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The remarkable technological advances in the field of atomic energy
since it first attracted public interest a decade ago promise basic changes
in many aspects of our social and economic life. But the achicvements,
however spectacular, have been of the nature of engineering and inventive
successes, not scientific discoveries. Nuclear fission and thermo-nuciear
fusion, the basic phenomena which have inspired the major efforte of ocur
atomnic energy orogram, were known (o physicists before that program was
started. Since thattima our detziled knowlsdge of them has bean greatly
enlarged, but cur understanding of the principles has not changed in fifteen
years,

The main reason for this state of affaira is that nuclear phenomena
and the laws governing the behavior of sub-nuclear particles appear to be
considerably more complicated thar, for example, electrical phenomena and
the laws governing the structure of the atom. Our ability to classify and
predict nuclear phenomena is in a movre primitive state than was our under-
standing of electricity at the time of Idison's inventions., The successiul
harnessing of nuclear energy has by-passed the normal evolution of invention
by virtue of great effort and expense in the face of urgent naticnal needs.

Accordingly, it is very much in the national interest that a certain
amount of basic research be supported; work, that is, divected not ioward
a specific techniczal developrnent, but toward the vagusr goal of improved
understanding of what goes on inside the atomic nucleue, We are today
living on 2 capital of the disceovaries of the 1938's; future fundamental
inventicns will more probably be derived from current and future

fundamental digscovarias,
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Histovically, the devalopment of nuclear physics involved {irst a
study of nuclei as they exist in nature. The genaral picture was {orined
of the atom as consisting of a number of electrons circulating at relatively
huge distances about 2 small, massive, elecdirically charged object. The
properties of matter which are familiar to us arige from the actions of the
electrons, gither in a singie afom or under the influence of adjacent atoms,
as in a molecule or crystal. The object at the center, called the nucleus
of the atom, appeared to be impervious to any known influznce. Electrons
can be rearranged or removed {rom an atom with relative sase, but no
amount of hsating, hammering, sozking, or chemical actien produced the
slightest detectable effsct on the nucleus. Radicactivity was a truly
exceptional phenomenon in that it appea&ea that the nuclzsi of certain
elements could changs into nuclei of different elements by emitiing
electrically charged fragments, '

Now an & ssential aspect of physical research is the development of
techniques for manipulating the objects of study for taking them apart and
reconstructing them ina systematic way. The first success in this
respect came in 1919 when Rutherford found that the fragraent emitted by
radium could penctrate the nucleus of a nitrogen atom, be absorbed, and
cause & hydrogen nucleus to be emitted, leaving behind ths nucleus of an
oxygen atom. 3ubsequently it was found that several elements could
respond in a similar manner. In particular, the neutron was discovered
and identificd as a particle emitted by various nuclei when struck by t
fragments emitted by radicactive nuclei, immediately establishing ths
picture of the nucleus as composed of protons and neuvirons.,

These evenis were, of course, not the only significant ones in that
garlier period, but they served to point up the value of experviments built

around the technigue of causing nuclei of simple tvpe o imnpinge on matier
{a

with momentumn sufficiently great to peneirais the atoms of 2 material

overcome the slectrical repulsion of the nuclavs, get inside it, and upset
iis constitution. The use of naturally cccurring nuclasay Ez'agmems for
tiie purpnss is seversly limited as to typs and vange of valocities available

w

20's and carly '30's, to pz'oduce nuclei
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This neel has been mei in a numbar of ways and the devices whaich
do the job comstitute a family known as particle accelerators or "ztom
smashers'. Their importance in 2asic research has growa to the point
where many of our large nuclear research eami&l.sh:men.s are geared to
the capabilitiss of one or movre accelerators for which they are responsible,
These devices are often impressively large and expensive, so that public
contact with basic research is primarily through press actices of the
beginning or completion of new machires.

Before considering in detail the functioning of somne of these

accelerators, 2 few illustrative numbers might be of intzrsst, The nuclal

nost commonly used as projectiles ave the proton (hydrogen nucleus) and

its heavier isciops, the deuteron {composzsed of one proicm aad cue neuiron).

