairly energetic chemical
reaction!

You can find other values of heats
of formation in any chemistry text for
other examples of the above.

Sec. 24.2 The Energy of Nuclear Binding

The concept of binding energy (remind
your students abcut the actual defini-
tion 1n terms of "unbinding"”) brings up
the question cf nuclear force. When
nucleons are held together in a very,
very small volume, what kind of force
keeps them together? what part 1s
played by the binding energy here?

There 1s a fine article in the March
19¢0 Scientific American on the subject
about which we still know so little,
"The Nuclear Force," by Robert E.
Marshak. Gamow also writes about nu-
clear force, using a very entertaining
simile, 1n The Atom and the Nucleus
(Spectrum Books), pages 136-7.

If any student who has heard of the
term "mass defect" asks about it with
respect to the subject matter of this
section, point out that "mass defect"
1s t. e same as "binding energy" except
that the former is measured in mass
units and the latter in energy units.

It may be worthwhile to soint out to
your students that the conceptualization
and measurement of binding energy is re-
sponsible for the decision not to use
the proton as a standard (with a mass =
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1 amu) for all atomic masses. For all
atoms with A greater than 12, the mass
defect 1s about 0.0085 amu/nucleon. cl
on this scale would have a mass = 11.907
amu, and the mass of U’3% yould be
238.20. Thus, there would be a notice-
able discrepancy between mass numbers
and the actual numbers of nucleons in
nucleir, Actually, any alom more massive
than B!! could have been chosen as a
standard, in order to make the mass num-
bers nearly equal to the numbers of
nucleons; C!? was chosen for the reasons
given on page 46 of the text.

Sec. 24.3  Stability and Binding Energy

The point to emphasize in this section
is the way in which the average binding
energy per nucleon varies with the mass
number A. Figure 24.1ib illustrates that
variation; a variation which will be seen
in later sections to account for the re-
lease of energy in nuclear reactions,
and to maxe possible the large-scale
energy release in both nuclear fission
and fusion.

Since Fig. 24.1b will be referred back
to in later sections, briefly focusing
the attention of students on 1t at this
point will be helpful to them in sections
to come; but don't take time to go into
all its implications-—let the implications
arise naturally in later sections.

Something which might need stating i1s
that 1t only makes sense to speak of
binding energy per particle when the
particle is in fact, bound to other
particles. An isolated particle, of
course, has no binding energy.

Sec 24.4 The Mass-Energy Balance in Nuciear
Reactions

Here is an excellent opportunity to
clarify student understanding cf the
equivalence of mass and energy. The
text describes a nuclear reaction in
which a proton 1s captured by a lithium
nucleus, which disintegrates into two
alpha particles moving apart at high
speed. As shown on p. 85, this disin-
tegration results in a loss of rest mass
ahd a gain in kinetic enerqy. Students
may think-—aha! mass has been converted
into energy! But this interpretation is
valid only if the student is careful io
say rest mass and kinetic energy (and/or
gamma ray energy). There is n% change
in total mass or total energy.

Prior to disintegracion, the 1li1thium
nucleus and proton had a certain total
energy, made up of Kinetic energy and
rest energy—the energy equivalent of
their rest mass. After disintegration
the total energy 1s the same as before,
but now consists of more kinetic energy
and less rest energy!
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As total energy 1s conserved, sO 1s
total mass. SuppOse measurements of the
mass of the alpha particles were made as
they separated at high speeds after their
formation.* The kinetic energy of the
alphas contributes to their relativistic
mass, and the total mass so measured
would be identical to the total mass of
the proton and lithium nucleus prior to
the reaction!

However, if we stop them and again
measure their mass, we will be measuring
their total rest mass, which we will find
to be smaller than before (by an amount
we call the mass defect of the reaction).
Note that mass and energy are still con-
served, because the kinetic energy and
accompanying mass increase pass by
collision and ionization from molecule
to molecule of the air through which
the alphas travel, ending distributed
as thermal motion of the air molecules.

*The mass measurement at high speed

could be made by measuring the initial
curvatures of the alpha particle tracks
in a clcud chamber in a magnetic field.

Sec. 24.5 Nuclear Fission: Discovery

This secti0’. bogins the part of the
course that sk..lu be very exciting for
most students; they all know about A-
bombs and H-bombs by now. What is im-
portant, then, 1s that they understand
1) exactly wnat fission 1s, 2) how it
takes place, and 3) what the consequen-
ces are. One might add that the stu-
dents ought to understand how the
phenomenon of fission affects nuclear
theory; that 1s, the making of nuclear
models.

You might also underline the effect.
of accident (of a kind) in the case of
the Fermi attempts to create transura-
nium elements. The discovery of reac-
tion products that shouldn't have been
there—as Ba!?? and La!"?——turned the
direction of research toward what re-
sulted in the discovery of fission by
Hahn and Strassmann, and in its expla-
nation by Lise Meitner and O. R. Frisch.

It may interest your students to
know that Lise Meitrner shared the Atom-
ic Energy Commissior Enrico Fermi Award
in 1966 with Hahn and Strassmann and
was the first woman to receive this
award.

Sec. 24.6 Nuclecr Fission: Controlling Chain
Reactions

The *text discusses some of the condi-
tions for ncutron capture in terms of
neutron energy. That is, "slow" or
"fast" neutrons are mentioned. This
whole suvject area is rather complex and
the text treatment should be sufficient;
however, there is no reason why interested
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students should not be encouraged to find
out more on their own if they so desire.

Some gocd references for student
reading are: The Neutron Story, by
Donald Hughes {an Anchor Book paperback);
in the August 1965 Scientific American,
the article, "Nuclear Fission," by R.
B. Leachman; and in the January 1964
Arerican Journal of Physics {vol. 32,
no. 1), two articles on the history of
fission: "A Study of the Discovery of
Fission," by Esther Sparberg, and "Dis-
covery of Nuclear F:ssion," by Hans
Graetzer.

Additional information for the teach-
er may be found in Cont~mporary Physics
(a Harbinger Book paperback), by David
park, Chapters 6 and 7.

Sec. 24.7 Nuclear Fissions Large Scale Energy
Release and Some of lts Consequences

One of the questions you might bring
up 1n class 1is: 1f we assume that at
the time of the formation of the earth
there was as much U-3°® created as U23¢,
how can the present-day ratios of 99.28%
U-3% to 0.72% U‘3°® be explained? (Hint:
assume the earth is about 5.6 billion
years old. The half-life of U-38 =
4.5 <« 10° years; that of U-3% =
7 x 108 years.)

A quick, but interesting, approxima-
tion of the magnitude of nuclear energies
can be worked out quite easily in class.
This fission nf one U‘3° nucleus liber-
ates about 200 MeV of energy. Have your
students change this quantity into
joules. Suggqse you had an Avogadro's
number of U<°> nuclei. How much energy
would be liberated? Five times this
amount 1s about 1 kilogram cf U23°., Wwhen
they have calculated the eyuivalent of
this amount of energy liberated by the
fission of 1 kg, point out that this is
more than i1s liberated by exploding
20,000 tons of T. N. T. The difference
between an exploding bomb and a nuclear
reactor, of course, 1s simply the time
taken to release the total energy.

Your students would probably enjoy
writing to the Atomic Energy Commission
in Washington, or to private corporations
like Westinghouse and General Electraic,
for more information about the peaceful
uses of atomic power. Most of these
agencies have education and information
sections for the dissemination of such
information free of charge. Local Civil
Defense agencies will certainly have
information about radiocactive fallout.
Here 1s a good opportunity to relate
what is being learned in the classroom
to the realities of world politics and
economics.

A couple of useful reference articles
are: '"Breeder Reactors," by Alvin Wein-
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berg in the January 1960 Scientific
American, and "The Detection of Under-
ground Explos:cns,” by Sir Edward Bul-
-ard, in the Jul- 1966 Scientific
American.

Sec. 24.8 Nuclear Fusion

Though this section describes to some
extent the problems inherent in control-
ling a fusion reaction, you might pose
the guestions a lattle more precisely
for ' our students. For example, if a
mag..etic field is used to contain the
deuterons and tritium nucle:i, what will
the paths of these particles be in the
field? how does this "contain" the
charged particles? How could particles

"escape," and what would happen 1f they
did?

In this way, you can relate the tech-
nology of thermonuclear reactions to
fundamental principles already studied
in previous Units on electricity, mag-
netism, and kinetic theory.

The intriguing question "how can ther-
monuclear reactions be taking place jin
the sun and stars without a special mech-
arism of confinement? wWould be a nice
lead-in to Sec. 24.9. Of course the
answer lies in the gravitational fields
of such massive bodies.

A discussion of thermonuclear energy
always brings up the threat of the H-bomb
and 1ts promise of total destruction.
Here is a good opportunity to "integrate"
with the social science course in your
school. There are certainly many buoks
and articles in print on this subject,
and discussions of the problem are still
continuing on an international scale.

A popular publication on the subject is
Brighter Than a Thousand Suns, by Robert
Jungk, Grove Paperback, Black Cat Se-
ries, 1962. Journals like The Bulletin
of Atomic Scientists and Daedalus have
many articles on the subject. Try to
find time for an informal, exciting kaind
of seminar class on the question of
atoms for war or peace.

A pertinent article in the Unit 6
Reader fer your students might be:

"~

Calling All Stars," by Szilard.

Sec. 24.9 Fusion Reactions in Stars

The text discussion applies only to
"normal," or "main-sequence” stars, of
wi1ich our sun is one. Special types of
stars like white dwarfs, red giants,
variables, and supernoOvae are more com-
nlicated and less well understood. Hy -
drogen is by far the most abundant ele-
ment in those parts of the universe which
weé can explore, thus a very large fraction
2f all the nuclei present will be protons.
I'or interested students, the two nuclear
*eactions which are thought to occur, are
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as follows (assign SG 24.15 before dis-
cussing)

(1) Carbon-nitrogen cycle

ClZ + Hl - Nl3

+ Y
N13 » 13 4 et 4 neutrino
Cl3 + gl » N1 4
NI% o+ Bl s 015 4y
0l% » N15 4+ e+ + neutrino
NIS & Hl > Cl2 4 yeb

(2) Proton-proton cycle

H! + H! » H2 + et 4 peutrino
H? + H! > Hed + y
He3 + He?® » He“ + 2p!

Note that for the third reaction to
occur, the second reaction must occur
twice.

The net effect of both reactions is
to form a strongly bound alpha particle
from four protons. The carbon cycle is
more appropriate to stars which are more
luminous than our sun and whose central
temperatures are higher. The proton-
proton cycle is more important toc stars
whose central temperatures and luminosi-
ties are lower than that of our sun.
Both reactions take place in the sun but
the proton-proton cycle predominates.

Sec. 24.10 The Strength of Nuclear Forces

The nuclear force is the third type
of force your students will have studied;
the other two being gravitational and
coulomb, or electrostatic, forces. (The
magnetic force is not similarly classed
because it results from the relative mo-
tion of charged particles.)

In the case of nuclear force, however,
there seems to be need for a third de-
scription that does not seem tc have the
same kind of logical basis as the fairst
two. How can the tremendous repelling
coulomb force between protons (that
certainly must overcome any gravitation-
al force) be rendered inoperative? What
kind of cohesive power works here? It
ough. to be evident to your students
that anything said about "nuclear force"
must indeed be quite speculative.

There is a fairly easy way to demon-
strate the techniques of speculation in
nuclear theory by developing the argu-
ment for the particle called the meson.

You begin with the rather weird as-
sumption that within the space of the
nucleus one nucleon might eject a very
small particle that would be absorbed by
a neighboring nucleon. The new particle
would have an amount of energy which can
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be designated by Einstein's equation:
mc‘, where m 1s the mass of the particle.
This new particle, then, could move
through the range of "nuclear force"—
that 1s, across a very small distance
inside the nucleus. Measurements show
that this range 1s about 1.5 » 10~! ne-
ters.

If we call this distance s, then the
time it takes the particle to move
through s at the speed of light is
simply s/c. Now remind your students
about the Heisenberg Uncertainty Prin-
ciple (Unit 5, Sec. 20.5), and indicate
that at such a short distance and at so
great a speed, this principle must come
into play. Then, the energy multiplied
by the time interval must be of the
order of Planck's constant; that 1is:

Lmc<4t ~ h/2-.

Ask your students to compare the
units of umc?st with those Of ipax (the
more familiar statement of the princi-
ple); they will find that the units are
exactly the same. Now, since 4t 1s the
same as s/c, we can write:

ame?s/c = h/2n,
or -
ms = h/2-c.

Now, your students can fill in the
values for h (6.62 » 1073%), r (3.14),
and ¢ (3 » 10%). Have them calculate
the value of ms in kg-m. If they divide
this value by s = 1.5 » 107!% m, they
will have found the mass of the theoret-
1cal particle (it should come out to
about 2 x 10-“® kg). Have them compare
this mass with that of the proton and
electron.

After this calculation is fainished,
you can point out to your students that
they have just worked out a seguence of
logical thought sim:ilar to that done by
Yukawa in order to predict the existence
of mesons. In spite of the illogical
nature of the assumptions, the tracks
of mesons were first identafied in 1938
by Anderson in cloud chamber photos of
cosmiC ray events. Now, at least four
different kinds of mes~ have been
i1dentified. Emphasize fantastic
nature of making a prec ion that turns
out to be so exact (Anderson's first
measurements showed the new particle to
have a mass equal to about 200 electron
masses), while the "underpinnings" of
the predictinn are pretty shaky! And
this 1s the way in which much of the
predicting 1ir nuclear theory has been
going along.

Sec. 24.11  The Liquid-Drop Nuclear Mode!

The liguid-drop-model, whose ability
to account for the var:iation in nuclear
binding energy with mass number and for

Background and Development
Chapter 24

the process of nuclear fission, depends
upon the assumption that interactions
occur only between adjacent nucleons.

We are all famrliar with the character-
1stic oscillations of a stretched strang
(Unit 3, page 129), a taut membrane
(Unit 3, page 130), etc. Iless famliar
perhaps are the characteristic oscilla-
tions of a liguid drop. It might be
well to review briefly just how a liquad
drop oscillates with time when disturbed.
The students must understand this before
they can appreciate the application o
fission via the model. A sketch similar
to the following might help.

o593 @ s @O

Vibrating liquid drop

Time -

Vibrating drum

Time -+

Vibrating string

With this model it is easy to see
that orce a nucleus 1s set into oscilla-
tion the electrostatic forces of repul-
sion (positive charges of the protons)
between the two halves may draive it into
a complete break. This is the fission
process.

The question "why doesn't a nucleus
separate into three lighter nuclei?"
is answered by considering the nucleus
to act like a liquid drop, where it
seems unlikely that an oscillation would
take place in such a mode as 10 break
the drop into three pieces.

The shock that sets a heavy nucleus
intc oscillation can be delivered by
any kind of particle. ¢,U23% peeds a
very larcge disturbance while 4,U?35 can
undergo fission by the addition of a
neutron with zero kinetic energy. There
has been considerable study of photon-
induced fission, but for cnain reaction,
however, the important particle is the
neutron.

Sec. 24.12 The Shell Model

There is a good article on the two
models (for the teacher) by Aage Bohr
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(sorn of Niels) in the November 1957
American Journal of Physics, "Or the
Structure of Atomic Nuclei1” (Vol. 25,
No. 8).

Though this subject 1s not mentioned
in the text, your more interested stu-
dents should, by now, be able to read
the articles in the Unit 6 Reader on
the problem of a mirror image universe:
"The Fall of parity," by Martin Gardner.

Sec. 24.13 Biological ond Medical Applica-
tions of Nuclear Physics

The ramifications of this final sec-
tion are many, and 1f time permits, you
rmay want to encourage your stuaents to
find out more about the use of radioac-
tive tracers. They can write to the
Atomic Lnergy Commission, or to various
in¢ustries; local doctors or hospitals
can probably furnish information on the
part played by radioactive i1sotopes in
fighting nalignant diseases.

Another 1interesting feature i1s the
general effect of radiation on animal
and plant communities. A good article
that concerns i1tself with this aspect is
"The Lcological Lffects of Radiation,"
by George Woodwell, in the June 1963
Scientif:c American.

Better students who can handle mathe-
matics fairly easily can be asked to
investigate the logic of using tracers
1n agraculture,. +hat 1s the advantaye
of using P’+ (hal -life = 14 days) to
find out how rapic'y a plant takes up
phosphate fertilize.?

What the students ought to discover
1s that only a very tiny amount of phos-
phate 1s needed—so little that 1t could
not be detected with the finest analyti-
cal balance. Thus, analysis becomes a
much simpler task, depending on the
counting rate of the detection equipment
and the half-l_fe of the tracer atoms.

In the case of P32, 1t can enter into
the plant system as part of a PO, radi -
cal (phosphate). We can assume that in
order to know we are actually counting
P3¢ atoms and not random radiation our
counter has to count 1000 counts/minute
from a 1 gram sample of the plant.

The question i1s: how much PO, has to
be taken up by the plant to give this
count?

From Sec. 21.8, the students know that
the disintegration rate A = 0.693/half-
life. 1If w2 change the half-1life of P32
to minutes, A turns out to be 3.4 x 10-%
per min.

Our required counting rate of
1000/min 1s simply equal to A times the
number of radioactive atoms needed:

number of atoms = 1000/ = 3 x 106.
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The stuaents ought to know how many
grams of PO. represent an Avogaurc's
number of atoms. Tnen:

26 _ X
6 » 10 - 3 -~ 10*%
and x = 5 - 107! grams of PO, in 1 grar

of plant materaial.

In the case of nalignancy, detection
of tumors by radioactive atoms became
possible only after the less mass:ve,
artificial raaicactive nuclides were
made. Ask your students why the natu-
rally radioactive elements could not be
used for such detection. The answer 1s
that such atoms are not taken up natu-
rally by living cells 1in normal metabol-
1C processes.

An extra exercise, or library re-
search project, might be to ask your
students to find out just what the units
of radiation are. There 1s usually much
confusion about such units, even though
t.»y are used very glibly in popular
science articles, usually without proper
definition. The units to be checked out
are: roentgen, re (Roentgen Equivalent
Physical), and rEF? Your students ought
to discover that the roentgen only mea-
sures numbers of icns produced, and
tells you nothing about energy absorked.
Also, the roentgen is based on x rays
and gamma rays, and their effect on air.




Transparencias

T4 Separaticn of 1, ¢, , rays

Observed deflections of the emanations
from a radioactive source are shown in
the presence of a magnetic field.

T4l Rutherford's »x particle "Mousetrap”

2 simplified detail ot the apparatus
used Ly Rutherford and Royds 1n 1909 to
show that the : particle 1s a doubly-
1onized helium is presented along with
spectra observed during the experiment.

T42 PRadiroactive DiSintegration Series

The four radioactive series: uranium-
radium, thorium, actainium, and Neptunium
are presented for completion by the
teacher and studerts.

T43 Radioactive Decay Curve

A number of overlays displaying sample
data for a radioactive eleme:t and its
accumulating "daughter" atoms leads to
the half-1i1fe concept.

T44 Radioactive Displacement Rules

Three tvpes of radioactive decay: u, 8~
%+ are presented in a visuaiirzed "before-
after” sequence as well as in generalized
and specific equation form.

T45 Mass Spectrograph

A schematic diagram of *“he mass spectro-
granh with 1ts velocity selector and mass
determining sections are shown.

T46 Chart of the Nuclides

A chart of the stable and unstable radio-
active isotopes are presented with other
pertinent nuclear information.

