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LAMPF: THE I\ZIESON }!‘ACTORY
A ; ;o

i ¢
INTRODUCTION

As early as 1954, there was interest at Los Alamos Scientific Laboratory in the construction of
a high-energy accelerator and in the advances in physics that an «}: sropriate machine could
engender.” The first record of LAMPF as such occurs in 1962 in a memorandum from Louis
Rosen to J.M.B. Kellogg, then Physics Division Leader. Many people, some of whose names ap-
pear in this report, joined in the effort to produce a preliminary preposal-in 1962 for a proton-
linear accelerator (LINAC). Interest in a "meson fa¢tory" continued to grow at Los Alamos and at
other locations within the ceuntry, including Yale, UCLA, and Oax Ridge National Laboratory.

LAMPF was officially proposed to the USAEC in August 1963. In December 1963, an Advisory
Panel on Meson Factories, chaired by Hans A. Bethe, met for the first time. The panel report,
issucd in March 1964, recommended the construction of a meson factory, and in its further
recommendations, leaned toward the LASL design. Construction, planning, and design funds
were made available to LASL in April of 1964; in October 1964, a final cost estimate of $55
million was presented to the Atomic Energy Commission (AEC).

The initial construction cost of LAMPF was $57 million. Its annual operating budget exceeds
$18 million (FY 1976). More than 300 people work at the accelerator in LASL's MP-Division.
Probably 300 more people within LASL and outside it — as crafts and ¢ontractors — work in
support of LAMPF. Additionaily, some 1103 people from all over the world have declaréd their
intention to do experiments at LAMPF — these are the members of the LAMPF Users Group. A
large fraction of the users show serious intent to participate in LAMPF experiments, many of
them bringing separate and additional funds for the purpose.

LAMPF is a complex enterprise, requiring many disciplines for its success. Among them are
science, medicine, engineering, construction, and management, the latter including all the skills
required to make sure that the needs of the other talents are met adequately and on iime. Few
people have either the time or the opportunity to see the entire operation of LAMPF, and those
who do are mostly too busy to write about it. ' N

This document is intended as a general and simplified introduction to the entire concept of
LAMPF in terms of its experimental capabilities. Parts of the current experimental program are
used as illustrative examples. L

The origin of LAMPF lay in nuclear physics. Physics is the most quantitative of all the
sciences, hence the most mathematical. But physics has its qualitative side as well, because it is

a practical science which must.relate to the worid. Here the qualitative side is emphasized, so

that the scientist, engineer, physician, craftsman — und the interested and intelligent outsider
— may see just a little better what LAMPF is doing, and how its pieces fit together.

)

sFor a complete and detailed history, see M. Stanley Livingston, Origins and History of the Los 4’amos Meson

Physies Facility, LA-5000, June 1972.
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answers dependmg upon then' partlcular oncologxcal persuasmn Physxusts, on the other hand
.who used to, be'called Natura! Phxlosopners assume the existence of the. nafural world but pan-

/e called "thszcal I:aws"' it is the busmess of the physmlst to firid these laws:
S knbwledge of the physwal world has grown, the number of physxcm laws has dummshed As

appesr that some af fhese forcee may have a common - orlgm
Big addltlon to the four forces, 12 consetvatlon laws are presently kriown. A conservatlon law is
mplyua statement that the total amount of some demgnated quantity does not change, oris in-
variant. Csrrespondmg to. each of the conservatlon laws, there'is thought’ to Le an invariance
prmclple, not -all. of which. have been firmly' cortelated Wloh a corresponding conservation law.
Itis’ posmble 058y that w1thm the framework of quantum mechanics all known physical prin- -
ciples can be. undetstood in terms of the forces and the 12 conservation laws. We shall be more
.. specific in some of these matters further along. By applying these various pnnclples, physicists
predict ‘the. ehavmr of tbe natural world W1th remarkab.e success.

ONSERVED QUANTITIES;






THE MESON FACTORY: HOW DID IT EVOLVE?

. Man is the only animal who builds and uses tools. Tools permit Man to extend his influence
. more widely over his world than would ofherwise be possible. They permit him to extend his
senses beyond their innate limits. They allow him to create hew things. They permit him to ex-
tend his knowledge. They may also provide pleasure, as, for exainple do the tools for playing
games. Particle acceleraters, one of Man's most useful and elaborate tools do all of these things

. and perhaps more.

Some examples may help clarify the proposition. The first partlcle accelerator was the X-ray
generator invented by Wilhelm Rontgen in 1895. X radiation is closely akin to visible light, dif-
fering only in that it has a much shorter wavelength. 1t is produced when fast-moving electrons
impinge on a target, which is usually metallic, but need not necessarily be so. In the first x-ray .
tubes, electrons eJected from a cold metallic surface due to the electric field existing upon it
gained energy in- passing to a positively charged target electrode, or anode. Upon striking the
target, such as copper, zinc, or tungsten, the accelerated electrons disturb the electrons of the
target atoms. In rearranging themselves to their initial configurations, these disturbed electrons
also undergo accelerations and decelerations. Now it is a theoretical prediction and an ex-
perimental fact that when electrical charges are accelerated (bv increase or decrease of their
velocity) they emit radiation. The radiation so produced was named x radiation by Réntgen
because neither he nor anypne else knew at the time what it was.

Today we understand that x rays are composed of entities that we call photons, whose proper-
ties are fairly well understood. The usefulness of x rays need hardly be more than recited here:
diagnostic and therapeutic use in medicine; nondestructive testing of industrial machine parts .
and welds; determination of the crystal structure of materials by x-ray diffraction, including the
elucidation of the structure of the double helix, DNA. These are only a few of the important ap-
plications of x radiation to date.

. The energy given to the electrons accelerated in an x-ray tube is derived from a high-voltage
transformer. There are, however, limitations on the voltage that can be produced by a trans-

. former. One is that if the voltage gets too high between the output electrodes, an arc will be

drawn between them. For this reason, transformers often are submerged in oil, whose insulating

property is better than that of air. Nonetheless, there is an eventual limit on the voltage that can

" be produced by an ordinary x-ray machine — typically 200,000 or 300,000 volts. An electron pass-
ing hetween the emitting and target electrodes in an x-ray tube excited at a voltage, say, of
200,000 volts, will gain a certain speed and hence a certain energy in its passage. In this example,
we would say the energy of the electron is 200,000 electron volts. An electron passing across a
potential difference of one volt, approximately the voltage of a flashlight dry cell, wonld gam
energy of one electron volt.

It is an experimental fact, quite wzl! explained by theory, that the higher the voltage of an %
ray tube, the more penetrating is its radiation. Ignoring for the moment why this is so, it is evi-
dent that the more penetrating a radiation, the more useful it would be in investigating things,
especially if they are either very large or very dense. For this reason, there was early and continu-
ing interest in producing higher and higher voltages for x-ray machines. It was also realized that
other particles couid be accelerated in much the same way. Lord Ernest Rutherford pointed up
the need for protons of high energy when he found the energy of alpha particles-from naturally
.radioactive materials less than adequate in his first experiments on dmntegratlon of nuclei.

An answer to Rutherford's challenge was invented by Sir John Cockcroft and E.T.S. Walton
and has become known as the Cockcroft-Walton accelerator. It works in the following way. ‘A
high-voltage transformer is connected in series with a rectifier, a device that allows the flow of
electric current in but a single direction. If the rectifier in series s with our transformer is connect-

. ed to a capacitor, a dev1ce ‘which can store electnc charge, the capacitor will charge to the peak



voltage of the transformer If We have two capacrtors and charge both of them, say with a
<7100 060-volt transformer, we can then produce 200,000 Volts by stacking one capacitor upon the.
- other, or: puttmg the two in’series: Such a. configuratron is called a "voltage doubler "It can be
developed from a series of rectlﬁers and capacitors, using the rectifiers as: dutomatic switches.
The 1nventron is not limited to merely doubling the ‘'voltage, but can multiply it by several fac-
o tors, in the ‘present example 'up toabout a factor of 10, . Thus, begmnmg with a 100,000-volt trans- .
‘ : former one can produce 1,000, 000-volt drrect-current source. A modern version of this system’
is used as an mjector at: LAMPF whose output voltage terminal operates at 750,000 volts, or

1 0.75 MVr A particle, passmg .from’ the hlgh-potentral head of the Cockeroft-Walton generator at
LAMPF to ground potential wrll thus gam 750,000 electron volts ‘of energy, assuming its charge is

; that of the electron. Since this i is the' case fov' eéither’ protons or negatrvely charged hydrogen, that
- is. exactly what happens at:the LAMPF m_]ector ,
* The first transmutatlon of elements wis observed by Lord Rutherford about 1915. Using alpha
partrcles from a natural source, he. observed the reaction “N(a;p)*’0, the conversion of nitrogen .
“to ‘oxygen.: Thrs whs the begmmng of the reahzatron ‘of the alchemist's dreain. Rutherford also
dlscovered the law that describes the. scattermg of charged particles by atomic nuclei and which
_bears’ hlS name. The electncal repulsron of nucler of like charge was understood to require that
' projectile nuclei would need ‘“high’ energles ‘to overcome this "Coulcmb” barrier. Deviations from
~“the Rutherford scattering. law, which began to be observed in the measurements shortly to be de-
scnbed ‘gave rise to the knowledge that a new force, whrch we know today as the nuclear force,

" was in effect in “addition to electromagnetrc forces. -

" As early as 1920, ‘the- voltage multiplier circuit was mvented Cockeroft and Walton adapted

" the votage multlpller toan acceleratmg tube and produced the first successful disintegration of

nuclei by artificial means m 1932. Almost comcldentally in time, Lawrence-and Livingston, at

Berkeley, were engaged in'the constructlon of- the first.cyclotron, conceived by Lawrence in 1930.

