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The Cyclotron: A Nuclear Transformer'
PAUL C. AEBERSOLD, Ph.D.

Radiation Lahoratory, University of California, Berkeley, California

LTHOUGH THE cyclotron is popularly
known as an ‘‘atom smasher,” it is
in more scientific terms a “‘nuclear trans-
former,” for it deals not as much with the
atoms themselves as with the ten thousand
times smaller nucler of the atoms, and in-
stead of smashing them completely it
fransforms them into new forms.

ATOMIC STRUCTURE

To appreciate the action involved in
“atom smashing,” or man-made trans-
formations of nuclei, we need first to pic-
ture the atom as a whole and then to
enlarge upon its tiny center, the nucleus,
An atom may be conceived as being an
infinitesimally small solar system, as shown
schematically in Figure 1.2 While the di-
ameter of the solar system is about one
hundred thousand million times greater
than the height of a man, that of an atom
is only about one one hundred thousand
millionth as large as 2 man. Or roughly,
man is mid-way in the scale of size between
the solar system and an atom. The atom
is so small that in one cubic centimeter of
air, which we consider as being quite
tenuous, there are about ten billion billion

1 Presented, as a part of ¢ Symposiunt on the Cyclo-
tron, before the Radiological Society of North America,
at the Twenty-seventh Annual Meeting, San Pran-
cisco, Calif.,, Dec. 1-5, 1941,

* Figures 1, 2, 3, 5, 6, 10, and 12 are illustrations
used in Professor Harvey E. White's book Classicel
and Modern Physics (Van Nostrand Co.). The author
is grateful to Professor White for permission to use
them.
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atoms, or as many as the number of red
blood cells in one million people. Besides
being very small the atom is mostly empty
space, At its center is the nucleus, like the
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Fig. 1. A schematic diagram of a fluorine atom as
comparced with the solar system. The atom is as
much smaller than a man's height as the solar system
is larger. ‘Though held together by diffcrent forcesina
different structural arrangement, they are similar in
that they hoth have a heavy concentrated central
body abbout which revolve much lighter planetary
bodies in a large expanse of empty space.

sun at the center of the solar system, which
contains nearly all of the mass of the sys-
tem. Around this nucleus revolve elec-
trons in orbits, like planets in the solar
system. As small as the atom is, the
nucleus is still ten thousand times smaller
in diameter, or about one million millionth
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visualize this, we may think of a nucleus as
a steel ball one centimeter in diameter. On
this scale the much lighter electrons could
be considered as small balloons revolving in
a sphere one hundred meters in diameter or
in a volume that of a cubic city block.
While the solar system is held together
by gravitational forces between masses,
the atomic system is maintained by elec-
trtcal forces between charges. Each elee-
tron has just one unit negative charge. No
charge exists smaller than this amount,
and larger charges are even multiples of
this unit. Whercas the planets in ihe
solar system are different, the electrons are
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other atoms. The charge on the nucleus is
accordingty called the “atomic number,”
olten symbolized by Z, for its value places
the atom in a definite place in the atomie,
or chemical, table.

NUCLEAR STRUCTURE

Nuclei are composed of small indivisible
units. These nuclear building units are
two heavy little particles, almost alike,
except that one, the proton, has a positive
charge and the other, the neutron, is
clectrically neutral. Tlach is about two
thousand times heavier than the electron.
How these may be conceived as being com-

lithium

oxygen

Fig. 2. A schematic representation, in two dimensions only, of the structure of some light
atomic nuclei, showing protons and neuirons as the building units. Protons are marked with &
plus because of their plus charge while the unchiarged neutrons are left blank, As the number of
protons in the nucleus increases, the nuclear charge, hence the atomic number, Z, increases. A
ncutron adds about as much to the mass, M, as does a proton, but adds no charge. There are
additional natural forms of the nuclei of lithium and oxygen not shown, a lithium nucleus with
only 3 neutrons, M = 6, and oxygen nuclei with 9 and 10 peutrons, M = 17 and M = 18, respec-
tively. Nuclei having the same nuclear charge but different masses are called isotopes of each

other.

all the same. Moreover, they are the same
in all atoms. Nuclei, on the other hand,
are charged positively and difier from ele-
ment to element. They are found in
nature containing anywhere from one to
ninety-two plus charges. In a neutral
atom the nucleus is surrounded by a
nebulous swarm of electrons equal in num-
ber to the number of plus charges on the
nucleus. Thus the charge on the nucleus
of an atom determines the number of elec-
trons that the neutral atom can possess.
As a consequence, the nuclear charge also
determines the chemical identity of the
element, for the chemical nature of the
element depends on the number and
arrangement of its electrons, which are its
means of contact and combination with

bined in some of the lighter nuclei is shown
diagrammatically in Figure 2. The sim-
plest nucleus is that of the ordinary hy-
drogen atom, a single proton. It is one of
the indivisible units found more abun-
dantly in heavier nuclei. In a neutral hy-
drogen atom a single electron attracted by
the unit positive charge of the proion re-
volves about the proton at distances from
it many thousands of times the diameter
of the proton itself. The other elementary
building unit, the neutron, is as heavy as
the proton hut has no charge. It does not
exist as a free element in nature hut is
found only in nuclei heavier than hydrogen.
It has the property of adding mass but no
charge to the nucleus that contains it.
Neutrons and protons are considercd as
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able to attruact each other only when in
close contact, somewhat as though they
had sticky, glue-like surfaces. Composite
nuclei are thus pictured as composed of
neutrons and protons packed closely to-
gether. Instead of being arranged two-
dimensionally as sketched in the figure,
the particles are actually in three-dimen-
sional clusters.  Moreover, the compo-
nents probably do not maintain fixed
arrangements bul mill around one another
in a state of agitation, somewhat as in a
ball miil.

A combination of just one proton and one
neutron forms a heavy hydrogen (deu-
terium) nucleus, or a deuteron. This
nucleus can atiract only one orhital elec-
tron; hence, as an atom, it behaves chemi-
cally like hydrogen, though its nucleus is
about twice as hcavy as ordinary hydro-
gen (Z = 1, M = 2). Hydrogen and
deuterium are isotopes {iso = same, tope
= place). Isotopes have the same atomic
number (nuclear charge) but different
masses. Hach is called an isotope of the
particular element.

Two protons when combined need two
neutrons associated with them in order to
form a stable unit. Thus the nuclens of
the second element in the periodic table,
helium, contains two protons and two
neutrons, This unit was first observed
coming out of the naturally radicactive
elements and is therefore often referred to
as an alpha particle. Having two positive
charges, it attracts two orhital electrons in
forming a neutral helium atom. Three
protons can be associated with either three
or with four neutrons to form lithium nu-
clei of weights 6 or 7. (Only lithium 7 is
pictured in the figure.) Either lithium
nucleus will attract only 3 electrons in
forming a neutral atom.

We now jump to a consideration of a
more complex nucleus, one with eight pro-
tons (oxygen). Most of the oxygen nuclei
contain only eight neutrons, making the
well known oxygen of mass 16. There are,
however, stable isotopes of oxygen that
contain nine and ten neutrons, making
oxygen of masses 17 and 18. These are not

diagrammed in Figure 2 but could be illus-
trated hy the addition of more blank cireles
in the nucleus.  Since the chemical proper-
tics are determined by the interaction of
orbital clectrons with electrons of other
atoms, their chemical properties will be
identical. In chemical processes the iso-
topes act alike and can be separated only
by physical means depending upon the
differences in mass.

The heavier nuclei, up to the element
92, uranium, are bunilt up in a similar
manner to those shown. Some of the ele-
mentts have only one stable isotape,
whereas others have as many as ten. The
number of neutrons in stable association
with a given number of protons is nearly
equal for the light elements, but hecomes
greater than the number of protons for
heavy clements, as uranium of mass 238,
having 146 neutrons and 92 protens. In
designating a specific isotope of an element
the total mass is written as a superscript on
the upper right of the chemical symbol, as
Lis, Li7, 0%, OV, and OB, Although the
chemical symbol is sufficient to designate
an element, it is often useful to write the
atomic number as a subscript to the left of
the symbol, as (H?, jLi5, ;0.