T47 Nuclear Equations

Visualizations and equations for impor-
tant nuclear reactions: the first arti-
ficiral transmutation, the discovery of

the neutron, and the mass-energy rela-

tion are presented.

T48 Binding Energy Curves

Two plots, one of the total binding
energy in MeV vs. the number of nucleons
and another of the average binding energy
per nucleon vs. number of nucleons, are
presented.

Loops

L49 Collisions with an Unknown Object

Elastic collisions between balls of ap-
prpriate relative masses illustrated
Chadwick's discovery of the neutron (L).

Aid Summary
Transparencies
Loops

Non-Project Physics Loops

L6~1 Radioactive Decay (8 mm loop, 4
mn, 55 sec).

Assembly of scint:illation Jetector.
Samples of Cu 64 and Mn S6 are placed 1a
position. Gamma ray spectra are dis-
played. Radioactive decay of Cu 64
(half li1fe 12.84 hr) ani Mn 56 (half
life 2.56 hr).

Distributed by The Faling Corporation,
Cambridge, Mass.

L6-2 Thomson's Positive Ray parabolas
(8 mm loop, color, 3 min, 25 sec, No.
20210) .

Mostly animation.

After showing the original apparatus, a
beam of positive ions (ne 20) passes
through the cathode and strikes the
screen.  The beam 1s deflected by elec-
tric plates producing vertical line on
Screen. Magnetic field produces hori-
zontal line. When both fields are ap-
plied and the magnetic field is changed,
a parabola is produced.

Distributed by Encyclopaedia Britannica
Films, Inc., 1150 Wilmette Avenue, Wil-
mette, Illino:s.

L6-3 Aston's Mass Spectrooraph (8 mm
loop, color, 2 nin, 20 sec).

F1lm opens with shot of Aston's original
mass spectrogrash, introduces electric
plates, passes ieflected beam through
magnetic field, and also introduces
photographic plate.

Distributed by Encyclopaedia Britannica
Fi1lms, Inc., 1150 Wilmette Avenue, Wil-
mette, Illinoais.

L6-4 Nuclear Reactions—Chain Reaction
and Controlled Chain (8 mm loop, color,
2 man, 35 sec, No. 20206).

Animated. Shows various stages of a
chain reaction and of a controlled chain
reaction around a U235 nucleus cluster.

Distributed by Encyclopaedia Britannica
Films, Inc., 1150 Wilmette Avenue, Wil-
mette, Illinois.

L6-5 Critical Size (Nuclear Reactions:
Critical Size (8 mm loop, color, 2 min,
10 sec, No. 20207).

Animated. Demonstrates the importance
of critical mass in the creation of a
nuclear reaction sirilar to that taking
place in an atomic explosion.

Distributed by Encyclopaed:ia Britannica
Fi1lms, Inc., 1150 wilmette Avenue, Wil-
mette, Illinois.

49




Aid Summaries
16mm Film

16mm rilms

F47 Discovery of Radiocactivity (16 mm,
color.

Distributed by the International Film
Bureau, 332 S. Michigan Avenue, Chicago
4, Illinois.

F48 U238 Radioactive Series {16 mm, B&W,
min).

The film traces the various stages in the
decay of U238 to stable lead. Alpha emis-
si1on and the statistical nature of the
process are emphasized. A brief mention
is made of other radioactive series.

Distributed by McGraw-Hill, Text-Film
Division, 330 W. 42nad Street, New York,
N. Y.

F49 Random Events (16 mm, B&W, 31 min).

This film shows how the over-all effect
of a very large number of random (unpre-
dictable) ecvents can be very predictable.
Several unusual games can be played to
bring out the statistical nature of this
probability. The predictable nature of
radioactive decay is explained 1in terms
of what is shown.

PSS5C Film distributed by Modern Learning
Aids.

F50 Long Time Intervals (16 mm, 25 min).

A discussion of the significance of long
time 1intervals with a detailed description
of radioactive dating arriving at an es-
timate for the age of the earth.

Distributed by Modern Learning Aids, 235
Stuart Street, Boston, Mass,

F51 Isotopes (16 mm, B&W or color, 15
min).

The film shows uranium being separated
into two isotopes-—U238 and U235. It
explains how J. J. Thomson first demon-
strated the existence of 1sotopes and
how Aston developed the first mass spec-
trometer. It then shows two methods of
separating isotopes and concludes by
illustrating the uses of radioirsotopes.

F52 The Linear Accelerator (16 mm, B&W,
12 min).

This film introduces the theory of nu-
clear transmutations and the production
of hard x rays with laboratory acceler-
ated particles. It shows the development
and techniques from the original Cock-
croft and Walton experiments up to the
most recent traveling wave linear accel-
erator, the design and underlying theory
of which are descrabed in detail.

Distributed by McGraw-H1ll, Text-Film
Division, 330 W. 42nd Street, New York,
N. Y.
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F53 Positron-Electron Annihiiat:on (1¢
mm, B&W, 27 rmin).

Using brief demonstrations, emphasi-ina
conservation of energy, the film "r oves"
the annihilation, <iiovs the tuo § MeV
gamma rays moving in cpposite direct:ions.

Bistributed by Educitronal Services,
Inc., Film Library, 57 Galen Sticet,
Watertown, Massachusetts.

F54 Principles of Nuclear Fission (16 mm,
color, 10 mn).

After considering the historic and the
modern conceptions of the structure of
the atom, the film shows dragrammatically
the relation of 1ts basic particles, elec-
trens, protons, and neutrons. It de-
scribes in detail how bombarding neutrons
causes fission in Jranium 235 atoms angd
the production of cnain reactions. ‘The
film then deals with the grarhite nuclear
recactor, showing methods of controlling
action in a nuclear reactor and relating
this to the production of electricity.

Distributcd by McGraw-Hill, Text-Film
Division, 330 W. 42nd Strect, New York,
N, Y.
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¥ Reader

1

RUTHERIORD
Charles P. Snow
1967

C. P. Snow 1s perhaps best known in
this country aronG scientists for

his famous book on the "Two Cultures
and the Scientific Revolution,"

which stressecs the separation petwcen
the sciences anéd the humanit:es,
particularly i1n a Eritish academic
environment. He 1s also a well-known
British novelist, with a long series
of novels to his cred:t. The present
selection 1s from a recent collection
of short biographies entitled "Vari-
ety of Man." Snow had personal :on-
tacts with Frnest Rutherford. Snow
started as a research wcrker i1n the
Cavendish laboratory while Rutherford
7as still directer, and his research
actavities were the basis of an early
novel, "The Search." The present
selection 1is not a dull straight
bingraphical selection, but 1s per-
sonal and impressionistic. Most
students wi1ll find 1t easy to read.

THE NATURE OF THE ALPHA PARTICLE
Ernest Rutherford and T. Rovds
1999

Rutherford'; exmerimental techniques,
in contrast to hose often seen 1n
large laboratories today, were simple
enough to be understandable by the
beginning student. Rutherford re-
ports on his experiments showing

that the alpha particle is a helium
nucleus. As he says, this had al-
ready been suspected from his earlier
work, but the desire was to establish
it beyond doubt.

SOME PERSONAL NOTES ON THE SEARCH
FOR THE NEUTPON

Sir James Chadwick

1962

Chadwick was asked to speak at the
Tenth International Congress of His-
tory of Science at Cornell University,
1n 1962, about his discovery of the
neutron, woik that was done in Ruther-
ford's laboiatory. The events de-
scribed took place some thirty years
earlier; memory could be in some
instances fallible. However, there

is an interesting story herz, partic-
ularly invclving Cavendish's working
with and ge*ting assistance from
other people.

da

Aid Summarnes
Reader

Treme Yy der e
PTLLLO e ity

arg Thoras 7.

R > vty ~Ta a
T othrs articie an

R
]t to the earlier
le 1nn the Reader,

The stulent nay
interesting cont
experarertal ar:
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Number 2, Ircm Rutheriord Phvs:ios
has changed 1n the hali-century tnat
elarses between tnese twol  Four

people were 1nvelved i1n tn.s word,

and generally large grouns o: poople
may be collaborating on the sare
experirent. Students who attempt to
read¢ this (not easy) art:icle should
be aware, as the f{:irst paragraph
states, that there was strong thco-
retical reason for believing in the
existence of the anti-proton, even
before the experimental work was dono.

THE TRACKS OF NUCLEAR PARTICLES
lerman Yagoda
1956

The photographic plate fornushes a
convenient way of studving the be-
havior of nuclear particles, because
such particles leave tracks 1n photo-
graphic emulsions. The present paper
discusses the technique for such ob-
servations ard shows how different
xinds of particles, and different
kinds of events, can be studied using
the techniqgue.

THE SPARK CHAMBER
Gerard K. O'Ne1ll
1962

This article presents another method
for "seeing" elementary particles,
using the charged "tracks" that they
leave 1n a gas. A high voltage is
put across the ends of the chamber,
and sparks go along the paths. The
author discusses other ways of ob-
serving charged particles. This ar-
ticle should be of interest in con-
nection with the "People and Par-
ticles” film.

THE EVOLUTION OF THE CYCLOTRON
Ernest 0. Lawrence
1951

This 1s T.awrence's Nobel Prize speech,
given in 1951. Anyone who reads it
will probably read the next "selec-
tion" also.

fHE CYCLOTRON AS SEFN EY...
David C. Judd and Ronald MacKenzie
1967

Commentary seems superfluouc!
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1
what it is like tc work .n a major

an
vhysics laboratorvy. Thus 1n a sense
1t also comwlements the “People and
Partacies™ f1lnm.

MR TOMPYINS TASTES A JAPANESE MEAL
Geurge Gamow
1965

“any students are attracted to the
fanci£ful physics of Gamow's Mr.
Torpkins steri:es. The topic s ele-
mentary particies, and the treatment
1s in tho usual light-hearted fashion.
The student should know that he is
r

f

3

g

dealing watn material a* the rosearch
frontier, sc that .7 he sees icre
recent articles he may finé darferent

lasts of particles :>ar tha* shown
on page 97,

MODELS OF THE NUCLE .-
Rudctif E. Pe:erls

This Scientific America; art.cle gives
a descript ve view of *h. *henrics

of tne nucleus :in use -oday. ‘.ne

oI these theories . entire.y suc-
cessful, but cach has -zages o€
applicability w.ere 1t dnes [ re-

41Ct rore or less correctl- .

"
Q
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T
o
!
o
2
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t
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[
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N

One of the major puzzles ¢¢ physy.,
untii recently was the or «i1n of
energy of suns. A gqu.ck .stimate
shows that a sun :s pouring suat an
enormous amuunt o¢ ernergv. Up un* .
quite recently. there did not serrm

to be any process that ~c.!d e, .a:n
such huge amounts of energy ~ver very
long periceds. The evertial snswer
came thrrugh an area of physics which
seemed to cons:der very different
problems, ruclear physics. This

vary readable ar-zicle indicates how
thermonuclear power :s generitec 1n
the sun.

o
Lo

1

[

4.

SUCCE 89

Lauca Forrg

1933

The wife of the late Enricn vere:
describes the develovment ¢f the

CP 1 prle at the University o: Uhpess-
siuash courts; the first critiozl . ¢
to be constructad, and @ ~a‘cr ste:
toward the developrent o elear
pvower. The story 1s tol 2 dra-
Tatic fashion, fitting +n Ty,
nature of the events. T¢ o
material 1s also covered Preocec
Physics [ilm, 'The World L Cc
Fer—» . "

T... NUCLEAR ENERGY REVOLUTION
Alvin M. Weinberg and Gale Youn.:
1966

Until now, power from nuciear reactors
“4S been too expensive for widespreal
civilian use in this country. Buvt
today electricity from such reactors
is economically competitive and 1s
projected to become much cheaper.

CONSERVATION LAWS
Renneth W. Ford
1963

This long and detailed QGiscussion
will be very valuable for the better
student who wants more insight into
modern physics than usually offered
in the beginning course. Conserva-
tion laws, the laws that say that
something stays constan- while otler
things are changing, have playved an
increasingly important role in the
development of all physics, and

they are one of the central tools of
mocern elementary particle theory.
in addition to the classical con-
servation laws, such as that for
energy and momentun, new conservat:on
laws have been develcped for elemen-
tary particles. Conservation laws
are closely related to another im-
portant concept, the invariance of
physical laws under .iathematical
Changes.
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8. A PORT TO THE SECRPTARY
Jares Franck, Donald Lo
J.I. hickson, Fuaene Labin
dne assurption often made i1n phys:ics §Ienn T. Seabora, Jovee ©
early in %his century, was tnét'the Yco}Sz:lard
laws of physics c¢id not have any 953
prefereance for richt-nandedness or The developrert o atoric i
left-handedness. II one were sudden- in the Un:ited 3ta was h:ahly
ly to switch the un:verse around, stirulated by the
¥ ng everything that was right- effort 1n this A
1n ter~s of everything that masnitude cof the
t-handed, nothing essential consrderable Yt Ienver
would be altered. Like many 1ideas, a recent book , THE MAN ATOMIC
this cone had conseyuences which could 30M3, by Irving.) Within the ' nited
be tested. In 1956 people tried ex- tates, as the likelihood of a borb
periments to ver:fy that this “"conser- became closer and clcser, sore of
vation of parity," particularly in the scientists who had worked on the
the universe of clementary particles. atomicC projects became concerned
Rather to everyone's surprise 1t about the social «nd political conse-
turned cut that parity was not con- quences of atomic energy. The Metal-
served. Martin Gardénrer, who may be lurgical Laboratery in Ch:cago, where
familrar to vour students as the little active work was then goring on
author cf the mathematical gdames compared to such feverish places at
section of Srientific American, the time as Los Alamos, was a center
writes in his 1sual clear and luc:dé of such thought. The Cerman atomic
fashion. Other narts of the book bomb was obviously no longer a threat,
from which this 1s taken may be of and these physicists worried about
interest to students too. what would happen if a bomb were
develcped. The Franck Report was an
17. CAN TIME GO BACKWARD? attempt to influence the Amer:icarn
Martin Gardner covernment's policy with regard to
1967 the bowb, and to advise on the future
Zven the beginning student may feel ?oliFicaltand social conseq sences.
that there is something slightly pe- in lieu of later developments, many
.uliar about the concept of time, things in thls report appear almost
something di1fferent from the other prophetic.
. ol 3 "l . 131
}t‘;“;‘zvgfnghé’:i;fiél"g;i";ff‘ T:;!fnzzems 19. TWENTIETH BIRTHDAY OF THE ATOMIC AGE
just "happen," and we cannot aiter ?gggne P. Wigner
the flow cf tima. -
Nevertheless there have always been A distinguished theoggtical physicist
interesting puzzles connected with preseqts 2 gomewhat different gttltude
time in physics, puzzles vhich are toward the development of atomic
by no means resolved today. One is erergy from that ref}ected by the
that assnciated with the 1dea of authors of the Franck Report, the
time as fiowing, time as inexorably last selection. The student should
moving forward. Martin Gardner raises view thxs as a pgrsongl statement by
a guestion which has often been asked, a d15t1ngu1§hed Lndxvxqual,.trylng £
sometimes very profitably, within represent his own feelings in these
twentieth century physics. Can we 1ssues.
r
somehow r rerse the direction of time, 20. CALLT IG ALL STARS

or car we get useful resultz in physics
by assuming that time dces go back-
wards? Perhaps surprisingly, this

has been a profitable kind of specula-
t1on. This article relates to the

two previous articles in the Reader,
through questions of invariance and
conservation. The telepnhone conver-
sation between Richard Feynman and
John Whee.2r 1s also described by
Feynman in his Nohel Prize speech ir
this reader. Students should see thn
Project Physics film "Reversibility

of Time,"” in connection with reading
this article.

Leo Szilard
1961

Szilard was in the forefront (n the
physicists who tried to influence
the development of atomic energy,
both in military and civilian direc-
tions, after the war. He used a
number of techniques for this, in-
cluding the science fiction stories
in his very interesting book, VOICE
OF TPE PDOLPHINS. This excerpt from
that book is a warning concerning
the ultimate possible consequences of
the use of atomic energy.
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21. TASKS FOr A WORLD WITHOUT WAR
Harrison Brown -
1960

Brown gives prospects for the future
ané the urgent work that can be done
1f the energies of scientists and
engineers can be fully Qevoted to
such work in a nore politically
stable world.

(18]
[1%]

- OXE SCIELTIST AND HIS VIEW OF SCIENCE
Leopold Infled
1941

This excerpt from infeld's autobio-

’ graphical QUEST 1s an extremely per-
sonal statement by a noted Polish
theorztical physicist. Students may
be surprised, particularly if they
have some of the stereotyped 1mages
of the scientist, as to the extrenme
passion reflected in this brief pas-
sage, and the cencern for social
issues at the end of the selection.
This is recommended reading for youi
clas‘ »s.

23. THE DEVELOPMENT OF THE SPACE-TIME
VIEW OF QUANTUM ELECTRODYNAMICS
Richard P. Fevnman
1965

This is Feynman's Nobel Prize lecture
of 1565. Many sections will certeinly
be toc difticult for the average high
school student. Nevertheless, it is
felt that the speech has interesting
insight- into how one kind of physics,
fundamental theoretical physics, is
conducted. Better students who want
insight into twentieth century physics
should be encouraged to read the
article, with the urderstanding that
the: will not be able to follow all
the details,

24. PH SICS AND MATHEMATICS
Richarxd P. Feynman
1965

This excerpt from Feynman's Mess nger
Lectur:s, available on films from B.B.C.
and others, discusses a central issue
in physics, how phyzics and mathematjcs
are interrelated.
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D59: Mineral Audicradiograph

Autoradiographs plaved an important
role i1n early discoveries of radioactiv-
1ty. FPor example, in 1895, in the set
of experiments in which Roentgen c¢iscov-
ered x rays, he developed a photographic
plate which had been accicdentally ex-
posed while lying near an apparatus
waiCch emitted x rays. Later, while at-
tempting to expand one part c¢f Roent-—
gen's work, Becquerel discovered natural
radioactivity when he developed a photo-
graphic plate which had been exposed to
the phosphorescent substance, potassium-
uranyl sulfate, under conditions in
which Becgquerel only expected a weak
image. (See Section 21.1 in Unit 6 or
pages 657-3 1n Holton-Roiler). Auto-
radiographs are still used for work
with tracers, etc., and can provide
some gquick and useful evidence of radia-
tion.

This demonstration on the "Becguerel
effect" 15 designed as an introduction
to radiatior and shoulcé be used as the
first piece of evidence of spontaneous
radiation ancé 1ts effects. The demon-
stration might even be done before the
first reading in CUnit 6 is assigned.
The techniques usnd here are also used
later in a tracer =xperiment on plant
growth.

Eguipnment

Polaroi¢ sheet film, and film roller
or camera back for sheet film ¢ devel-
opment. (Better results are conta-ned
using a thick emulsion x-rayv filn such
as Eastman-No-Screen, but this alsc re-
quires darkroom supplies for develop-
ment.) We would encourage those who
nave developed films to do this experi-
inent by wet-method, i.e., using a
darkroom, so that students will see it
at least once.

Kit of six samples of materials
(thrze of which are radiocactive). It
is also desirable to have a watch with
a radium flourescent diai (a prewar
watch is likely tr act as a strong
source) .

Procedure

The specimen samples should be placed
on tne film and left for over forty-
elght hours. A watch, if 1t ig a strong
source, needs less than twelve hours’
exposure. A S50-microcurie source of
Ti*%* will produce a noticeabie mark in
f1fteen minutes. After exposure, the
film is developed, and the question
rairsed as to the cause of the exposed
areas and how it passed through the
paper wrapper covering the film.

