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PREFACE

’ In Apnl of 1955 the Radiation Laboratory of the Umvers:ty of
~California sent out to 18 high schools in the Bay Area letters which sald. in. -
part, "The object of this program is to help science teachers achieve some ...
practical knowloedge and. experience in nuclear science by working with.some...: -
of our basic research groups in physics and chemistry. In thisiway we. beheve '
that we can assist these teachers in their efforts to make their students more... .-
aware of the naturc of atomic energy and help to prepare them for the 1mpact o
. of atemie energy in their future," R

The response was enthusmstic and 14 high school:teachers were
selected for the program. Thesc teathers were assigned.to.various experi-
mental groups at the Laboratory in Physics, Chemmtry, and, .Biochemistry.
in the role of junior scicentists to do whatever work was. necessary w1th that

. Broups

A scries of lectures by senior staff membera of the Laboratory was
arranged for Tuesday and Thursday mornings. It was intended that each '
~teacher should write up onc or more of these talks .and the whole, should: be

made available to all. Editorial d:[t’icultxes prevented completwn of thlB
phase of the program, , o o . -

In general it was t'elt that the program was most worth while and
successful, So much so, that it was repeated on a nearly doubled scale'in B

1956, The undersigned was asked to attend the lectures and write a serles of_."‘f: -

uetes on them.

The original order of the talks was determined by the avallabthty of

the speaker. The arrangement in these notes is an attempt to present- generaylf,,».
principles, equipment and techniques first, and spec1al appllcatlon afterward

Each talk is an entity in itself so that there is’ some repet1t1on and
some variance in view point, : . L e

The first speaker (Dr. Roger W. Wallace) furmshed h1s own

- thensivo notes. and these have stmply been mcorporated 1nto the serxes ;

Thc seeond speaker (Dr. Warren Fenton Stubbms)”vmade very extensx
,,revtsions and amplihcatxons of this wnter '8 brxefer notes'
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akers. They carefully went over the notes, frequently revlsmg or expanding"
ctions: . This cooperation was greatly appreciated and it is believed that as
result these reports are largely free from errors of fact, It is hoped lhey

The fxrst meetmg was held at 9 a.m. on Tuesday, June 19. Warren
Fenton Stubbins introduced Dr. Donald Cooksey, Associate Director of the

. Radiatibn Laboratory, who welcomed the group. Dr, Cooksey explained that

_not only will'the teachers actually assist briefly in carrying on the work of the

' "'-;Laboratory ‘but also, it is hoped, they will absorb attitudes and techniques

“that will-be reflected in increased competence and enthusiasm of the younger
: :"generatxon of sc1ence students.

e Dr Cooksey then gave a very brief summary ol‘ the history of the
Laboratory It is an outgrowth of the achievements and enthusiasm of Ernest

0. Lawrence, who'first came to the University of California at Berkeley in

1928 - Soon afterward he:got the fundamental idea of the cyclotron, for which
_"he was’ awarded the Nobel Prize in 1939. The Radiation Laboratery was

~created in 1936 with Professor Lawrence a8 director to more effectively and
" intensively pursue investigations with that great tool. Outstanding and world-

"_,famous scientists are associate directors. The influence of the "Laboratery"

: "(v;m w1de, deep. and contmumg.

: Lok ;-‘Roger W Wallace ‘then began a four-day series of lectures on "alomic“
- as’ dxstmgmshed from nuclear chemistry. At the end of his outline are briefl
"_,;,comments on dxacussxons durmg the "breaks."
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Ch.lpter L

AT OMIC PHYSICS

o - Roger W, Wallace B R
THE GHEMICAL FOUNDATIONS OF THE ATOMIC THEORY '
: By 1800 four laws governing the mass and volume relat1ons between‘- S
chemieﬁl compounds had boen discovered. These laws led to the atomic and!’
‘molecular hypothescs long hefore any experiments were conducted that measured
the individual properties of atoms. These laws deal only with enormous numbers

of atoms or molecules, and yet their form is a direct consequence ‘of the
-mdividunhty of atoms and moleculns. The laws are:

- 1., The Law of Conservahon of Mass - 'I’he total mass: of a system
'}_is not affected by any chemical change within the system : :

2. The Law of Definite Proportxons - A partlcular chemmal com-rjr-_" o
pound always contains the same clements combined in the- same proportlorzs'jf"ﬁ-“ S
by weighl.

3. The Law of Mulhple Proportions - If two elements combme to "
form mere than one compound the different weights of one that combine. thh
the same weight of the other areé in the ratio of - small whole numbers. s

1

4, The Law of Reuprocal Proportions - The welghts of two (or more):'
‘substances that react separately with identical weights of a'third. are also the
weights that react with each other, or simple. multxples of them BLah

: From the abovo laws Ddlton in 1803 1ntroduced the Atomlc Hypothesxs .
that: SRR

(A) Chemxcal elements are d1screte and mdwxdual

£y ?;;,moleculel._. -
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e Somewhat after this Faraday drew the following two eoncluslone from
experlments Wlth the passage of electricity through solunonS‘ :

R ':'(A) The welght of an element that is deposxted by an eleetneal
t ‘while passing through a solutlon is proportional to the absolute
ele ncal charge carned by thu current through the solutlon.