To produce aporeciable nuclear effects they must be accelerated to speads

in excess of 5, 060 miles per second; recent machines brring them almost
to the wvelocity of light {186, 000 miles nar second), a limit which cannot be

excaedad by any material body, according to Einstein's theory of rei=ativity,
In hydrogen gas at room tempergture the molecules move about at the
zespectable avarage speed of 2bout one mile per second, but they 2
essentially standing still as far as nuclear evenis are concerned: To induce
nuclezs reactions at an observable v rate might require a million milliosn

1

accelerated protons arriving each second at the piece of material

to be
bombarded. One in 2 million oS' these proltons might manage to penetrate a
nucieus of the target material and cause a disruption. The particular

.
event of interest to the experimenier -~ say the ejection of 2 neutron in a
particular divechion with 2 pariicuiar spsed-- might happen as rarely as
oace 2 second. Because the electric charge of a single proton is o small,

berdad metsrial would regisiey less than

s = e IS ey .'.
rrattudinous

would exert
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The only pract'ica.l means of applying accelerating forces to nuclei
whick have so far been suggested exploit the fact that the nuclei carry an
electric charge. Acceleration of electrons by strong electric fields is
today a commonplace. In a radio tube electrons boiled off the hot cathode
are drawn to the positively charged plate, picking up speed as they go.
When the plate of a high power transmitter tube gets hot, it is because
the accelerated electronsstrike it, dissipating their kinetic energy as
heat. The spot which runs across the screen of a television sat to fofm the
picture is caused by a narrow pencil of electrons which has been gathered
together at the rear end of the tube and accelerated to a speed sufficient
to disturb the molecules of the screen material. The raolecules respond
by emitting light, just as a nucleus, properly struck, responds by emitting
particles, or occasionally X-rays of very short wave-length, And just as
the light can be analyzed to give us information about the structure of the
molecule, 50 can the radiation from the nucleus be analyzed; indeed, there
are very few other ways of learning about nuclei,

Appreciable nuclear effects can be produced witk an installation not
mmuch more complicated than a television tube. An electrical discharge
similar to that in a neon sign tubing to strip the atomic electrons away,
an evacuated, electrically insulated, pipe in which acczleration can take
place, X-ray transformers in the range of 100, 000 voliz to maintain an
electric field, and a supply of heavy hydrogen can provide a laboratory
with a generous source of neutrons, for deuterons give up their neutrons
very easily when they strike stationary deuterons. For ifiensive research,
there are better néutron sowces, but many a student has had his first
taste of nuclear physics through such 2 device, |

To obtain higher voltages requires more complicated equipment.

The first nuclear transmutations by artificially acecelerated nuclei were
caused by protons accelerated throuvgh a potential difference of 500,060 voits,
The voltage was achievad by an electronic civcuit designed to multiply
voltages. A simultancous (1930-32) develepinent whick ultimaiely ied {furthex
wage the Van de Graaff generator, in which charge is daposited on a high
voliage electrode, not by wires and vacuum tubes, but mechanically, by
spraying it on a conveyor belt at the ground end and removing it at the high
voltage end. Both devices were limited at first by sparks from ithe high

voltage terminal to the walls of the survounding Luilding-. a dirigible hangar



was the most suitable enclosure. Presently it was ro2idz. ¢ that proai g
could be prevented by increasing the air pressure in thy reugion surrounding
the acdelerator, with the rasult that today compact and reliable ""an d- Gran il
machines that generate a8 much as six million volts ac.: availabl cc zun «
Since the voltages which can practically be maintaia:d a2x: .o dros:
limited, the production of raore énergetic nuclear projectilie =i nivin 2.
direct approach. Instead of giving the particles one big push. 27 v 1 .
device must provide means for giving them a large number of 1. !
boosts in kinetic energy. With few exceptions, the big acceleratyrv: ~7 v - o
follow this approach. Acceleration is providsd by a successiou ri atilahl-
ce !

timed impulses, and i the interests of saving space and avoiding

5 Ty
the particles are usually guidesd around in closed paths so that th re&'
- accelerating electrodes car be used over and over again,