Demonstrations
D59
D60

D60 Naturally Occurring
Radioactivity

It w1ll probably come as a surprise to
most students that even very "ordinary"
things can be radioactive. Radiocactive
matter does not have to be artificially
made, nor 1s urarium the only naturally
occurring radioactive element.

Natural potassiam contalns three 1so-
topes: K’° and K' which are both stable,
and K° which decays by --emission to Ca’
(which 15 stable). Tae approximate natural
abundraces of the three isotopes are K327,
93%- K*-, .01%; K-!, 6.9%. The half-life
of K*- 1s 1.3 x 107 years. A straightfor-
werd calculation (based on the natural
aoundance, half-life, Avogadro's number)
shows that there should be about 10° dis-
int 'grations per minute 1in one kilogram
of n. turally occurring potassium chloride.
Of course, not all the emitted r particles
will ever be counted, bul the calculation
certainly indicates that with a suitable
geometry a count significantly above
background should be obtained.

The 3 radiation is at 1.32 MeV and can
be counted with the Project Physics GM
setup.

Make sure that the KCl is as close to
the window of the tube us possible. A
count of 40 to 60 per minute (1.e., 2-3 x
background) should be obtained; it is
not necessary actually to count to appre-
ciate tne difference.

Connect the counter system to an
amplifier and speaker that will let the
whole class hear or see the pulses. Den.-
onstrate the background level before and
after tne KCl count.

It is a good idea to use "Analytically
Pure" KCl, to bring home the joint that
the radioactivity is not an impurity,
but that all naturally oczurring potassium
contains a small amount of the radioactive
iso’.ope.

Twc points for discussicn

1. The material contains less than .01%
of radioactive material. (About haif this
amount because XCl is roughly half K,

half Cl, and the Cl is not radioactive.)
It has a half-life of about 10% years.

The count rate is about one disintegration
per second. These numbers give us a
feeling for the number of atoms present

in tne sample or alternatively for the
size of an atom. In 10°% years cime the
rate will be down to abouc one every two
seconds, and, taking the "average" decay
rate about one per seconi, 1 x 60 x 60 «x
24 x 365 x 10° atoms will have decayed.
This number (of the order of 1i0!8V is
about half of .01% of the tctal number

of atoms preseat and close enough to the
Geiger tube sc that the 6 particies they
emit reach it.
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2. Ash utudents with an interest in
chemistry: 1if potassium salts always
contain K’'-, and K** decays to Ca"-,
how can any potassium compound ever

be obtained free of calcium? And if

a calcivm free sample were obtained by
chemical separation, would 1t remain
calcium free? How quickly would it be-
come contaminated? (Not very—about
.0025% Ca"- after 10? years!)

D61 Mass Spectrograph

To construct the model of the mass
spectrograph mount a piece of window
3lass horizontally and place a strong
gnet under 1t, close to the glass;
the inclined "launcher," £0ld sev~

incdex cards an¢ attach them to the
s with r.bber cement. When ball
'ngs of various sizes are launched
om tuie incline to roil across th

ass along a path that passes near the
magnet, the larger bearings are deflect-
2d less than the smaller ones. If boxes
are placed at the edge of the glass, as
shown 1n the figure, each will catch
bearings of a different, given size (or
range of sizes). Adjustments can be
made by changing the position of the
magnet. The bearings can be launched

in any order; houvever, if the launching
rate is toc rapid, the fields induced

in the bearings sill interfere with the
paths of consecutive frearings.
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Tf some students wish to build such
a model, 1ts 1nadequacies shouid be
thoroughly discussed. Does the model
have a velocity selector? Ne, but a
single calculation s'wws that bearing
velocities at the bottom of the ram
are constant: mgh = % mv?, v = /2gh.
Is the deflecting force similar to that
in the mass spectrograph? No, 1in that
tu> avB force in the mass spectrograph
exists 1n discrete multiples of the
charge on the particle, and as 2 func-
tion of v; while here it 1s a function
of the ferromagnetic mass of the bear-
ing, and i1ndependent of v,
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D62: Aston Analogue

An analogue of Asten's porous plug
isotope separation might be constructed
by 1nterested students as fcliows:

Hand operated pistons at the sides of

a box generate fairly random motion of
the contained marbies and steel bearings
(of the same size). A hole 1n one of
the other sides of ihe box allows the
"molecules" to escape, and shoulé favor
the lighter, faster-moving marbles.
N.B., this analogue has never been con-
structed anu may not work. If not,
discuss why not.

enriched "bearing“ isotope

/I
(x oo O
'”0::::3 B} e 3 Fo) 1
6
/L
P %6 %
}

|
enriched "marble" 1sotope




Film Loops
L49
LOOP 49: Collisions with an Unknown Object The answers to the questions are:
3 1 M, o= 12.2;
f1lm be used (1) In our experament, M_,'M, ;
It 1s intended that this film be ¢ 1n Chadwack's experiment, M_,M;

to encourage 1interest in Chadwick's ex- =140
periment; obtaining the numerical value Ve
of the unknown mass 1S not as important (2) e
as the experience of finding 1t by an
ingenious i1ndirect method.

1.000 in Chadwick's experiment.

(M, - M {vyv))
(3) v - .
In the slow-motion scenes, the colla- (L +e) MV, - MV)y)
sions have been planned to occur near
the left of the frame, so that there can
be no attempt to measure the 1ncoming
ball's velocaty v.

The iron balls used for the film were
hardened by heat treatment after noles
for the suspension strings were drilled.
Evidently the treatment was insufficient;
the collisions are not very elastic. As
shown i1n the student notes. the coeffi-
cient of restitution e neeu not be known,
but it should be the same for the two
events., However, in case 1, e is about
0.44, and 1in case 2, e 1s about 0.64.
Thus the assumption of constant e is not
correct for the actual filmed experiment.
7 e numerical value of m found by the stu-
dent will therefore be 1n error. However,
this point need not be stressed, since
the film's main purpose 1s to illustrate
Chadwick's indirect method of finding
the neutron's mass. In Chadwick's
neutron experiment, the target nuclei dad
not store any potential energy, and the
collisions were indeed perfectly elast:c,
with e = 1 in each case.

rom measured values of ¥; and V. and
the given values of My ayrd M;, the un-
known mass m turns out to be about 460
grams. For most students this should be
the end of the experiment—th-~y have de-
termined an unknown mass by inairect
measurements, using a method eatirely
analogous to Chadwick's historic experi-
ment.

For the teacher's background infcrma-
tion, m was actually 449 grams, 1i.e.,
within 1 per cent of tne mass M_ of the
smaller target ball. Also, the velocaty
vy can be measured from the film (in vio-
lation »f the spirit of C.acdwick's ex-
periment:) If m and v; are ¥rnown. we can
find v using Eq. (2), and ther we czan
find v, using Eq. {3) (1t turns out to
be negative). In thig way all the veloc-
ities become known, and the coetificients
of restitution can be found:

0.44

ey - (Vl - 71)/V

(.64

e = (Vz - Jz)/v

It is this difference between the elas-.c
behavior of the balls that acco-nts for
the lack of precise numerical ag:reement

- between the computed mass m and che tue
value (not giver in the stude..t notes).
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E44*: Random Events

Many phenomena occur in a completely
random way. The rolling of dice and
the breakdown of unstable atomic nucle:r
are two convenient examples for labora-
tory study.

This group ot experiments should
heighten students' appreciation for
three important ideas:

1. As well as the var:ation in data
introduced by difficulties in tne mea-
suring process (e.g.,scale interpola-
tion etc., as discussed briefly in

Experiment 9*: Newton's Second Law, etc.).

the observed quantity 1itself (e.g.,
number of radiocactive aucleir disinte-
grating per minute) may vary from obser-
vation to observation.

2. Although the outcome of single
evenis of this kind (roll of a die or
count of radioactive breakdowns in a
minute) 1s unpredictaple, 1t 1is quite
possib.e to get useful information
about such randomly occurring events
provided enough events are observed.

3. This useful information follows

from the properties of the regular pat-
tern of distribution tnat evolves as the
number of random events grows large.

The larger the number of observations
the more precise o.come the deductions
and predictions that can be made.

Divide students 1nto three groups
so that each student does only one of
the following three experiments.

Equipment

Dice Before class, put a large spot on
one side of each of the 20-sided d:ce
with the marking pen provided. Provide

a coitainer about the size of a shoe box
for :naking the dice. It may be neces-
sary to muffle the sound of shaken dice
to preveni. interference with the students
who are listening to Geiger counter
"clicks”.

Geiger tube Determine the mean back-
ground count rate for your Geiger tube
before class. Then choose a time inter-
val for the experiment such that students
will observe from 5 to 10 "clicks" per
time interval when they are obtaining
their data. In order to get a reasonable
amount of data in one class period with
the tube supplied by Project Physics you
may need to increase the count rate by
placing a radiation source at such a
distance from the tube that 5-10 counts
are recoried in about 15 seconds. On the
other hand the background rate may al-
ready be as high as this in some loca-
tions.

Experiments
E44°

Cloud chamber Prepare the cloud chamber
by placing the alpha source inside and

putting a smail barrier nearby (Fig. 1);
this can be a 1" x 2" prece of cardboard
with a small hole in it, folded to form

Fig. 1

a V so 1t will szand on edge. The hcle
should be to the side of the needle.
Relatively few particles emerge parallel
to the needle from 1ts end. The size of
the hole must be determined by trial;
for ease 1n counting, tracks should ap-
pear beyond the hnle 1in the barrier at
not more than about one per second.

Moisten the felt or paper ring in the
chamber with alcohol and place the chamber
on a slab of dry 1ce. If dry ice is not
avairlable, air the nozzle of a CO, fire
extinguisher ¢t a pal of cotton o% other
insulator and discharge the extinguisher
at it briefly. The resulting CO, "snow"
should operate the chamber for séveral
minutes before 1t must be replenished.
Make sure your fire extinguisher does
contain CO,; (and not foam, for instance!)
before trying this To observe, direct
a fairly bright beam of light horizontally
across the chamber. A flashlight, small
spotlight, light source from Millikan
apparatus, or slide projector will do.

If the experimeat (E45*) oa the range
of alpha and beta particles is going to
be done later you can have students mea-
sure the source-to-hole distance and the
area of the hole. Taey will then have
all the data they need for the first half
of the range experiment.

The counts of alpha particles in :the
diffusion cloud chamber may be adversely
affected by several factors.

1. It 1s difficult to marintain a con-
stant temperature gradient in the cloud
chamber for any length of time. The dry
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1ce continually disappears and the alco-
hol evaporates from the blotter and may
trickle down the sides of the chamber.
The light source tends to warm the
chamber. Due to all these slow changes,
the conditions for observing tracks prob-
ably deteriorate during the experiment.

2. The static electric charge on the
plastic contarner slowly changes, alter-
1ng the clarity (fuzziness) of the tracks
unless sou rub the cover occasionally
with a .iean dry cloth.

3. If a flashlaight 1s used, 1ts inten-
si1ty slowly decreases, decreasing also
the probability of seeing all the tracks
1n a given region.

Obtaining the data

Assign students to teams accord.ny to
the number of sets of apparatus you have.

If possible, have the recorder for
each team display his data on the black-
board or a large sheet of paper using
the kind of table suggested in the stu-
dent's notes. The entire class can then
watch the developing regularity of the

Table 1
number of number of total num-
tracks ob- times ob- ber of
served 1in served events
one minute (frequency) observed
(n) (f) (n x f)
0 0
1 0
2 0
3 0
4 1 4
5 11 10
6 1 3
7 31 35
8 1111 32
9 3 1111 81
10 33t 11 70
11 111 33
12 1111 48
13 1111 52
14 1111 56
15 1 15
16 0
17 1 17
18 11 36
19 0
20 1 20
21 0
22 4]
23 0
21 0
25 1 25
5 540
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patterns o numbers. If the teams work
efficiently they can each obtain at least
a hundred counts 1n a single class period.

Typical data from the cloud chamber
follows in Table 1 and Figure 2.

Analyzing the data

Stress the point that there 1is no
"correct” haistogram. But the larger :he
number of obsecvations the more closely
the results approach the pattern pre-
dicted by probability %“heory.
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Fig. 2

Notice that the histogram in Fig. 2
1s lopsided. This will always occur when
the mean value (11 in this case) 1s small.
Moreover, when the mean 1s as small as
this the mean * Ymean range will enclose
more nearly three-guarters of all the
observations as the number of data grows
very large.

The fraction of all observations in-
cluded in "mean . /mean" range for vari~-
ous mean values 1s given in Table 2.
(This table refers to the theoretically

Table 2
~ Fraction wirthin
- n t /n
.8166
9 .7600
16 .7413
25 .7295
36 L7217
100 .7080

predicted distribution-—see below—not
to actual results based on a limited
sample.)

In Table 2 it can be se2»n that frac-
tion of observations included in the
“mean t /mean" range decreases towards
two-thirds as the mean value grows large.
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The fact that the fractions that stu-
dents report vary from these values
should not cause concern since the tabu-
lated fractions are approached only for
vecy large samples. Students doing the
present exXperiment gather so few data,
even 1n sc~veral class periods, that the
fraction of their results 1in the range,
mean t /mean, will fluctuate rather
sharply above and below the "two-thirds"
figure mentioned. And as pointed out
in the Student tiandbook tne range mean
+ /mean 15 difficult to 1nterpret whan
/mean 1s not a whole number. 3o for
this experiment tne precision implied
by Table 2 1s quite irrelevant.

Strictly speaking from count = mean
+ Ymean (with 2/3 probability) 1t follows
that mean = count * vVmean (with 2/3 prob-
ability). But if one 1s trying to esti-
mate the mear. th:s formula i1s not much
help zince v/mean 1s obviously unknown.
The exf:;'ession mear = count ¢ vYcount
given in the Stude t .iandbook 1s used
instead.

Students who are interested in prob-
abi1lity theory will want to explcre this
natter further. Several excellent books
«n probability are availaple, including
Lady Luck, by Warren Weaver; Facts from

Figures, by M.J. Moroney; and Mathematics

for the Million, by Lancelot Hogben.
These books explain the various kinds

of distributions to be expected from
observations of random behavior. The
distribution that applies to this exper-
iment on random events 1s called the
Poisson distribution. Stated in formal
terms, the probab2lity of observing n
events per unit t.ne when the mean of a
great number of observations is n is
given by

Pin) = 1

It has been found by experiment that
measurements of radioactive jecay fit
this distribution very well.

The theoretical distribution tcr 1000
oObservations given in the Student Hand-
book was obtained by setting n = % and
letting n take the values 6, 1, 2....1in
the above expression.

E45*: Range of Alpha and
Beta Particles

One important idea to emphasize is
that different kinds of radiation, though
invisible to the eye, have obsecvably
different properties and require differ-
ent instruments for their measurement.

Experiments
z44°
E45"

Another i1dea 1s the manner in which
alpha and beta particles lose their en-
>rgy. Their loss of energy by the ioni-
zcotion of matter 1s one of the s'gnifi-
cait reasons for the effect rauiration
has on people and 1s one of their useful
prcorerties as tools for studying the
structure of atoms.

Th=re 1s nothing in the following
experiment that reguires the students to
have studied the text on the properties
of alpha and beta rays. Hence this may
be treated, 1f desired, as a "discovery"
exercise.,

If students doing the random events
experiment measured the ¢ 2 of the hole
through which alpha part..ies were counted
and also its distance from the source,
they are almost ready to do the first
half of the present experiue.i as an
exercise 1n calcilation. They already
have their data except for a measurement
of the range of the alpha particles.

In addition to the materials in the
equipment list (p..10) you or the stu-
dents need to make a distance scale on
the bottom of the cloud chamber by
scratching the black paint on the nnder-
side in the pattern shown below.

Alpha particles

tudents may observe alpha tracks of
energies as high as 6 MeV, although they
should notice that the length of tracks
does not vary much. In general, alpha
energies of naturally radicactive sources
vary from 4 to 8 MeV, but for a particular
source, they cluster closely around one
principal energy. One source often sup-
plied with cloud chambers is radium DEF
which emits alphas of 5.3 MeV.

The following typical calculations
involving alpha particles are based on
the data tabulated in the preceding ex-
periment on random events. (Teacher
Guide: Takle 1 and Fig. 2.,) It was shown
there that the mean count was 11 alpha
particles per minute emerging through the
small hole.
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From the geometry of the cloud chamber
arrangement (noted on graph, Fig. 2) we
can find the total number of alpha par-
ticles (true count) by proportion.

true count _ 4 < 3.14 « 2.5 x 2.5 cm?
11/min 0.5 cm?

true count = 1727 /min

These particles are observed to have
a range of about 3.8 cm and hence (from
Tabie 1) an energy of 5.3 MeV each.

The total energy of all 1727 particles/
min will therefore be

1727 _ 9150 Mev
min 5.3 Mev = min

Converting this to joules

9150 Mev 1.6 « 10-!3 Joules
min MeV

= 1.46 « 10-9 Joules

min
or to calories
. -9 joules 1l cal
1.46 10 min “ 318 joules

= 0.340 x 1079 €al
min

To generate the necessary 100 calories
would require

100 cal
0.349 x 107° cal/-in

* 5.5 x 10° years

which 1s why calorimeters are not used as
radiation detectors, and why very much
"hotter" sources are in nuclear power
plants.

As a final note on the alpha-particle
experiment it is worth observing that the
luminous paint on old (pre-World War II)
watch dials (and on some new ones too)
emrts alpha particles of a wide variety
of ranges from the accumulated decay prod-
ucts of the original radium.

Beta particles

o

- ¢ curve of beta particles counted

by the G-M tube against the thickness of
apsorber looks like an approximately ex-
ponentially-decreasing one. If all the
betas could penetrate the same thickness
of absorber, the curve would be flat up
to the given thickness, then drop snarply
off to the background count. cCurves made
with different absorbers snould have the
same form, but with differing half-value
thicknesses—that i3, the thickness of
absorber required to reduce the count
rvate to just half what it was when neo

62

absorbers were between the source and the
Geiger tube.

If the curve 1s plotted on semi-log
paper with counting rate along the loga-

rithmic axis, the graph 1s neariy a straight

line for high counting rates and thin ab-
sorbers. Then as the absorber thickness
increases the rate of decline slows, which
means that the straight line curves to be-
come More nearly horizontal., It 1s as 1f
additional layers of absorber were de-
creasingly successful in absorbing addi-
tional beta particles.

The explanation for this effect is
quite interesting. In Unit 4 1t was ex-
plained that an accelerating electric
charge must radiate energy. Beta parti-
cles are electric charges and they are
being accelerated (negitively) in the
absorbing material. The electromagnetic

radiation they emit, called "bremsstrahlung,"

is being detected by the Geiger counter
and added to the counts of the beta par-
ticles. The thicker the absorber the
larger 1s the fraction of counts due to
bremsstrahlung.

E46~: Jdalf-Life |

Exponential growth and decay occur in
So many natural processes that 1t 1s im-
portant for students to study examples
in the laboratory. Three kinds of expo-
nential decay are described in this ex-
periment; students may be able to think
of other examples to investigate on their
own. The results of students' observa-
tions are examined graphically, and know-
ledge of the mathematics of exponents
and logarithms is not assumed. Teachers
may choose to have students use semi-log
paper for their graphs or to plot logar-
i1thmic values 1f this seems appropriate.

Preparing for the experinent.