5 i (B) The wexght of various elements deposited by the same charge is
p_roporttonal to the chemical equivalent of these elements,

ST Faraday found that 96,000 amperes flowing for one second would
deposxt one chemical gram equivalent or mole of a monovalent element, Freom
~this number and the charge of one electron, which was measured many years

. later by Millikan, one can calculate the number of atoms in one mole of an

i _element. This turns out to be 6 x 1023, which is called Avogadro's Number,
~* gince he was the first to point:out that each mole should contain equal humbers
.~ - of molecules. :All of the preceding information, plus a great doal of chemical
.~ ~.data (with'the exception of the more recently measured Avogadre's number),

i, was available to Mendel€eff in 1869 when he suggested that the chemieal

elements could best be understood if arranged in a Periodic Table. He was
drawn to th1s ‘conclusion by the followmg facts:

A) The chemical properties of the elements tend to repeat themselves
~in a periodic fashion when the elements are arranged in the order of their
vatomxc welghts L : , :

R . (B). Slmllar elements either have approximately the same weight or
.'V«have regularly xncreasmg weights. - :

: ; (C) The order of the atomic weights is also the order of the chetmeal
o valences. IR : :

B (D) The ,common \ elements have small atomic wenghts and sharply
E jdefmed chemxcal propertles.

v ‘l ‘,1‘(E) The magmtudes of the atomic wexghts determine the ehemieal
"characterzstlcs of the elements. . . ‘

- When the elements were arranged in the periodic table it became
Timmediately: possxble to predict the existence of several elements that were
-then unknown--all of which have since either been found in nature o' been
produced:artifically. The table also made it possible to check the accuracey
of the atomic weights of adjacent elements and to make excellent predictions |
about the chemxcal propert:es of elements. Wthh were yet to be dxscovered
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THB ELECTRON T

Although the devclopments now to be descrxbed in. some cases
oecurred Simultancously we will first consxder the dtscovery of the electron.

: : Thomson in 1897 uacd an evacuated tube of the type shown schemat;callly,f"
belew (to demonstrate the properties of cathode rays.which he, eventually called - -
electrons ) e SR

Magnctic field region ‘ ‘gla_ss en‘yelope’

. fluorescent -

P

eathede - " | \‘/
B - . N ,
+ N

Slits to define electrostat:c deflectmg plates
the beam

o N ’I‘homson s cathode ray tube B
(take place of lens) D S '

‘The negative electrode, or cathode, in the tube emits electrons which are’
aceelerated toward a slit gystem that has a positive charge ‘on it. ‘Some of '
them paas through the slits in'a narrow beam and strike the far: end of the! i+ =
tube, which has a fluorescent surface, This tube is very similarto the' modern _
television tube and all of Thomaon's experiment could'in‘principle be,performed <
by anyono with his tolevnston set. Hc obsc1 ved or demonstrated that ‘

(A) The cathode rays: traveled in stra:ght hnes

(B) They could pcnetratc a thm fo1l

(C)  They were negatively charged (as shown when they were allowed*?
to strike an electrodc) , . , P A

- (D). They were del’lected toward the posttwely charged plate when
the beam passed between metal plates on Wthh there were"opposﬁ:e"electr
atatic charges. : i : ’

(E) They were deflected on: the arc of a circlé‘when't ey
j,lhrough a ‘magnetic field: whose lmes of Iorce were perpéndicular to'thei
~direction of motton. BRI S

(F) They carry thh them a consxderable amount:
they easlly heated whatever surface they fellfon"
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«:”By passmg the cathode rays through a regxon in which there was an-.
electncal field pulling the cathode rays one way which was exactly balanced
by a: magnetic field pulling thém in the other direction, he was able to
measure their velocity. The electrical force e¢E = Hev, the magnetlc force,
here e is the charge on an electron, E is the electrostatic field, H is the
.magnetm field, and v is the velocity of the electron, Therefore, the veloeity
:qual"E/H; ‘arid he found this velocity was typically about 10% of the velecity S
.~ of light.. When he turned off the magnetic field and used only the electirical e
.. field He was able to measure the ratio of charge to mass for the cathode rays, s
ie‘/m, which turned out to be 1800 times as large as the charge-to-mass raiio

. of a hydrogen atom, - The charge of the electron was not known at the time
< that Thomson performed his experiment. From this experiment Thomson
R concluded that the atoms of the cathode were emitting electrons, which werz
-~ apparently much lighter in weight than a hydrogen atom and which were probabl;
the agent. respons1ble for the conduction of electncxty.

v THE EMISSION AND ABSORPTION OF ELECTROMAGNETIC RADIATION

o BLACKBODY RADIATION'