The machine based on the principle of repeated accelerations + dcn
first produced nuclear disintegrations was the cyciotren. It has bein iro.
for some time that a magnetic field, which can push sideways a wise acr-y'a
electric current, aa in an electric motor, has a similar effect on o stz .1
of charged particles moving through space. In particular. a field unuio: = “n
magnitude over an extended area will cause such a stream to travel 'na
circle whose radius is proportional to the speed of the particies Thuve (©
time required for them to go around is the same regardlcss of thir 13 00,
that an alternating electric voltage applied across a diamoter of th civc!

sopvid ¢

Yy

will increase the kinetic energy of the particles each time arounn
that its period matches the orbital period of the particles. Im suceiiz. the
alternating voltage is applizd between two halves of pillbox sir st oL
a diameter and placed between the poles of 2 large elodtromagae . Th

protons or deuterons are gonerated in an arc at th. conic: ol ta ~ether

[

circulate inside it while thay ere being azcelirated erd o T v

out ¢lectrically througl a rlit ‘n tha otie ¢ dzc of th «Teeprreies vy Ll

=cach th marivsi- v ap° .d 'nd redivs

me oy ol et properiions hacds . ety et
censtver Yood vatfte s Ty novalv s ceriy tr @ poav rrar T onroa
oretorr acT Ot cral o crgbe o .p d3e oLopcore o
o SR I IR O O TR SRR » IR oLt S AN NS o RN o ST N S R
c.ooof * T Torre B i - e - P c P o RO .
o Beodnde T e re s 0 e mldye Lth Doeed. ol ols; 2T oz
It LI TEL AL SR A A% o Lailg iraryil Ta kT oA ctry o0 6T
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The cyclotron alse is subject to a practical limitation in particls
energy. I depends for continuing acceleration om a precziée match between
orbital period and the period of the applied voltage, a condition which cannot
be étrictly maintained. It is an unfortunate consequeance of the theory of
relativity that as the speed of a particle increasges its mass also increases, and
the orbital period does depend on particle mass., K also depends on the
magnitude of the magnetic field, but other factors exclude the possibility of
making compensatory changes in the magnstic field as the radius of the

orbits increases. A way to forestall particle and applied voltage falling cut

" of synchronism is to use as high an applied voltage as possible so that the

particles have to go around as few times as possible, . In this direction, a

cyclotron at Oak Ridge producing protone of kinetic energies correspending

to 25 million volts is probably close to the ultimate,

The next substantial increase in accelerator gize, putting us in reach
of an entirely new class of nuclear phenomena, came at the end of the war,
it was pointed out that synchronism could be maintained by varying the period
of the applied voltage or the strength of the magnetic field, not spatially but
in time. The profundity of this suggestion lay in the deraonstration that,
subject to certain easi?ly attainable conditions on the parameters of the

machine, the sysiem can be made selforegw.!.atingé-that iz, the particles

- will automatically try to stay in step with the applied voitage, muchas a

synchronous-ciock motor is-forced to turn at a rate proportional to thfa frequency
of the applied voltage. This innovatioan, which lends itself to several variations,
has increased the practical range of particle ensrgies by a factoxr of 1000
and thereby opened whole new sub-fields in the study of nuclear pnyszcs

The first machines to accelerate protons according to the new scheme
were called synchro- oz frequency-modulated-cyclotrons. They are large
versions of the cyclotron, with one exception., As the particles pick up speed
and 'spiral outward the fregusncy of alternation of the applied voltage is
changed to correspond to the changing crbital period of the particles. According

te the synchrotron principle, the coatinuous readjustizent of frequency can

be made without concern about P,teepi ng up with the psrticles; instead the
pa,?:izicles adjust their energy and vadiue of curvature to kesp up with the imposed

frequaency changesn The applied f*’cqum acy is changed by a mechanical contrpl
at & velatively leigurely vate, A packer of particles rups around in circles
of aver increasing radius until the applisd frequency rezches 2 value appropriate
the exizerme radius of the magnet, whareuporn those energetic particles ars
extracied or infercepied by a target; the applisd {requsncy is then readjusted

to pick up a new pachkat at ths scurce of supniy ol the centewr,
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The synchro«cyclotron also brings uvs into a new organizational
category. Its size, entailing an inevitable increase in the cgmpleﬁity of
research programs and ausxiliary services, necessitates separate buildings,
facilities, and a full-time staff of specialists in many categories. ¥s cost
requires the financial assistance of the government, I is at this point that
basic research essential tc the future of nuclear physics beconss a subject.
of public concern and responsibility.