NATURAL RADIOACTIVITY

The nuclet past 83, or Bi, in the periodic
table are all unstable. They have too
miuch mass for the attractive forces holding
them together. These are the naturally
occurring radioactive elements. Early
workers showed that the radioactivity is
not affected by chemical or physical re-
actions of the atom and thus is a property
of the nucleus. Until the discovery of
radioactivity in 1895, it was thought that
the building blocks of nature were the
atoms, indivisible and non-destructible
entities. The isolation of various natural
radicactive elements showed that some
elements develop from others. In fact,
element 92 gives rise by a stepwise process
to a sequence of elements from 92 to 82, as
shown in Figure 3. Thus, the natural
radioactive elements are naturally under-
going transmutation; that is, they are
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being transformed from onc element to
another. When Uranium I, , U™, ejects
an alpha particle, .He?* its charge drops
two units and its mass four units, thus
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periodic table. The mass does not change
appreciably, however, as compared with
the loss of a heavy particle, so the total
mass is not written as changed. For ex-
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Fig. 3. A chart showing the sequences of disintegrations that take place sposn-
taneously in the natural radio active elements. There are three separate seqtiences:
the radium, actinittm, and thorium series,

The first twa start from the two heavi-

B e i,

est isotopes of uranium and end in stable isotopes of lead, 206 and 207, respectively,
while the third secies starls [rom a thorium isotope and ends in lead 208. The ele-
mernits are listed with those of greatest charge at thebottom. When an alpha particleis
emitted, the nucleus, by losing two positive charges, moves up two places to an
clement two smaller in atomic number and simultaneously lessens its mass by four
units, When a beta particle is emitted, the nucleus, by losing a negative charge,
moves down a poesition, as though it had gained a plus charge, but does not change its
mass.

becoming ¢ UX,?*. TIf a beta particle is
emitted from a nucleus, the loss of the
negative charge amounts to the gaining of
a positive charge and the element formed
is the one of next greater charge in the

ample, gRaB?!, emits a beta particle
(~12%} to become gRaC2

By a sequence of alpha and beta particle
emissions, it can be seen that the uran-
ium series finally ends in the stable element

110600353
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lead, £Pb®%. It will be noted, however,
that during the sequence there are two un-
stable forms of element 82, mass 214 or
radivm B and mass 210 or radium ).
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transmutation and give some evidence of
the structure of nuclei, but it aiso fur-
nished experimenters with a highly cner-
getic particie, the alpha particle, which was

- TRANSMUTATION -
ARTIFICIALLY PRODUCED DISINTEGRATION

. RUTHERFORD (1919) BOMBARDED MITROGEN WITH NATURAL ALPHA PARTICLES

reaction
equation.

NN

. muleus

2He1 mueclows

alpha particle

(2 P('otml.s
2 newkror L
(’I pm&osm

7 teulroms,

ATOMIC PROJECTILE TARGET

aHe" + IrNI4 —_— SO" + 'H' + energy

& lHI nucleas
(Prcton)

PRODUCTS OF TRANSMUTATION

Fig. 4. A schematic presentation of the first transmutation to be demonstrated by

marn.

Energetic natural alpha particles werc the atomic bullets that penetrated into

nitrogen nuclei and transformed them into oxygen nuclei.

(The elements called radium A to radium
G are not isotopes of radium but are
derivatives from radium.) This was the
first case noted of a stable element having
unistable isotopes. In fact, the first use of
a radioactive isotope for tracing the be-
havior of a stable isotope was the use of
radium D by Hevesy as a tracer for the
behavior of lead.

It is also interesting to note that the
gamma rays, for which radium is useful,
are not emitted from the element radium
itself but from some of its subsequent prod-
ucts, elements 84 and 81. Radium C, a
strong gamma ray emitter, is a radioactive
isotope of the stable element 81 or thal-
lium,

TRANSMUTATIONS

Not only did the discovery of radio-
activity demonstrate the phenomenon of

found to have the property of penetrating
into nuclei and producing transmutations
artificially. Figure 4 illustrates the first
artificially produced transmutation, dis-
covered incidentally by Rutherford in 1919,
The transversal of alpha particles through
nitrogen gas was being studied. It was
observed that particles were detected at a
much longer range from the alpha particle
source than the alpha particles could
possibly reach. Investigation proved that
these long range particles were protons
ejected with great energy as a result of the
collision of an alpha particle with the
nutclens of nitrogen. As shown, the final
result is the stable oxygen 17 nucleus.
Thus nitrogen was transmuted to oxygen.
Also, experimental evidence was thereby
afforded that protons are a constituent of
nuclet.

It was first conceived that nuclei, be-
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sides containing protons, must also con-
tain electrons in order to have counter-
balancing electrical forces to hold the
protons together. On this conception
oxygen 18 would contain eighteen protons
and ten electrons (a mass of 18 and a total
charge of 8). Since the discovery, how-
ever, that neutrons arc also ejected from
nuclei, which will be discussed later, and
from theoretical considerations, it is now
believed that nuclei are composed only of
neutrons and protons.
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molecules in thermal agitation in a drop of
liquid. In the case of a stable isotope the
nuclear well is deep enough and the agita-
tion of the particles in it not great enough
to result in the throwing out of a particle
during the random motions occurring in
the well. In an unstable isotope the parti-
cles are moving about with more energy
of agitation and occasionally a particle (or
particles) is ejected as the result of an extra-
energetic random impulse.

To cause a change in a stable nucleus one

neutron barrier

Fig. 5. A diagram used to illustrate by analogy the forces and potentials
considered to exist in and around a nucleus. The nucleus is pictured as a deep
cup or “potential well” in which the protons and neutrons move about at a
fower level of cnergy (potential} than that of the outside world, 4.¢., it would
take energy to get them out. When a proton tries to enter the nucleas, it is
repelled by the protons already in the nucleus with the same result as though it
had ta climb a volcano-like hill, 2 “potential barrier,” around the nucleus. A
neutron, however, is not repelled and may enter the nueleus without climbing

any potential hill or barrier.

Instead of electrical forces hetween posi-
tive and negative particles to hold the
nuclens together, the physicist now evokes
short range forces which act only when the
particles are in contact; that is, cohesive
forces such as would exist if there were glue
on the surfaces of the particles. An easily
visualized way of representing the forces
that hold particles in a nucleus is to illus-
trate the potential energy they have. Ac-
cording to this scheme, the particles may
be pictured as being in a deep cup, or well,
so that normally they cannot get out (see
Fig. 5). The ground level is the potential
of the outside world {ground potential) and
the particles in the well are at a lower level
(lower potential). Tt would take consider-
able work or enetgy to get a particle out of
the well. The particles are not motionless
but are stirring about somewhat like

has to introduce into it some additional
particle or particles to upset its normal
balance. If the particle to be introduced
is charged, such as a proton, it is repelled
by all the positive charges inside the
nucleus, and the effect on the entering
proton is that of having to climb a barrier
around the nucleus. This repellent barrier
is pictured as a potential hill by the dotted
lines. It is a result of the inverse square
law electrical force which acts between the
protons in the nuclens and the entering
proton, and the more charges there arc in
the nucleus, the higher is the barrier. An
uncharged particle, such as a neutromn,
would not be acted upon by electrical
forces and could come into the nucleus at
ground potential; that is, a neutron does
not need any energy to enter a nucleus.
The nucleus may be imagined as a hole on
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a golf green. To a neutron ball approach- ticles. Although energetic alpha particles
ing the hole the surrounding ground is from mnatural radioactive elements were
level, but to a proton ball the cup is sur- thus available for early nuclear bombard-
rounded by a volcano-like hill. To knock ments, physicists sought for very ener-
the proton up the slope into the hole it  getic singly charged purticles.