The, first practical cyclotron, a. 10-inch model _preducing protons of about 1-MeV energy, was

completed and described in-a pubhcatron by Lawrence and Livingston in 1.)u2 They were able to

P conflrm the results of Cockcroft and Walton of the disintegration of lithium by energetic protons.
47" Before this time, the development of accelerators had branched into several directions. Robert
J Van de Graaft invented the' machme whlch bears his name and which is today produced by
ngh Voltage Engmeermg, Corp of Cambndge, Mass., among others. This machine charges its
#l'ugh-voltage electrodef'b conveymg electric charge on a moving insulating belt to a high-voltage

. electrode, That. brief statem ent hardly does justice to the elegant and stable systems that the
" Van de Graaff pnnclple ‘produces. The experimelits done with these machines, using various
e partlcles as projectilés ‘hav ht, us much ‘about the structure of atomic nuclei. Many of these
"electrostatrc generators 1ll n’ operatmn in: laboratorres around the world. They are,

increasein ‘mass:of accelerated partlcles In a subsequent
"mle of phase stabrht) to mvent the: synchrotron, which




many millions of times, as they traverse accelerating gaps whose voltages are adjusted and kept
"in step” with the increasing energies of particles. This principle is used in the basic design of the
meson factory TRIUMF in Vancouver, British Columbia, and the SIN facility, Villigen, Swit-
zerland. However, this circular design did not lend itself well to the extremely high intensity de-
sired at LAMPF, and for this reason was not used in the LAMPF accelerator.

The forerunner of LAMPF, the linear accelerator, had its beginnings as early as 1925. In con-
trast to the circular machines, the linear accelerator uses repeated acceleration across electrical
field gaps in a straight line, hence its name. The first design was proposed by Ising. Other names
from the early days, circa 1930, include Wideroe, Sloan, Lawrence, Coates, and Kmsey

Modern linear accelerators owe their origin to two groups, that of the late W. W, Hansen at
Stanford University, and that of L. W. Alvarez and W.K.H. Panofsky, both of whom were at ‘the ’
time at the University of California at Berkeley.

Following its Cockcroft-Walton injector, at an energy of 0.75 MeV, the proton beam of

LAMPF enters an accelerator section, usually called the Alvarez section, which works on the .
principle developed at Berkeley and accelerates the beam to 100 MeV, Subsequent acceleration
of the beam is accomplished in a wave-guide section which owes its basic concept to the ideas of
Hansen, although' it differs in important ways from Hansen's prmclpal design, as LAMPF's
Alvarez section differs from early Berkeley designs.
- The linear accelerator principle has been used for many other facilities, notably including the
Stanford Linear Accelerator (SLAC) which produces an electron beam having an energy of 22
billion electron volts (GeV). The accelerator with highest beam energy so far built is at Fermilab
in Batavia, Illinois, where a proton beam is produced having energy up to 500 GeV by the syn-
chrotron principle.

The foregoing brief survey of accelerator aevelopment describes the expenditure of several
hundreds of millions of dollars. Indeed, the market for all kinds of particle accelerators is num-
bered in the hundreds of thousands of units. The value and utility of particle accelerators lies in
the fact that their use permits us to develop useful information in ways which are otherwise im-
possible. As we shall see later, the higher the energy of the accelerator, the greater the deiail it is
capable of probing. For similar reasons, the higher the energy of the accelerator, tho more
penetrating is its radiation. These two factors have given continued impetus to the development
of new particle acceierators and to the extension bath of their energy and of their intensity. The
LAMPF accelerator is one of the newest in this long chain of accelerator development.

e,



_ Electromagnetxc forces are the only ones: wluch have 50 far been used to accelerate charged
partrcles It is first of all necessary that the partrcles to be accelerated have an electric charge In
(its ; normai state. ‘an, atom has as many orbltmg electrons as 1t has posrtwe charges (protons) on

1th the usual number of electrons Charged partrcles are produced by-an "ion .
‘the term "ion" denotmg an atom wrth a deficit or excess of electric charge.
lerate the atoms of a gas, hydrogen, for example, 1t is f' irs: necessary to strip an electron-

source '1s located iti the lngh-voltage head of the Cockcroft Walton accelerator. In fact,
PF has three ion sources and three Cockcroft Walton accelerators One produces positive
- hydrogen'ions (H*), the: second Pproduces negatlve hydrogen jions (H~ 5, and the third (yet to be
built) will produce "polanzed "Hr, i ions similar to the second but differing in that they are orient-
ced ahke, therr magnetic axes pointing in ‘the same drrect:on :
~ Thus, by éither adding or subtracting electrons from elementary atoms, one forms i ions. We are
- now able to consrder how ions may be accelerated by attractron and repulsion of charges of unhke
and like srgns, respectrvely . ‘
The srmplesb accelerator 1magmable is shown in Flg 1 Tt consists of two very large, flat plates .
E parallel to each other. Connécted to each of the piatesis the términ: > of a battery which ¢auses
S electrons ‘to leave the posutrvely charged plate and %o go to the negativ ely ‘charged plate.

If now we place an ion, say posrtlvely charged, between the plates, it'is clear that the ion will
experrence ‘a force causing it to move dnd gain energv "The positive ion will be repetled by the
posrtrvely charged. plate and attracted to‘the nerratrvely charged plate. If the plates are quite
. large, the'effect on: the’ posrtwe jon should not depencl on the lateral: position’ of the ion between
" the p/lates Hence, this arrangemcnt would not be-a very. useful particle accelerator, because the
partlcles that are ccelerated would merely strike the nefratlve electrode and.it would be dif-
ﬁc|/zlt to make‘any use of them ‘The obJect is-to get- the particles out’ from between the plates.

/ﬁne way to proceed w1th the present exanvple would. be to drill a small- hole in the negative
]fectrode I then the 1ons were properly placr*d mrtrally, a few of them would get out through the

.nch a way that oppos1te sides of the metal. dlsks are
osrtrve 1on proceedrng down the acceleratnng colvmn

tors (Mcqraw Hll! 1962), give a detalled and expert descnp
ceforators whrch have developed since about 1870. The present brief
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Fzg 1
n, f, 18 due to repulszon from the posztwe plate and attractton to the

2 resultmg 1gl breakdown of the acceleratmg tnbe This is one reason that accelerators of
crOft-‘Walton and Van de Graaff varlety are hmlted to about 15 mllhon volts Gomg

ur mtermematu times, the ions are inside the drift
n ‘_cvregges; the proton’ en_ergy from its injected value of



Fig. 2.
Accelerating Cclumn of Cockcroft-Walton Accelerator.

0.75 MeV to 100 MeV. At the lower eriergy, a proton is moving at only 4% the speed of light; at
100 MeV, the speed has increased to 43% of the speed of light. To accommodate increasing
speed, it is necessary to adjust the length of the d=ift tubes in such a way that the protons arrive
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Alvarez Section — Schematic.