Existing synchro~cyclotrons cover a range of kinetic energies from
100 to 450 million "electron volts' -~ a unit of energy referring to the
equivalent d.c. voltage. They could be made substantially’ Iargez', butthe
electromagnet and accelera.tmg electrodes become increasingly expanszve
and unwieldy. The next upward step in particle energy was made in the
proton synchrotron, a2 machine which continues with the same _z_:»:é.inciple of
acceleration, Eut-‘wi,th a great 'changé in superficial appearance. The
magnetic field is set up, not over a large circular area as before,. but in a
narrow ring of large diawmeter, The particles are kept at consiant radius
all the while they are béing accelerated, by increasing the strength of the
magnetic field at just the right rate, The alternating voltage is applied at
one_poiﬁt along the circumference, its frequency changing as the particle’s
speed changes. To mainiain the proper relations between magnetic field
and applied frequency so that the particles will stay near the narrowly
proscribed cirele is indeed a cornplication, but only through the saving in
magnet size thus made poasibie have we baen enabled to go to higher
particle energies.

There are three such’ machines in operaticn and each has its own name;
the pxjoﬁon synchrotron in Birminghawm, England, the Cosmotroan at Brookhaven,
and the Bevatron in B Berkeley, They all accelerate protons, of kinetic
energies 1.3, 2 8, and 6.2 billion electreon volis, respectively. These
machines have been in operataoa enly a chort tiire, so ithat it would be
presumptuous to judge their historical significance; suffice it to say that the
phenomeana %pneazi 1 in thaz higher ensr g"y ranges are so new and perplexing

thet even now the Brookhaven laboratory is undertaking construction of a
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This new device again uses the same principle of acceleration and
the same general layout as the proton synchrotron but with a significant
change in detail. To steer a beam millions of times around a ring of small
cross-section requires some means for keeping the particies from straying

into the walls of the evacuated acceleration chamber. This is done in

‘general by having the magnetic field strength vary in a particular way

across the chamber to form a sort of electrical trough in which the protons
tend to pull toward the center of the chamber. The Brookhaven group has
developed a field configuration which promises a much tighter control on

the transverse motion of the ions; the aécelerating chamber and the
surrounding magnet can be made much smaller in cross-sectional area, with
almost proportional saving in ¢ost. The alternating gradient synchrotron,

as it is called, should produce protons five times as energetic as the
Bevatron for about twice the cost.

.This completes a description of the main line of development of
nuclear particle accelerators. Another ap;proach must be mentioned which
is gaining increased attention in recent years. This type is called the
linear accelerator, a machine vhich uses no magnetic field; instead, the
particles are sent down the axis of a succession of concentric metal .
cylinders, where an alternating voltage is applied between successive
cylinders. In passing from one to the next, the particles are accelerated.
The lengths of the cylinders progressively increase in just such a way
that the particles arrive at the next interface at the right time to be
accelerated again. This procedure can be carried on indefinitel;’r, and has
the distinct advantage over the circular machines that the accelerated
beam comes out the end in a straight, concentrated pencil of sharply defined
kinetic energy. A linear accelerator in Berkeley, producing protons at
32 Mev, is the only one which has been used extensiveiy. The University

of Minnesota is now building one for 50 Mev, and the British Atomic

. Energy Establishment is planning one for 600 Mev.

The acceleratior of electrons is also of interest in nuclear physics.
Electrons are not part of the nuclear structure and are incapable of feeling
the enormous nonelectrical forces which protons and neutrons exert on
each other. However, they can exert electrical forces and are able thereby
to disrupt nuclei, either in close passage or by generating X-rays which
subsequently strike nuclei. They can be accelerated by dirvect voltages, or
by specially designed lirear and synchrotren type machines. An important
device, unique to electron acceleration, is the betatron, in which the
accelerating voltage is provided by a changing magnetic flux - - the electron
beam constitutes a one~turn secondary winding of an over-sized transformer.

The accelerated clectrons vary in epergy from a million to a billicn electron
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volts depending on accelerator type and application. The upper limit has
been reached at the California Institute of Technology using a machine of
the proton synchrofron design. ‘ | _.