must be given a hard putt. The heavier It was around 1930 when means of
the nucleus which the hole represents the accelerating hydrogen nuclei were devel-
higher the surrounding hill will be and the oped. One of the first processes studied
harder the ball will have to be hit to climb  with accelerated protons was the bom-
up into the hole. As will be noted later, bardment of lithium. As shown in Figure
early disintegration experiments were tried 6, the bombarding proton may be con-
only on the lightest elements because of sidered as entering the lithjum nucleus and

aﬁe‘*@ hedivm -

'f 8.5 MEV
gLi 459‘3

lodDe). “1'188;‘
f profor lithiwm unstable )
beryilium

l 8.5 MEV

2 Hﬁ@ helium

Fig. 8. A diagrammatic representation of the first nuclear transformation te be pro-
duced by particles accelerated to high energy in a laboratory. A high-speed proton
shoots into a lithinm nucleus of mass 7, The resultant nueleus of charge 4 and mass 8
is highly over-energetic and breaks apart into two high-speed alpha particles. More
energy is released in each transformation than is supplied to the entering proton. So
many shots {protons) miss their targets (nuelei), however, that the total energy ex-
pended per transformation is less than the amount returned,
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the difficulty of getting particles with an coalescing momentarily to form a com-
energy high enough to climb the potential pound, or intermediate, nucleus contain-
barrier of heavier nuclei. Although neu- ing four protons and four neutrons. This
trons can enter nuclei with ease, they are intermediate nucleus is very unstable and
not available as particles for shooting at, almost immediately breaks up into two
or bombarding, nuclei until they are first very stable components, two helium nu-
produced in other nuclear reactions. clei. As will be explained later, energy is
When an alpha particle approaches a liberated in this process so that the helium
nucleus, it has two positive charges that nuclei are each given about 8 1/2 million
are repelled by the nuclear charge. Itthus electron-volts of energy. The disintegra-
has to climb a potential barrier twice as tion is verified by the observation of the
kigh as a proton does before it can enter energetic alpha particles.
the nucleus. Consequently, singly charged Since the discovery of heavy hydrogen
particles are more feasible to use for nu- in 1934, it has been possible to use the
clear bombardments than are alpha par- nuclens of deuterium, or the deuteron, as
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a bombarding particle. Inasmuch as the
deuteron is a singly charged particle, it
suffers no more repulsion by the nucleus
than does a proton. However, because
either the proton or the neutron of the
deuterium nucleus may enter the bom-
barded nucleus, bombardment with deu-
terons is more fruitiul. Tleuterons have
now been accelerated by means of a cyclo-
tron to encrgics as high as sixteen million
electron-volts and at these energies produce
transmutations in copious amount and of
many kinds,

Paur. C. ARBERSOGLD
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The transformation may be writien as g
reaction equation with the reagents on the
left side and the products on the right,
f.e., (1?4 ;P31 = ,P® 4+ H'. Since
charge is not destroyed and no protons or
neutrons (total large mass units) are de-
stroyed, both sides of the cquation should
have the same total numbers of electrical
charges and total numbers of neutrong
plus protons, 7.e., the sum of the subh-
scripts on one side equals that for the
other side, and likewise for the super-
scripts.  This is the means of balancing the

RADIO~PHOSPHORUS

PRODUCERD

P— P" + H + energy

& p(oton

Fig, 7.

Production of radiophosphorus by deuteron bombardment of phosphorus,

BY DEUTERCH BOMBARDMENT
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no gamma tay ohserved

Only the neutron

from the deuteron gets into the nucleus and stays, changing the nucleus from mass 31 to mass 32.  The mass
32 phosphorus is not stable and subsequently gets rid of energy and its imbalance of mass to charge coutent

by ermttmg a negative electron.
“decayed’’ in 14.2 days,
a normal energy state so that na gamtma ray results.

INDUCED RADIOACTIVITY

The use of the deuteron as a bombarding
particle is illustrated in Figure 7, which
depicts the formation of radioactive P32
All the phosphorus in nature is of the
stable form, having fifteen protons and
sixteen neutrons, ;sP3'. When a high-
speed deuteron encounters the phosphorus
nucleus, the proton may be repelled, while
only the neutron may enter and stay in
the bombarded nucleus. The result is that
the charge is not changed but the mass is
increased by one. Consequently, the
element still remains phosphorus but be-
comes the isotope P*2. This isotope is
not stable and will eventually give out an
electron and change to 5% which is stable.

Half of a given number of phosphorus 32 puelei will have thus broken up or
The nucleus left after the beta particle is emitted is sulphur 32, a stable nucleus, in

cquation. If one is interested in the enecr-
gies required or released, an emergy hal-
ance must also be made. The reaction
above has excess energy on the products
side (exothermic). The subsequent decay
of the radiophosphorus is written ;P* =
o el

It is the emission of the beta rays that
makes it possible to detect the presence of
this new form of phosphorus. The beta
rays have energies up to as high as 1.8
Mev (million electron-volts), while the
average cuergy is roughty 0.6 Mev. Al-

though the nucleus is one heavier than
ordinary phosphorus, the chemical be-
havior i3 the same as that of ordinary
phosphorus because both have the same
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system of fiftcen orbital electrons with
which they encounter other atoms. Con-
sequently, F¥ can be used to trace the
action of ordinary I’*! in any system by
following the radivactivity of a small
added amount of ‘“‘tracer” phosphorus,
P?%, through that system. This artificially
produced radioclement has several physi-
cal properties that make it advantageous
for biological and therapeutic uses: (1)
since its half life, that is, the time during
which a group of these atoms will decay to
half their number, is 14.2 days, in a few
mouths an administered dose of radio-
phosphorus will decay to an imperceptible
amount; consequently, there is not the
danger of overdose by prolonged exposure
as with elements having very long half
lives; (2) since there are no gamma rays
emitted during the disintegration process,
the phosphorus affects only the local re-
gions in which it is deposited; (3} it is used
by any system in the same manner as is the
ordinary phosphorus.

Many other biologically useful radio-
elements are produced in the same manner
by deuteron bombardment. In each case
the deuteron is shot at the nucleus only for
the purpose of adding its neutron to the
bombarded nucleus. Thus Na?® is made
into radioactive sodium, Na?, and Fe®
into Fe% ete. In the induced isotopes
that are heavier than normal there is a
greater proportion of mass to charge than
for stability. They decay by emitting a
negative charge, beta ray, thus increasing
the positive charge of the nucleus without
changing the mass and coming to a stable
ratio of charge to mass, that is, of protons
to neutrons plus protons.

The result of bombarding with a deu-
teron also may be the capture of a proton
instead of a neutron. In this case the
neutron is emitted and the resulting trans-
mutation forms an element with one
more charge and mass than that bom-
barded. For example, the process most
generally used for the production of
neutrons is that illustrated in Figure 8, in
which beryltium is bombarded by deu-
terons, Itisconceived that for a very short

time there is a coalescence of all the par-
ticles into a compound nucleus, sB'Y, which
1s highly unstable and cjects a neutron
with a great amount of kinetic cnergy.
The particles of the residual nucleus ;B
which are left in a state of agitation return
immediately to normal merely by emitting
a ganuna ray. Thus in this process a
radioactive residual nucleus does not re-
sult. In many cases of proton capture,
however, the restdual nucleus is radio-
active, so that one gets both the emission
of a neutron and the production of a

1

on' ZUNEY
1l
9
2 Be. 5%
H. 4 N
k A oa0 10
|5nr_._v’. o E..? 4 Pl %09 58.
o® Fo®
DEUTERCNS o ® -
FROMCYCLOTAGN HERYLLIUM BOAGN o BClO
Og O

BORON

Fig. 8. Diagram of the nuclear proecess for producing
the largest vield of lhigh-cuergy nettrons, bombard-
ment of beryllinm by energetic deuterons. It is con-
ceived that there is @ momentary coalescence of the
deuteron and the heryllium nucleus into a cormpound
nucleus, boron 11, which is extremely unstable and
which iinmediately breaks up by emitting a neuiron.
The neutron may have an energy up to 4.8 Mev greater
than that of the bombarding deuterom, but generally
has less, the difference being emitied as gamma radia-
tion. Since it is the proton which stays in the nucleus
in this case, the final nuclets has one unit charge as
well as one unit mass greater than beryllium 9, te,
boron 10, Na radicactive nuclens is formed in this
case, for the excess energy of the nuclel formed is
disposed of immediately. This is the bombardment
ased to produce fast neutrons for therapy,

radioactive element by the deuteron bom-
bardment. A commonly used case is the
deuteron bombardment of tellurium to
formn radicactive iodine. In the case of
neutron capture, the radio-isotope is that
of the bombarded element, while in proton
capture, the radio-isotope is that of the
next element up the atomic table.