A. Twenty-sided dice (eighc-sided dice,
optional). As in the experiment on
random events (E44*), a shoebox is con-
venient for shaking the dice. You can
save time by having the dice —arked be-
fore class. The Student ! in .pook sug-
gests marking two sides of cach die.
This means that twice as many marked
sides show after each shake, and the
experiment proceeds more rapidly. One
side will already be marked from the
previous experiment. Mark a second side
in arother color (so that experiments
regu.ring a one-in-twenty prokability
can still be done).

B. Electric circuit. Reter to the cir-
cuit diagram.
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Fig. 1

The capacitor suggested by Project Thysics
has a capacitance of 6000 uF—a high
value of capacitance 1s nececsary to give
a reasonably low.g time constant. Closing
the switcn* cavses the battery to charge
the capacitor; when the switch 1s opened,
the capacitor discharges through the volt-
meter. The difference in potential V
across the capacitor is a function of the
time t which has elaps 1 after the switch
1s opened, the capaciiance C, and the
resistance R of the voltmeter:

t

_ -RC

vV = Voe

where VO 1S the 1nitial value of V, at
t = 0.

The quantity RC is called the time
constant of the circuit When R 1s 1n
ohms and C in farads, the dimensioas of
the product are seconds. The 4duantity —
in this exXpression is analogous to the
quantity A, tne radioactive decay con-
stant. The "half-life" of the circuit is

_ 693 _
. T% = o = .693 RC.

~

It will not be recessary to go through

this calculation with students. However,
the information given here will enable

you to select suitable values for R and

C. For example, a 2.5V dc meter would typi-
cally have a resistance of 10,000 ohms/volx,
i.e., a resistance of 25x 103 ohms. With

C =6 x 1073 farads, this gives RC = 150
seconds and T, = 104 seconds. (A simple
way to charge “the capacitor to 2.5V—or

any other desired voltage below 6V—is to
use the Project Physics amplifier/power-
supply unit. €Simply set the dc offset
control to the required voltage and ccn-~
nect the capacitor across the output.)

Do not exceed the maximum voltage
indicated on the capacitor, and be

*\ switCh 1s nol essential; one can make
and break contact with a clip lead.

Experiments
E46°

sure to observe the polarity markings;
large capacitors are usually electro-
lytic and are damaged 1f their polarity
1s reversed.

Of coursc¢ other meters can be used
too. A typical multimeter (volt-ohm-
milliammeter) has a dc impedance of
20,000 ohms per volt, so that R = 20,000
ohms on the one-volt scale, 200,000 ohms
on the ten-volt scale, etc. A vacuum
tube voltmeter typically has a resistance
of about 10 megohms. This will give a
time constant of T% =0.693 RC = 0.693
x 10 x 10% « 6 % 1073 = 41 ~ 103 secs—
too long for an experiment. R must be
reduced by adding a resistor (e.g.,
10,000 ohms) 1n parallel with the meter
and capacitor.
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On the other hand, :f you have to use
a meter with a low resistance, you will
need to put additional resistance in
series with the meter. For example, 1f
the meter resistance 1s 1000 ohms and
C = 6000 mrcro-farads, RC = 6 seconds,
which is much too short a time. Putting
an additional 9000 ohms in series with
the meter makes R = 10,000 ohms and
RC = 60 seconds. The vnltmeter reading
will now be only a fraction (in thais
1nstance one t~nth) of the total voltage
across the capacitor, but 1t will still
vary with time 1n the same way. To get
a nearly full-scale voltmeter reading
when the capacitor 1s charged, the volt-
age across the capacitor must be ten times
the full scale reading of the meter.

T
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Fige. 3

C. Short-lived radioirsotope. This exper-
iment requires quite a bit of advarce
preparation by the instructor. However,
students should find working with a short-
lived 1Sotope a rewarding experiment,

well worth a little extra effort. The
advantages of this particular method are:
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(1} the starting material, thorium nitrate,
can be purchased from chemical suppliers

at any time and stored indefinitely;

(2) the 1sotope to Le used has a half-

life of only 3 minutes, so students can
observe 1ts decay over several half-lives
1n one class period; (3) the procedure 1is
relatively safe since the isotope decays
quickly to a stable end product.

The experiment is based on the fact
that a thorium comvound contains not
only thorium atoms, which are naturally
radioactive with a half-life of over 10!‘
years, but also a series of daughter
atom’ , as explained in the student text.
The »sotope used in this experiment,
thallium 208, 1s separated from the mix-
ture by selective adsorption when the dis-
solved salts are poured over a layer of
amponium phosphomolybdate on filter paper.

The decay of thallium (T1l) may be
written

g1 T1- 08 8 szpbzoa

The materials to prepare in advance arec:

{a) dilute naitric acid. Place 1n a
flask or bottle 25 ml of concentrated
nitrac acid diluted to 200 ml with dis-
ti1lled or deionized water.

(k) thorium nitrate solution. For
each series of counts to be taken, dis-
solve 6 grams of thorium nitrate in 12 ml
of dilute nitric acid. In other word:,
1f you expect to have the exp2riment Der-
formed 5 times in a day, dissolve 30 grams
of thorium nitrate in 60 ml c® 3il jce
nitric acid. However, after the ¢ lutrion
has been poured over the adsorbin~ material
to remove the thallium 208, the ilccay of
other members of the thorium s-iries very
quickly replaces the thallium 1 fthe fil-
trate. In theory, you should !¢ able to
continue using the same soluti: p indefin-
r1tely, simply waiting 10 or 15 minutes
between successive filtrations.

(c) ammonium phosphomolybdate. This
1S supplied as a yelluw powder, Place
it in a bottle. add distilled water and
shake vigorously. The powder is insocl-
uble and will form a slurry.

The experiment

A. Twenty-sided dice. Students are asked
to shake the dice and remove those with

a marked :z:1de on top. Since the dice
have two marked sides, the probability
that a marked side will appear on top 1is
one 1in ten: this is analogous to « radio-
active decay process with A = 0.10 per
observation. The half-life 1s

T, = 0.693 _ 0.693 = 6.9 shakes.
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After 7 shakes, the dice should "decay"
from 120 to 60; after 7 more shakes,
30, etc.

The Student ilandbook suggests alter-
natively that students shake the tray
5 times, find the average number of spots
showing for tne 5 shakes and remove that
nuwber. This 1s time-consuming but may
be necessary 1f students are to be con-
vinced that the number "decaying" 1s
proportional to the number shaken.

The reason for plotting two graphs,
one showing the number of dice removed
per shake and the other the number re-
maining, 1s to show that tke curves have
the same shape. Averaged over many
shakes, or——which amounts to the same
thing—1f the sample 1s large enough,
the number of dice removed per shake 1s
propnrtional to the number of dice re-
maining: AN « N. This 1s the key 1dea
of exponential decay processes and the
fundamental law of radioactive decay.

A more elaborate versicn of this ex-
periment, which 1s analogous to a radio-
active decay series, 1s as follows: each
time a 20-sided dic 1z removed, replace
it with an 8-sided die which has one side
marked. (For this experiment the 20-
sided dice should have a one -in-twency
probability of decay—ignore the second
marked side.) After each shake record
the number of each kind of die which has
a mark on top. Then remove 2C sided dice
with marked side up and replace with 8-
sided dice; and replace all marked-side
up 8-sided dice with balls (representing
stable atoms). Count the numbzr of 20-
sided dice, 8-sided dice and balls re-
maining in the tray after eack shake.
When the resulting aumbers are plotted,
the graph will look like the one in the
text illustrating the decay of polonium
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Fig. 4. A typical rasult ohtained
in the dice-shaking analogy.
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B. Electrac circuit. The amount of
emphasis placed on the process involved
1n this part of the experiment will de-
pend on how much students learned about
simple electric circuirts in Urit 4. If
ClicCurts containlng resistors in Series;
and parallel have not been studied pre-
viously, 1t will not be worthwhile to
intrcduce them now. EBut students can
st1ll record voltmeter readings as a
function of time and see that the re-
sulting graph 1s a curve .hich 1s similar
to those obtairned from radicactivity and
dace.

Students can look for a relationship
between K and T, 1f they ur derstand how
to compute the resistance of resistors
in series and parallel, and 1f the re-
sistance of the voltmeter 1s kncwn. A
plot of T5 vs. R should be a straight
line.

C. Short-lived radiorsotope. At the
sink vhere you have set vp the filter
flask and pump, place the funnel on the
filter flask, shake the bottle contain-
1ng the slurry of ammonium phospno-
molybdate and pour the slurry into the
funrnel, depositing a layer of the pre-
ciprtate uniformly over the filter paper
to a thickness of about 1 mm. Wash this
with dastalled wate-, then pour the
thorium nitrate solution slcwly, a few
.rops at a time, over the precipitate.

Wash with dilute nitrac acid and let the
filter pump dry 1t for a few seconds.

The Geiger tube supplied by Project
Physics is an end-window tube with a
diameter less than that of the funnel
(See Fig. 6). If vou are using this tube

Experiments
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Fig. 6

1t will not be necessary to remove the
radiroactive sample from the funnel. In-
stead, wrap a single layer of Saran-Wrap
around the tube to avoid contaminating
1t. Then remcve the top part of the
funrel and insert the Geirger tube care-
fully into it until the window 1s very
clese teo the sample but not touchaing 1t.
Emphasize tc students that - window

of the Geiger tube 1s very tuin and
fragile.

The radioisotope which .t adsorbed
from the mixture of thcri.m daughter
produzts is thallium 208, which has a
half-life of 3.2 minrutes. If sti-ldents
can ccunt for at least ten half-rinute
periods, this will incluce a2t three
half-lives. Again, stress .ne J1Ct
that an expcnential curve result, when
egual fractions decay in egual time
intervals.

Discussion

Students should have the opportunity
to compare graphs from all three decay
experiments. If students have learned
about lcgaritinms, have them make a
second graph, plotting the logarithm of
the guantity whaich decays as a function
of time (or shakes). Alternatavely,
distribute semi-log graph paper, so that
students can come to appreciate the con-
venience of this kind of plotting. Point
out how much easier 1t is .o determine
the half-life from the straight line
resulting from a semi-log plot.

If two 1Sotopes with differing half-
lives are mixed together, the resulting
curve will be hard to interpret. In the
thallium afsorption experiment, most of
the activity in the sample will be
thalliur 208, with a half-life of 3.2
minutes (plus, perhaps, traces of other
elements with much longer half-lives).
As a result, a plot of the first 10 min-
utes (after subtracting background counts)
will show a decay curve almost entireliy
due to the thallium. (The net count

€5
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rate will level off to a steady value
only slightly above zero if the separa-
tion has not been gquite complete.) &
seml~log plot would show a very slight
curve rather than a straight line.

Students are asked to apply thei:
knowledge of the relationship

T% = 0'§93, tc find the number of dice

in a very large tray, given that 50
marked dice appeared on the first shake,
and that 4 shakes reduced this number
to one half. From this, we find that

0.693 _ 0.693

But A 1s the fraction which "decay" per

shake, so :N = 50, where M 1s the number
. . _ 50 _
of dice in the tray. Then N = 0173 =

290 approximately.

The same kind of operation is used to
tind the half-life of a very long-lived
element such as uranium 238 (T% = 4.5
x 10% years) or thorium 232 (T = 1.39
x 101¢ years). The total number of atoms
in a sample is determined, then tae
number of atoms decaying per unit time,

AN 4y

: 1s measured. From this » = =,
T - bes3
5 T

For example, suppose you have a
sample containing 6.l gram (1.0 x 10~*
kg) of thorium 232, and observe 6006 counts
per minute, or 10 counts per second. You
estimate from the geometry of the count-
ing arrangement that the Geiger tube is
actually counting about 2.5 per cent of
the atoms which are decaying. The num-
ber of atoms in the sample, N, is

1 amu
1.6 x 10727 kg

N=1.0x 107" kg x

1 atom
5§5§§E§ = 2.7 x 1029 stoms.
AN counts
Then r» = 28 = 39 x 1
Nat se< 2.5x 1072
1

(The method for separating tnall:um 208
from thorium has been adapted from an
article by John Amend in The Science
Teacher, May 1966.)

E47 : Half-Life 1l

The sample used i1n thi: ¢xperiment is
easier to prepare than the thallium 208
used 1n Experiment 46. On the other hand
1t has a ratner awkward half-life (10.6
hours) which means that counting should
be continued over several davs. And even
if a count is taken early in the morning
and late in the afteraoon the plot of
count-rate against time will have large
gaps in it.

Container

Plastic refrigyerator jars, ice cream
containers, etc., work well. It is easy
to make holes in the top and side (try
the tip of a hot soldering iron). Use a
thinnish disc of sponge rubber at the
bottom of the container and moisten it
with 10-20 drops of water. (A damp at-
mosphere increases the amount of deposit
collected on the top plate). The top
foil (Reynolds Wrap etc.) is held in
place by the screws; the lower one is
held in the alligator clip.

Spread about 50 grams of pulverized
thorium nitrate in a shallow dish (e.g.
Petri dish). No special powe.s supply is
needed for the high voltage. Use the
450V terminal cn the scaler. Make sure
that the top foil is at lower potential
than the bottom one.

.,7_

S s R C e
) H’" fud =2

.7 20
2 x 10 atoms P..luan,d l
= 1.5 x ]_0-18 per sec T‘»onu» \hl\
N;*rt*. ’ ¥ et ¥
and T}i = 0'593 = 0.633 To ——————
1.5x 107!8 per gec 4650/ i

- Corks

= 4.6 x 10!'7 gec .

1l yr Side View  SPompe

4.6 x 1017 gec x

3.15 x 237 sec

1.5 x 10!0 years.
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Sample. Let the apparatus stand for
about 2 days tc get a sample of maximum
activity. Turn off the high voltage be-
fore removing the 1id of the container.
If you have several Geiger counters you
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Fig. 2

can cut several samples from each piece
of foil—the sample need be only slightly
larger than the window of the Geiger tube.

Results. Students will probably report
that the sample does have a constant half-
life (this is much easier to see on a
sem-1log plot), in spite of the fact that
several isotopes with different half-1lives
are present in the sample. They should
report a value of T% = 10.5 hours (see
Fig. 2)

Po?16 gdecays very rapidly (T% + 0.16 sec)

Pb212, Ppb212 has a half-life of 10.6
hours. Although there are three more
radioactive daugchters before the end of
the series (Pb208) jis reached, these sub-
sequent isotopes have half-lives much
shorter than Pb212, The decay of Pb212
is therefore tne process that éetermines
the activity of the sample. For a dis-
cussion of the activity of a sample con-
taining several members of a decay series
see, for instance. Kaplan: Nuclear
Physics, Addison-Wesley Publishing Co.,
1962.

The student's sketch of isotope con-
centration vs. time should look something
like this:

216

P
Eo g
4

L 4

to 20
Time (wrs.)
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Since T, for Pb2!? jg about 10 hours and
is about cne hour for B1212,

APb _ 1
)B1 10

You could make a model of this decay
scheme using the multi-faced dice, as in
the variation of part A of Experiment 46.
Start with 20-sided dice with one face

marked (A = %3) to represent the Pb2!2

Replace each "decayed" atom by an eight-
faced die with four faces marked (» = k%)

to represent the Bi’!2 atom formed. Re-
place "decayed Bi?!? atoms" by balls to
represent the stable Pb2°8 stoms. (Make
sure you use an ink ti.at can be removed!
You will need to have less faces marked
for other experiments and in future years.)

Answer to Q2

From Figure 2:
Initial count: 2959 in 10 min
background = 12 per min
Net count rate = 296-12 - 284/min

Not all disintegrations are detected by
the counter. Assume that for our geome -
try about one-quarter are. Then

(&%)~ 1000/min

o
T% = 10.5 hours (from graph)
y = 0.693 _ 0.693 . -1
CY T T, T 10.5 x 60 ™D
X
= 1.10 x ]LO_3 min-l
AN
(E) = AN
. 1l (AN
. No= X (E) atoms
o
1
= — x 1000 atoms
1.10 x 10~
=108 atoms

‘. mass of Pb2!?2

212 x 1.7 x 10727« 10® kg

3.60 x 107 !? kg

= 3.6 x 107'% micrograms

Answer to discussion

For the a particle,

KE = ¥ mv2 = 6.8 MeV

68

1 ev - 1.6 x 107" joales
Jkmvi= 6.8 x 10° x 1,6 107! joules

= 1.1 x 10712 joules

-12
v2 = 2 l.lmx 10 (m/sec)?

=4 x 1,7 x 10727 xq

6.8 x 10727 kq

12

v2 = 2.x 1.1 x 10 °° (m/sec)
6.8 x 10727

v2 = 3.2 x 10!'% (m/sec)?

v =1.8 x 107 m/sec

\This is considerably lecs than 3 x 10% m/
sec, so we ~ere justified in using the non-
relativistic expression ¥ mv?® for kinetic
energy.)

Momentum is conserved at the collision:

(MV)PO atom ~ (mv)a particle
MV)2 = {mv)?2
=1 2
% (MV)Z =" (mv)
. 2 _m 2
. MV = 9 (mv?)
X% M2 = g (5mv?)

‘. KE of polonium atom
= % (KE of « particle)

4
216

= 0.12 MeV

* 6.8 MeV

which is very much more than the ioniza-
tion energy.

A note on safety

For general remarks on radiation safety
see the article on page 76 of this Teacher
Guide. The fact that we are dealing with
a radioactive gas in this experiment may
seem to cause an additional safety hazard.
A simple calculation shows that there is
nothing to worry about.

The amount of radon present is deter-
mined by two factors: its rate of forma-
tion and its rate of decay.

The rate of decay is about 1013 greater
than the rate of formation from thorium
(10!0 years: 1 min), so the radon never
builds up a bigh concentration.
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The rate of formation 1s governed by
the decay of the parent, thorium 232:

>
=4

= )N.

[«
(o4

For thorium 232

A= gié%; x 10'0 years = 1.58 « 10718 gec~!
In a fifty-gram sample there are

-3
N = 50 x 10 atoms

232 x 1.7 « 10727

= 1.58 x 10718 x 1.25 x 1023 atoms/sec
= 2 x 10% atoms per sec

One microcurie is 3.7 x 10 disintegra-
tions per sec, so the activity here is
about 5 microcuries. The decay rate of
Rn?20 is given by

AN _
Z&_E—)‘N
.693 -1 - -
and x = 5] 5 Sec = 1.34 x 1072 gec™!
L. %% = .34 x 1072 N sec”!

The equilibrium concentration of radon,
N, 1s found by setting the rate of forma-
tion equal to the rate of decay, i.e.

2 x 10% =1.34 x 1072 N
N 1.5 x 10 atoms.

17

Mass of radon

220 x 1.7 x 10727 x 1.5 x107 kg
= 5.5 x 10718 kg
= 5.% x 10 ° micrograms.

Disposal of waste

At the end of the experiment the ac-
tivity of the sample will be insignifi-
can., and it can be safely discarded with
the trash.

E48: Radioactive Tracers

Little can be said about this experi-
ment, as student responses to suca a
"blank check" experiment will be varied.
You should act as ressource person, giving
sug jestions as to where to find ideas,
helping to order isotopes, and seeing
that safety precautions are strictly main-
tained.

Experiments
E47
E48

As a teacher, you may confront the
situation of a student planning an exper-
iment you know will not give a positive
result. While negative results are very
important in the advancement of science,
they may overly discourage a poor stu-
dent. A confident student, however,
nmight be left alone to pursue such an
experwment.

Emphasize to st'.dents the possibility
of doing a variation of an experiment
they read about, beginning with a hypo-
thesis they wish to test, rather than
simply repeating an experiment already
done.