- In the latter part of the 19th century and the early part of the 20th
"icentury there was much interest in what is called by physicists Blackbody
~‘Radiation.’ Any body that is not at the same temperature as its surroundings
" tends to come to the temperature of its surroundings by means of energy '
" transfer between it and its surroundings. This cnergy transfer takes place
‘either by conduction, convection, or radiation. Inthe absence of air radiatien
is the only means available. Every body above the absolute zero of temperature
~ is continuously receiving and emitting electromagnetic radiation, principally

in the infrared reglon of the elect romagnetic spectrum. [n order to produce
. a'region which is. all at.the same temperature and easxly comes into equilibrium
©it.is conventional to use a closed box with a small hole in it. This hole is
i said to’ represent a blackbody,. since this hole appears to be completely black
SAf the box is viewed from.the outside when the box is at normal temperatures.
. If the box is heated it will eventually begin to emit visible light from the hole,
- “which® will become 'successively red, orange, and eventually white as the
»_temperature increases. The spectral descr iption of the light emitted from
" the hole is determined by the temperature of the inner walls of the box. This
‘radiation is said to be the- equ1lxbr1um radxatwn emitted by a body at the
.."temperature of the walls. L0 :

B The ‘spectral distribution of this light (shown below) was dxihcult to

explam theoretlcally until’ Planck in 1901 suggested that electromagnetic
. radiation'must:be.emitted in discrete quanta rather than continuously as had s
“formerly been expected. 'When Planck assumed that the energy of each ' '
" quantum or:. photon of electromagnetlc radiation was proportional to its °
frequency«by the.relatxon E = hv he was able to, completely explam the ob-




Dtstnbutxon of energy or the spectrum
-of electromagnetic. radtatlon emitted :
by a "Blackbody" at a fixed temperature,
as a function of wavelength S
(de Planck Quantum
theory) :

Rdylexgh Jeans theory ,
ultravzolet catastrophe '
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Spectrum of Bld(.kbody Radiation -

The eventual implications of this theory are far reaching, -and have: .
affected every branch of physics, chemistry, and engineering. - The constant -
h, which Planck introduced and which is named after him, has the units of -
erg soconds or cnergy multxphcd by time. The’ frequency of the li ht ermtted
is equal to v = ¢/\, where ¢ is the veloc1ty of light, equal to 3 x 10 cm/sec,
and N\ is the wave length of the light in centirnéters. : : L :

THE PHOTOELECTRIC EFFECT

The explanation of blackbody radiation accounted for the emission of -

- electremagnetic radiation, However, the absorptlon of electromagnetlc S
radiation was not explained until 1905 --by Einstein, who réceived the Nobel’
Prize for it, When light falls on an object electrons are often emitted from "
its surface. It was found that the brightness or intensity of the light does "
not affect the energy of these electrons, but that'the color of the light: does
Even if light of an extremely low intensity strikes an object ‘electrons are-

~ emitted lmmediately--rather than after a’ certam time has"elapsed be' ore
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‘th ‘so calledvﬁhotoelectnc cquahon E= hv =W, where E = the

One photon of hght is’ dll that is nceded to emit one electron. It can
‘that light is.emitted and absorbed in quanta, but-that in its propagation

,throughlspace it behaves like a wave motion, There are many optical ex- '
periments which clearly demonstrate that light is a wave motion undérgoing
-diffraction, refraction, scattering, interference, and such wavelike behavior.
‘On’the ‘other hand, there are many experiments that clearly indicate that
‘light:has a ‘corpuscular, or particle, or quantum nature, These two apparently

ontradictory characteristics of the behavior of light are not actually con-
“tradictory when light is viewed from a theoretical standpoint, but are eon- :
‘tradictory. only when considered by our own limited personal experience, Wa

»"'vfamxhar w1th the behavior of sound waves, but our detailed experience with
light waves is: actually quite: limited since we never directly observe them
“traveling along as we do water: waves, but only see their result as they

/strike some. object. In general it can be said that we think.in terms of classiecal ~

{mechamcs, and that we must believe quantum mechanics because of its
normous. success in the explanatnon of experiments, but that we must not
‘expect to have.a physical intuition for quantum behavior such. that this wave-

a.rtxcle duahsm exhlbxted by light.

:},THE E LECTROMAG NET IC SPECTRUM

_ : “The electromagnetm spectrum extends over at least smteen orders
'of magmtude of wave length that have been investigated by physicists up te
,the present time. : '

“Table I

“‘Characteristics of electromagnetic radiation

" Type of radiation Range of wavelength

;Gamma rays : 10-11 ¢5 109
. X-rays 10-9 to 10-7
Ultraviolet light - 10-7 to 10-5
. Visible light - . 4x1079to 7 x 105
" Infrared light =~ . 10‘“4vt 10-1
' Short radio waves ;. 10° 10+5
»‘"M”xbong radio waves . . 10%> to 10+7

?’All t_he above radlatxons ‘travel at.the same velocxty and can be thought of as

bemg emxtted by accelerated. charges. They all-behave as photons whose

: ‘hv.: A naivé picture of the emission of electromagneuc .
d by _;..cons1dermg thatga charged electron is surrounded: bY"":
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~will be shaken loosc and will appcar as elpctromagnetxc radiation.:: Thxs can oo
- -be thought of as going on in the filament of.a light bulb, where the electrons.
are shaken by the thermal agitation arising from: the heating. of the filament,
or-in a radio antenna, where the electrons are- forced to. move: back:and: forth,_ Do
~along the- antenna by the voltdges xmpreased on the: antenna«by the transm1tt01 R