By referring to Figure 5, showing the
potential barrier around a nucleus, one can
see that there is a force which tends to
split the deuteron apart as it approaches
the nucleus. The proton is repelled and
must climb the potential barrier, while the
neutron is unrepelled. It takes 2.2 million
electron-volts of energy to separate the
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DETECTION OF RADIATIONS AND
RADIOELEMENTS
The induced radioelements may cmit
beta particles (high-speed electrons) alone,
gamima rayvs alone, or both simultancously,
Radionhasnhariis and rmdinstrontinm aio.
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apart, in order that they can be collected
and measured as a current.  As shown in
the diagram, it is an enclosed case in which
there is an insulated central rod so that a
difference of potential may be applied be-
tween the rod and the case; thus ions of
one sign will travel to the rod and those of
the other sign to the case, Onc end of the
case has a thin window (generally very thin
aluminum is used) through which the heta
particles from the radicactive sammple may
enter. The current is generally small but
can be measured in a variety of ways,
either by an electrometer or an electrome-
ter vacuum tube device.

The gamma rays, since they do not have
an electrical charge, do not jonize directly
as they pass through the chamber. They
are detected by the sceondary electrons
which they eject from the material in which
they are absorbed. Some of the gamma
rays are absorbed in the enclosed gas or in
the inside wall of the case and knock the
electrons into the ion-collecting regiomn.
These secondary electrons then, like beta
rays, produce ion pairs and register in the
measuring instriiment. A sample that
emits gamia rays may be detected at a
distance from the ionization chamber be-
cause the gamma rays, like light, can go a
long distance before being absorbed. Also,
it is not always necessary to have a thin
window in the chamber in order for gamma
rays to enter the chamber and eject elec-
trons from the inside wall. On the other
hand, beta rays, since they are continually
losing energy by forming ions as they pass
along through material, go only a certain
distance, called their range, before they
lose all their energy. Thus, beta ray
activity can be detected only in the im-
mediate neighborhood of the sample. Be-
cause beta rays have a definite limited
range, substances which emit ounly beta
rays are of most use in radiation therapy.
The areas treated will be those in the im-
mediate region in which the radioelement
is deposited. In the case of gamma ray-
emitting substances the effect will not be
so localized,

Another commonly used means of de-
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ionized

- ||‘i|l|l|l ps copper ylass

——amplifier

Fig. 1),  An illusiratiot of the cssenlials of a Geiger
counter, a very sensitive detector of radiation. The
counler tube consisis of 4 scaled glass tube, containming
a suitable gas at low pressure, n which are mouuted
coaxially a fine wire at high positive potential and a
surrounding copper cylinder connected to the negative
side of the potenfiul supply. Any ions formed near
the wire are in such a high clectric ficld that they are
given ciodgh cnergy Lo produce other ions; these in
iurn gain encrgy i the ficld and produce more tons,
finally building up to an avalanclie of ions that registers
as a pulse in the amplifier. In a counter tube a single
charged particle, by producing ions iu the sencilive
region, can be detected, whereas in the ienization cham-
ber method a number of particles nced to produce ioni-
zation hefore a measurciment is possible.  The diagram
illustrales a cosmic ray particle capable of penetrating
through the counter tube, but tubes can be made with
thin walls aud moesh cylinders suitable for measuring
very sofl radiation.

tecting beta and gamma rays is the Geiger
counter, whose features are shown in Fig-
ure Q. A fine wire surrounded by a metal
cylinder is sealed in a glass tube. The tube
is filled with a suitable gas at a pressure of
5 to 10 cm. of mercury. A positive po-
tential of the order of about 1,000 volis is
applied to the fine central wire and the
surrounding cylinder made negative. If
the walls of the tube and cylinder are thin
enough, or a thin window is installed, it is
possible for beta particles to produce ion
pairs inside the space between the wire
and the cylinder. These ion pairs are
formed in such a strong electrical field that
they are given considerable acceleration
and are able to produce other ion pairs.
These in turn are accelerated and produce
further ion pairs, resulting in a multipli-
cation of iomization (an avalanche) that
momentarily causes a sudden surge of
charge to flow along the electrical circuit.
‘These surges are then amplified electrically
and counted on a registering instrument.
A Geiger counter thus counts particles
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Fig. 11, A photograph of the jouization preduced in
a cloud chamber on which both nentron and gatna
radiation were falling. The photograph was tuken
looking down axially {hrongl the glass tog of the cloud
chamber evlinder 1oward the hlack-topped piston be-
low,  When the piston expanced, the supersaturated
vapor in the eylinder condeused v the ioms formed by
the passage of clarged purticles through the vapor
aid made the paths visible uider bright itllumination
as tracks of white fog droplets. The heavy thick
swaths are the result of reeail novlel kit by {ast neutrons.
The thin, irregular, sparsely sofiized tracks are those of
secondary electrons producaed by ganinna rays,

that shoot through the sensitive region of
the detecting tube.  In the case of gamma
rays, the walls of the counter do not need
to be thin, because gamma rays can pene-
trate the walls and eject secondary elec-
trons into the sensitive region of the
counter.

Another means of detecting the ioniza-
tion produced by radiation is by the use of
a cloud chamber. This chamber is a cyl-
inder with a transpareni top at onec cnd
and a movable piston at the other. The
region in between is filled with a gas and
nearly saturated with water or alcohol
vapor. When the piston is pulled down
suddenly so that the gas js expanded, a fine
fog is formed throughout the region by the
consequent cooling of the vapor. If there
are fons present m the chamber, the fog
condenses on them to form droplets, Thus
if a beta particle has gone through the
chamber, a series of fog droplets will ap-
pear alt along the path of the particle where
ion pairs bave been formed, and by bril-
liant illumination from the side the drop-
lets can be scen clearly agaiust o dark hack-
ground. In Figure 11 one sees the appear-
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ance ol a cdoud chamber on which gamma
rays and neutron rays were falling.  The
gamma rays cjected secondary electrons
from the walls of the chamber. The elec-
tron paths are the irregular dotted, tenu-
ous tracks along which there are individual
droplets of fog. Unlike gamma rays, the
neutroti rays, or fast necutrons, do not
enter into collisions with the very light
electrons in matter but only with the more
massive nuclei, for ounly the latler are
heavy cnough to take cnergy away from
neutrons when they are hit.  Neutron rays,
consequently, produce their ionization in
a secondary manner as the result of their
collision with nuclel. If the nucleus that
the neutron hits is hydrogen, it will, on the
average, suffer a loss of half its energy,
something like the random collision of two
hilliard balls of equal mass. The heavier
nuclei wiil also recoil from neutron coth-
sions, but the heavier they are the smaller
the amount of energy with which they
will recoil. In any case, a recoiled nucleus
is a heavy, slow moving charged particle
which will behave in producing ionization
much like an alpha particle. In a cloud
chamber these recoiled nuclei appear as
short, thick tracks of about one hundred
times greater density of jonization than
that along the tracks of beta particles. In
Figure 11 the thick straight tracks are those
of nuclei hit by neutrons. Cloud chambers
are particularly useful in detecting the
types of ionizing particles and in determin-
ing their range or energy. Neutrons may
also be detected by the secondary ioniza-
tion they produce in especially designed or
sensitized ionization chambers or by the
induced radioactivity they are capable of
producing in many elements.