-

cut the length of the "wave-guide seétion” in half and saved some tens of millions of dolls  in the
construction of the LAMPF accelerator. This design’ principle was first used for an electron
prototype accelerator (EPA) and was so successful that iumerous electron accelerators for use in
cancer radiotherapy have been built based upon it. As in the Alvarez section, it is; of course,
necessaty to allow for the increasing velocnty of the protons as they proceed down the wave- guide
section. Cross sections and schematics of the wave-guide accelerator are shown as Flgs 5 ana 6,

respectively.
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. . = . iCross-Section of Side-Coupled Cavity, Wave-Guide Section of LAMPF.
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Schematic of Side-Coupled Cavity, Wave-Guide Section of LAMPF.
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nE proglous accelerator had produced For ‘this reason; +@ beam cuirent'is quite large — one
" miliiampere averager— a value never ‘before approacl.ed il an accelerator of such high energy

- This very high. beam current and the rlsk of beam ‘spill, drctated the selectron of a linear ac-
celerator desrgn rather than a cyclotron As the beam leaves the accelerator, 1ts power level is

800 krlowatts $uch a beam cuts its way through steel like a warm knife mttlng so much butter.

and electrodes
Snyder ealled
' \\ Thef i' o

strong, focusmg

_ magnets is placed:i in successron with one of the quadrupoles rotated -

uth poles alternate along: the heam dlrectlon as well as crrcularly

“or. vice versa It turns out that the mward bendmg is always greater in effect than the outward
'bendrng, and on thls ccount the quad"upole paxr causes a convergence of the ion beam called

* section of the beam, thev pass through many hundreds of such quadrupole mag.lets, each palr

~ - -acting to focus ‘and contam ‘the ion beam. -
;3 hus, the LAMPF accelerator combmes ‘the mventrons of Cockcroft Walton lemgston,
Alvarez, Ha~ sen,\Nagle, Knapp, and many others, each of whom has made & ma]or contnbutlon

LAMPF wa ; desrgned to produce pron beams of mte.vsrty 1.0000 txmes greater than any

"ollows. Conelder a magnet (see Flgs 7 and 8) wrth four Lragnetrc poles, ‘

£

“It is extremely 1mportant ‘that the minimum amount of beam strike tha acceleratmg structurés =
is-end,  use‘is made of a prmcrple mvented by C'wurant lemgston, and

17
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ACCELERATOR INNOVATIONS AT LAMPF

A project of the magnitude of LAMPF, drawing upon the skills of physicists, many branches of
engineering, and state-of-the-art high techno!agists, is almost certain to produce major advances
in accelerator technology. Many of these advances are the result of the joint efforts of several
people. Thus adequate credit is not easy to assign. Here we list some of the major achievements
in design which have contributed importantly to the success of the LAMPF accelerator, some
developed at Los Alamos, others adapted from other machine designs.

. high-current, low-emittance ion sources.

"post couplers" in the Alvarez accelerator.

side-coupled cavity design for the wave-guide section of the accelerator.
"feed-forward” control of r.f. power, to anticipate beam-loading of the accelerator.
digital-computer control of the entire accelerator and experimental areas.

application of klystrons as r.f. power generatoss at high power and high duty facior.

acceleration ¢f H* and H- beams simultaneously.

Ne oW
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[ xmmedxately encounter th’e problem of how it is possible to speak of a "partrcle .

also 8- wave.. Pro.ns‘and all’ other elementary particles, such as electrons and '. o

eas "partlcle" "nd” "wave" are regarded as constructs of human thoug’ut reltner of whrch are
ahzable m fact -

»'Wave" tends to: zmply that there are two characterlstlcs of the ‘medium: "1nert1a, a property.
"f matter that tends tovkeep it, once muvmg, in motron and allows it to transport energy and

lrolm smng, a pxece steel a pool of water or a rooml full of' air.
: ¥ -truly repetrtrve, it ;ll‘ have a umque wavelength — the dlstance between 1dentrcal




& 8] nu“) The tlme cf a smgle v1brat10n is'the reclprocal of v. In such a time the photon (we are now
- _lthlnklng of it as a wave) w;l!ﬂ_ travel a’distance of one ‘wavelength, A (Greek "lambda").

SEAA
LE

; 7 where h Planck,s constant is a fundamental constant:of nature named after the. discoverer of
Joosits this re]atlonshlp i
e A Smce v = c/)\ we can a]so write’

L hc//‘.

'and we see fhat the energy of a photon is dlrectly proportlonal to its frequency, or inversely
proportlonal to lts wavelength A partlcular photon, then; -has a fixed. energy, E.

Emsteln dlscovered that energy and matter are the same thlng in dlf"erlng mamfestatlons
 Esme. -
Thi‘s.fi-elation,then' implies t_hat a-photon has as'so,ciatedtwith it a mess, m,

-. .in-‘-r— ~E/cz; '

h/)\ and note that



This law, together with the mathematics of "fluxions,” or caiculus, invented by Newton, per-
mitted him to calculate the motions cf the planets as they had been observed by Tycho Brahe
and reduced to formulae by Johannes Kepler. The law says that the "gravitational" force be-
tween two mass points, m, and my,, is proportional to their product and inversely propocrtional to
the square of the distance between them. ,

'The law as formulated by Newton was a spectacular success and is still just what is needed for
most calculations involving gravity. It left open a major question, however: How is the
gravitational force transmitted, say from sun to earth, through empty space? Thus was born the
idea of "action at a distance," a name for a mystery, which made it not a whit less mysterious.

Forces between electric charges were under study at about the time of Newton's death. Charles
Augustin de Couloinb tried the same rnlatlonshlp, now known as Coulomb's Law, to describe

electric force:

f = k{(q.q.)/r?] .

If possible, Coulomb's Law works even better than Newton's. It says that the electric force be-
tween two charges, q, and g, is proportional to their product and mversely proportional to the
square of the distance r, separating them.

- That the exporient of r in the denominator is exactly 2 is subject to experimental test. Its value
has been verified as being 2 to 1 part in 10', showing the extent of the valldlty of this

relationship.
~ Eventually it was found by Oersted that magnetic effects were intimately related to electric
charges in motion. The effort to find the principles describing these effects ultimately lead James
Clerk Maxwell to write his famous set of equations which describe electromagnetic phenomena.
We now know that Coulomb's Law is contained in Maxwell's equations, whose vaiidity was
-unaffected by Einstein's discovery of the Special Theory of Relativity, and that it describes the
force between static charges.

But the question remained: How does one electric charge affect another in thz case that they
are separated by vacuum?

Suppose, for example, that we project two protons — positively charged hydrogen nuclei —
through a region in which they interact by deflecting each other.

R

VRN

We conceal the interacting region because we du 1.0t know precisely how the pretons interact.
We see only that their momentum (mass X velocity) changes, at least in direction. We could,
however, calculate the momentum change correctly by using Maxwell's equations and the
Lorentz force law. But we still would be faced with the mysterious "action-at-a-distance." Can

we think of a mechamsmvfor equal and opposite exchanges.of momentum?

\ _/



, The wavy lme mdxcates that a photon is emltted by p, and absorbed by p.. The p, "recoils" as it .
fn‘es the. photon with its momentum, hv/c, p: is deflected as it absorbs the photon's momentum.
Clearly it dees not matter Whlch proton emits and whzch absorbs the photon — the outcome is

' _the same. :
- So the exchange of a photon —an obJect thh characteristics both of partlcle and wave — can
_account exactly and- satnsfactonly for. the electric force.

'The ‘“inverse square” (l/r’} behavior of the electric force is automatically included in thlS
model since photon mtensxty from a point source varies inversely as r* — as a matter of sxmple
geometry _

So ‘this model accounts for almost everythmg If 1t were so that the only force between protons
s the electromagnetlc force, ‘that would be the end of the story. We could model protons as fuzzy
bal]s emlttmg photons, and we. could calculate the projectories of protons shot at one another.



In fact, if the angle of deflection is small, the photon exchange model gives qu: te precxse agree-
ment with experiment. :
However, we find in scattering of protons by protons, and in many other simiiar experlments

that the photen exchange model cannot account for all the observations. What happens is that
the probability of these events with large amounts of momentum exchanged berween two parti-

cles is far greater than can be accounted for by Coulomb's Law — or the photon xchange model.

Furthermore, the process is greatly enhanced as the energy of the projectile increases..so much so

that the particles can approach each other closely in spite of their mutual repu'sion dusto their
electric charges. D

Something else is going on. At first it looks fairly easy to explain. Yet, the :more we. {" nd out’

about this enhanced interaction, the more complicated it appears to be. It is a »rime purpo«ze of

the LAMPF experimental program to heip unravel this additional component, the =trbng or

"nuclear" interaction, as it is known.

Nuclei and Particles

When we speak of the size of an object, and how we measure it, we mean something Iiké thi's

"How near may I approach a thing betore I touch it? How far away may I go and stﬂl sense its -

presence?”
We are accustomed to thinking of material objects as having quite definite b )undar’es — the

edge of a table top, for instance, or the surface of a billiard ball. This appearance is really a mat-

ter of scale, or relative size. Men are so much larger than atoms (by a factor of 10*°) or cheir nuclei -

(by a factor of 10*} that the indefiniteness of boundaries of matter on its smallest scale is. 1mper-

ceptible.

In a very real sense, a proton has no "electric" boundary, since the pho'ions of its elec-
tromagnetic field radiate to infinity. ,

- When we explore the surface of one proton with another — or if we shoot neutrons'at protons,
to remove electromagnetic effects (almost ent1rely), we find that the surface of -he proton is not
fuzzy, as its electric field suggests, but rather well defined — and that protons are attracted to
protons, at least for a time, if they come sufficiently near each other.