A’I‘OMIC STRUCTURE

RUTHER FOR D' S ATOM

, Earlior works such as Thomson's had shown that atoms were com-’
posed of plus and minus charges, bit the configurations assumed by these™
charges within the atom were not known. It was known that the negative
charges were considerably lighter in weight than the positive charges and that -
the negative charges were responsible for slectrical conduction in metals, "In-
1911 Rutherford and Geiger performcd an experiment (as indicatéd in the =
-sketeh) in which he bombarded a thin gold foil with alpha’ parti¢les,” which "
“were known to be the nuclei of helium gas atoms, and wh1ch had bee‘_ dié
cavered by cnrlier workors in radwdctwny / -

pair of beam- gold foil
dofining slits TR A
. | .. [about 1 a:in 100,000 is

: S - S R | deflected’or: sca.ttered
at-a: large angle Lo

T

:' a7
e -

(a source o ‘ o w1th only shght deflectlons

Most of the a's: go on through'

large-angle scattermg £rom a nuclear
colhslon LA -
| L M
parallol i —CHy = o ) slightly deflected - -
. ineident beam . . —_—— - {.or multiply’ scattered’
articl ——— T upartmles, due to” ©
of a particles e - e ©  '\the atomic electrons
L 'v'm the\gold

_atoms in gold foxl

Large scale v1ew of t,he exper:me

Rutherford' s __S’ attermg Expenm
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“For our- purposes the mc1dent alpha particles can be consxdered as heavy ,
,.'geom'etrxcal points moving at-a high velocity through the gold foil. Mast of
‘the‘alpha: particles went through the gold foil almost undeflected, About one
00,000 wer'e deflected or scattered at large angles, even up to 180°. It -

ld:be concluded from:this experiment that very-little of the foil was a solid = "~

rier to the alpha partxcle, and that therefore the solid matter in the foil
must have an area that is only a fraction of its total area. In addition, the
“sohd ‘matter must be quite heavy, or the large angles of particle recoil could
‘not be explained. An alpha particle weighing almost 8,000 times as much as
“anelectron could not bounce backward from a colhsxon with an eleetron any

i “more than a bowlmg ball would be expected to bounce back if rolled into a

i pile of ping-pong balls. Therefore, to account for a bowling ball's bouncing

* back when it hits a pile of ping- pong balls, there must be an occasional

- ‘bowling ball hidden among the ping-pong balls in this large-scale analogy.
“Rutherford concluded that the atom of goid must be largely empty space

s 'occup1ed by electrons. and that the principal mass of the gold was concentrated
~in’a region about 10‘112' cm in diameter, which is called the nucleus. It had.
-already been shown that the volume available to each gold atom was about
- 10'8 cm’in diam,, so that the gold must mdeed be mostly empty 8pace==ﬂs .
;;a.re all sohds. : '

B OHR S ATOM

Lo CBver'since the days of Newton in the 17th century it had been knewn
: that a\thm beam of parallel white light when passed through a prism of glass
“‘was split up-into.a variety of colors called a spectrum. As experimental
f'techmques improved, the variety and complexity of such spectra produced
by various incandescent materials -rapidly incrcased. By the beginning of
he 20th century many spectra had been carefully measured and the wave -
engths and intensities of their spectra lines recorded, but there was no
adequate explanatlon of the structure or origin of these spectra.

’ palr of colhmatmg
' shcs ,

- electrical\}
.. discharge S KIS [ (o ' )
Cotube o p——— A photographic
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, It was, known that each element used asa. source of 11ght producevd,,xts
- own. characterlstw spectral:pattern:. In order-_ .0 expla.mfthese :complicated
Vpatterns Bohr, suggested mf19l3 that :

, (A) 'I‘he electrons, whlch are outsxde the: nucleus, are c1rcu1at1ng;; s
'around it"in stable. ou-cular orb1ts much in: the fas‘mon -of. the planets cxrculatmg -
around the sun.,. Sy . C : - i

, (B) The . angular momentum of an electron in such an: orblt can only

~ have certain discrete values egual- to nﬁ "where fii= h the. Planck constant/Zﬂ,
~and n is an mteger, 1,725 -3,,".."‘. S The" angular tnomentum. o£ an electron’

in an orbit is equal to the linear momentum of the electron (its mass txmes“
its' velocity)’ multlplmd by the’ radms of the’ Orb‘lt juire ’

pressed as :

‘m‘vr . oh

This "quantmatton" of angular momentum actually gwes each electron an

energy that is characteristic of its orbit, and the particular orbit occup1ed by‘; S

an electron is dcterrmned by its prmcxpal quantum number "n. "

v (C) The spectral lmes observed in the llght emxtted by an exc1ted L
~element are a result of the. fact that light'is em1tted or’ absorbed as an. electron: :
makes a discrete jump from one 6f'these’ orbtts to- another, and emits’ or.
absorbs a definite amount of cnergy which is the d1fference in the energy of
the clectron in each orbit, ‘ -

‘The Bohr hypothe ig i5 d1ff1cult to aroept beeauee the fu‘st postulate
reqmres that an-electron travel in a circular orbit without losing" energy,’

which is inconsistent with "classical electrodynamics' which requires, as we "

have mentioned earller, that an accelerated charge emit; electromagnetlc o
radiation. ‘An electron traveling in a circle is: being contmuously accelerated
toward the center, and yet obviously dees not continue to lose energy by -
emtttmg radiation, This is another examnple of where physmal 1ntu1t10n fatls
in the understandmg of a quantum mechan«eal effu,t L / ~