ACCELERATION OF BOMBARDING PARTICLES

As stated previously in regard to Figure
5, the nucleus is surrounded by a repellent
potential barrier. When physicists first
began to consider the possibility of trans-
muting elements by bombarding them with
laboratory-accelerated particles, it was
evident from transmutation experiments
with the natural bombarding particles that




L I o B o S S 0 R

-

- = =

[ =]

[T N o B T S PR 7 T = = R 4 I 7 T R

-

-y DM

~ ™= (0 if

oW =0

IRIR

g

¥

Vol 3y

the bombarding particles would have to
have very high cnergies. Some of the first
experimenters thought to harness light-
ning, or the high potentials existing on
storm clouds. They strung cables be-
tween mountain peaks to pick up charges
at high voltage during storms, but they
were umable to control the erratic and too
powerful  discharges; moreover, it was
extremely dangerous and there was loss of
life. A method much more controllable
for utilizing the potential acquired by the
accumulation of charge on an insulated
body, similar to the accumulation of charge
by a cloud, is the method developed by
Van der Graalf, in which a large sphere is
insulated from the earth and is fed with a
continuous stream of charge along an in-
sulated belt. This scheme has been used
successfully to accelerate particles, using
up to above four million volts. When the
charged spherc attains more than four
million volts, it is difficult to prevent light-
ning-like discharges from shooting to the
surrounding walls or to the earth, down
the charging belts or insulating supports.
Another method tried very early in the
search for means of producing high volt-
ages was the cascade arrangement, in
which a series of transformers, each ca-
pable of stepping the voltage up to around
two hundred thousand volts, were mounted
in cascade and insulated so that the volt-
ages could be added in a succession of
steps.

Cockroft and Walton, in England, when
they had attained only about five hundred
thousand volts by a cascade scheme, under-
took nuclear bombardments (1932). They
accelerated protons and used them to
bombard elements with small nuclear
charge, lithium and boron. The result in
the case of lithitun was as shown in Figure
6. The surprising thing was that the pro-
ton was able to penetrate into the lithium
nucleus with such a low bombarding
energy, for the repellent force of the three
charges in the lithium nucleus s enough
to require a proton with around two
million volts energy to climb completely
up the repelling barrier. Although physi-
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cists in their estimates had expected that
they would need much higher energies to
produce transmutalions, once the transg-
mutations were found 1o occur for these
lower bombarding energies, suitable ex-
planations were found. According to the
theorics of modern physics, the proton
does not always have to climb completely
up the potential barrier of the hombarded
nucleus, but has a probability of sneaking
into the nucleus directly through lesser
heights of the barrier. This arises from
laws governing lhodies as small as nuclei
and electrons with which we have nothing
comparable in the world of large, macro-
scopic bodies. Higher bombarding ener-
gies are desirable, nevertheless, because the
chaunce of getting into a nucleus becomes
greater the farther up the potential barrier
the bombarding particle climbs. Iiven
when the hombarding particles have
enough cnergy to climb completely over
the barrier, an increase in their energy
generally results in a greater yicld of trans-
mutations because the particles penetrate
further into the target material and en-
counter more nuclei.

THE CYCLOTRON

While others were seeking methods of
attaining very high voltages, Professor E.
0. Lawrence conceived the idea of speeding
a particle up to very high energies by giv-
ing it successive accelerations. On this
scheme, instead of trying to attain a po-
tential at some point in an apparatus great
enough to give a particle all of its energy
in one push, a much lower voltage would
be used to give the particle a series of
pushes. This idea led to the invention of
the cyclotron, the principle of which is
shown in Figure 12. The essentials are a
large electromagnet with circular poles, a
vacuum chamber, and two electrodes that
alternate in potential. The vacuum cham-
ber is placed between the poles of the
clectromagnet and inside of it are placed
two hollow semicircular electrodes labelled
D, and D,. These electrodes are referred

to as Dees because they have the shape of
a capital D. The particles to be acceler-
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ated are introduced at the center ol the
circular system between the two lces.
These particles are generally protons or
deuterons iormed by removing the elcc-
trons from hydrogen or deutertum atoms.
This is accomplished by electron hom-
bardment of the hydrogen or deuterium
gas in an ion source at the center of the
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moving in a magnetic field is brought
aboul by the same prineiple that causes a
wire carrying a current to revolve in a
magnetic field, the principle used in an
clectric motor. After the particle de-
scribes a half cirele it emerges from Dy and
is again in the accelerating gap. If the two
Dees are still positive and negative in the

poles of
electromagnet

beam of
protons
uterons

or «-particles

Fig. 12. A diagram to illustrate the principle used in the cyclotron of adding '_cogcther a series of
accelerations to produce an ion with a final very high energy. On the right is a vertical eross-

section through the magnet poles showing the vacuum chamber, C, between the poles.

The ions

are accelerated by the voltage difference acrass a gap betweert two insulated, hollow, semicircular
electrodes, [hvand ;. On theleft isa horizontal seetion illustrating the path taken by a positive ion

as the result of repeated accelerations across the gap batween I and Dy

The ipns to be accelerated,

nuclei of only the lightest elements, arc produced by an ion source at the center at F, The
voltage must be alternated so that, when the ion crosses the gap between the Dees, going from
left to right, D; is positive and ID; negative; when it goes from right to left at the other side of
the semicircular path imposed by the constautly applied magnetic field, I is negative and Dy

PEOLOUS

positive.

vacuum chamber. Alpha particles or
helium nuclei may also be introduced, in
which case helium gas is used in the ion
source. A positive ion introduced be-
tween the Dees is pushed hy the positive
D and puiled by the negative one, thus
being accelerated across the gap betwecen
the Dees (from D, to 1J,). Once it is shot

into the hollow D, the electrical foree no
longer acts on the particle but the mag-
netic field which is constantly applied
makes the particle move in a circular path.
This circular motion of a charged particle

same direction as previously, the particle
will be slowed down and stopped. By
reversing the signs of potentials on the
Dees (D; now minus and D, plus), how-
ever, the particle will again be accelerated,
this time being pushed by D; and pulled by
D,. Onece inside D, the particle, again
traveling under the infiuence of the mag-
netic ficld alone, goes around another semi-
circle and eomes out into the accelerating
gap where, if the Decs are again alternated
in sign, the particle will be given another
acceleration. I'his process continues to be
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Fig. 13. Oune of the early models of the eyelotron vacumn chamber with the lid removed so as to show the
accelerating mechanism.  Only the one Dee oo the right was used, the accelerating gap being between il and a
grounded bar across the center.  The deflector and target chamber are on the left.  This simple 11-inch diameter
model was the first to praduce a useful proton beam, finally attaining protons with 1.25 Mev of cnergy.

repeated. All that is necessary is that the
magnetic field be kept on constantly so
that the particle will revolve properly and
that each time the particle emerges from a
Dee, the electrical field be in the proper
direction to give the particle an accelera-
tion. The particle will spiral outward
because, as it gains speed, it has more cen-
trifugal force. The length of path taken
between successive transversals of an accel-
erating gap increases as the particle moves
outward. It can be shown, however, that
the speed of the particle increascs at such
a rate that the time of travel between
accelerations will be constant; that is, it
takes the same time to go around a small
semicircle slowly as to go around a large
semicircle fast. This allows one to make
the plus and minus alternations applied to
the IDees have a constant frequency. A
constant stream of particles may thus be
kept in the process of acceleration from the
center out, because those near the center
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are being accelerated sypchronously with
those farther out.

In a practical case the frequency of
oscillation of the Dees is about ten million
cycles per second. The voltage difference
between the Decs depends on the eyclotron
and its operating conditions, but is of the
order of one hundred thousand volts, z.e.,
oscillations of the order of from plus to
minus fifty thousand volts on each Dee,
There is little difficulty experienced in con-
trolling voltages of these values inside a
good vacuum such as is maintaiped in the
chamber. Anocther reason for obtaining a
high vacuum in the accelerating chamber
is to avoid having air molecules present
with which the accelerated particles could
collide and lose energy. With the degree of
vacuum achieved (the order of a hundred
millionth of an atmosphere) a particle
being accelerated rarely cncounters an air
molecule, Suppose that a particle receives
a full one hundred thousand volt push in
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Fig. 14,
veloped in 1831 and used in 1932 for producing transmuatations with protons having over one million eleciroi-volts.