Students should be encouraged to per-
use any literature they can fiad for pos-
sible ideas. The Physics Teacher, The
Biology Teacher, Senior Science, Journal
of Chemical Education, Sclentific American
{e.g. May 1960) occasionally have tracer
experaments. A number of useful sources
are listed at the end of the student in-
structions, and others of interest to
teachers are listed below. Whether or
not any of the listed sources are avail-
able, one can fall back on John H. Wood-
burn's article, Low-Level Radioisotope
Techniques, printed elsewhere in this
guide.

To do the simple autoradiograph ex-
periment a radioactive source is needed.
One simple possibility is a lump of uran-
ium ore from a mineral supply company
such as The Foote Mineral Company, 18
W. Chelton Avenue, Philadelphia 44, Pa.;
OR Wards Natural Science Establishment,
Rochester, New York.

Once an experiment has been chosen,
you should discuss what safety precautions
w1ll be necessary. Refer to a summary of
these elsewhere in the Teacher Guide.

Finally, you will need to order the
isotopes students will need, as suppliers
will not usually ship to minors. Choose
the nearest supplier from the supplier's
list, and write well in advance 1in order
to check on his shipping procedures.

Then when the experiment 1s ready, the
order can be placed at the advance inter-
val specified by the supplier. For ex-
ample, many suppliers ship on Fridays to
be received the following Mondays at the
specified strength.

In addition to the articles Jisted in
the Student Handbook, the follcwing books
and articles may be of use to teachers.

"Nuclear Science Teaching Aids and Acti-
vities," J. Woodburn and E. Obourn. U.S.
Office of Education. Available at no
cost from Superintendent of Documents,
Government Printing Office, Washington,
D.C. 20402.
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"Rad1orsotope Experaments for the Chem-
1stry Curriculum," Teacher's manual. $1.00
See corresponding title in student refer-
ences.

Radiocactive Tracer Research, i4.D. Kamen,
Holt, Rinehart, and Winston, Inc., 383
Madison Avenue, New York, N.Y. 10017.
$1.60 paperback.

Isotopes in Action, D. Harper. Pergamon
Press, Inc., 44-01 21 Street, Long Island
City, N.Y. 11101. $2.95

"Power from Radioisotopes," "Radioisotopes
1n Industry," "Radioisotopes and Life
Processes," and "Radioisotopes in Medi-
cine," a series of pamphlets for the gen-
eral reader available at no cost from the
U.S. Atomic Energy Commission, P.0. Box 62,
Oak Ridge, Tennessee 37830.

“Pracers," M.D. Kamen, Scientific Ameri-
can, February 1949; and "Radioactivity
and Time," P.M. Hurley, Scientific Amers-
can, August 1949. Reprants of these two
articles at 20 cents each available from
W.H. Freeman and Company, 660 Market
Street, San Francisco, California 94104.

Note also the articie "Low Level Radio-
1sotope Technigques," by Jonn Woodburn,
and the numerous references to articles
on radiation safety reprinted elsewhere
in this Teacher Guide.
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NOTE: Pages 71-73 refer to equipment produced
for 1967-68. Appropriate new equipment notes

Equipment Notes
Scaler/Counter

will be provided with new equipment by DAMON.

Scaler/Counter

The Scaler/Counter (DEC-100) 1s one of
the series of compatiole electronic units
produced for Project Physics. It can be
used:

a) as an event counter—e.g. in
conjunction with a Geiger tube.

b) as an interval timer—using an
internal 120 cycle (line fre-
quency) source.

It is used with the Amplifier (Power-
Supply unit APS-100) which both amplifies
the signal to be counted and supplies
power to operate the counter. The DEC-
100 can operate at up to 2 x 10° per
second. The highest count rate you are
likely to encounter in Project Physics
work (in the Thallium-208 experiment) is
less than 6000 per minute.

Each signal pulse (from Geiger tube)
or cycle of 120 signal causes the count
shown on the scaler to change by one.

controls

: 100 Output

When both decades are full (count of
99) the best input signal returns the
count to zero. At this time a 1-2 volt
pulse is produced at the : 100 output.
A loudspeaker, or voltmeter, or oscillc-
scope connected between this output and
ground can be used to detect the pulse.
This pulse is actually a square pulse
that goes positive when the count reaches
80 and back to zero at 100. A double
blip will therefore be heard in the loud-

[

80 160

speaker at low count rates. These blips
are not very loud and need to be listened
for quite carefully.

Students can record manually these
¢ 100 pulses at up to about one per sec-
ond, corresponding to a count rate of
about 100 per second (6000 per minute).

None of these output devices are ac-
tually essential. Students can simply
watch the numbers changing and record
a dount of one hundred every time the
count goes from 99 to zero.

If you need to count at more than
6000 per minute you could -

a) feed * 100 pulse into a second
decade scaler,

b) wuse the : 100 pulse with a relay
to operate a mechanical register.

430 v DC output Jack

The 450 volt dc output (for Geiger
tube) has a 10K ohm series resistor +
limit the current temporaraly if =
supply is shorted, but the supply
not he shortedindefinitely.

Reset Button

This returns the count to zero. Coun-
ter does not operate properly unless this
is pressed when the unit is first turned
on, Oor a new input is applied.

Hold Mu.e Switch

When set tO GATE the counter stops
counting while the MANUAL HNLD button is
held depressed.

If the HOLD MODE is set to PU.SE the
counter starts when the MANUAL HOLD button
is depressed and released and stops when
the button is depressed and released again.

Electronic Hold Jack

Allows external (automatic) switching.
Shorting the ELZCTRONTC HOLD jack to ground
is equivalent to dep.essing the MANUAL HOLD
button and can be used in either "gate"
or "pulse" mode. A mechanical switch
could be used. A useful alternative is a
photoconductor (conducts better when illum-
inated than when dark). For details and
applications see "Timing Intervals" below.

Count Input Switch

Set to the "120 H_" position for inter-
val timing. The count changes by one unit
every 1/120 sec = 0.0083 sec.

Set to the APS-100 output position to
count pulses from Geiger tube or other
source. See "Operation,” below for
details.

Operation

Plug Scaler/Timer unit (DEC-100) into
Amplifier/Power-supply (APS-100). Turn
on APS-100.

a) Geiger tube. Connect the Geiger
tube between the 450 V dc output
on the scaler and the amplifier
input.

Set COUNT INPUT to the APS-OUTPUT
position.

Set HOLD MODE to GATE.

Set DC OFFSET control to -1 volt.
Press RESET button.

With a source near the Geiger counter
turn up the GAIN control of APS-100 until
the counter begins to operate. A setting
of 10-20 should be adequate. Too high a
setting mey cause suprious counts due to
pickup. Check this by observing count
rate with no source near counter. The
count rate should be about 10-20 per minute,
except in regions where the background
count is exceptionally high.
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Equipment Notes
Geiger Tube
Cadmiur S3lenide Photocell

When using the scaler to count pulses
from a Geiger tube it is probably most
convenient to work with the HOLD MODE
switch at PULSE. Press and release the
MANUAL HOLD button to start the count;
press and release again to stop. Record
the count, press and release the RESET
button. Press and release MANUAL HOLD
button to start the next count, and s
on.

The various ways of coping the : 100
output are discussed above.

For more informati.. on the Geiger
tube itself see the Equipment Note:
Geiger Tube.

b) Interval Timer. with the
scaler plugged intc tue Aampli-
fier/Power-supply, no 1input to
the amplifier (the Geiger tube
disconnected), and the ampli-
fier/power-supply turned on —

a) Set COUNT INPUT to "120 H “.
b) Set HOLD MODE to GATE.
c) Press and release RESET button.

The counter will now be counting at
120 counts/sec. Each count represents
1/120 = 0.0083 se=c. and a one volt pulse
w1ll appear at the : 100 output every
0.83 sec.

The counter will stop when the MANUAL
HOLD button 1s depressed, start again
when it 1s released. The RESET can be
operated while HOLD 1s held down.

d) If the HOLD MODE 1s set to
PULSE, the counter will start
when the MANUAL HOLD is pressed
and released and go on counting
until it is’ pressed and released
again. Operate RESET between
counts.

An external mechanical or photo-con-
ductive switch can be used (see "ELEC-
TRONIC HOLD" above). This is particularly
useful for short time intervals.

For example: Connect a photo-conductive
cell between the -6V DC terminal on the
APS-100 and ELECTRONIC HOLD on DEC-100.

Set HCLD MODE to GATE. Illuminate the
cell so that the counter does not operate
when light falls on the cell, does oper-
ate when the light beam is interrupted.
With the HOLD MODE set o gate the coun-
ter will record the time for which the
beam is interrupted: e.g. the time it
takes a falling object to pass in front
of the cell (from this and the object's
size you can calculate velocity); OR -
set up two photocells and illuminate by
a light beam and connect the two in
parallel between -6V and ELECTRONIC HOLD.
Set the HOLD MODE switch to PULSE. The
counter will now start when the first
light beam is interrupted and stop when
the second beam 1s cut off.
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S.milar automatic mechanical arrang:
ments coula be set up—e.g. two wires
that are connected when z metal ball
falls between them.

c) External Oscillator. Tnstecad
of tre ainternal 120 cycle oscillator.
Connect the oscillator to the input
terminal of the amplifier, set COUNT
INPUT to APS-~100-OUTPUT, DC OFFSET to
-1 volt and gain to about 20 (as for
Geirger tube—above).

Press reset button. The counter
will record all the pulses applied to
the amplifier ainnut.

Geiger Tube

The Geiger Tube 1s an Amperex 18504
end window %3 mg/cm?) halogen quenched
tube. The thin end window 1s made of
micar it 1s most fragile and must not
be touched. When the tube is not in
use, protect it with the plastic cap
provided. When using the tube in
Experiment 46 (half-life of Thallium)
wrap a single layer of plastic (saran
wrap) around it to prevent permanent
contaminatiovn of the tube.

Cadmium Selenide Photoc-ll

This photocell is to be used 1n
conjunction with the new SCALER/
TIMER unit to measure short time
1ntervals and hence velocities—
in Unit 1 of the course.

The photocell is a cadmium gelenide
photo conductive cell. 1Its dark resist-
ance is at least 50 Megohms, in normal
room lighting -1 megohms and in <tronger
1llumination e.qg., in flashlight beam
or in the beam produced by the light
source of the Millikan apparatus, its
resistance falls to -1000 ohas.
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OBJECTS DATED BY RADIGCARBON

Linen wrapping from the Dead Sea Scroll containing the Book of

Isasah 1917 £ 200 years old.

Harr of an Egyptian woman.

5020 t 290 years old.

Method

Carbon-14

Potassium-
argon

Rubidium~
strontium

Uranium-
lead

Uranium=-238
fission

Pregiacial wood found in Ohio. More than 20,000 years old

Articles
Radiocarbon Dating

Rope sandal found in an easterm Oregon cave. One of a pair of 300
parrs found in th*s cave. 9035 t 325 years old.

BASIC MEASUREMENT METHODS

Material
Wood, peat,

charcoal
Bone, shell

Mica, some
whole
rocks

Hornblende

Sanidine

Mica
Potash

feldspar

Whole rock

Zircon

Many

Time Dated
When plant died

Slightly before
animal died

When rock last
cooled to about

300°C

When rock last
cooled to about
500°C

When rock last
cooled to about
©300°C

When rock last
cooled to about
500°C

Time of separa-
tion of the
rock as a
closed unit

When crystals
formed

When rock last
cooled

Useful Time
Span (years)

1000-50,000

2000-35,000

100,000 and up

10,000,000 and
up

5,000,000 and
up

50,000,000 and
up

100,000,000 and
up

200,000,000 and
up

100—
1,000,000,000
(Depending
on material)

Peruvian rope. 2632 + 200 years old.
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Radiation Safety

(Based on material supplied by oak
Ridgr Associated Universities)

Many schools, ancluding those adopt-
1ng Harvard Project Pnysics, are 1ncor-
porating some form of radioisctope wnrk
1nto their science curriculum. As a
result of this, questions concerning
the potential hazards and control of
radiatioi. are bound to be raised by
teachers, students arnd parents. It is
the purpose of this article to deal as
briefly as possible with such questions
and to provide the ainformation that will
be necessary for the safe introduction
of radioisotopes into the high school
course.

MEASUREMENT OF RADIOACTIVITY

The basis of all measurements of
radioactivity 1s the creation of an
1on-palr by radiation.

The most common units used for mea-
suring radioactavity and radiaticn ex-
posure are the curie, the roentagen,
the rad, and the rém. Fach unit indi-
cates a different quantity which is of
interest to tl'e scientist.

CURIE (Ci) - A umt used to measure the
rate at which radioactive material,
or a combination of radioactive
naterials, 1s givaing off nuclear
particles. One curie = 37,000,000,000
disintegrations per second (dps).
Since 1t 1s the number of disinte-
grations per second which determines
the amount of radiation emitted, the
activity of the source is a signifi-
cant factor. However, the type and
energy of the radiation are also
important in 2valuating the potential
hazard, and the curie dces not mea-
sure this. The c.rie 1s not a mea-
sure of exposure :o0 rediation damage.

The curie 1s a very large amount
of radioactivity. Historically, the
unit was chosen because it was
approximately the amount of radia-
tion emitted by 1 gram of pure
radium. More practical units for
laboratory use are the millicuraie
(mCi) or 1073 curies, and the micro-
curie (uCi), or 1076 curies.

ROENTGEN (R) - The roentgen is a unit
of exposure dose. It measures the
ionization in air produced by a
source of gamma Or X rays. One

76

roentgen produces 2.58 » 10~ co
lombs of charge (about 1.6 » 10!
Y0N pairs) per kilogram of dry air.
This unit 1s not agglicable to such
particie radiations as alphas, betas
and neutrons. Radiation survey in-
struments are usually calibrated in
R/hr or mR/hr.

RAD - The rad 1s the unit of absorbed
dose. It amounts to 100 ergs (10~ -
Jjoules) of energy imparted to a
gram of irradiated material, by any
1onizing radiation.

REM - The rem was devised to make allow-
ance for the fact that the same dose
in rads delivered by different kinds
of radiation does not necessarily
produce the same degree of biological
effect; some radiations are biologi-
cally more effective than others.

The rem may be thought of as an
abbreviation for radiation effect,
man. Since various radiations such
as alpha, beta, gamma rays and
neutrons have different biological
effects per RAD of absorbed energy,
they are assigned values depending
on the biological effect being con-
sidered. For a given biological
effect, the number of REMS = RADS »
RBE.

The relationships among the units of
radiation exposure as they apply to the
radiation of water and soft tissue are
summarized ain the following table (1):

rems (or
Iype of Radiation R rad QF)
X-rays and Gamma-rays 1 1 1
Beta particles - 1 1
Fast neutrons - 1 10
Thermal neutrons - 1 45
Alpha particles - 1 10

Talle 1: Relationships among radiation units

£ince the human body 1s about two-
thirds water, this table provides a
means for making a rough estimate of
the biological effect of simultaneous
or consecutive absorption of different
kinds of radiation.
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RADIATION PROTECTION GUIDELINES:

Nuclear radiations are a natural
part of man's environment, just as are
the sunlight and the earth's magnetac
field. Man has always lived in an en-
vironment that includes a great deal of
natural radiations. In addition, we
have created new sources of radiation
as we have explored nature and hunted
for ways to rimprove our control and
use of nature. Natural radiation comes
from both the earth 2nd the sky. Such
radiocactive minerals as uranium and
thorium, and decay products associated
with them, exist everywhere in the
earth. The places where they are mined
are simply the locations of extremely
large concentrations of these minerals.
The radiocactive gas radon 1s present
in small amounts in the air we breathe.
Cosmic radiation-——particles of very
high energy—which strike the carth's
atmosphere from outerspace, contributes
both directly and indirectly to the
amount of radiation to which we are
exposed. Cosmic rays contribute direct-
ly by striking our bodies, i0nizing body
materials, which causes radiation
damage. They contribute indirectly by
creating radioactive carbon-14 when
cosmic neutrons Strike atmospheric
nitrogen. C!* is then quickly converted
into C!*0,. The C1*0; is utilized by
plants 1n photosynthes.s and the plants
are eaten by animals. The radioactive
carbon eventually finds i1ts way into our
bodires through cur food. 1In fact, the
disintegration of C!* causes the libera-
tion of about 200,000 beta particles per
minute in the average adult, K“9 which
1S also in our bodies, liberates approx-
1mately 240,000 beta particles per min-
ute 1n the average adult. Other radio-
active materials in our bodies include
radium-226, strontium-90, cesium-137 and
iodine-131

It 1s true that all radiation is
harmful, but it is also true that human
beings can be, and in fact are contin-
uously exposed to radiation at low in-
tensity without any apparent harmful
effects. Body tissue 1s both damaged
and destroyed whenever one cuts himself,
bruises himself, or breaks a bone. Buz
just as the body is able to adjust to
this type of an injury and mend the dam-
age, so it is able to adjust to and coun-
teract the harmful effects of small doses
of radiation. Similarly, large doses of
radiation can cause severe injury and
even death just as many other types of
injuries can.

R . ~ ¥ I ———————
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Sources of man--made radiation which
contribute to our total exposure to
radiation include x rays, radioactive
fallout, luminous watch dials, tele-
vision tubes, radicactive industrial
wastes, etc.

It 1s estimated that the average
annual exposure in the United States
amounts to 267 millarems. Natural
sources (cosmic radiation, minerals,
etc.) contribute 101 millirems and man-
made sources, mostly from medical X rays,
make up the remaining 166 millirems.
Radioactive fallout accounts for 4
millirems.

One of the questions health phvsicists
are called upon to answer 1S what are
the safe and maximum permissible radia-
tion exposures that ore can receive.

To answer a question of this type, 1t
must be understood that the effects of
radiation exposure depend on several
factors. These 1include:

1. The amount and rate of radiation
exposure.,

2. The kind of radiation—whether 1t
1S penetrating radiation such as gamma
rays and x rays, or relatively nonpene-
*rating such as alpha particles.

3. The tissue exposed, which depends
in turn on the source of the expcsure—
whether the radiat:ion came from outside
the body or from radiocactivity inside
the body.

4. The kind of radiocactive materyal
involved, 1ts radicactive and chem»zal
nature, and 1its biological path 1f taken
into the body (2.

Balancing the risks involved in radia-
tion exposure against the benefits to
be gained from increased knowledge, the
National Committee (now Council) on
Radiation Protection and Measurements
(NCRP) and the International Commission
on Radiological Protection have set
limits on what 1s considered an accept-
able exposure for persons occupationally
exposed to radiation. These limits are
ir addaition to background and medical
and dental exposures. The primary goal
is to keep radiation exposure of the in-
dividual well below a level at which ad-
verse effects are likely to be observed
during h:is lifetime. Another objective
1s to minimize the incidence of genetic
effects.

Figure 1 shows the recommended limits
of exposure on a chart which relates ex-
posure to biological effects.

77




Articles
’ Radiation Safety

[ MITYIRRMS
‘ Lo /7 A exp wed jers nn i1 (e
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\
‘
r 250,000 =———
(K3, 000 The first deaths will cceur
‘ tr ~ raddation sickness

Mm <] Radiation sickness appears
50, 000 First {dentifiable sipns . ¢
—_————

radition effects 1y pear
5,000 1] jrem

Recormended anual exposure
() m—pa— guide set for workers in
10 ie enerp)y activities

Recommended snnual exposure )
rulde set for senersl pudli )S00 ~{llirens
4t any age

150,000 ——m
' Note that the exposure guide set up
for workers in atomic energy activities
is one tenth of the level at which the
first i1dentifiable signs of radiation
effects occur. The exposure guide set
for the adult general public 1is just
about twice the average background level
d.e to natural and man-made sources. It
1s one-hundredth of the level at which
the first identifiable signs appear.