The quantxzatmn of angular momentum represented by the above v
equation can be viewed in another way, as suggested by de’ Broghe in 1925
© if we consider that a movmg particle has associated with it:a.wave" length
~equal to h/mv, where h is'the Planck constant and mv.is- the linea r-;_momentum
- of the particle. This suggestion is‘d counterpart of the particle' /a
of-light applied:tothe: elementary "sohd" partu:les such as_elec
protons, _If this. momentum wave relatxon'xs mserted in. the Smo

: .,quantzzatmn ‘of . Bohr R

2 jaround 1ts c1rcular orb1t

(angular momeéntum Guantization)
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he'ele ctron ‘can:be. thought of as.a standmg wave: around 1ts orbxt. R
-Standing:waves onviolin strings:and.piano strings do not: appear to the unaided
ravel; and by analogy the electron standing waves can perhaps be '
\ s.stationary, pos_/mbly explaining to our ‘classical mechanical ,
\tuition why,a ‘accelerated,electron travelmg in a-circular atomic orbit is - -
>S5 e "energy by radiation;  If we combine the equilibrium-
or the forces. actmg on an electron in such an orbit with the angular
Quantlzatlon and solve for the radxus, we have = : :

where VA 1e ‘the number’ of poettwe
charges m the nucleus. N :




The energy of an electron in: such ‘a. "Bohr orbxt" 13 equal to the sum of 1ts
kmetm and potent1al enetgy, whlch is ; o

3.

Zezrri 'éz, o mZZe4 1 2. -

The energy of a photon of hght ermtted by an exc1ted atom is: equal to. the
._difference in energy of the electron in two orbxts., The electrvon is said.to
 jump from an orbit of higher energyto one of 1ower energy ‘The followmg

d:agram for a hydrogen atom 111ustrates thf '

' Total Enérgy
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he maxxmum nergy: tha‘ can‘be- rad1ated is- 13 5 electron volts when an -
falls from an oute_,most orbxt where nis a large number ‘down-to tho
state" where n -is one. “The relation hv =.w| - w g1ves the frequency
‘ % ’I‘he energy of any radxatmn from a hydrogen atom

;_ mak nly one Jump or transuxon at a. tlme.; The many
~different Apectral lmes‘obs ved:are the results of many atoms. makmg a.
great var1ety of jumps-in’ hort txme. ‘An atom can, in: addition to emxttmg
radxatlon in‘a spectral lme, ‘also absorb radlatlon in a spectral line. That is,
if a. contmuous spectrum of- hght passes through a. -gas the atoms.in the gas
\bsorb" hght leavmg breaks in the continuous spectrum at exactly the wave
:;lengths where the atoms would emxt light if they were exc1ted ’ :

The letter nin the above consxderatmns is called ‘the prmcxpal
,._jquantum number, and each of the integer values that it can assume (1,2, 3
defmes a possxble c1rcular orb1t for an. electron in.a hydrogenhke atom.

N This pxcture served to explam the most 1mportant features of the .
' j‘hydrogen spectrum, but did not: explam many of the fine!details of this and

. other spectra. In order to'make an adequate explanatxon of the observed

- complexlty -of the: spectrum it is: ‘necessary to introduce three other quantum
»;‘numbers ~The quantum number £, which can take on the values 0, 1, 2,

i (n- l), is called the orbital. angular momentum quantum number, . ‘and is

.- ‘associated with a family of elliptical" orb1ts all of which have the same energy
as a partxcular cxrcular orbit defined by n. When £ =.0, the orbxt is
,»c1rcular ‘when £:=1; it. has.a’ shght eccentrxmty, and when 1= 2the-

eccentrlcxty is larger etc.g,,Another quantum. number that must be mtroduced
is's, the spin of an’ electron. s’ can take on the valdes 3 l/Z _Each electron
ca.n be thought of as havmg 1tvs=v own angular momentum due to'§1ts spm on 1ts
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in-this particular orbit. This is called the Pauli Exclusion Prin’ciple;_ The :
atoms that are described by this picture are hydrogen and heltum. When n-

is set equal to two, eight other orbits are poss1ble etc. The following table*
and schematic drawirigs show the situation in the first few elements.of the.
periodic system. With certain complications (which we have rnot mentxoned), ,
this scheme can be extended to explain the atomic structure of all the elements,
- and can be made to account not only for the spectral distribution of light that
they emit or absorb, but also for their chemical behavior in compounds and
as ions, and for their physical behavior in solids, 11qu1ds, or gases, The
complete elaboration of this picture is the entire subject’ of atomic physms.
It might be mentioned that the widely used words "atomic energy" do.not
apply to any phenomena of "atomic physics, " but actually apply to. phenomena
alsocmted with the nucleus oi an atom and not 1ts external electrons
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B X RAYS
- ROENTGEN