The Meson

To account for the tinite range of the "strong” interaction, which makes the radius of proton -
appear to be about 1 fermi (10~** cm), the Japanese physicist Hideki Yukawa. in 1935, invoked -.

the exchange of a heavy quantum.between nucleons (neutrons and/nr proions) Uniii{é- the
photon, which vanishes at rest and thus has zero rest mass, Yukawa's quantum was calculated
by him to have a rest mass about 200 times that of the electron. This object, with mass inter-
mediate between that of the tlectron and the nucleon, was called the "mesotron” — a name >!,alter
abbreviated to meson. Yukawa's mesons were tound in cosmic radiation by C. F. Powell and his
collaborators in 1947. Today we call th .n pi-mesons, or pions. -
Pions occur in three charge states — positive, negative, and neutral. Our present unde1 etand~

ing of the attractive force between nucleons is. modeled by the exchange of pions of one of the

three varieties.



Exchange Forces S I

' It may not appear obvrous that the exchange of quanta can account for an "attractrve force,
but this' resulf -arises from a calculatlon first done by Yukawa'that is quite straightforward. The
ST analogy is. sometlmes ‘made with a group of people bound together by playing a game of “catch.”
R Ttisa rather good analogy. If we think of players throwing, from one to another, something like a
o basebaﬂ we unmedrately see that there is.a.limit to the drstan(.e that exists between the players
Crif they are to mamtam therr mteractron Also; if the’ game is played with-a heavier obJect say a
medicine ball, ‘the mteractlon distance isof necessrty much smaller than lt would be for a lighter
ball The range’ ‘of. ‘forces is. related tothe mass of the quanta exchanged in a field in much the
:same way. The mbre massive. the. quantum, the: shorter the. range of the force. It was from the
~ known range of nuclear f , het Yukawa was able "“"estlmate the mass of the mesons that he
- predicted and that were later found to exist. . " :
: Presently, the measured nass of- the pion is 273 m,,. { electron masses) for the charged variety.
and 264 m,' for the neutral pion:: . > : : :
cItis the exrstence of pl mesons in the atomrc nucleus wh ch makes them of great mterest in the
' study of the nucleus and: of nucleons.: ; o
‘Pions were first defected 1n nuclear emulsions in cosmic-ray experiments in 1948. They were
s ,:fll‘st produced artlficrally in 1948 at the 184-inch synchrocyclotron at the Lawrence Berkeley
‘ Laboratory Before the eonstructlon of the new mesor: factories, LAMPF, SIN, and TRIUMF,
S -there were" only about half-a dozen accelerators in the world capable of producing pions. The
Teson. factorles, and. especrally LAMPF ‘will produce pion beams of intensities heretofore im-
possible to attaln ‘These extremely intense beams permit scientists to devrse experlments to test’
,-thé detalls of plOl’l theory with hlgh precrsron

Plon Facrlmes at LAMPF

t Arof 1976 there are four prmcxpal channels for pion research at the LAMPF accelerator: LEP,
. .P3 EPICS; and- Biomied. While these channels have -important differences ‘among them, they
have greater srmllantres The first three names are acronyms for "Low-Energy Pion" Channel,
"Pion-Particle Physrcs, and "Energetic Pion Channel and Spectrometer Here we shall treat
the four more or less without drstmctlon ; )
In each of these pion channels, pions are extracted from a target placed in the proton beam of .
- the accelerator. In fact, LEP and EPICS use the same target. The proton beam, passing at high
- ‘energy through a matenal target, "knocks" the pions out of the nucleus. The pions leave the
target with-a broad'spread of energies. But it is much easier for a physicist to do his experiments
~with a beam of partrcles that hasa smgle energy. The reason for this is that if the energy width of
. the.beamis large, a great variety of processes may occur in the experrment at once, making it dif-
ficult to unravel the multiple effects. - : :
, Thus, the purpose of each of the three pion channels isto transport a selected pxon group with
" a partrcular ‘energy.. and momentum to the experimenter, and ‘to bring the beam to a focus at
- . some convement point in his "cave."While'the design and constructron of a pion channel is a task
of considetable magmtude, it is in theory. quite stralghtforward
el Fromsthe time of their: creatlon until. they decay mto muons, pions exist, on the average,
‘ {26 nanoseconds, or 26 bxlhonths of-a second But the average pion does not live 26 nanoseconds.
1ven plon may decay 1mmed1ately upon leavmg the target or it may live several tlmes

f ce, therefore, 1f the channel is 26 feet long: (amd all of them are at least thls long), 1t would :
.seem that abor_t two-thlrds of. the p1 mesons w1]ll deca,r before they. ex1t the channel.




But this is not the case. The reason is that, since the pions move at velocities comparable with
the speed of light, their own "clocks" run slower than do those in the laboratory; hence, the pions
gain a moderate extension of their lifetimes. Typically, this factor may be two or three times the
26-nanosecond lifetime. At the same time, because of another relativistic effect, the pions pass-
ing through the channel appear to gain mass by the same factor by which their lifetime is in-
creased. This means that the magnet designer must provide a larger magnetic field to bend and
focus the pion beam than he would expect to do if he were not acquainted with the concepts of
relativity. Since the experiments require a range of speeds in each of the channels, and since
mass and lifetime vary with speed, the designer has a challenging prob’ :m in optimizing the
length and shape of the channel. - '

There is yet more to the problem, however. Not only are pions knocked out of the nuclei in the
target, many of them decay in different directions into muons, or mu-mesons, of different mass.
Furthermore, protons from the primary beam may scatter from target nuclei, or protons having
momenta which overlap those of the desired pion beam may be knocked out from within the
nucleus. The same is true of electrons — they are not knocked out of the nucleus, but may be pro-
duced in the channel as pions, muons, and protons preceed down it.

The experimenter would like-to have a beam of pure pions. It is his job to design his experi-
ments so that he can tell the difference between the particles that he wishes to study and those
that he does not. Fortunately, chere are differences among the varicus particles which impinge
upon experimental appai'atus that make it possible to distinguish them. What we have said
above of pions is equally true of the other particles used for experiments — muons, neutrinos,

protons, aeutrens, and photons.

Experiments with Pions

Having gained some notion of how pion beams can be formed, we now look at some of the kinds

of experiments which can be done with them.

The intrinsic nature of the pion itself is of great interest: How do isolated pions behave? To
this point we have discussed only =+ and #=-, the charged (positive and negative) pions. We shall
return to these two shortly, after we have looked at their neutral counterpart, =°.

. The neutral pion, n°, has a much shorter mean life than 7%, 10-'° sec vs 10-° sec. Usually =°
decays into two photons, or gamma rays; however, there is nothing to forbid its decay into more
photons, or other decay schemes, such as:

oty ty
7 —pt Fous
™ — et +e .
Other decay‘schémes are also easily imagined. A theory of pions must explain why a particular

decay mode is favored — and why other decay modes can occur.
The prevailing decay scheme of the charged pions, 7%, on the other hand, leads to muons,

neutrinos (¢), and antineutrinos (¥), thus:

cat — ut tou,
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| ,fl\;lany “_oth'er_, 'd,‘ecay ‘modes' are, also posslble,'—two of whlch are: .

?'Of course there are counterpart decays for 7 o g
What one, does i 1s to:observe. free. plons and measure ‘the mode of thelr decay, its frequency
-f".relatlve to’ ‘other decay modes, then one. ‘must construct models of pnons that reflect the exX-
,;perlmental observatlons o
Plons are thcdght to be. stable wrthm the nucleus. Perhaps the greatest ‘of the rlddles is why the
18 unstable, why it decays at: all. On this point it is worth noting that the #° mean life of
“the 7* mean life of 26 ns '(2.6:10~% s) must be considered in context. The time re- - ’
ui or:light, travellmg 8- 10m cm/s, to traverse a nucleus, of abbut 10~ l*’-cm diameter, is ap-
ox1mately 10-% 5. "When we’ compare ‘this tlme ta the #°-mean life, we see that the #° lives 107 .
5 "nuclear transxt times" and the 7t lifetime is2.6- -10m "nuclear transit times," so that pions do, in
‘fact exist outsrde the nucleus for qulte a long time, as the nucleus reckons time, From this view-
‘ .pomt pron hfetrmes are long ‘The appearance that plons give to’ man of a brief and evanescent
L ex1stence 1s a consequence of man s desxre to meéasure tlme on the scale of hlS own heartbeat

' Pions as Wave's'

In consndermg the energy and momentum of photons, we derived the relatlonshlp between
‘momentum {p) and wavelength a, s