By ad' »ring to the guicelines that
have b-: set, 1industries engaged in
atomic ¢ .ergy activities in the United
States have insured that the risk of
Jamage to exposed persons is not greater
than the risks normally accepted in
other present-day induscries. In fact,
the safety record of these industries
is the best in the nation.

The fol’owing additional limits apply
to the high school situation (3):

1. Students under 18 years of age who
are exposed to radiation during educa-
tioral activities should not receive
whole bcdy exposures exceeding 0.1 rem
per year. To provide an additional fac-
tor of safety, it is recommended that
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each experiment be so planned that e

individual receive more than 0.01 ren
while carrying 1t out.

It should be emphasized that there
1s no difficulty in performing radiation
experiments and demonstrations in con-
fermity with the above recommendations,
if appropriate safequards are taken.
These appropriate safeguards are dis-
cussed in the following sections.

2. Persons under 18 years of age
shall not be Occupationally exposed to
radiation. (They shall not be employed
Or trained in an X ray department,
radioisotope laboratory, or industraial
radiation facilaty.)

EXTERNAL HAZARD CONTROL

1. Quantity and Type of Rad:iation
Source:

Because each radioisotope has 1ts own
characteristic mode of decay, equal
activities (curies) of different radio-
isotOpes may provide different exposure *
rates (roentgens). Radiation safety is
concerned with limiting exposures, sc
control deals with limiting the amount
of isotope used to the minimum necessary
to achieve the desired results and the
careful selection of isotopes according
to the exposure rate they produce.

2. Dastance:

The easiest means of controlling radia-
tion exposure is to use the fact that
radiation intensity follows an inverse
square law.

3. Length of Exposure:

The total exposure that a person re-
ceives is the product of the exposure
rate and the length (time) cf exposure:

I x T = total exposure
where: I = exposure rate, R/hr
T = length of exposure.

Radiation safety requires that the
product of length of exposure and ex-
posure rate not exceed the recommended
limits. Figure 2 shows this relation-
ship. For high exposure rates, only
very short exposure neriods are allowed,
though very long exposure periods are
permitted at very low exposure rates.
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EXTERNAL RADIATION

<
I

6 EXPOSURE PER EXPERIMENT
FXCEEDED

HOURS IN RADIATION \REA

~R/hr

Fig. * The recommended maximum exposure is

10 mR per experiment for students urder 18 years
of age. A three-hour exposure at 3 mR/h- does
not exceed the recommended level.

4. Shieldxgg:

For sources of radiation either very
large 1n quantaity or in size, 1t is not
¢lways possible to achieve the degree
of radiation safety required by using
the first three factors alone. The use
of some type of shielaing 1s required.
The type of shielding used depends on
the type of radiation to be absorb~i.

The rate at which alpha particles
lose energy is so great that evea a mil-
limeter of any solid or liquid material
will stop the alpha particle, Hence,
alpha particles are not usually consid-
ered an external radiration hazard because
tteirr penetration in tissue is only a
fraction of a millimeter. As a result,
they expend all their energy in the dead
tcornified) layer of skin whicht covers
the body.

Beta particles (having less mass and
charge and a much greater velocity than
alpha particles) are more penetrating
but also have a limited range. The fol-
lowing figure shows the range of beta
particles of various energies in dif-
ferent materials (Fig. 3).

Note that while the range of betas in
air may be as much as a meter, the range
in a material such as glass is a fraction
of 2 millimeter. Beta and alpha par-
ticles are, therefore, easily protected
against, with relatively thin shields.
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Radiation Safety

.01

100 1 T T
£ o
o - AIR
g 10—
o
[ -
ol -
% -
[-9 -
e
< 1.0
E 3 WATER —
b= - PLASTIC (LUCITE)
w 3 GLASS
2
P
g

, 001 I O Y S S
.1 .2 46010 2 [
ENERGY, MeV

Fig. 3 Range of beta particles as a fuiction
of energy.

The absorption of gawma rays by mat-
ter, like the absorption of light, fol-
lows a negative exponential law:

1=1ce "%,
1 1
So 1n - = -uxor loc = -0.434ux.
o o

where: I0 = exposure rate at « given

point with no shielding

I = exposure rate at tne same
point but with a shield
of thickness x between
source and point where
intensity is measured
thickness of shield
u linear attenuation co-
efficient,

The pclationship between I and x 1s
nct linear, but u:e of the equation will
enable one to determine the thickness of
lead required to reduce the inteisity to
the desired level.

Theoretically it is not possible to
attenuate gamma radiation -ompletely, but
the exposure rate can be reduced by any
desircd factor. A useful concept regard-
ing gamma attenuation is the half-value
layer (HVL) or the half thickness xk
which is defined as the thickness of any
particular material necessary to reduce
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the intensity of a beam of X-rays or INTERNAL RADIATION BAZARD

gamma-rays to cne-half its initial value. . ]

Similarly the tenth-value layer (TVL) or Any radloactive substance enteranz

the tenth thickness x)/;; is defined as the pody is hazardoug. Conmonserse

the thickness of any particular mater:al rules can pgevenF raciolsoticpes from bhe-

necessary to reduce the intensity of . ing ingested. They are:

beam of x-rays or gamma-rays to one-tenth ]

its initial value. Hence, three tenth- a) Never place any materials used in

value layers wiil reduce the dose received the laboratory in the mouth. Pipetting,

from a gamma source to 1/1000 of the ini- glass blowing, etc., should b2 done using

tial amount (1/10 <« 1/10 «x 1/10). indirect methods. (Various inexpensive
types of pipettors are available on the
market.)

Approximate Half- and Tenth-Value Layers

b) Never nandle radioactive materlais
for Garma-rays

directly. Always use rubber or plastic
gloves, tweezers or some means of in-

Material Water Aluminum Iron Lead direct contact.

Gamma HVL VL HVL TVL HVL  TVL HVL  TVL

erergy x1/2 xl/lO x1/2 ‘1/10 x1/2 xl/lO x1/2 xl/lO c) Do not eat, smoke or apply CcCoSs -
(Mev) fem.)  (em.) (em.) (em.) (em.) (em.) f{cm.) (cm.) metlcs in areas where radioisctopes are
0.20 5.2 17.3 1.9 6.3 0.66 2.20 0.14 o0.47 handled.

0.50 7.2 24.0 3.0 10.0  1.11 3.70 0.43 1.43 .

1.0 9.8 32.6 4.1 13.7 1.56 5.20 0.88 2.93 d) Never place your hands near your
1.5 12.2 40.6 .1 17.0  1.74 5.80 1.17 3.90 face or mouth wh:le working with radio-
2.0 14.0 46.6 5.9 19.7 2.05 6.83 1.37 4.57 isotovpes.

2.5 15.8  52.6 6.7 22.3  2.22 7.40 1.47 4.90 =

3.0 17.4 5? 0 7.2 24.0 2-;; 7-20 i-Sé g-gg e) When working with liquad sources
4.0 20,0 66.7 g4  28.0 2. 8.50 1.48 4. - on artin o0 _
5.0 22.1  73.7 9.4 31.3 2.88 9.60 1.42 4.73 SLWayS over your working area with ab

sorbent material, preferally inside a
We can see from this %able why lead 1s o often used as a tray, to retain any spilled liquig.
shield for radioxsotopes.
f) At the end of an experiment check
all cools, glassware, etcC., with Geiger
counter. wash yeur hands carefully.

Gamma-Ray Energy

Shield Material _ 0.1 MeV 0.5 MeV 1.0 MeV RADIONUCLIDE SOGRCES

Water .17 0.097 0.06 The most commronly used naturally occur-
Iron 2.7 0.66 0.55 ring radioactive substances with SUfFf1-
Lead 62 1.7 0.79

cient activity to constitute a possible
hazard are radium, polonium, actinium,
Linear attenuation coefficients (cm'l) thorium, and uranium. Of these, radium
and polonium are particularly significant
since they are readily available and are
frequently used in guantities sufficient
to constitute a potentially serious ra-
diation hazard. Also, uranium and thori-
um salts can be purchased from chemical
supply houses by the case and shipments
10 generally are delivered without any ra-
diation warning signs on the bottles.
Alrhough these salts are no real hazard
in terms of external radiation, they
cculd be a potential internal radiation
hazavd and should be treated as such.

Fig. 4 shows the relationship of I tc
x for lead. Because of 1ts high value
of u, lead is often used as a shielding
material.
EFFECT OF SHIELD

.‘,Cr

40

-

s
=3
T
2 5. _w
i i T

20k Note: Normal uranium and thorium, in
-0t solvble form, are more dangerocus as

005 chemical poisons inside the body than as
-1op sources of radiation, since relatively
”t_ large quantities are required to cause
0 5 o s %% 3 10 18 severe radiological damage.

TRANSMISSION OF 0060 GAMMA RAYS

THICKNESS OF LE.D {cr)
Fig. 4 () {.ncar orwph {b) Senilo~ graph
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Artificralily produced racro.nuclices
are procduced either »y the fission of
heﬁvy elements in a nuclear reactor or
Ly the bomiardmert of non-rad:ioactive
1sotopes 1n high-energy acceierators or
nuclear reactors. Over a thousand radio-
nucl:ies are known, and of these, anout
one hundred are 1n common use. Small
arounts of certain common.y used nuclides
are available withcut specific license.
acguisition of larger amounts of nuclides
reqguires a specific license from tne
AtormiC Energy Commission or State reju-
latorv agency, or from bLotn.

THE PROVISION FOR AND THE USE OF "GTNER-
ALLY LICENSED" RADIOISOTOPES IN THE HIGH
SCEOOL CLASSROOM

The geantity of radioisotopes used
in the high school classroom is usually
limited to very small amounts that are
zenerally iicensed by the Atomic Energy
Commission. A partial listing of these
(termed "generally licensed" by the AEC,
"exempt" Dy states, and "license free"
by some suppl:iers) is given in the Sur-
vey of Commercially Available Radioactive
Sources (p. 88). A teacher may purchase
any of these radioisotopes without ful-
filling anv specific licensing require-
ments provided that he or she does not
at any one time posses or use more than
a total of ten such quentities. Although
generally licersecd quantities may be pur-
Chased without the need of any specific
license from the AEC, the user is not
exempt from adhering to the regulations
that are concerned with their use; hence,
it is recommended that teachers obtain
copies of these requlations (6).

"Generally licensed" quantities of
rnater:rals in solution cannot be added
together to obtain a source of a higher
activity. If higher activities are de-
sired, proper authorization must be ob-
tained for their acquisition. Hence,
if a teacher wants a 30.Ci source of
P32, he cannot buy three 10uCi liquid
sources and pour them all together.

The limitation of quantity by the
Atomic Energy Commission practically
assures the safety of the persons using
or coming in contact with radioisotopes
in the high school program. However,
the fact that they are radioactive ma-
terials and can constitute a safety
hazard should always be kept in mind
and the methods of controlling both ex-
ternal and internal hazards should become
a part of both the student's ccncern as
well as the concern of the teacher.
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For any gamra-emitting rad:ionucl:ide
the specific gamma ray constant is the
exposure rate in roentgens per hour for
a point source of 1 millicurie at a dis-
tance of i centimeter. Values of this
constart are listed :n Table 6 for cer-
tain gamma ematters. If used as gamma
sources, beta-gamma emitters can be en-
closed 1n a sufficlent thickness of
glass, plastic, or metal to eliminate
essentially the beta radiration (see
Figure 3). As stated earlier, both beta
ané ganra rad:ations are capable of
producing biological effects.

~ "generally-licensed" or "exempt"
source, whren used for a short time such
as one or two hours, represents a
negligible external hazard. However,
if 1t were to be kept close to the skin
for many hours, injurious effects could
possibly be produced. Radiatiorn sources
should, therefore, not be carriei in
pockets or r iled without proper tools.
Adeguate precautions should be taken to
prevent radioactive materials, irrespec-
tive of amount, from gaining entry to
the body, e.g., throug1 tne moutn, the
nose, or the skin (3j.

. Just about any laboratory exercise
involving the use of radioisotopes to
be done at t>e high school level can be
accompiished using "generally licensed"
guantities of radioactive materials. A
few gxceptional cases may arise, but in
the vast majority of cases, the "general-
ly licensed" quantities will suffice.
As a rule of thumb in chocsing radio-
isotopes to be used in a classroom ex-
periment, choose the source of minimum
strength (activity) required to perform
the experiment.

Records shoulé be kept of all radio-
active materials that have been and are
being used in the classroom. The rec-
ords shoulé contain the name of the
isotope, the actiwvaty, the specific gam-
ma constant, if it is a gamma emitter,
the half life, the date of shipment,
the storage location, the names of per-
sons using the isotope, and the date of
disposal.

CALCULATION OF RADIATION EXPOSURE

In an experiment to study the ab-
sorption of gamma rays by lead sheets,
some high school students will be using
a new 1 uCi Co®% plastic sealed disc
source. Since 1l uCi is only one-tenth
of the maximum amount of Co*? that may
be purchased as a generally licensed
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quantity in the form of a sealed source,
it may be considered safe for student
use under ordinary conditions. However,
if a teacher desires to determine what
doese 1n rems a student will receive
from this source 1f the student were
sitting, on the average, about 20 cm
from the source during the experiment
which takes about 36 min., he could
proceed as follows:

(Specific
Dose (rem) = gamma ray x Present
constant)

activity of source

*~ time of exposure (hr)

x 1 - 2

(dist. in cm

x rem
roentgen

For Cob¢,

2
Dose = 12.9 M x 1 uCi

mCi-hr

x 10-3 %%% x 1/2

rem

1
* {20 cmy 2 ~ 1 roentgen

= 1.6 x 1075 rem .

This exposure is well below the 0.01
rem/experiment maximum which was sug-
gested earlier.

Also, since 0.01 rem/experiment is
the recommended maximum, no stude-+
should work in an :irea where a survey
instrument reads above 10 mR/hr. (Note:
survey instruments are often available
from local Civil pefense authorities.)

RADIATION WARNING SIGNS

All radiation sources should be
identified by the standard radiation
symbol.
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RADIATION
AREA

Fig. 5 The Standard Radiation Symbol

Besides warning of the presence of
radioactive material, the warning sign
should also 1indicate the person respon-
sible for the material and how he may
be contacted.

STORAGE OF RADIOACTIVE MATERIALS

All radioactive materials should be
stored in a plainly marked and properly
shielded area. The area should be se-
cured against the unauthorized removal
of radioisotopes from the place of
storage. All radioactive materials
should be signed for on removal and
checked back in on their return so that
the whereabouts of the materials is al-
ways known. The activity immediately
outside the storage area should not be
above background.

WASTE DISPOSAL
The following general rules apply:

1. The Code of Federal Regulations,
Title 10, Part 20 or comparable State
Regulations should be consulted for de-
tailed information on the proper dis-
posal of quantities of liquid source
materials which exceed the quantities
that are termed generally licensed.
(See also NCRP Report Ho. 30.)




2. when work with generally licensed
quantities of liquid sources has been
completed, they may be disposed of in
the sanitary sewer system, 1f flushed
away with a considerable amount of extra
water.

3. The final disposal of solid radio-
active waste may require the use of a
licensed commercial disposal service.

If there is doubt, a radiological physi-
cist, a health physicist, or the local
health agency should be consulted.

4. Solid sources of short-lived iso-
topes may be stored for decay to pos-
sibly 1/10 of the permissible exempt
value, and then disposed of, singly, in
the ordinary trash (8).

5. Never throw long-lived solid radio-
active wastes into the ordinary trash
receptacles. You have no control over
their fainal destination.

Some question may arise as to the
method of disposal of various uranium
and thorium salts which have been placed
in solution. The method is probably
best illustrated by an example.

Example: In the half life of T1208
experiment that is used in Harvard
Project Physics, an acidic solution of
thorium nitrate is prepared by dissolving
5 grams of thorium nitrate in 10 ml of
2 molar nitric acid. During the course
of the experiment, the solution is fur-
ther diluted with another 10 ml portion
of 2 molar nitric acid. The end result
is that for each lab group, the instruc-
tor is faced with the problem of safely
disposing of a solutio:. of 5 grams of
thorium nitrate dissolved in 20 ml of
liquid. How can safe disposal be ac-
complished?

Procedure:

Thorium nitrate: Th(NOj),-H,0
F.W. = 552.146
Grams of thorium in a S5 gram sample

(232)

of thorium nitrate =5gz5~ 7

= 2.1 gm.

Activity of the Th?3? sample:
Act. = (mass of Th?32) (specific Activity

of Th232)
_ -7 Ci s uCi
= (2.1 gm)(1.11 x 10 a;gﬁ)(lo &

2.33 x 10~} uci.
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The radioactivity concentration guide
permits a concentration Th?3? i1n water
<5 x 107 yci/ml.

(From Appendix B of Titie 10, Ch. 1,

Part 20 of the Code of Federal Regula-
tions.)

Dxlution factor:

2.33 x 207! uci/s x 1075 ECL o
ml

4.66 x 103 ml = 5 liters.

Therefore, each sample of 5 gm of
thorium nitrate in 20 ml of liquid should
be flushed down the sewer with about
S liters of water.

Note: the specific activity of vari-

ous 1sotopes can be found in the Radio-
logical Health Handbook (9).

SUMMARY

1. Some properties of alpha, beta
and gamma radiations:

Relative
Specific Approximate Range
Ioniza- Soft
Charge tion Air Tissue Bone
a +2 2500 few several few u
inches n
[ -1 100 several few mm several
ft n
Y 0 0 indefin- i1ndefin- inde-
ite ite finite

2. The ingestion of any type of radio-
active material must be avoided at all
costs. High specific activity alpha
sources are the most dangerous.

3. External radiation exposures can
be minimized by controlling:

a) quantity and type of radiation
source,

b) length of exposure,
c) distance,

d) shielding.
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Radintion. Absotption,

IN VARIOUS MATERIALS

ot
>

CONCRETE OR
“k ALUMINUM Tissue

VBARCi0 $17A hd

Fig. 6

4. Internal radiation exposures can
be controlled by reducing the probability
of isotopes entering the body by:

a) 1nhalation,

b) ingestion,

c) ainjectaion,

d) absorption through the skan.

5. Experiments should be carefully
planned and carried out to minimize
both accidents and exposure time.

6. Our bodies have no buirlt-in warn-
1ng system that tells us when we are in
a high radiation area. Therefore radia-
tion areas must be clearly marked, the
strength of the source known and any
hazards clearly understood by both
teacher and student.

7. The Atomic Energy Commission places
limits on the quantity of radioisotopes
most teachers can possess or use at any
one time. Because of this limitation,
injurious doses of radiation could be
recerved by a high school student in a
laboratory situation only as a result of
gross carelessness, or through ignorance
of the presence of radiation.

8. The guidelines for the use of
radioisotopes in the high school class-
room are set forth in NCRP Report No.
32. These guidelines were adherec to
in this article. Reference should be
made to this report if questions arise
which this article does not answer.
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9. Radioactivity should be respected
but not feared. Fear implies a lack of
knowledge and understanding of the sub-
ject. Good instruction on the part of
the teacher will win respect for both
himself and the subject.
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Summary of the Properties of .
«, 3 and v Radiations

Radiation loses energy by interaction with matter in the ways summarized in Table 1.
wWhereas an o or 2 particle loses 1ts energy gradually in a series of interactions with
many different atoms, the absorption of a gamma-ray photon is a "one shot" affair.

This 1s why y-ray absorption follows a negative exponential law, but a and 8 absorption
does not.