The maguet an the right, weighing abont a ton, had 11-inch diameter polcs.

Ay O ARNERSOLD

The first cyclotren o produce a wseful high energy beam of particles.

Navamler 161y

This model was de-

Tt made use of the chamber of Figure

13. Yreviously, in 1930, a smaller model having magnet poles and a chamber 4 inches in diameter was used in
detnonstrating that ions could be aceclerated synchrouously hy the eyclotron prineiple.

its first acceleration and comes around a
semicircle at the proper time to be again
accelerated. Tt will then obtain another
one hundred thousand volt acccleration,
and will have a total of two hundred thou-
sand electron-volts of energy.? At the
next acceleration it will then acquire an-
other one hundred thousand volt push and
be up to an energy of three hundred thou-
sand electron-volts, etc., so that by the
time it has crossed the gap one hundred
times, that is, fifty complete revolutions,
it will have a total energy the same as
though it had been given a single ten
million volt push, It is thus cvident that
by means of the cyclotron, particles can be
accelerated to very high voltages through

3 A volL is a unil of ¢lectrical potentiul, or potential
difference, while an clectron volt s a unit of energy,
namcly, the energy that an electron (or proton, which
alse has the same amount of charge} gains in falling

3 TR S N 1 U R LLEE WV I B

the use of readily obtainable intermediate
voltages,

In order to bowbard targets with the
accelerated particles, a probe containing
the target material can be introduced into
the gap between the 1)ees near the periph-
cry where particles reach their highest
voltage (internal target mecthod), or one
can pull on the particles where they comne
out from the Dee by means of an attract-
ing negative plate, called a deflector, placed
alongside the Dee, so that they will be de-
flected away from the Dees to an external
target.

Figure 13 shows the vacuum chamber
part, with lid removed, of the first eyclo-
tron to produce a beam of accelerated
particles. The chamber is & metal box 12
inches square and only ahout three-fourths
of an inch deep inside. Only a single Dee
was used, the other Dee being in effect the
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Fig. 18. 7The sccond eyclatron as it was in 1933

'rof. Hriest O, Tawrenee, inventor of the eyvelotron, is stand-

ing nearest the magnel and next 1o it is oo M. Stanley Livingstou, who aided greatly in the early development.

The 8)-ton magnet was fiLted first with only 27-inch poles and equipped as 4 eyclotron in 1931 and 1932,
By 1934, just before it was changed to a 37-inch cyclotron,

in suceessful operation in 1932 at cnergies over 2 Mev.

Tt was

it had produced intense beams of deulerons wilh energics up Lo 6.2 Mev.

vacuum chamber. The Dee was insulated
to stand the radiofrequency voltage used
(roughly 4 kv.) by the small glass insulator
on the right. The accclerating gap is the
space between the Dee and the grounded
bar {containing a slot for the particles to go
through) which is across the middle of the
chamber. A small deflector and bombard-
ing chamber are seen on the lel[t. This
chamber was placed between the 1l-inch
diameter poles of the one-ton magnet
shown on the right of Figure 14, With this
first cyclotron protons with energies somce-
what over a million electron-volts were
obtained and transmutations of several
light elements were produced. The prin-
ciple of the eyclotron was conceived late in
1930, the above 1l-inch diameter appa-
ratus was built in 1931, and in 1932 trans-
mutations were achicved with it,

In the period between 1931 and 1932, an
80-ton magnet, designed for spark quench-

ing in telegraphy but made obsolete by the
advent of radio-tube transmission, was
rescued from a scrap heap and made into a
cyclotron. ‘The magnet has a core for
poles 45 inches in diameter but for the
early trials was set up with poles to take
only a 27-inch diameter chamber. In
Figure 15, the 27-inch cyclotron (the size
of a cyclotron is arbitrarily given by the
diameter of its vacuum chamber) is seen
in its early stages. Beside it are Dr. E. O,
Lawrence, inventor, and Dr. M. 5. Living-
ston, who aided in its development. The
first beams obtained were protons having
cnergies of less than two million elcctron-
volts., In 1934 after deuterium bccame
available, it was possible to accclerate
tdeuterons, and by 1935 the 27-inch cyelo-
tron was devcloping deuterons with ener-
gics of 4 Mev, In 1436 the diameter of the
poles was increased to 37 inches and an
improved vacuwmn chamber was installed
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Fig. 16 (above}, A view of the 37-inch dianicter Diee chamber first used in 1936, The 2-inels
thick stec! lid is removed to show the Dees with the accelerating gap between them.  The de-

lector plate can also be scen alongside the Lee ou the left.  In the foreground are the supports

which hold the Dees insulaied [rom the surrounding chambe;', On the left is the manifold through
which the chamber is evacuated.

_Fig, 17 {(below), A wview of the 37-inch eyclotron while it was shooling a heam of deuLe{(}us
with an encrgy of 8 Mev out inio the air.  The beam going through the air produced the bright

11060 Y
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TFig. 18 Photograph of the 60-inch medical eyclotron of the W, 1. Crocker Labeoratory in the fall of 1939, just
before it was enclosed by large shields for radiation protection. Tir. Donald Cooksey, Assistant Director of the
Radiation Laboratory, is standing on the left at the west end of the 200-ion magnet. Dr. Kennelh Green, on the
right, is standing by the west onc of (he two large paralicl Dec-supports that extend out to the right.  The deflec-
tor voltage is led in inlernally through the west Dee-support to the deflector alongside the west Dee.  The exten-
sion on the cnd of this support alongside Dr. Green is a housing for the deflector voltage lead.

(Fig.\ 18). Beams of deuterons with
energies up to 8 Mev were soon obtained
and used regularly for physical and bio-
logical experimentation. The current of
the bombarding beam was increased from
millionths of a microampere in the first
work to hundreds of microamperes in the
later work. Figure 16 is a picture of the
vacuum chamber of the 37-inch cvclotron
with the top cover removed so that one can
see the two Dees and other internal parts.
The Decs are insulated from the surround-
ing tank and supported by the two large
glass insulators shown in the foreground.
Beside the Dee at the left is a curved plate,
the deflector, which, when charged nega-
tively, pulls on the passing beam and de-
flects it toward the target bombarding
region.  [igure 17 shows this wvacuum

chamber in place in the 37-inch cyclotron,
with a beam of deuterons issuing from it.
For this picture a thin aluminum foil was
placed at the end of the hombardment
chamber instead of a target, so that the
deuteron beam could penetrate into the air
and yet permit maintenance of the vacuum
in the chamber. Because the beam con-
sists of high-speed charged particles, ioni-
zation and excitation of the atoms and
molecules in the air are produced all
along its path and a bluish-purple glow
is seen as a result of the light given
out when the excited atoms and molecules
return to normal, The beam of 8 Mev
deuterons is able to penetrate through
about a foot of air before thus losing all its
energy. In the photograph it appears as a
short bright streak extending out of the

streak, approximately a fool long, seen issuing ta the left from the target chamhber in the center of
the apparatns,  One of the surrounding radiation shiclds, a tank of water 3 feet thick, was pulled

hack 1a ohtain this picturc.
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Fig. 19. View of the ti0-inch cyclotron from the bombardment chamber side.  The bombardment cham-
ber is seen at the cdge of the Nee chamber between the coils of the magnet.  The radiofrequency oscillators
for supplying power to the Decs are in the metal house al the left above the cyclotron, while {he p.c. voltage
supply for the deflector is in the tank above at the right.

target chamber. Figure 20 is a close-up of
a more encrgetic deuteron beam.

So successful was the 37-inch cyelotron
in its production of induced radioelements
and neutron radiation, and so uselul were
these in physical and biological experi-
ments, that in 1937 a larger cyclotron was
planned espceially for biological and medi-
cal use. Construction was started late in
1937, and by June 1939, bears of deuter-
ons were obtained with encrgies twice as
great as those obtained previously. [Figure
18 shows the completed 6GU-inch medical
cyclotron of the W. I1. Crocker Laboratory
before it was surrounded by thick radiation
ghielding, Dr, Donald Cookscy,” who is
standing on the left, is at the west end of
o l\fl.ust of the photographs of cyelelron apparialos
were Laken by Dr, Cooksey, Assistant irector of the

Radiation Labaratory. The anthor is gratetul Tor per-
mission to use them.