S PA=h.
ThlS famous equatlon was first given in 1923 by Louis de Brogllc, and bears his name, De Broglie
suggested that what i is true for a photon, a "particle of light,” might also’be true for particles of
" matter — electrons protons pions, and so on. More speclﬁcally, the idea is that'a definite
. 'wavelength is associated with a given value of momentum In other words, partxcles may behave
T like waves, under sultable conditions. '
That such is the case was verified at Bell Labs in 1923 by C J. Davisson and L. H. Germer,
-and by John Thompson at the Cavendish Laboratory, who independently demonstrated the
wave-like inter: ctlon of electrons with the regularly spaced crystallme arrangement of atoms in
B _-metallic gold. .
: P Thls slmple but elegant equatlon is - the foundatlon of "wave mechanics" or "quantum
‘ mechamcs," a descrlptmn of the world on - the scale of atoms ‘and nuclei that has met with
- tremendous success — more in atomic: than i in nuclear physics, but nonetheless g.eat success. -
. MaJor contnbutors to the: development of quantum mechanics were Schroedinger, Heisenberg,
.+ “Pauli, Bohr Elnsteln, Gamow, and Du'ac — and there«have been many other important con-
’ trlbutors smce the 1920s:- T o ‘
In 1976 our. best descrlptron of the behavnor of pu’ms is in terms of their wave-like behavior as
o they 1nteract with nucleons’ or: nuclei, It is likewise the case that nucleons — neutrons and
. protons — are Best, ‘described by wave mechamcs
it n the de Broglse relatwn, pA=h, .h is’Planck's constant, a constant of nature The value of his
- < such ,fhat A is exceedmgly small when phas & value comparable to momentum values of direct
v 8 nce. Only/ on the scale of nuclear partlcles, where masses are miniscule, does ‘the




de Broglie relation assert itself. It turns out that wher one uses pions or protons or neutrons of
"medium energy,” 100 to 1000 MeV, their' de Brogli~ wavelengths, A, are about the size of
nucleons. Pions then can probe the structure of nucleons or nuclei. With lower energy (and/or
momentum), the wavelength is too large, too gross, to allow one to study details of nuclei and -
nucleons; and at much higher energies and- momenta the wavelength is such that only the struc-
ture of nucleons can he seen. '

The LAMPF Accelerator thus is de51gned to produce pions with wavelengths su1table as
nuclear probes.

Resonance: The P_ion-ﬁucleon System

We have said above that a wave requires a "medium" for its propagation, a quality of space
which combines elasticity, or "springiness" and inertia, the propensity to store energy of motion.
The material; whatever it is, of which atomic nuclei and their constituent particles, nucleons, are
made might well be expected to share these properties. It is possible for wayes to propagate in
nuclear matter, of the sort which represent pions in motion.

If we consider a material object on our own scale — for example, one desrgned to vibrate
musically — we find that such a thing does not respond equally to waves of all wavelengths, or
frequencies. Caruso is supposed to have been able to shatter a wine glass with the sound of his
voice. If he could, he had not only tc sing loudly enough, but at precisely the pitch which
matched a vibration of the glass at which it would absorb energy, causing its walls to vibrate at
large amplitude, finally breaking with the stress. -

A less powerful singer might also match the vibrations of his voice with the glass, perhaps
without breaking it. This matchmg of vibrationa! frequencies is called resonance. It occurs
widely in nature. In particular, it occurs when pions interact with nucleons. We shall look at this
process in greater detail, to see how it may help us to understand the shape and size" of
nucleons.

Any material object which propagateb waves — sound, light, or matter — and which has
"shape" or boundaries, will have characteristic wavelengths at which it can v1bratev with large
amplitude. These wavelengths are defined by the shape of the object. In the simplest, one-
dimensional case of a vibrating string, the wavelengths are determined by the condition that a
half-wave, or an integral multiple of half-wavelengths, must fit the length of the string, thus: .-

n(\2) = L, where n is an integer.

In two or more dlmensmns the resonant wavelengths are more complex. A SJmple example-is
the case of a rectangular bar of metal:



-

cooperate m,two or three d1mens1ons ,
g The v1brat10ns of a sphere are 31m11ar1y complex, the slmplest mode belng a pulsmg motion m

* . We have'seen that, for photoris,

 and for matter waves (pions, for’e'x'ample)

Thrs relatron is true for photons as well Thus there is a correspondence between vand p, and ¢
- and h Protons have a momentum p, proportlonal to. therr frequency, v, as do other particies of

we




where m, is the rest mass, T is the kinetic energy, and E is the total energy of a particle.

A Simplz Resonance

Suppose a pion impinging on a nucleon has a wavelength such that it "fits” into the nucleon as
shown:

If d = A2, then
= h2p and
p = h/2d .

The diameter of a nucleon is about 2-10-3 ¢cm = 2 fermis. [he = he/2r = 197 MeV-fermi.]
It then turns out that

pc = 309 MeV
E = 339 MeV
T = 200 MeV .

That is, a pion impinging on a nucleon with a kinetic energy of 200 MeV will * resonate" with
the nucleon.

This very rough model gives astonishing, perhaps somewhat accidental, agreement with ex-
periment. At about 190 MeV, the (3,3) resonance, first observed and named by Enrico Fermi, oc-
curs. It is also called the (3/2, 3/2) resonance or A,,. It was the first observed pion-nucleon
resonance and has continded to be studied in detail since Fermi first discovered it. The 3,3
resonance has the lowest observed energy for a pion-nucléon interaction, just as th1= model would
predict.’

What is wrong with this model? ASlde from bemg mathematically naive, there is no reason to ,

assume that the density of nuclear matter is uniform in a nucleon, although this is the simplest
assumption and is, therefore, appealing. Furthermore, the riucleon may well have other modes
into which a pion wave would fit; in'fact it turns out that there i is a very large number of
"resonances" involving mesons and nucleons, the study of which won a Nobel prize for LUIS
Alvarez in 1968 ‘The hst in fact seems to have no end as we would expect 1f this model is valid.
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) ‘Of course, we have not shown how the °nerg1es of the hlgher resonances are to be calculated —

but neither’ has anyoné else' Thls is one of the central problems of, theoretlcal particle physrcs —_
S the creatlon ofa ‘model, whos.. propertles will agree w1th experiment, including the preuse predic-
v tlon of resonant energxes : T . K :

Plonsand Nﬁclei '; k'.' . .

ing’ -ogether of nucleons can be accounted forin part by pion exchange For example, the least
comphcated nucleus havmg more'than one nucleon is the deuteron it consists of two nucleons (a

_proton and a neutron; exchangmg plons, thus

v Lt

As shown, the nucleons may, through pron exchange also exchange their charge state. 5
; ) The deuteron is loosely bound, by only- 2.2 MeV, so that the nucleons are, on the average,
e further apart than they are in a more compact nucleus, say

R @

T il . A A ot

‘ ",Nucleons mamtam therr 1dent1ty wrthm nucle1 as individual nucleons Hence they can
resonate w1th incident pxons in an individual sense. This meansthat we should observe the (3,3)
“resonance whatever the target nucleus, and in fact we do, The (3,3) pion- nucleon resonance is ob-

N .' served in. all nuclei. -

- However, it also turns out that the slhape and energy of the (3 3) resonance depends upon the

I ‘target nucleus -We: might guess that it would, ‘since any single nucleon ‘participating in a

- . . resonance mlght well be affected by its. surroundmgs There is also the possibility that more than

St ome nuclnon might part:clpate in the- re<;onance, and thls would likelylead to differences from the

B pion smgle-nuqleon resonance. Tt is a fundamental problem of the thecry of the pion-nucleus in-

" teraction to, make a model whose. predlctlons agree w1th the observed energies, wrdths, and’

mag‘mtudes of the (3,3) resonance ; .

“Itis a property of resonant ‘systems that if they d'ssrpate or radrate energy rapldly, thexr "tun-

o mg" or resonance is loroad and cony l‘selyg,lf the resonance is s‘rarp Or narrow, 1t lasts a long




Es

time. This is a perfectly general result for waves. In wave mechanics it takes the form of the
Heisenberg "uncertainty principle":

AE At 2 h (h = h/2m) .

That is, the energy width of a resonance times its duration exceeds h, a fundamental constant of

nature. :
The (3,3) resonance is quite broad in energy, which means it lasts only a very brief time. It

looks like this:

'2xl625—-'

o (cm?) .

I L
100 . 200
KINETIC. ENERGY, T (MeV)

The width indicates a duration of 10-% s, or about the time it would take a pion, considered as

a particle, to cross a nucleon. This resonance exists only very briefly indeed.