‘ 1ke a target, ‘as shown 1:

o ing, fo strxke a' screen cdv 'ed‘ w:th a banum salt

Hard vacuum

glass envelope -7\

' TEaﬁhbdé,*v

ww - .visible ..
. light ™

iyt

The barium salt is caused to fluoresce, dllowing the x-rays to be observed.;
Roentgen found that opaque solids placed in the beam of x-rays absorb but, do '
not completely eliminate them. He found that the x-rays blackened: a: photo-'
graphic plate and caused a gas to conduct electricity, and’ he found that the
x-rays traveled in a’ stralght line and were not mfluenced by electric or
magnetic fields. It is interesting to noté that within a-very few weeks from
the time that Roentgen discovered x-rays they were beifg, used ‘all over the
world for medical d1agnosxs in much'the dame way-as they are-used today
‘Later workers found- tha.t x-rays could mdeed be. reflected;" refracted and”
defracted just as light ‘can’ ‘be: X- rays ‘differ from lxght only in” that they ha.ve '
~much shorter wave lengths than v151b1e Iight :

Classrcal electrodynamlcs shows. that a charged ‘particle’ w1ll ethit’
radiation when it is accelerated or decelerated. The sudden stoppmg of an:
,m.lectron when it str1kes a sohd is the;usual method for: producmg x-rays.




characterxsnc x- 'rays :
homogeneous ‘not dependent on

{mﬂuenced by scattermg material‘, '

T . {transmnted w1th attenuatton \

but -othe rw1se unaffected

scattered ﬂ _another
story

characterlstlc ﬂ

~ absorber and
,j»secondary
; emltter

The characterlstm x- rays are homogeneous, monochromatxc X- rays
emltted by atoms in' the. absorber undergomg spec1f1c atomic’orbital jumps,
These x-rays'do’ not’ depend‘on the primaries'in any way except that the prtmary b
xf-ray beam must contam x-rays:whose energies are greater than a certain
minimum. necessary to exc1te th "‘haracterlstlc x4{rays from the absorber.:
~The:scattered x-rays are merely primary x- -rays ‘which have been deflected
but are not.influenced by the scattéring mater1a1 The.transmitted x-rays are
o unaffected by ‘the absorber ‘and we will not discuss the two types of beta rays,
: ,Sother than to say that they are electrons Wthh have been knocked out of the
',absorbe ‘

"'SCATTERING OF X RAYS

: Atoms in an absorber struck by X- rays are accelerated by them, but
" the electrons in the target. undergo much larger acceleratlons and are by far
. the most 1mportant source of reradiated x-rays. .The electrons absorb ecnergy
‘-;from the X-Tays. and then, m bemg brought to. rest in the absorber, reradiate
- this. energy or scatter it. In llght elements: struck by moderately hard x- -rays.
‘ the- incident. and" scattered X- -Tays. differ only in their direction of travel By
clagsical’ electrodynarmcs it-is poss1ble to calculate the total energy: scattered
' -by a free. electron froma plane parallel beam of mc1dent X- rays, as given by
‘:,—"the f6n_wmg expresgion: - SRR : : fo
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the classical cross _'s;e‘c_’:tivqn_jforj",s'c'at;teijviﬂr;g'_-.p,y;a;freeglec.t,r.,on ‘This means

that each electron has.an effective area or ' cross section' which.it:exhibit

- toan incident beam of x-rays;. Any x-ray striking this area will bescattere

from the incident heam. 1fwe consider a thickness.of material,. dt, containing
natoms per cm*, and each atom containing Z electrons; then the fractional . -

attenuation of an'incident beam of x-rays in passing through the thickness dt

is givenby . oo o S

o I we wxshtofmd thefractxonalloss mtensttyasanx‘ray n
" passes through a thick absorber made up of many little layers each: dt cm
thick, we can integrate the above expression, getting - - - T

-nZat

Oe

where I, is the inténsity of the iﬁcidén’t’x-r'aybbé‘a_fhv'arid 1is the _inteﬁsity»o_f.f SR

the transmitted beam. .This expression‘appears in many different physical
situations and is characteristic of any process whereby an'incident beam or . - -
stream of particles is attenuated "exponentially, !t as ig the case with light, =~ =
x-rays, infrared, ultraviolet, radio, and with particles undergoing nuclear
~'collisions. This expression is frequently ‘written - - LT
threvp. is the linear abéérptio‘nl coefficient or X is the rhean free path:

our first cxpression is solved for Z we obtain

1 I
Z = e——ln =—
‘Using thisv,exprevs‘s,io‘n.',the jc}a'_:lcul,ya__rtéd1:vé.“lﬁéi of . ,andthemeasured lueof
1/1g, we can determine Z for an vé'lg'rhe’nt"thq:t:'v_"h'asf'bé,eﬁ', used as an absorbe
This makes it possible to experimentally verify the'atomic number of an " _
element. It has been found by,x-ra_yﬁmga_Sure’me'n’tsl of many elements that .~
where p is.the density of the element. From this and a'knowledge of: =
Avagadro's number we find that for most elements Z/AE /20 Or in other
words, that the atomic number.is approximately 1/2 the atomic weight when
the atomic weight of hydrogen is taken'to be 1. - L