19509

the large electromagnet, which was fab-
ricated from 190 tons of steel. The yoke of
this magnet is rectangular, roughly 15 feet
long, 12 feet high, and 6 feet wide. One
pole of the magnet is attached inside the
voke to the center of the upper part, and
the other pole is attached directly below
on the lower part, leaving a gap between
them in which the vacuum chamber is
placed. Although the poles are actually 6
feet in diameter, they arc tapered near the
gap to 60 inches, making this a 60-inch
cyclotron, whereas it is potentially 12
inches larger. It was not made larger when
built, in order not to make the cyclotron
too great an extrapolation over the 37-
inch one. Around the poles are the large
doughnut-shaped tanks containing the
enils or witklings of 30 tons of copper strip
through which a strong p.c. current is
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Fig. 20. A close-up view between the magnet coil tanks of the 60-inch eyclotron, showing the approximately
S-foot-long glow produced in the air when a 15-Mev beam of deuterons is led out qf the_t.&rgeF r:hglmbcr [5lsl rhe_nght.
A thin aluminum foil, through which the denterons easily penctrate and yet which will majutain 4 vacuum in the

chammber, is used in place of an ordinary thick target.

The hewmn flares at the end of its travel hecause when the

detiterons slow down they scatter more casily and ionize more heavily.

passed to create the magnetic flux. The
vacuum chamber in the center between
the poles has sidewalls of brass or other
non-magnetic materials, so that the mag-
netic field does not suffer an abrupt change
near the sides of the chamber.  The farge
tubes extending herizontally to the right,
where TIr, Kenneth Green is standing, are
called Dee-stems and are the means devel-
oped especially to support the large Dees
for this eyclotron. (The Dee stem on the
east side is hardly visible in this picture,
but it is parallel to the west onc which Dr.
Green is touching.) The voltage between
the Dees goes as high as 200,000 volts in
this cyclotron and the radiofrequency
power necded to make them alternate is
about 75 kilowatts, For such power and
voltage, the type of glass insulating sup-
ports used on the smaller 37-inch eyclotron
was not [easible. The Dec-stem arrange-
ment climinates the use of Dee insulators
by feeding the radiofreyuency power to

RN

the Dees by a coaxial line system. The
metal house appearing above the cyclotron
on the mezzanine contains the 200-kw.
capacity radiofrequency generator. The
power is fed from the oscillators to the
Dee-stems along two transmission lines
with coaxial shielding, seen in the photo-
graph as the two long cylinders coming
down at a slant from the oscillator housing.
In this cyclotron the deflector is sur-
rounded by, but insulated from, a special
shield attached to the side of the Dee so
that the deflector does not have radio-
frequency currents induced in it, an im-
provement over former designs. The
approximately 100,000-volt negative D.C.
potential applied to the deflector is led
down from a voltage supply on top of the
magnet along the black shock-proof cable,
to an internal lead through the west Dee-
stem, and to the deflector inside its special
radiofrequency shield. The other auxiliary
equipment js for the purpose of producing
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evacuated before opening the gate to the
main chamber.

Such great intensities of neutrons and
gamma rays are cmitted during operation
of the cyelotron that it is imperative to
provide adequate radiation protection for
persons who spend much time in the en-
vironmentl. If no shielding at all were
provided around the 60-inch cyclotron,
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of having a mass about equal to that of a
proton, recoils much more than any
heavier nucleus when hit by a fast neutron,
a material rich in hydrogen is the most
cffective in taking energy away from fast
neutrons. In a material containing only
heavy nuclei, a neutron may bounce from
nucleus to nucleus without causing the
nuclei to recoil enough to rob the neutron

WA
)
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- MEUTRON BEAM
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Fig. 22._ A horizontal eross-section of the 60-inch cyclotron, showing Lhe shielding arrangementis for using fast
neutrons in the treatment of neoplasms and for protecting the personncl of the laberatory from the penetrating

radiations emitted during nuclear bombardments.

‘The inilernal arrangement of the cyclotron, including the

method of supporiing the Dees and the deflector, is also outlined.

persons could not work eight hours daily
and recetve a daily dose of radiation within
the limits of safety unless they were hun-
dreds of meters away. While distance is a
worth-while protective factor, it is in itself
alone obviously impracticable and must be
supplemented by shielding around the
cyclotron. The first consideration in pro-
viding shielding is to absorb the fast
neutrons which are able to penetrate
through great thicknesses of material.
Since a hydrogen nucleus, as a consequence

[Ny
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of much of its energy. Consequently, lead
and concrete, although the most efficient
and economical absorbers for gamma rays,
are not practical as shiclding materials for
fast ncutrons, while water or paraffin,
which are inefficient absorbers of gamma
rays, are the most practical absorbers for
fast neutrons. To take care of both the
gamma and neutron radiation, a combina-
tion of heavy and hydrogenous absorbers
is thus desirable. To obtain a sufficient
reduction in the neutron intensity from
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the 60-inch cyclotron a 5-foot thickness of
water shielding around the cyclotron was
desirable. This was accomplished by
using tanks full of water. It was found
that the region over the top of, as well as
the entrances into, the cyclotron needed
to be covered to prevent scattering of
radiation out through those openings. The
cyclotron is consequently no longer open
to view, as in Figures 18 and 19, but is
complctely inside an igloo of water tanks,
somewhat as shown in Figure 21, Since
the latter picture was taken, the early and
expedient practice of using 5-gallon cans
full of water to cover over the roof has
been abandoned as unsuitable for a per-
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the treatment of patients with neoplasms.
The 16 Mev deuterons, which are used to
produce the neutrons, are shown heing
drawn away from the Dee by a deflector
and shooting into a target placed at the
periphery of the vacuum chamber. For
producing the most abundant quantity of
neutron rays this target is made of beryl-
lium, The region all around the vacuum
chamber is filled with shields of neutron
energy reducers, such as water or paraffin,
The neutrons lose energy by making
collisions in these hydrogenous materials
until they become what are called “slow”
or thermal energy neutrons, that is, neu-
trons that bounce around through the

TABLE I
Yield
8 Mev 16 Mev 100 Mey

Radioelement Half-life Reaction Estimated

niNa% 15 hours Na (d in, p out) 2,000 16,600 350,000

M 14.2 days P (din, p out) 30 200 7,000

sFel* 47 days Fe (d in, p out) 0.005 0,03 1

sl 1%L 8 days Te (d in, n out) 1 20 1,000

Yield expressed in microcuries per micro-ampere-hour of deuterons, d = deuteron, p = proton, n = netttron.

manent installation and the roof is now
covered with tanks of water 4 feet deep.
These large shields of water surrounding
the cyclotron, which are a prime necessity
for reduction of the neutron intensity, are
also effective, because of their great mass,
in removing most of the accompanying
gamma radiation. Fortunately, also, the
tons of steel and copper inherent in the
cyclotron magnet are a considerable fur-
ther shielding factor. In addition, lead,
paraffin, water, and other absorbers fill up
the space between the magnet coils di-
rectlv around the target and vacuum
chamber. The operating persounel arc
protected from the small amount of pene-
trating radiation which gets through or
leaks cut of all this shielding around the
cyclotron by being hehind over 18 inches of
conerete wall.