Nuclear Excitation by Pibn Bombardment

‘Since the pion is to a large degree responsible for the forces within the atomic nucleus, its use
as a probe of nuclear characteristics is natural and reasonable. '

Nuclear excitation means the addition of energy to a nucleus above that which it normally
possesses in its state of lowest energy — its ground state. An excited nucleus may lose energy by
emitting one or more particles, where photon is included in the meuning of "particle." Thus, for
instance, an energetic pion may excite a nucleus, and be re-emitted; or a photon, nucleon, or a
nucleus (d, T, *He, *He) may be emitted as a result of pion excitation. Of course, the pion may
" simply be scattered elastically as well. Reactions of this kir.d are denoted as below, where T
represents a target nucleus, T* an excited T, and R, a resultant nucleus differing from T in

nucleonic composition:

T (z,x) T - elastic scattering
T (#,=") T* inelastic scattering
T~ T+ v
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and 50 on Insrde the parentheses the ﬁrst symbol denotes the mcrdent partlcle the second
itted partlcle ' : ' : .

: A large number of reactzons like: those above can be lmagmed and efforts to test-them are un-
der way at LAMPF As we have already noted, physics is an experimental scnence the- ob]ect of
- the’ LAMPF expenments is to test theory against experlmental results. 4

* Similar experlments are bemg performed using protons from the primary beam as nuclear

probes In addltxon the hquld deuterium target in Area B-produces neutrons of high energy,
vhich can also be used as probes of nuclear structure. . .

: Studles of nuclei ‘made by bombarding them with’pions can be better understood by anaiogy.

: Conslder, for example, a large bell, whose natural vibrations are determined by the size, shape,

and. matenal of whichvit is made. Although the bell will respond to some degree to any frequency

..,EXcltmg 1t its "natural" frequEnmes are those at which it vibrates most strongly Their relative

.- intensities depend also on where, and with what, the bell is struck. Now, one can imagine an ex-

' ':--";penment with a bell in whlch it is struck at every point of it$ exterior with a variety of projectiles,

. hammers, and mallets; and the resulting sounds sent electronically for'analysis to a remote loca-

o tjon I the analyst is a competent theoretical physicist, he: may come up with a model of an ob-
L ject whlch behaves very much like the bell. The-inodel may not look like the thing it attempts to
P descrlbe, ‘however, and o the extent that it does not, further experimentation will distinguish

R the. model from the true obJect : :

;' In the same way pi mesons of varymg energy are used to study the atomic nucleus. Varying the

v "'energy and momentum implies that the wavelength of the projectile is varied. In the nuclear case

" “the plon may bé refracted, that is, scattered; or it may enter into some cooperative motion with

e the interior components of the nucleus. Just as for the bell, the nucleus has favored wavelengths

“at Whlch ‘matter waves within it may vibrate. The experimenter is of necessity remote because of

: the’ mlmscule size-of the nuclei, And, while it is not usual to study bells by hitting them with suf--

. fxc1ent energy to break off pieces from them, it is of interest to see how a nucleus fragments in or-

‘ der to learn what is in it. For instance, if nuclear bombardment causes the emission of a *He

_nucleus (alpha partlcle) there is a strohg presumption that, at least some of the time, part of the

,nucleus is orgamzed mto an; alpha partlcle The same is true, or course, of other partlcles whlch
are: emltted fe : - :




behavior in ways that are well understood but that nonetheless are a hindrance to the under-
standing of nuclear forces. Thus, pions have the advuantage of a simpler interaction with nuclei.
Since their spin is zero, pions are classed as bosons, along with other mesons, photons, and
gravitons, the latter being the predicted but as yet unobserved gravitationa] analogy of the
proton and the pion. Bosons have the property that any number of them can aggregate in the
same quantum state. Fermions, on the other hand, may not be in identical quantum states. Thus
a pion, upon entering a nucleus, may share a state with pions already there. Protons and
" neutrons, being fermions, are excluded from states already occupied by other nucleons. Hence it
is possible for a pi meson to explore nucleonic behavior in ways inaccessible to nucleon probes.

Charge Exchange: Nuclear Transmutation
We have already notr that pions occur in three charge states: =+, #°, and = ~. It is possible to
inject one or another ".ese pions into a nucleus and have a different one emerge — thus

converting one or twonu.  =s within the nucleus to a different charge state. That is, neutrons
might be changed to protons, or vice versa. For examplg:

p (7 ,#° n

n(r*,7% p

d (=*,7% 2p

d (=7,x° 2n
‘He (v~,x*) 3n
*H. (z*,7") 3p .

Some truly exotic nuclei can be made by double charge exchange (z*.7") or (x~,x*). For in-

stance:
*Li (=, 7 *)*He
2C (r-,m*)*Be
Be (r*,77)°C .

Systems like 2p, 3n, *He, ?Be, and °C are not stéble, so these unlikely objects soon separate or
decay. However, an adequate theory of nuclear structure must predict how long these systems

last. what, if any, excited levels they have, and into what they decay. With these reactions of

pions with nuclei, LAMPF opens an entirely new field in the study of nuclear structure.

Muons and Neutrinos

We have noted above that 7+ and =~ have a mean lifetime of 26 ns. When a charged pion
decays, most often (>99% of the time) it goes as follows:
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_ where " (Greek "mu”] R the symbol for muon, and v (Greek ") represents the neutrino. The
subscnpt on » indicates that this neutrino differs from the "electron neutrino” of beta-decay, and
SO means’ "anti‘neutrino," » and 7 dlffermg only in the direction of thelr spins; or helicity.
LT " Muons exist, for a much longer time than do.pions: 2 2 mlcroseconds, When muons decay, the -

S reactxons usually are PR BRI :

et e
-,.-“ —em + ‘7,"+'v,, .
a The wtg oes to 1ts electron (e) counterparts electron and posrtron, and ‘two neutrmos, one of
: each varlety . -

:Unlike pi mesons, muons have spin h/2, a property whlch they share w1th protons, neutrons,
electrons, and. neutrinos. All of these particles are fermions; all are affected by the Pauli "Exclu-
-sion Prmcrple, " which states that no two like fermions may occupy identical quantum states.

f X and g, were named by Enrico Fermi, a story worth recalling.’ ‘When Yukawa, in 1935, -
predlcted the exlsfence of the mesotron, later shortened to meson, he was able to predict only
that the ‘mass should lie i in the range.of 200 to 300 electron masses. Shortly before this prediction
was made, a meson of the predlcted mass was found in cosmic radiation by Anderson and Ned-
dermeyer who were unaware of Yukawa's predlctlon at the time of their discovery. -

At first it was assumed that this new object was Yukawa's meson, but a difficulty was soon
percelved namely that}the meson discovered by Anderson and Neddermeyer, supposedly

e responsrble for the nucloar force, sk:owed no interaction at all with nuclei — it was simply an
i electromagnetxc part"- - ‘lke ‘the electron in every way except for its mass..

It was 1947 before 1. uesorr actually predlcted by Yviawa was found by C. F. Powell and his

‘ : collaborators (Subse quently both Yukawa and Powell received the Nobel Prize for their work.)

. Powell, using photographlc ‘emulsions flown at high altituds, found evidence of mesons being

" produced by proton colhszons with atmo~phenc nuclei, almost as they are produced at LAMPF

today "This.meson,, the Yukawa meson, had a mass 273 times that of the efectron, within the

) range of- Yukawa s pred:ctron

Shortly thereafter mesons: were created artrﬁcrally Fermi named them T (Greek "pl") for

v pnmary, and. i - for meso, or intermediate-meson.

“We now: understand why only muons are found at the earth's surface in cosmic radxatlon (and
plons only very. rarely} T+e-pion’s mean life, even if it is extended a thousand fold by relativistic
trme dxlatatron, is too short* for ‘the pion to go.more than about 10, 000 m; but pmns decay to
much longer-hved muOns, and these are what we find at sea level.
opertles of’ some elementary partlcles are .given in Table I




TABLE 1

PARTICLE PROPERTIES

Rest Mass
Particle (MeV) Mean Life Spin (h)

¥ 0 « (Stable) 1

v 0 « (Stable) 1/2

et 0.511 o (Stable) 1/2
ut 105.66 2.2-10"%s 1/2
wt 139.57 - 2.6-108g 0
Lad 134.96 0.84-10"'s 0

p 938,28 +# o (Stable) 1/2

n 939.57 918s 1/



M'UQN}'S -Aé _'ﬁUCLEAR PROBES

Physu,lsts have wondered how muons ought to fit into the scheme of things since they first

A were found Their mean life of 2.2°Xx 10 ~% s is long enough to permit them to have well-defined
propertxe'S' mass, charge, spin, andso on. For this reason, they are classified as "stable" particles.