The particle accelerators are pfimary tools for basic research in
nuclear physics, making it possible to stimulate sub-nuclear events in the
laboratory in a controlled and systematic way. The apparatus for detecting
and analyzing the nuclear processes is less conspicuous but equally com-
plicated and specialized. It has proved most effective to concentrate
equipment in a few localities, though participation is intended to be on 2
broad basis. The European group, CERN, offers a case in point; the
major countries of Western Europe are sharing the respoﬁsibilit‘ies and
‘benefits of a single laboratory beyond the means of any one cauntfy. In
the United States the facilities of the national laboratories are open to
qualified scientists for extended périods. Breookhaven was, ia fact, created
by the co-operative efforts of several eastern universities, with the
encouragement and support of the govefnment.

There is another aspect of publicly supported basic research which
serves a more irnmediate need than exploration of future paths. In a
young field with great potentialities, discovery, change in basic concepts,
invention, and development are intimately inter-related. To train a young
person for intelligent participation in our atornic energy program requires
more than a course of lectures which can be rendered obsolete in 2 few months'
titne. He must live and work in the field for some years, observing and
learning to judge the changing picture. The apprenticeship is served best
in pursuit of basic problems, for in this way he gains the broadest possible
background and participates himself in determining new directions. Students
entéring the field almost inevitably have to rely on government support at
some time during their training, for the research work is complex and
costly; in return, our national progfam in all'its technical branches draws
its new life fromn this source. '

A study of nuclear particles, their properiies and modes of interaction
is not the only type of basic research in which the atomic energy program
is involvaed. Radicactive materials are casy to produce and find use in
mmany fields. When a nuclear particle enters 3 nucleus the resuiting con-
giomaration is uswvally highly unstable and in a time far too short to measure
one or more particles are ejecied. The residual structurs is quite often a
nucleus whick dees not occur naturally and is lzss stable than another '

containing the same total number of particles. After a time it changes
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'
spontanecusly into the more stable form, materializing electrons to carry

off the excess electric chaige and some of the excess energy, the remainder
appearing in the form of x-rays. All elements can be made radioactive,

and the ejscted electrons and x-rays can be detected by simple means--

a Geiger counter, for example. '

In many research problems requiring a detailed tracing of a substance
through a succession of processes, suitable radiocactive atoms canbe sent
along as tags. They can be located at any stage because a certain fraction
of them convert themselves each second, revealing their presence. The
cleaning ability of soap can be tested with radiocactive dirt; a plant's
method of taking chemicals from the soil can be followed in detail; an element
can be traced through a series of chemical reactione., Applications of this
sort are many and ingenious and a number of long-standing technical mysteries
have been easily solved, Radioactive materials are manufactured routinely
at Oak Ridge for use Ly responsible research groups. 7

Specific projects within our basic research program are usually
initiated by the individual investigator with the approval of his institution.
The proposals are examined in Néshington with the voluntary assistance of
three or four scientigts of recognized judgment in the particular subject.

If accepted, the closest AEC field office arranges a contract to share the
expense with the ir.stitution, which usually contributes some galaries

and facilities. Tle projects are extremely varied in purpose. Experimunts
with high energy particles, in which a nucleus is pretty thoroughly shattered,
do much to expand our over -all picture of sub-nuclear phenomena but rarely
lead to iznmediate technological' advances. Experiments involving particles
with energies of a few million electron volts, in which the struck nucleus
remains almost intact, are usually aimed at a more detailed study of nuclear
structwe, 7nud often lead directly to changes in reactor design and weapons
research. Other projects serve to develop measuring technigues and to study
the propr.rties of matarials under extreme conditions of heat, pressure, and
radiaticon density; still others attempt to correlate results, put the facts in

order, and forrnulate the unknown laws of nature.
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Such is the framework within which the science of nuclear physics
has been-prégressing in this country since the end of the war., Itisa
delicate task for a governfnenb agency to rnake it function effectively, for
the inquiries it sponsors must often lead into blind alleys and the physicists
whom it supports aze as sensitive to criticiem and regulation as the \
tradiﬂ;ionai prima donna. Enough time has passed to observe that a working
system has been wall established; the advances we have made in understanding
the nucleus are a tribute to the good will and flexibility of purpose of the peoplu

participating in the program.