Table 1: Some Properties of a, 8 and y Radiations.
Relative
Rest Specific Range Method of Effective Typical Typical
Charge | Mass Ionization in Interacting Shielding Energies Speeds
(e) {amu) of Air Alr With Matter | Materials {MeV) (gc)
a +2 4 2500 few ionizing paper, dead 4-10 4.7-7.3
inches collisions skin
S R R 100 several | ionizing lucite, D.025-3.5 | 25-99
ft. collisions glass,
aluminum
Y 0 0 1 indef- 1.Photo- lead, 0.04-3.2 100
inite electrac concrete
interact.
2 .Compton
scatterang
3.Pair Pro-
duction

NOTES :

1.

2.
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The energies of o, B and y radiation may be classified as soft, medium, or hard:

Table 2: Energy Classification
Energy Classifications (Mev)
Soft Medium Hard Spectra
e The range of a energies is small Discrete
B <0.3 0.3 - 1.5 Mev 1.5 - 3.5 Continuous
Yy <0.5 0.5 - 1.0 Mev >1.0 Discrete

Most 8's have energies in the vicinity of 1 Mev.
y-rays with energies <0.1 Mev are considered very soft.

Radiations travel through matter until all their energy is lost through interactioms

qith the atoms which compose the matter. fThese interactions are summarized in Table

A rapidly accelerated or decelerated charged particle such as a B-particle will radiate
x-rays (bremsstrahlung). For this reason, aluminum is a better shield for betas than
is lead because of less scattering and less bremsstrahlung production.
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Alpha, Beta and Gamma Spectra

The energy spectrum of « and y radiation from a given source shows distinct peaks
(Table 3, A and C.) These peaks correspond to transitions between discrete nuclear
energy levels (just as in the visible region spectral lines correspond to transitions
between electronic energy levels), "

On the other hand, the energy spectrum of 3 particles is, typically, continuous.
When the energy of 8 particles emitted by a given isotope is quoted (e.g., Table of
Isotopes in Handbook of Chemistry and Physics), it is usually the end-point of maximum
energy (Em Table 3b). The average energy of an emitted particle is about one third

ax’

of Emax‘ It can be shown that the difference in nuclear energy levels in an isotope

undergoing 8 decay is equal to E To maintain the conservation of energy in cases

max”’

where the B energy is less than Emax’ Pauli (1930) postulated the existence of a new

particle, the neutrino, to carry off the extra energy. The existence of the neutrino
was confirmed some 30 years later.

Table 3: Summary of Alpha, Beta and Gamma Spectra

=~ 24 LTTMV
‘F AT Alphes

tem dra. G.Ring Det

$i02 posuivared 53keV
(3K~ p-type) .
A :"(:':':"- 24501,
" 25 D{-f
] 1343
I
35
30
w
D 13 Mev
? » IJevﬁ-‘ym’.
: phidlactdie
g Qamplon o
"o mf peaks.
1on
5| Y9
E ° 20 40 €0 30
max

BASELINE vOLTS

ENERGY

1 TN NN N S N
CHANNEL NUMBER
A: 24lam alpha spectra. (SolidlB: Typical beta spectrum.]C: ©9Co gamma spectra (NaI(T1)

state detector) crystal coupled to a multi-
chan. analyzer)
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THE PROVISION FOR AND THE USE OF
"GENERALLY LICENSED" RADIOISOTOPES

IN THE HIGH SCHOOL CLASSROOM:

The quantity of radioisotopes used in
the high school classroom 1s usually lim-
ited to very small amounts that are gen-
erally licensed by the Atomic Energy

Commission.

These are available for

purchase from quite a number of suppliers.
The complete listing of these (termed
"generally licensed” by the AFC, "exempt"
by states, and "license free" by some
suppliers) is indicated in Table 1. The
complete listing is also given in Title
10, Chapter 1, Part 3. of the Code of

Federal Regulations (CFR).

A teacher

may purchase any of these provided that
he or she does not at any one time pos-
sess or use more than a total of ten

such gquantaties.

Although generally li-

censed quantities may be purchased with-

Table 1. GENERAL LICENSED QUANTITIES

Byproduct material

Antimony (8b 124)---
Arsenic 76 (As 76)--
Arsenic 77 (As 77)--
3arium 140—Lantha-
num 140 (Ba-La 140)
Beryllium (Be 7)----
Cadmium 109—Silver
109 (CdAg 109)-----
Calcium 45 (Ca 45)--
Carbon 14 (Cl4)-=----
Cerium l44—Praseo-
dymium (CePr 144)--
Cesium-Barium 137
(CsBa 137)-=~=ve-—--
Chlorine 36 (Cl 36)-
Chromium 51 (Cr 51)-
Cobalt 60 (Co 60)---
Copper 64 (Cu 64)---
Europium 154
(Eu 154)=-—-=ccuc--
Fluorine 18----=-===-
Galliun 72 (Ga 72)--
Germanium 71 (Ge 71)
Gold 198 (Au 198)~---
Gold 199 (Au 199)---
Hydrogen 3 (Tritium)
(H 3)==—mmmmeme e
Indium 114 (In 114)-
Iodine 131 (I 131)--
Iridium 192 (Ir 192)
Iron 55 (Fe 55)====-
Iron 59 (Fe 59)=~--=~
Lanthanum 140
(La 140)-~=-mueue--
Manganese 52 (Mn 52)
Manganese 56 (Mn 56)
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Column
No. 1

Not as a

sealed
source
(micro-
curies)

10
10

10
10
50

50
50
50
10
50
10
10
250
10
10
50
10

50

Column
No. II

As a
sealed
source
(micro-
curies)

10
10
10

10
50

10
10
50

10

10
10
50
10
50

10
50
10
50
10
10

250
10
10
10
50
10

10
10
50

TABLE 1: (Con-inued

Byproduct material

Molybdenum 99
(Mo 99)

Nickel 59 (Ni 59)--~-

Nickel 43 (Ni 63)--~

Niobium 95 (Nb 95)--

Palladaium i09
(pd 109)

Palladium 108-—
Rhodium 108 (Pd-Rh
103)

Phosphorus 32 (P 32)

Polonium 210

(Po 210)
Potassium 42 (K-42)-
Praseodymium

(Pr 143)
Promethium 147

(Pm 147)=-—memmmeue

Rhenium 186 (Re 186)
Rhodium 105 (Rh 105)
Rubidium 86 (Rb 86)
Ruthenium 106—
Rhodium 106 (RuRh
106)=mmmmmmeem e
famarium 153

(Sm 153) =—~e-mmmme
Scandium 46 (Sc 46)
Silver 105 (Ag 105)
Silver 111 (Ag 111)
sodium 22 (Na 22)--
Sodium 24 (Na 24)--
Strontium 89

(Sr 89} —=mwee———mee
Strontiuwm 90—
Yttriom 90 (SrY)--
Sulfur 35 (S 35)---
Tantalum 182

(Ta 182)-=---r=---
Technetium 96

(Te 96) ---=w-meum-
Technetium 99

(Te 99)
Tellurium 127

(Te 127)-==--=-===
Tellurium 129

(Te 129)-~mmeu—meu-
Thallium 204

(T1 204)---~--—=--

Tin 113 (Sn 113)---
Tungsten 185

(W 185) —=emmoemeem
Vanadium 48 (v 48)-
Yttrium 90 (Y 90)--
Yttraum 91 (Y 91)--
Zinc 65 (Zn 65)—---
Beta and/or Gamma
emitting by-prod-
uct material not
listed above.

)

Column

No.

Not as a
sealed
source
(micro-
curies)

10

10
10
10

1

Colunmn
No. II

As a

sealed
source
(m1cro-
curies)

10
10
10
10

10

10
10
10

10
10

10

10

«
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out the nees of any specific license rrom
the AEC, the uaser is not exempt fr.m
adhering to .he regulations that are
concerned with their use; hence, 1t is
recommended that teachers ok%ain copies
of Title 10, Part 31 of the CFR.

"Generally licensed" quantities of
materials cannot be added together to
obtain a source of higher activaty. If
higher activities are desired, proper
authorization must be obtzined for their
acquisition. Hence, if a teacher wants
a 30 uCr source of §2P, be caunot buy
three 10 uCi liquid sources and pour them
all together.

The limitation on quantity by the
Atomic Energy Commission practicall
assures the safety of the persons using
or coming in contact with radioisotopes
in the high school program. However, the
fact that they are radioactive materials
and can constitute a safety hazard should
always be kept in mind and the methods of
controlling both external and internal
hazards should become a part of both the
student's concern as well as the concern
of the teacher.

A "generally-licensed" or "exempt"
source, when used for a short time such
as one of two hours, represents a negli-
gible external hazard. However, 1f it
were to be kept close to the skin for
many hours, injurious effects could
possibly be produced. Radiz-.“n sources
should, therefore, not be carried in
pockets or handled without proper tools.
Adequate precautions shouid be taken to
prevent radioactive materials, irrespec-
tive of amount, from gaining entry to
the body, e.g., through the mouth, the
nose, or the skin.

Just about any laboratory exercise
involving the use of radioisotopes to be
done at the high school level can be ac-
complished using "generally licensed"
quantities will suffice. As a rule-of-
thumb in choosing rauioisotopes to be
used 1n a classroum experiment, choose
the source of minimum strength (activity)
required to perform the exreriment.

SUPPLIERS OF GENERALLY LICENSED QUANTITIES
OF RADIOISOTOPES:

The following is the list of suppliers
of generally licensed guantities of radio-
isotopes that was used in this survey.

The list consists of six of the ‘argest
suppliers of such radioisotopes in the
country. However, the list is not ex-
haustive nor are these supplier=s recom-
mended. Certainly they are not rfecom-
mended over others which someone else
might list.

Articles
Radioactive Sources

BA Baird-Atomic, Inc.
33 University road
Cambridge, Muss. 02138
Cenco Central Scaentific Zompany
1700 Irving Park Road
Chicago, Ill. 60613

M Macalaster Scaentific Corpo-
ration
186 Thard Avenue
Waltham, Mass. 02154

NENC New England Nuclear
575 Albany Street
Boston, Mass. 02118

NC Nuclear~Chicago Corporation
33 East Howard Avenue
Des Plaines, Ill. 60018

TL Tracerlab-Div. of Lab. for
£lectronics, 1nc.
1601 Trapelo Road
Waltham, Mass. 02154

w The Welch Scientaific Company
7300 N. Linder Avenue
Skokie, Ill. 60078

A more extensive list can be obtained
from the Division of Nuclear Education
and Training, United States Atomic Energy
Commission, Washington, D.C. 20545. Their
nost recent list (Dec. 1966) appears cn
page 7. The Isotone Index, put out by
the Scientific Equipment Company, P. O.
Box 19086, Indianapolis, Indiana 46207
contains probably the most complete
listing of all such companies.

SUPPLIERS OF SMALL QUANTITIES OF
RADIOISOTOPES

AEC LISTING

Abbott Laboratories
Radiro-Pharmaceuticals

P. 0. Box 1008

Nak Ridge, Tennessee 37830

Atomic Corporation of America
7901 San Fernando Road
Sun Valley, California 91.52

Beta Industries, Inc.

P. O. Box 1407

2275 Ted Dunham Avenue

Baton Rouge, Louisiana 70821

Chem Trac

Radiochemical Division of
Baird Atomic, Inc.

33 University Xk»ad

Cambridge, Massachusetts 02138

General Nuclear, Inc.

9320 Tavenor

Houston, Texas 77034
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General Radioisotopes Processing Corp.
3000 San Ramon Valley Boulevard
San Ramon, California 94583

Iso-Serve, Inc.
131 portland Street
Cambridge, Massachusetts 02139

New England Nuclear Corp.
575 Albany Street
Boston, Massachusetts 02111

Nuclear Chicago Corp.
333 East Howard Avenue
Des Plaines, Illinois 60018

Nuclzar Consultants Corp.
2842 ranchester Road
St. Louirs, Missouri 63119

Nuclear Research Chemicals, Inc.
P.0. Box 6458

100 North Crystal Lake Drive
Orlando, Florida 32803

Nuclear Science & Engineering Corp.
P. 0. Box 10901
Pittsburgh, Pennsylvania 15236

Nucleonic Corporation of America
196 Degraw Street
Brooklyn, New York 11231

Schwarz Bio-Research, Inc.
Mountainview Avenue
Orangeburg, New York 10962

Squibb, E. R. and Sons
Radiopharmaceutical Department
Georges Road

New Brunswick, New Jersey 08902

Tracerlab

Technical Products Division
1601 Trapelo Road

Waltham, Massachusetts 02124

J. S. Nuclear Corp.
P. O. Box 208
Burbank, California

volk Radiochemical Company
8260 Elmwood Avenue
Skokie, Illinois 60076

These companies are catalogued in the
Icotope Index, put out by the Scientific

Equipment Company, P. O. Box 19086,
Indianapolis, Indiana 46207.

The Annual Buyers Guide issue of Nucleonics
magazine carries a good list of nuclear
equipment and radioisotopes Suppliers.
RADIOACTIVE DISC SOURCES:

Solid radioactive sources may be ob-
tained in the form of a snaled heat-

90

resistant, waterproof plastic disc. An
extremely thin Mylar film permits the
passage of the desired radiation. These
sources provide various types of activity
at dirfferent energy levels. They are
ideal for studies in backscatter, adsorp-
tion, 1sotope identificarioi: and for the
demonstration ol various other proverties
of radiations. Table 2 is . rather com-
plete listing of low cost generally
licensed uncalibrated radioactive disc
sources that are available for high
school use. For demonstration purposes,
the disc sources with a half life greater
than one year are recommended for economy
reasons. (See Table 2)

Notes: *Alpha emitting Americium-241 and
can be purchased from Cenco, but a
specific Atomic Energy Commission
license is required.

(TL) Sumpolizes a 0.1 uCi disc Source
sold bv Tracerlab for $4.00.

RADIOACTIVE LIQUID SOURCES:

Solutions of radioactive salts are
available in generally licensed quanti-
ties. Their use includes the demonstra-
tion of nuclear phenomena, counting
technicues, tracer studies, volume
determinations, etc. Table 3 is a
rather complete listing of the liquid
sources that are available. A glance
at the table shows that a wide range of
alpha, beta, and gamma radiations of
various energies and half lives can be
obtained. Because of the internal hazard
and the possibility of contamination of
lab areas, liquid sources of relatively
short half life (months or less) are
recommended. Short-lived radioisotopes
are generally shipped to arrive at maxi-
mum activaty. (See Table 3)

Americium-241 and Neptunium-237 solu-
tions may be purchased from Cenco, but
their purcahse requires a specific AEC
license.

Pipetting of radioactive solutions
should never he done by mouth. Indirect
methods must always be used. Various
inexpensive types of pipettors are avaii-
able on the market.

Many suppliers of radioisotopes require
a minimum order. Ordering requirements
should always be checked before orders
are mailed in. The prices listed in this
survey are merely intended to give an
idea of the approximate cost of the var-
ious isotopes available. Each supplier
reserves the right to change prices at
any time. Therefore, prices should ai-
ways be checked before orders are filled
out.
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ALL-PURPOSE RADIOACTINT SOURCES:

TADLE 4. GOOD ALL-PURPOSE

RADIOACTIVE SOURCES

Short-Lived

a .
Ligquid
sources
Ra ‘/Sr * Co <1, ep
RaDEF  +-'TY  1%’Cs © Ca, "8

Notes: 1. Radium 1s a good cloud chamber

92

source.

However, 1t must be

remembered that radium sources
contain more than just radium,

1967

Since all of the daughter
products of radium arc present
1in the source i1n equilibrium
amounts {(after a period of
time) and since several of
whese daughter products are
also alpha emitters, & radium
tip will emt several differ-
ent alphas with energies which
range from 4.5-10 MeV. 1In

the cloud chamber, alpha
tracks of vary:iag lengths

will be observed.

If the radium source is very
thin, some of the tracks can
bec associated with their
parent. atoms by matching the
observed ranges in air {alco-
hol vapor) with the.r approx-

Table 3. Uncalibrated Radioactive Liguid Sources

1 Activities ?Maxxmum Principal Ave
1sotope nals Available Deta Gamma Chemical Suppliers (§: 734 Volume
Iife {.C1) Enerqies |Fnerqiex torm ‘dollers) (ml.)
I S (MeV) (MeV)
T N RISk
Bariu=-133 | 7.2y 1 0,348 BaCl BA,Cenco 6-8 5
. 3
Cadmium=109 470d 10 . 0,087,1C {CE(NO), T h-8 <
Calciygm=-4% 16%¢ 10 0.25%4 CaCl BA,Cenco, G- 8 K
. NG, W
Carbon=14 5560y b5-%0 0.1%% Na CO, BA,Cenco, 6-15
1 N, TL
carton-14 12500y | . (U Cy 1/ COONa NENC, M 7 5 c1
carbon=14 | 5560y 50 0.3 CH L, CnoN NC 16 20-40 “C /oM
Carbon-14 l5s60y © 50 to 1% i .co) %o NC 17 930 TV /mm
carbon-14 oy | 5o 0.1 HK, CH COOM e lo 5-25 P10
Cerium=144/ | o 32 some
Prascodymiun-144!289¢ : 1 (298 I 1CeC) | Cenco,N¢C, 6=7.5 )
i I W, M,
Cesium-137/ | | EO %1 : L !
Bax1um-137 \ 3oy ! 1 ‘ lo.66 coct BA,Cer .o, 67,5 5
. . NENC RC
Chlorine~ 36 L] 10 y 1 oo 1RC.no HC1 BA 6 5
Cobalt-57 270 l 1 i EC,» ¢c.cl DA NERNC,TL] 6-7 5 5
{ I NC, TL, W
Cobalt=60 15 26y | 1 1 310 11.17,1.33 ¢ Cl, ‘BA, Cenco, 6-7.5 5
i | NENC, M
lodine=131 8 04dd | 10 0.33,0.6110.36, 0.64/Na1 BANC,W,M {7.5-12 5~1¢
fron=5% 2.7y , %-10 ; LC,'no .+ {FeCl. BA,NFNC, é 7
| T, M
lead~210/ ! 10.0)7 0.047 TL, W
Bismuth=210 b2y i1-10 1.17 Pb(NOy) | BA, Cenco, v=7.5 5
! | NENC,NC, M
vanganese-54 '31ad 1 { 0.84 EC ¥nCl BA,Cenco, 6~10 5
! NENC, TL
Mercury=203 474 | 1 ;0.210 0.279 Hy (NO ) NC 7.5 5
Nickele63 125y Iy e 10.067 nicl, BA,NFNC, 6-7 5
. T
Na .PO, or
phosphorus- 32 15.2a 10 1.7 H,PO. BA,NENC, 6=12 5
NC,W.M
promethium-147 ‘ 2.6y 5-10 0.22 PR, Bh,Cenco, 6-7 5
NENC, TL
Ruthenium-106/ 0.039
Rhodium~-106 371¢ 1 3.55 complex RuCly Cenco, 6 ?
NC, TL
Sodium=22 2,0y 1-1¢ £', 0 54 [ 1.28,EC |wac) BA.Cerco, | 6-20 5
I NENC, M
Sulfur-3s 87.2¢ 50 0.167 S in ¢ Cenco 6 ?
Sulfur-3% 87.2¢ 50 0.167 S in ¢CH, NC 7.5 2
Sulfur-35% 87,24 5=50 0.167 B S04 BA ,NEXC, 6-8 1-5
NC, TL
Strontium=90/ 0.54 NC, TL
Yttrium-90 28y 01 2.26 SrcCl bA,Cenco, 6-7.5 5
NENC,NC,
TL, M
Thallium-204 3.6y 1-50 J9.77 LC,no TINO; BA,Cenco, 6-7.5 5
NENC,
Uranyl Nitrate 45« 10% }2-5 grams v v U0, (NOW),-6H,0 |BA,Cenco, 6-10
{sol:d; NENC,TL
. NC,TL,W
2inc-65 245¢ 5-10 s, 0.325;1.11,EC 2nCl, BA,Cenco, 6-7.5 5
. NENC,
Notes* 1. lron-55 emits characteristic Mn x ray of 5.9 KeV.
2. Bismuth-210 also emits 5.03 MeV alphas.