. The puzﬂe hes, however, in "what fuons are good for," to put it colloquially. Except for their
g mass muons might as well be electrons Both emit pktons as they go from one to another quan-
,tum state’ w1thm an atom; both can parti mpate in chemical biuding. The more massive muon or-

: \blts nearet a nucleus,’ its- radius being less in proportlon to 1ts mass (1/207) as compared to an .
o electron s radlus For the same reason, chemical binding by muo'ls leads to very small molecules, -
so small that the component atomlc nuclei sometlmes overiap, or "touch.”

i As the charge of the: nucleus increases, so does its radius, and so does its atiraction for the
rﬂmuon, at about Z =20 (calclum) the orbltmg muon has a radzus equal to the nuclear radius,
' and for st111 heav1er nuclei, the muon orbits m51de the nuéleus. This is indeed curious, consider-
ing that nuclear matter is denser than water by a factor greater than 10%. Yet the muon, re-

-’”spondmg only to electromagnetlc forces, zips through this extraordinarily dense nuclear matter

- sensing on]y protons, and those only by their electric fields. Therefore transitions between orbits
: fm muomc aioms gwe mformatlon on the dlStl‘lbUthIl of protons ipside the atomic nucleus.
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NEUTRINOS

Postulated by Wolfgang Pauli and named’by Enrico Fermi, the neutrino (litile reutral one)‘

‘was not observed experimentally until 1956, when it was detected by Reines :ind Cowan and
their co-workers. Pauli recognized that the existence of the neutrino would expla:n why electrons
or positrons emitted in beta decay from an atomic nucleus do not have a unique energy. Rath-r,
they have a spread in energy from a max1mum down to the limits of measurement, Neutrinos are
exceedingly difficult to detect; it is this property which gives the "weak interaction” its name, It
is weaker than the nuclear interaction by a factor of about 10°. Pauli correctly guessed that
neutrinos would in fact be very difficult to detect,”since none had ever been seen.
In 1962, a group from Columbia University and Brookhaven National Laborat ry showed that
there are in fact two kinds of neutrinos. One of these arises when an electron o positron a,‘: the
product of beta decay, as in the reaction: :

n—p+e +7.

The subscript "e" on the Greek letter nu (v) indicates the connection of this v: :iety of neutrinv

witk electron-positron events.
The second neutrino is involved, for example, in the reaction:

taut o,

The subscript u identifies the u-neutrino. Each of the two kinds of neutrinos has associated with .-

it an antineutrino, designated by a bar over the nu, thus: 7. Neutrinos, like elect ons and muons,

have spin h/2. These three are known as "leptons” and are subject to the conse-vation law that -

the total number of leptons in any reaction is an invariant constant, if in the accounting. parti-

cles count as plus one, antiparticles as minus one.
The strength of the weak interaction is such that a neutrino passing through ¢ diameter of the

earth has "ut one chance in about 10" of producing an interaction. Thus, whatever hic ather

qualifications may be, a researcher doing neutrino experiments must above all else be patient.
The LAMPF accelerator is a copious sou.ce of both electron and muon neutrinos. One. experi-

ment in which this source will be used is intended to resolve the mystery of why the sun. which s

thought to derive its energy from nuclear energy involving catalytic reactions which should

produce large numbers of neutrinos appears to emit no neutrinos at all. Aside fiom its great a- -

portance to the understanding of elementary matter, knowledge of the neutrinn might assist in
understanding new ways to produce energy from the fusion reactions that are thought 1o wccur in

the sun.
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‘ Af NUCLEAR CHEV!ISTRY

T‘he dmdmg lmer hetween physws and chemlstry ishazy and indistinct. Phys1c1sts sometxmes
define:their screnre as "the study of matter and energy." They frequently study svstems of very
* great simplicity, ni the hope of understandmg the ‘basic laws of matter and-energy.

' Oneé chemist has said that. nuclear chemists tend to study much more complex problems than

- -'do phys1c13ts Another chemlst has defined hrs scienice- by saylng “chemistry is what chemists

o do It is. certamly the case that qurte often an expenment is: regarded as nuclear physics or
“‘nuclear cheémistry depending on whether the experlmenter is'a physicist or a'chemist.

"~The two subjects are in fact very crosely related A brief look at the hlStOl'y of the two sciences -

may help to show the interrelationship. .
.'The earliest chemlsts were alchemists, their’ goal to’ dlscover "the phllosopher s stone" and to
perfect the transmutatlon of elements. But niclear {ransmutation was first carried out by Lord

" ‘Rutherford,. a. physwlst in 1915. (For this. dlscovery, Rutherford received the Nobel Prize in

> . Chemistry!) The converswn -of one element to anotherrls now routme in nuclear reactors and ac-
- celerators and in many experiments at LAMPF : s

.Orice a sufficiently large number of elements became lsolated and understood the Russlan

chemist Mendeleev orgamzed the periodic table of: the elements. This important discovery

SR helped science to understand why certam "families of elements" behave similarly in chemical

. reactions. Elements became grouped into such collections as the alkali metals (lithium, sodium,

.potassium, rubidium, cesium) or the noble gases (helium, neon, argon, xenon, and krypton). The
penodlc table is in fact organlzed around the structure of the outer electronic orbits of the ele-
‘ments: The British physwlst Moseley, found a way of measuring the number of protons in the

K nucleus by lookmg at the x'rays proauced by the elements. Chemistry is the science of the in-
= teractlon of buter orbital electrons, this interaction causing the joining together of atoms to form
' molecules In a naive sense, therefore, chemistry is a science involving only electromagnetic

L ‘forces and deals thh compounds from the’simplest, hke table salt, to the large and complex

I molecules of which living méfter is'tade.

Hlstorxcally, chemists have tended .to regard the perlodlc table as theu' own terntory
L However, the British physwlsts Aston and ‘Dempster invented the mass spectograph, which
" ‘showed that atoms of some elements that are assigned'a single place'in the periodic table ac-
tually differ in their mass and in other 1mp0rtant ways. These different varieties of a gtven ele-
.. ment.are called, "isotopes," Although their nuclei have the same number of protons, and thus the
‘- game amount of positive; nuclear charge and the same number of electron the atomic nucleus
hasv varying numbers of neutrons Thus, the mass of the atom and that of its nucleus is different
for different isotopes. There are also other, less. obvious dlfferences, such as the magnetic proper-
“ties of the nucleus and 1ts spin angular momentum, which affect the chemical combining proper-

- ties of a g1ven isotope. Mendeleev's orlgmal table of the: elements was eventually filled with

' "naturally oceurring species of atoms, But the’ drscovery of isotopic differences and the production
of artificial nuclei: has extended that number to well over 1000 isotopic species. Probably the

L ‘great bulk of th.s work has bean accompllshed by nuclear chemists. The search for new elements

S j_:‘vhas resulted in several Nobel_Pnzes v mcludmg the award to Ferm1 in physrcs and those to Urey

n cleus If the number of m
along w:th the target h',
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. =-of theoretical models of the nucleus A qulte successful begmnmg has been made on this group of

expenments. : P
‘ R | i energetlc plons or. protons are 1nc1dent upon a complex, masswe, and large nucleus, the
s e ‘nucleus may be split into two or several fragments the process being known as fission or spalla-
oo -tion. Numerous experiments at LAMPF are de51gned to study the probabilities of these kinds of
“events. For: mstance, pi mesons have bombarded uranium:-and the resulting yield of *Na, a
"_radloactwe isotope of sodium, was measured. This particular experiment required the use of
. "wet". chemlstry, the conventlonal kind of chemxstry mvolvmg analytzcal sepa,ratmns, in addition
: to the techmques of nuclear physws. L L : -
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RADIOBICLOGY AND MEDICAL APPLI_CATiONS

Living organisms are the most complex chemical processing plants known. Because at
LAMPF we are interested in the interactions of radlatlons with humans, we shal’ choose the
human organism as our example.

Each cell of a living human being contains within its nucleus the double helix of DNA, which
is believed to encode the complete genetic description of the individusl. Although the code is im-
_ perfectly understood, there are specific examples known for which a flaw at a particular site in
~the DNA molecule produces a disease as, for example, sickle-cell anemia. The information is en-

coded in the arrangement of the base pairs AT (adenine-thymine) and CG (cytosine-guanine). .
The arrangements of these base pairs are analogous to the encoding of infurmation in binary.

form on a magnetic computer tape, for example. A rearrangement of the sequence of bases could
and nrobably does lead to a genetic error that may be trivial or may be fatal or may lie
somewhere in between.

Within the cytoplasm of the cell are complex molecules known as enzymes. Approxxmately
3500 enzymes are produced in the human osganism. Enzymes act as catalysts in the preduction
of chemical reactions within the cell or nutside it without themselves being chemically altered.

"‘There are alsc many other molecules of considerable complexity that make up parts of living
~ cells. For example, the cell membranes are zomposed in part of phospholipids fatty molecules.

Proteins are another example of a complex molecule that the orgamsm reguires for its continued
existence.

Radiation of all kinds interacts to some degree with hvmg materlal Since living organisms de-

pend upon chemical reactions for their existence, the greater the ability of radiation to disrupt
the chemistry, the greater will be its effect upon the organism. Another way of saying the same
thing is that the greater the degree of ionization produced by a given radlatlon the greater will
be its effect on living tissue.