‘

' DIFFRACTION OF X-RAYS =
.. In1912.von Laue showed th
for x-rays. 'Iniorder.for ave
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If monochromatxc x -rays fall on a’ crystal "1att1ce" a.t a.n angle of 0

' ’;t_ra.verse an extra distance equal to
' trays will’ add "constructwely. _

sulti _beam Wi“ be quxte intense compared with the rc- ‘

il cte beam _observed at-'shghtly dxfferent ‘angles. The values of G°at whlch
‘this 'pa.rtlcula.r reflectlon occurs are gwen by the following expression, whxch
is- derlved fromfan exammatwn of the accompanymg sketch showmg the extra:

k 2 d sm6 Bragg cond1t10n.

i e Reflected wavefront
. incident . - |
:X Tays

‘(atoms in’
crystal planes)-




superlmposed on the '
’ contmuous spectrum.

T contmuous
2 spectrum

. Ion:¢chamber current

measure the x-ray 1nten51ty as -
crystal and. 1on chamber are- rotated

N The x ra.ys commg from the tube consxst of a contmuous spectrum
"The lmes in the spectrumy change as. the target material, hanges.” The lines
move to dlfferent ‘angles but do not change in their relations to one- another
‘as the crystal is changed, since the spacmg of the crystal planes dis dlfferent
_for dtfferent crystals._ o =

In 1913- 1914 Moseley made P ray tube targets of a great varlety of
7 «elements..» He. measured ‘the; spectra. ar1smg from each a.nd noted that there,
was an: orderl 3 ‘ i
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‘1th-th order of the chemlcal propert1es)

(G) The rmssmg elements were venf:ed by Moseley

. ,’RELATION OF THE PHOTO EFFECT TO X RAYS
| The photoelectrxc effect 1s descrxbed by the equatmn .

’,The energyt‘fof an electron strka'f a target and thus producmg X - rays is EV
3 "between the cathode and the target The

‘In-all x-ray: cases w, the work functxon of the metal surface, -is << hv There-
»fore the »energy of a- photoelectron ermtted by an x-ray is approxlmately the

‘X RAY SPECTRA .
: viThe: several features of,x ray spectra are

Contmuous or brem strahlung spectrum due to electrons bemg
'dece,lerated;by the target w1thout exc1t1ng any. partlcular atomlc level

: “020 'Line spectra due to a K or an L electron ] bemg e_]ected and an
,outer electron then fallmg into this: vacancy. - In a heavy. target these photons
have much more energy than the hydrogen spectra had’ when an’ electron fell

o 2 . :
= hy = mZ e’ [ 1- oL
- zﬁz 7




~ Relativity. “Although this "theory" has long since been tested so. thoroughly

. does not treat the problem’s that arise, but the General’ Theory of Rerlat1v1ty‘; ,

K absorptlon edge

L absorptmn edge

Ac : vt:‘.
Qo TS KO
B 3 U R
N »
Nl R

’I‘HE SPECIAL THEORY OF RELATIVIT
In 1905 Emstem proposcd what is now called the Specxal Theory of

that it is one of our best-founded sets of physu,al laws, it is st1ll referred to '
as a theory. This set of pr1nc1ples and the Quantum Theory are the two ~ o
principal d(,velopments of the 20th eentury ‘The word "spemal" refers. to the o
limitation of the theory to constant velocities between the two observers who
are usually involved in problems treated by the’ theory If there is an SN
“acceleration between the two observers, then the Special Theory of R2 lat1v1ty' i

(to which we will not refer) does treat them. Problems that: mvolv_ ;‘gravx-
tatlonal flelds and rotatxon are treated only by the General Theory

The Spec1a.1 Theory can be 1ntroduced by cons1der1ng concepts -of_v :
 space, tlme, ‘andv51multane1§;y, or. 11: can be. mtroduced by con31dermg the
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:.‘mlrror, full 51lvered

half sxlvered mirror ,

_ v/ observer sees concentric "fringes"

.,-.;Interference frmges are seen by the observer, and a 90° rotauon of the
'Ta.pparatus--movmg one arm. of the interferometer from its posnlon parallcl
" to'the relative veloc1ty of the’ earth and the ether to a p051t10n perpendicular
to it +=should have shifted the: frmges by 1/3 of their width.” A shift of 1/100
- frmge could have been easily seen. More modern techmques have been )
sensitive’ enough to see a shift of 1/1000 of a fringe width. The veloc1ty of
“the’ earth in'its orbit is 30 km_ per second. The most refmed versions of
- this 1mportant experlment have given a null. result to within +1 km per: sec..
_The negative result of the expenment made some suggest that the earth dragged
S he ether along, but- there were. few propert1es of the ether that were uscful
-and‘its exper1mental detectmn was apparently not - p0551ble,‘ so it.was abandoned.
 The" ‘conclusion that one is forced to by this and many other, experlments is-
“¢hat all motxon is relatxve and that there is no absolute velouty on’ frame of
'reference S , S : RERIEE ' . S

R E_ms ein ’explamed away ‘the dxffu ultles that had accu ulated Ain.
'_'mechamcs and electrodynamxcs by the postulates of the Spec1al"Theory of
V,Q'Relat1v1ty and the conclusmns that he and others'have drawn from them. ;. The L
;postulates are 2 R S -

(1) ‘Itvxs 1mp0551ble to measure or detect the unaccyelerated translatoryf,ﬂf.'vv

otron'of a’system through fFe 'space or through any etherhk”"medmm that
»might ‘be assumed to pervade Ao : o . L .