3: Azericium~-241 and Neptunium-237

solutions may be purchased from Cenco, but their purchase

requires a specific AEC !icense.
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Radioactive Sources

imate ecnergy as obta.ned on a 5. Both Strontium-90 and Thal-
range vs. energy graph. The lrum-201 ar¢ considered pure
energy obtained can then be beta emitters. I

matched with the known ener- o~ s
gies of the alphas emitted 6. Both Cobalt-60 and Cesium-137

by radium and 1ts daughters. give off beta particles as

; ; well as gamma radiation. iHow- '
If the radium source is thick, .
this parent identification ever, the beta particles can
:annot be done accurately easily be shielded out with

alaminum foil, licite, plas- <

has
because many of the alpha tic or glass.

will lose cnergy within the
source before they emerge
into the volume of the cham- 1
ber and hence their range |
will be shortened. The net

result is that a fairly con-

tinuous spectrum of alpha

encrgies is observed.

2. Cenco markets on Alpha Ray Tip
Radium) for $10.50. welch
markets an Alpha Ray Source
\Radium) for $1.25.

3. Unlike radium sources whaich
emit alphas with energies
ranging from 4.5 - 10 MeV,
Radium DEF sources are mono-
energetic. A radium DEF
source consists of radium E
and F in secular equilibrium
with Radium D.

“

a
RaD RaE RaF 138¢ stable lead

C‘ w
22y 5.04d
(J!OPO) (20(pb)

(?1%pb) (210Bj)

Since Radium D and E are essentially
beta emitters, only the 5.3 MeV alphas |
of Radium F are observed in the cloud
chamber. Hence, Radium DEF is a good |
source for showing that alphas are mono- |
energetic (which implies an alpha spec- |
trum is discrete). The reason RaDLI
cloud chamber sources are manufactured
instead of pure RaF sources is because
the half life of RaF 1s only 138 days.
The half life of RaD is 22 years, and
the half lives of all of its radioactive
daughters (RaE and RaF) are all much
less than 22 years. All of the daughters
must therefore decay at the same rate as
RaD. This means that the RaDEF source
has an effective half life of 22 years.

In summary:

RaDEF is a good monoenergetic alpha
source.

Radium is a good source for demonstra-
ting the presence of the radioactive
daughter products which exist in secu-
lar equilibrium with radium.

4, Macalaster Scientific Corpora-
tion (186 Third Avenue, Wal-

{ tham, Mass. 02154) markets a
RaDEF cloud chamber source for
$1.50.
Q 93
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Articles
Radioactivity — Electroscopic
Detection

Use of the Electroscope as a
Measuring Instrument in
Radioactivity

If some of your students are interest-
ed 1n a side project on the use of the
electroscope as a measuring 1nstrument
1n radloactivity, you can start them
off by suggesting that they actually
measure the capacity of one of your
laboratory electroscopes. For this, the
related physical guantities are:

C = capacity in farads;

A = area of one of parallel plates

d = distance between the plates in m-

)
|

o = the electrical constant;
8.9 x 1071¢ ceull/nt-m2.

Of course, the electroscope is not a
parallel plate capacitor—only a rough
approximation to one—but don't tell
this to the students at first; it makes
an excellent question about the nature
of experimental accuracy later on.

The capacitor carries a charge:
Q = CV. If you consider *hat the plate
area is about 0.0005 m?, and that
d = 0.05 m, the capacity C = 8.9 x 10-!%
farads—this can be simplified to
10713 farads without causing complica-
tions. Then, the charge on the fullv

charged electroscope = 197!% x 10% = 10-°
coul.

If you have some uranium salt avail-
able, this experiment can be extended.
Ten mg of U will emit about 120 alpha
particles/sec, with an energy of
4.2 Mev/particle. But only 35 eV of
energy are required to produce one ion
pair in air. So, if the alpha rays are
directed into the electroscope, the air
inside will ionize to the following ex-
tent:

4.2 x 10% x 120
35

=1.44 x 107 10n pairs/sec.

If the leaves of the electroscope are
charged negatively, the positive ions
created 1in the air will move to the
leaves at the above rate.

94

1.44 x 107 ions/sec
x 1.6 » 10712 coul/ion

= 2.3 x 107!% coul/sec.

. rom the above, it would take +10~7 coul
to neutralize the negatively charged
leaf, the total time to collapse the
leaves should be

10”2

————  sec = 440 sec,
2.3 x 10712

or about 7 minutes. Ask the students
who want to try this to think about what
might cause deviations from the exact
time predicted.
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Answers

Test A
v Suggested Answers to Unit 6 Tests
-
Test A

SECTION

ITEM ANSWER OF UNIT

1 B 21.6

2 C 21.6

3 B 21.6

4 D 21.4

5 D 21.1
6 A 21.3, 21.4

7 D 23.7

8 B 24.8
9 E 22.1, 22.2
10 A 22.1, 22.2

11 D 22.6
12 D 21.3, 21.4

13 C 24.2

14 B 23.5
15 C 24.5, 24.6

O
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Answers

Test A
Group I
1. Section of Unit: 24.4
Given: atomic mass of H! = 1.0080 amu
atomic mass of L7 = 7.0160 amu

atomic mass of He'= 4.,0026 amu
931 MeVv

1 amu

(HY  + 3Li7 . ,He“ + ,HeY
1.0080 + 7.0160 ——s 2(4.0026)
8.0240 —s 8.0052
am = 0.0188 amu

(0.0188 amu) (931 MeV/amu) 17.5 Mev

2. 22.1, 22.2

a
92M238‘ 90Th23‘6

Sections of Unmat:

Section of Unit: 21.8

L.

8

[
91paZ3k 92M23‘*

"The law of disintegration of a radiocactive substance is a statistical law"

because:
i)

ii)

it applies to a large population.
it makes no prediction regarding an
iii)

Section of Unit: 21.8

individual atom.

it does not attempt to explain cause.

8 mg — 4 mg — 2 g

This reduction will take 3 half-lives

O
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1 mg

3(3.05) min
9.15 min.
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5. Sections of Unit: 24.5-24.8

The list of topics suitable for discussion within the framework of this question
1s long. The following examples are by no means intended to exhaust all the possi-
bilities. A sufficient answer could involve a brief discussion of the effects of
using atomic energy in electric power production, transportation, or water desali-
nation. In addition, a student may wish to consider the cffects of military appli-
cations, or the consequences of fallout.

Answers
Test A
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Answers
Test A

Group II
1. Sections of Unit: 24.6, 24.7

a) The function of the moderator in a nuclear reactor: fission is caused by
the 'capture' of a neutron by a heavy nucleus. There is a greater prob-
abilaty of this occurring if the fissionable material is bombarded with slow
neutrons. Fast neutrons lose energy and are slowed through collisions as
they pass through a moderator.

b) Heavy water 1s an effective moderator since the mass of the atoms it con-
tains is approximately equal to the mass of a neutron. Consequently, a
neution will lose a large fraction of its energy in a collision with an
H nucleus. 1In addition, the density of H atoms in heavy water is high.
Neutrons passing through heavy water are not absorbed by the nuclei and
are thus available to produce fission. Other moderators, for example,

Or 1nary water, are less effective because they absorb neutrons.

2, Section of Unit: 24.11

a) The nucleus is regarded as analogous to a charged drop of liquid.

Particles in the nucleus, like the molecules in a liquid drop, are in
continual random motion.

As in the evaporation of molecules from the surface of a liquid drop,
nuclear particles may gain sufficient energy through chance collisions with other
nucleons to overcome the attractive nuclear forces and escape from the nucleus.

b) i) describes nuclear reactions
ii) accounts for fission

3. Section of Unit: general
The elbow-shaped object is an electromagnet. Its function is to bend the par-~

ticle beam, and in doing this to separate out the particles of interest. 1In addition,
the magnet might be used to focus and aim the particle beam.
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A

ITEM

10
11
12
13
14
15

Suggested Answers to Unit 6 Tests

Test B

ANSWER

Answers
Test B

SECTION
OF UNIT

24.13
21.3, 21.4
21.3, 21.4

Study Guide p. 85
& Unit V

21.8
23.7
21.2
23.4
22.1, 22.2
21.5
24.5, 24.6
24.8
24.5, 24.6
21.3

24.5, 24.6
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Answers
Test B

Group I
1. Section of Unat: 21.5

No. The decay constant is the fraction of decaying atoms per unit time. This
quantity is observed to be constant for a particular element. Consequently, the
decay activity is a function of the number of surviving atoms of the element and
must decrease as the number of survivors decreases. Thus, the "total lifetime" of
a sample is indefinitely long, for the fewer atoms that are left unchanged in the
sample, the fewer will disintegrate per unit time. |

2. Section of Unit: 23.8

No. Granted, gold has been produced from other materials. However, these

transformations vary greatly, in method and 1in purpose, from the attempts of the
alchemists.

3. Section of Unit: 24.2

The Ba'“! nuclide is more stable than Ra?2? pnuclide.

4. Section of Unat: 22.1

Nuclides of lead 206 and 214 have the same number of protons but different
numbers of neutrons. Thus, they have the same chemical properties but have dif-
ferent atomic masses. In addition, they have different radioactive behavior.

5. Section of Unit: General

Radioactive

U//‘s°urce The probe that the man 1s holding includes both a radioactive
source and a counter tube. With this he is able to measure

the thickness of the pipe walls. However, since the details

of the probe are not shown, a satisfactory answer might suggest

that a tracer had been introduced earlier and the man was mea-

suring the rate of flow, density, pressure, etc., of the fluid

in the pipe.

Counter
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Answers
Test B

Group I1I

1. Sections of Unit: 24.5-24.8

Fission: A heavy nucleus is split into two nuclei of intermediate mass number.

The sum of the binding energies of the two product nuclei is greater than the

binding energy cf the heavy nucleus. Consequently, energy is released.

Fusion: Two or more nuclel with low mass numbers are joined together to form
a more massive nucleus.

The heavy nucleus has more binding energy than the nuclei from which it is
formed. Consequently, energy is released.

Both processes can be made to occur on a large scale, and very rapidly, resulting
in nuclear explosions. The speed of the fission process can be controlled, resulting
in the production of energy at a desired rate. Scientists are now trying to control
the rate of the fusion process.

2. Section of Unit: 21.6

When a radioactive atom emits an a or 8 particle it really breaks into two
parts—the o or 8 particle and a heavy left-over part that 1s physically and chem-
ically different from the original atom.

3. Sections of Unit: 24.6, 24.7

Nuclear explosions release large amounts of radioactive materials. Winds carry
these materials long distances and precipitation brings them down to earth. Some
of the radioactivities are long-lived, and are absorbed in growing foodstuffs and
eaten by animals and people. Under certain conditions these radiocactive materials
can cause harmful genetic and somatic effects. For example, one of the long-lived
products of a nuclear explosion is strontium 90. This isotope of strontium is
similar to calcium 40 in its chemical properties and hence when taken into the body
it finds its way into bone material. 1If present in large quantities its radioactive
decay can cause leukemia, bone tumors and other forms of damage.
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10
11
12
13
14
15
16
17
18
19
20
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Suggested Answers to Unit 6 Tests

Test C
SECTION
OF UNIT ITEM
21.6 21
21.6 22
21.6 23
21.3, 21.4 24
21.8 25
22.- 26
21.3, 21.4 27
21.8 28
21.3, 21.4 29
21.3, 21.4 30
21.8 31
21.8 32
22.5 23
22.7 34
22,1, 22.2 35
22.- 36
23.7 37
23.8 38
22.- 39
23.- 40

ANSWER
D

D

<>

SECTION
OF UNIT

23.-
23.-
21.3, 21.4
general
24.5
23.3
24.2
24.5
24.8
24.8
21.3, 21.4
21.8
21.8
22.1, 22.2
21. -
24.8
24.6
24.6
24.6

21.8
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Suggested Answers to Unit 6 Tests

Test D

Group I

1. Section of Unit: 23.- 1

a) 8016 + on1 — 8017

b) 50'® and 40!7 are both isotopes of oxygen.
2. Sect:zon of Unit: 24.2

Given: mass of ,He" atom = 4.002403 amu
0.000549 amu

mass of p = 1.007276 amu
1.008665 amu

931 Mev

mass of e

mass of n

i

1 amu

An ,He“ atom consists of 2 electrons, 2 protons and i neutrons.

2 p = 2(1.007276}) = 2.014552
n = 2(1.0086€¢5) = 2.017330
e~ = 2(0.000549) = 0.001098
4.032980
,He" = -4.002603
Am = 0.030377 amu
(0.030377 amu) (931 MeV/amu) = 28.28 pMev

3. Section of Unit: ?21.6

A radioactive atom undergoes change on emitting an a or 8 particle. The
original atom is transmuted to ore with new physical and chemical properties.

Traditionally atoms were considered indestructable and unchangeable.
4. Section of Unit: 21.1

In his studies of uranium Becquerel found that:

a) whether or not the uranium compound was being e.cited it continued to
emit radiatio. 3 that could penetrate substances opaque to light.

b) the amount of exposure »f a photographic plate due to the radiations
from the uranium compound was only a function of the amount of

uranium present.
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5. Section of Lnit: 24.13

a)

b)

c)

a)

e)

£f)

110

The physical and chemical effects of various kinds of radiations on
biological ma.erials are being studied.

The metabolism of plants and animals is being studied with the aid of
minute amounts of radioactive nuclides called isotopic tracers.
Agricultural experiments with fertilizers containing radioactive isotopes
have shown at what point ir the growth of a plant the fertilizer is
essential.

Radioactive isotopes help to determine the details of chemical reactions
and of the structure of complex mo..~ules, such as pro.eins, vitamins and
enzymes.

Tracers help to determine rate of fiow of blood through the heart and to
the limbs, thus aiding in the diagnosis of abnormal conditions.

Certain radioisotopes have been used in the treatment of cancer, blood
diseases, brain tumors, and in the dizgnosis of thyroid, liver, and

kidney ailments.
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1.

Section of Unit: 21.8

1.

The fraction of the total number of atoms in a sample which decays per unit
time is constant for any type of radioactive atom. Therefore, radioactivity
must decrease in proportion to the number of surviving atoms. Thus, the
"total lifetime" of a sample is indefinitely long for the fewer atoms that are
left uncnanged in a sample, the fewer will disintegrate per unit time.
Censequently, "total lifetime" is not a useful measure of decay rate.

Sections of Unit: 22.1, 22.2

a)

b)

An o-particle emission reduces the positive charge of the nucleus by two
units. Consequently, the resulting nuclide holds two fewer electrons in

its outer shells. This new nuclide acts chemically like an atom with an
atomic number two units less than that of the atom before the a emission
occurred.

A g~particle emission increases the positive charge of the nucleus by one
unit. Consequently, the resulting nuclide holds cne more electron in its
outer shells. This new nuclide acts chemically iike an atom with an atomic
number one unit greater than that of the atom before the 8 emission occurred.

Section of Unit: 24.12

The nuclear shell mcdel assumes that protons arrange themselves in shells and
that neutrons can, independently, do likewise. In nuclei with even numbers of
neutrons and protons, the more stable nuclei, these shells are filled. This model

nas been worked out in great detail on the basis of quantum mecnanics and is anal-
ogous in many ways to the quantum mechanical model of the atom.

The nuclear shell model has successfully correlated the properties of nuclides

that emit o« or 8 particles and photons. Furthermore, it has been useful in describing
the electric and magnetic fields that surround nuclei.
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Gamma, radiation, properties of, 83, 86

rays, 36
spectra, 87

Gaseous diffusion method of separating
isotopes, 56

Geiger tube, 59, 72

Half-1ife, 26, 37, 62, 66
Histogram, 60
Hypcthesis, proton-electron, 40
proton-neutron, 41
Index, 112
Isotopes, 38
relative abundance, 39
separation of, 38
stable, 39

Kinetic energy, 38

Lawrence, E. 0., 43
Lead, isotopes of, 38
Liquid-drop model, 47
Loops, 1, 49, 57

Magnetic moment, 40
Mass. atomic, 39
defect, 44

-energy balance, nuclear reactions, 44

of ¢ 8, and Y rays, 36
rest, 44, 45
spectrograph, 56
Medical applications, nuclear, 48
Meitner, Lise, 45
Meson, 46
Model, 35, 40
Model, nuclear
liquid-drop, 47
shell, 47
Moment, magnetic, 40
Momentum, angular, 42
Multi-Media, 1, 4

Neutrino, 41
Neutron
fast, 45
slow, 45
Neytron, discovery of, 41
Nuclear force, 46
physics, applications (biological and
medical), 48
radiation, units, 48
reactions, 42
reactions, mass energy balance, 44
structure, 40
structure, 41
Nucleus
composition and structure, 40
Nuclides, nu,tation, 38

Oddness, 3%
Oscillations, characteristic, 47
Overview of Unit 6, 1

Parity, 48

Particle accelerators, 42
"Philosopher's stone', 38
Phosphorescence, 35

112

Photocell; cadmium selenide, 72

Planck, 47
Poisson distribution, 61
Positive rays; 38

Properties, «, 8 and y radiations, 83, 86

Proton-electron hypothesis, 40
Proton-neutron hypothesis, 41
Proton-proton cycle, 46

Rad, 48, 76

Radiation, absorption, 83
safety, 76
units, nuclear, 48

Radioactive, detecting devices, 95

disc sources, 90, 91
elements, 35

liquid sources, 90, 92
materials, storage, 82
series, decay, 37
tracers, 69

Radioactivity, artificially induced, 43

electroscopic detection. 94

measurement of, 76

naturally occurring, 55
Radiocarbon dating, 75
Radioisotopes, suppliers, 88
Random events, 59

Range, alpha & beta particles, 61

Rate
decay, 37
disintegration, 48
Rays
alpha, beta, gamma, 36
“canal', 38
positive, 38
Reactions, nuclear, 42
Reactors, breeder, 45
Reader, 1, 50
Rem, 76
Rep, 48
Resources charts, 8, 12, 16, 20
Rest mass, 44, 45
Roentgen, 48, 76
Rules
displacement, 38
transformation, 38

Safety, radiation, 68, 76
Scaler/counter, 71
Schedule blocks, 7, 11, 15, 19
Shell model, 47
Shielding, radiation, 79
Spectra, alpha, beta, gamua, 87
Spectrograph, mass, 56
Spin, 40
Stability, nuclear, 44
Stars
normal, main-sequence, 46
Study guide
brief answers, 23
solutions, 25
Summaries
experiment, 10, 22
loops, 49
reader, 51
16mm films, 50
transparencies, 49
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Thomson s experiment, 38
Test A, answers, 101
B, answers, 105
C, answers, 108
D, answers, 109
Tracers, radioactive, 69
Transformation, radioactive, 36
rules, 38
Transmutation, artificial, 40
Transparencies, 1, 49,

Uncertainty principle, 4/
Waste disposal, 82

Whele number rule, 39
Wilson's cloud chamber, 41

Index

113