Ionization in chemistry causes the breaking of chemical bonds or the rearrangement of
molecules or hoth.

Because of certain of its unigue characteristics, two of the product radiations at LAMPF are of
particular interest in radiobiology and medicine: the negative pi-meson and the negative muon.

Each of these particles has a negative electric charge equal to that of the electron. They are,

however, much more ‘nassive than the electron, 273 and 206 times, respectively. As already
noted, they can orbit the positive nucleus of an atom at a distance much less than the
corresponding electron radius. As already explained, the negative mucn orbiting a nucleus emits
photons of energy characteristic of the nucleus upon which it is captured. This property makes it
useful as a chemical probe of living tissue, for it is possible to make a chemical analysis of many
of the elements in tissue by using muons without giving the organism ah excessive dose of radia-
tion.

Negative pi-mesons differ from muons in the major respect that they interact with nucleons

via the "strong” or nuclear interaction. Thus when a negative pion comes sufficiently close to an
atomic nucleus, an interaction occurs which results in the vanishing of the pion together with the
conversion of its rest mass to energy. The nucleus separates into two or more fragments in one of
_ a large number of possible ways. These events are called pion "stars" because of their charac-
teristic appearance in nuclear ‘emulsion. ' '

. The fragments resulting from pion absorption are highly ionizihg and therefore highly disrup- ,

tive to the chemistry of living cells. On the other hand, before the pion attaches to a nucleus and
"creates the "star,"” it is, relatively speukmg, a particle of fairly low ionization. Since it is charged,

the negative pion is affected hy electric and magnetic tields, and therefore may be steered readily .

to a place at which it is desund to deposit its major 1omzmv energy. These charactenstlcs make

s
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fo 'the negatlve plon a partzcularly mterestmg candidate as an agent for treatment of cancer by
s radlatlont Jn :

i As of 1976, trials have béen: made on many hvmg systems, mcludmg humans, to test the possi-
i ﬂ_fble usefulness of negatlve pi-mesons in radlatlon therapy As wasa thought should be the case, pi-
mesdhs appedr. to mteract w1th higher’ etfectlveness than does a similar dose of xradiation.
’I!herapeutlc trials. have not yet begun, but there is good reason to believe that pi-mesons will-
ﬁ'turn out to be extraordmanly useful in treatment of tumors that are otherwise very dlfﬁcult to
‘treat, because of.the ; ‘pion's. stee;ablhty and high-radiation dose when it comes to rest.
Successful tests have been made of the usefulnesss of negative muons' mesonic x rays in ~
-;'measurmg concentratlons of essential trace elements in living tissue. These trials indicate the
'-method . be successful lts apphcatzon depending upon. 1ts usefulness in cllmca] medicine.




RADIOISOTOPE PRODUCTION

‘The chemical identity of an element is established by its nuclear charge, i.e., the number of
. protons in *ts nucleus. Nuclei also contain a variable number of neutrons. (In the naturally oc-
curring stable isotopes, the number of neutrons'is about equal to the number of protons.) For
larger and heavier nuclei, there tends to be a preponderance of neutrons over protons.

If:the number of neutrons in a stable element is changed by perhaps only one, two,-or three, the

element will maintain its chemical identity but will become radioactive. If it has too many

neutrons, it will tend to emit electrons, thus increasing its positive charge and restoring the
balance of protons to neutrons. On the other hand, if the number of neutrons is too few, positrons
will be emitted. decreasing its positive charge and again restoring the natural balance. In either
case, as the nuclear charge changes, the chemical identity of the element also changes. '
Nuclear reactors have within them a surplus of neutrons. Radioisotopes produced in nuclear
reactors invariably have, therefore, neutron-rich nuclei which emit negative electrons (beta par-
ticles). Any source of neutrons can be used in making radioisotopes; LAMPF is no exception. At
its designed beam intensity of one milliampere, 6 X 10" protons per second impact the beam

. stop, having lost at most 100 MeV of their initial 800 MeV of energy. Each stopping proton will’

produce about 30 neutrons, giving a total of about 2 X 10'" per second, one of the most intense
neutron sources ever created. The greater the source strength, the easier it is to produce
radioisotopes of short half-life. For this reason, LAMPF is' a copious source of commercial
'rddioisotopes, making many of them available in quantity for the first time.

At the same time, the primary proton beam can be used to knock neutrons out of a target
nucleus, producing radioisotopes that are positron emitters. Relatively few posnron emitting

radioisotopes are available on the market today, becaise most radioisotopes are made in reac-

tors. Positrons annihilate with negative electrons, causing the emission of two gamma-ray
photons of energy 0.511 MeV, which, to conserve linear momentum, leave the point of annihila-
tion in precisely opposite directions. Counters can be used to establish the line of flight of the two
photons. Many such measuremenis permit the localization of the origin of emission of the

positrons. Thus the use of positron emitters may be very advantageous. For example, it may be -

possible to visualize a vascular bed by inj- _.ing into the blood stream a positron emitter, the
radioisotope sodium-22. Also, as the two photons are emitted simultaneously, if the zequirement
is put on the system that they be detectea in time coincidence, the background is greatly re-
duced. For both of these reasons, the market for  .sitron e:.itters is'very large and is mostly un-
satisfied at present. LAMPF may become the primary supplier to meet this need.
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Just as. radlatron can alter the molecular structure of the constrtuents of living tissue, radia-
*tion can also change the structure of all other. materials. Radratron isnot the only agent that can
e effect these changes, thermal cycling and work~hardemng are similar effects: It is important to
est materials that &re to be used in intense radiation fields by placing them in environments
,hrch srmulate as nearl) as possible the actual envrronment of use, perhaps even to the extent of
xaggeratmg the cause of deleterious effects. :

’LAMPF .could be used for such tests by irradiating specrmens wrth the hrgh-neutron flux pro-
du ".ed at the ‘beam.stop, in the way that radrorsotopes are produced. Moreover, recent studies in-
dlcate that- the extent and kinds of damage to be expected from irradiation with the main proton
béam: should correlate with that produced by neutron damage, except that it will be produced at
g much greater rate. Thus, LAMPF may provide some important answers to the problems taced
by the desrgners of fast:breeder and fusion: reactors, because these problems presently appear to
’ ,be related mostly to materrals engineering.
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LAMPF MANAGEMENT AND THE LAMPF USERS GROUP, INC.

Because of its size, scope, and cost, and because the problems which it addresses cross many
disciplines and are of interest to the entire international scientific community, LAMPF was from
its beginning visualized as a national and international facility. Qualified scientists from any
country in the world are welcome toruse LAMPF. Since its conception and.initial funding, the
design of LAMPF, especially with regard to experimental facilities, has reflected the advice of
potential users. A great deal of effart has been spent at Los Alamos to ensure that the completed
facilities will be responsive to the needs of visiting scientists, whose reconimendations reflect the
requirement of etperiments designed to answer some of the most important questions in physics,
chemistry, and life sciences.

The first organizational meeting of the LAMPF Users was held in 1968: Annual meetings are
held in November. It soon became apparent that important advantages were to be realized by in-
corporating LAMPF users into a nonprofit corporation; this was done in 1972. The LAMPF Users
Group, Inc. has an elected board of seven directors. There are in 1976 some 1100 members of the
LAMPF Users Group, from 331 institutions and 20 foreign countries.

The users of a particular channel or beam facility are separately organized into "Working
Groups," each of which elects a representative to the Technical Advisory Panel, which meets at
least annually with the Director of LAMPF and:- his staff. This mechanism provides a valuable
communications channel from users to LAMPF management and vice versa.

A ) independent Program Advisory Committee (PAC), is appointed by the Director of LAMPF
to review proposed experiments and advise the Director of LAMPF as to the validity of the ex-
periments #°-d the priority that should be placed upon them relative to beam time and facility
availability. Nominations to this committee are made by the Board of Directors of the LAMPF
Users Group. In addition, certain members of PAC are ex officio, including representatives from
the U.S. Energy Research and Development Administration (ERDA) and the National Sciénce
Foundation.

The MP-Division of the Los Alamos Scientific Laboratory operates and mamtams the LAMPF
accelerator and its experimental facilities, and also has its own concurrent research program in
Groun MP-4. Group MP-3 is charged with "practical applications." Except for these two groups,
the overlap of personnel in MP-Division and in the LAMPF Users Group, Inc. is slight.

MP-Division is divided into the folfowing groups, with functions as indicated by their titles:

MP-1 Electromc Instrumentation and Computer Systems
MP-2 Accelerator Operations
MP-3 Practical Applications
MP-4 Nuclear and Particle Physics
MP-7 Experimental Areas

. MP-8 Engineering Support
MP-9 Accelerator Systems Development
«.2-10 Large Spectrometer Systems
MP-11 Acce'erator Support
MP-12 Injector Systems .
MP-13 Beam Line Development
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