A cross-section horizontally through the
middle of the cyclotron and the surround-
ing water tanks is shown in Figure 22,
This also shows the arrangement used in
defining a beam of neutron radiation for

material with only the energy of thermal
agitation of the atoms they encounter.
The final resting place of a neutron must be
inside of some nucleus, for neutrons do not
exist free in mature. Neutrons are most
readily absorbed into nuclei when they are
going most slowly (they thus spend more
time in which to be caught in a transit
through a oucleus). Final absorption of
the slow neutrons is best accomplished by
boron nuclel, for these have a tremendous
factor of absorption for slow neutrons, and
in the absorplion process no gamma radi-
ation is emitted as is the case for some
other neutron absorbers. Accordingly,
borax is dispersed throughout the paraffin
shiclds aud dissolved in the water in the
patient shield region. Shields of lead are
also properly arranged to take out gamina
rays. A channel of a desired cross-section
is opened through the shields so that the
neutron rays can come down the channel
and he directed against the region of the
patient to be treated. A filter of lead 3
cm. thick is put in the channel to suppress
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gamma rays directly from the target, The
patient is aligned by means of o wmovable
bed and other supports.  The surrounding
S-foot-thick  water tanks, which  shield
workers in other parts of the luboratory,
also form the walls of the treatment room.

THE GIANT CYCLOVFRON

As the cnergies of bombuarding particles
have been pushed higher, greater vields of
radioelements have been obtained and in
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deuterons should resolt in much greater
yields of radivactive clements.  This, how-
ever, is not thie major reason for wanting to
obtain greater bombarding energies, for in
previous expericnee cach time the energy of
bombardments lias heen materially in-
creased, new phenomena and new proc-
esses have been observed,  Alsa, one would
like to find out more about the forces that
hold nuctel togethier,  According to the

latest theories, nuclear forces are somchow

Fig. 23.

: An artist's conceplion of the grant cycletron with a beam of 100 Mev deuterons issuing from it.
beaul, iltustrated on the left, would siteak 140 feet through the air,
used for snraller eyclotrons, but the Dee chamber and Dee support sirnetures are a departure in design.

The

The magnel has mueh the samc design as
The Dee

supports are the large tanks coming out diametrically oppesed from the Dee chamber itstead of parallel and on the

saue side, as in former eyelotrons,

addition many new processes have been
discovered. The enhanced yields of several
radicelements  gbtained with increased
cnergy of the bombarding deutcrons arce
shown in Tahle I. The values for & and 16
Mev deulerons werce obtained from 37-inch
and 60-inch cyclotron data. The values
for 100 Mev deuterons arc estimated by
exirapolation of kuown viclds, using ap-
proximations for the factors of penetration
into targets and into nuclel. The attain-
ment of one hundred million electron-volt

associated with particles, first observed in
cosmic ray phenomena, called mesotrons,
which may have plus or minus charges like
electrons but which are about a hundred or
more times heavier than the latter. It is
thought that the liberation or formation of
these particles requires the cxpenditure of
energies of around one hundred to two
hundred million clectron-volts. It is pos-
sible that with bombarding energies of
over 100 Mocv sufficient cnergy may be
supplied to nuclei to affect the mesotron
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Fig. 24, The magnet for the giant 184-inch cyclotron shown in the process of construction carly in
1942, Tt is 36 fect loug, 30 feet high, and abont 15 feel wide. It was fabricated from 3,700 tons of steel plate,
mosity 2 inches thick, bolted together and welded.  The construction of the magnet in laminations of plates had no
purpose magnetically but was the simplest way to fabricate such a strocture.  With the 300 tons of copper coils
needed to cnergize it, the niagnet will weigh 4000 tons, the world’s largest.  The size of the 184-inch diameter
poles can be judged from the figures of the men standing nearby.  The deuterons will have to start at the center
and spiral all the way out Lo the edge of a chamber of this diameter in the process of acquiring their great encrgy.

forces and thercby yield knowledge of the
nuclear binding forces.

A still further reason, and the most ox-
citing one, for wishing to oblain higher
bombarding energies is to investigate the
possibilities of what is popularly called
“atomic energy,”’ that is, the encrgy that
is released when nuclei disintegrate. Ein-
stein was the first to point out that there is
an equivalence bhetween mass and energy,
that in atomic and nuclear reactions mass
may disappear and in jts place energy will
appear.  One of the first verifications of
this equivalence of mass and energy was in
the disintegration of lithium, already
llustrated in Figure 6, in wlhich lithium
plus a proton divides into two alpha par-
ticles.  The mass of two alpha particles,
as well as the masses of hthwem and a
proton, can be measured very accurately,
It wus observed that the mass of two alpha
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particles is much less than that of lithium
plus a proton and that the differcnce was
just the right amount to explain the large
amount of energy acquired by the alpha
particles during this process. According
to Linstein’s hypothesis, the energy re-
leased is equal to the mass multiplied by
the sgquare of the velocity of light, The
squarce of the veloeity of light is, indeed, a
very large number, 9 x 10%, so that even
the disappearance of a small amount of
mass results in considerable energy. Con-
version of a gram of mass into energy
would result in more than two million
kilowatt hours. Radum, which is con-
tinually disintegrating and which is under-
going a sequence of dlsmtcgrdtlons in which
mass is being lost, gives out enough cnergy
to heat its own waeight of water to the hoil-
ing point every hour, With the attain-
went of more information about nuclear

‘
i



L

Vol. 39 Tor Cyerorron: A NUCcLEarR TRANSFORMER BRt]

Fig. 25, The giaul cyclotron laboratory, 1G4 feet in diamster and 90 feel high, on a hilltop directly
above the campus ()f the University of Califoruia, where tea years earlior the fiest cvcletron was born. The
Golden Gate Bridge is visible in the hackground across the Bay.

forces or the discovery of new nuclear
processes, the tremendous energics locked
in the nuclei of atoms may some day be
tapped for practical use.

With these points in mind, that is, (1)
increased yields of radicelements, (2) new
processes and phenomena 1o be discovered,
(3} further knowledge of nuclear structure,
and (4) possibility of atomic power, plans
were conceived for a giant cyclotron to
produce deuterons with bombarding encr-
gies of one hundred million electron-volts
or greater. TDigure 23 is an artist's con-
ception of how such a cyclotron might
look. If the bheam of 100 Mev deuterons
were to be let out of this cyelotron into the
air, as illustrated by the bright streak
shooting out to the left, it would travel a
distance of 140} feet; thus a door would he
needed in the surrounding building to let
the beam through.

Preliminary ideas and hopes for a giant
eyclotron arose in 1934, Through the
support of a large grant by the Rockefeller
Foundation, aciual plans were laid in
early 1040 and construction was started
later that year. About three yvears werc
to be required for completion.  Figure 24
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shows the giant magnet for this cyclotron
under construction, its size being indicated
by a comparison with the men standing
inside the yoke near the Dbottom pole.
Since the diameter of the pole is 184 inches
{ahout 15 fcet), this is designated a 184-
inch eyclotron, The steel required for the
magnel was about 4,000 tons and the cop-
per used in the coils to energize the
magnet weighs 300 tons; that is, the cop-
per alone weighs much more than the
weight of the present (0-inch medical
eyclotron. T'he yoke of the magnet is 56
[eet long, 30 feet high, and 184 inches wide,
It is the largest electromagnet known.
This huge clectromagnet is housed in a
building, 165 feet in diameter, shown in
Figure 25 on its site overlooking the
Golden Gate,  This structure was made,
perhaps, larger than necessary to allow [or
any large shielding tanks within the build-
ing or any unforeseen large-scale cxperi-
ments. The huilding was put on the erest
of a hill so that there would be no ncarby
habitation. This also permits the possi-
bility of having the control house over the
brow of the hill in a tunnel, putting a
hundred feet of carth or more [or radiation
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shielding between the operators and the
cyclotron. A eloser control house will be
possible if the radiation produced proves
to be absorbed chicfly by feasible thick-
nesses (say 25 feet) of water tanks. The
building is a large dome-shaped structure
which gives it the appearance of an ob-
servatory. Also, the size is somewhat the
same as that needed for the giant telescope.
It is an interesting commentary on the ex-
tent to which man is investigating his uni-
verse that in one instance he builds a huge
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observatory and instrument to look out
into the wvast realms of spacc at things
millions and millions of times larger than
himself, whereas in another he construets a
giant laboratory and apparatus for the pur-
pose of looking into the most infinitesimal
realms, millions and millions of times
smaller than he.

Radiation Laboratory
University of California
Berkeley, Calif.
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