(Z)"’The velocxty of i m free space 1s the same fo all observers,
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-they were not, then thexr dxffcrence would defme'ian absolute veloc1ty, . The,

‘second law is beheved to be an experimental fact based on the Michelson: and

T Morley experxment and: on astronomu al observatmns. The second daw, oo

.- . plausible as it may seem, runs, grossly contrary, to,our -intuition. Cons1der

o ‘-for example,va hght pulse std.rtmg from a point. P, and conszder thla event
-asg rec_orded by observers stationed in. two . frdmes,,one frame. contammg P
at the origin, ‘while'the other frame moves. relative to P with a wvelocity #0000
~Let the or1g1ns of the two frames coincide at the start of the pulse, Accordmg'y-'
to the statement above, -both observers must see the lxght wave propagating -

"as a spherical wave centered at their respective origins! If we consider the
~posxt10n of the wavefront " to be an.event permitting déescription. mdependently '

in space’ ‘and in t1me,,then this statement cannot.be true.  The 1ndependence

-of the velomty of light of the particular frame, therefore requires a. revision.

‘of the accustomed ideas of the possibility, of specxfymg the position. coordmates_

~of an event referred to a part1cular frame; it requires. specifying the time of

the event by a’ "unwersal" time scale, The above paradox would not exist:if ., =~ ©
there were no such umversal time. scale,‘ and 1f the s1multane1ty of ‘the: wave-"
front passing through two points were.an observation that was not-independent;. -
of the frame of the observer. If sucha d1sagreement asto the sxmultaneity
- of time of- passage through a set of pomts were. permitted to.exist; then.;

_presumably a'kinematics could be- constructed in, wh1ch a: spherxcal hght wave R
would be seen in both irames of reference.. : e

Therefore, ‘we are led to re- c,xamme the concept of sxmultanelty SIf

‘We must abandon the existence of a universal time as not corresponding to

reality, thon we. must establish a mechanism whereby simultaneity. can be "
established in a given frame, This mechanism must be such that a measure-

ment of the veloc1ty of light in‘the particular frame using its time and dxstance“
“scale must give c.. This means that the only way in which simultaneity can

be defined is by means of the velocity of light itself, This conclusion gives.

~.¢ a much more fundamental 81gn1f1cance than just the velocity of propagation -
of electromagnetic waves; it introduces c into all the relations of physics.
‘Among other things, the utilization of ¢ a's the defining element of slmultanelty;'"
- precludes the existence of the "ideal rigid body" of mechanics® if there were .
“'such a body, its ends would move simultaneously as observed by any frame : =
‘and it would therefore be used as a means of estabhshmg a “umversal txme, '
“in- v1ola.t1on of our: former conolusmns Co :

We therefore conmder two mstants of time t a.nd t observed a.t two
1 2
e pomts xl and X2 m a parttcular frame as s1multaneous 1£

(a.) a. hght wa.ve emxtted at thc, geometrxcally measured mxdpomti i
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The desxred transformatxon gwes the relation betWeen the space- o
“time: coordmates ‘of ‘an- arb1trary event (x, y. z; t) as observed in'the Z frame
-and the'space- ‘time coordinates (x', y', z'; t' ) as observed in the T" frame.., .

nsformatlon must obey the postulates of special relat1v1ty for an |
,‘even, of - any type: ‘Weé shall therefore construct a set of "Gedanken-experi-.
“ments; "¥* “each of which will'incorporate only one add1t1onal feature of the -
: t‘ransformatmn in‘order to indicate how the ba51c postulates of relatw1ty '
nece 4_s1tate ‘the’ nature of rhe transformatxon.

Expenment I- '»Companson of: parallel measurmg stlcks orxented perpendlcular N
to: thexr du‘ectxon of relatWe motmn IR

AR TPR

i Let us assume. that it is possxble to brmg the frames Z} and Z' of the 5
fxgure below to relatwe rest and to adJust the two measurmg stxcks to equallty

v =.velocity'ef ! sYste‘rh-mea'sured i"n‘:E" ’

Galilean t'r‘dn'sf‘ovtyi'nations
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It is. aqsumed cxp11c1ty thd.t the properhes of a glven body of specified structure.j
are mdepcndent of its past:history when'observed'in a frame Where that body
- is at rest (called the "proper' frame*) ‘it is therefore not essential whether -
the adjustment of lengths referred to is possible or notj it could for irstance’
-be specified that the length of each rod should be ‘a given number of wave: lengths'- B
of a speclfxed spectral 11ne measured in each frame. . Lo

] Lot the two systems approach each other s0. that the mldpomts M o

~ and M' coincide.  Let l1ght sugnals be sent from O and.P at the time when o

- and P coincide with the y' axis, - Since’ OM' remains equal to PM' during the
motion, O and P will-appear to cross the y'.axis simultaneously in . both systems "
We therefore conclude that along a direction perpendlcular to the direction

of relative motion simultaneity will be the same in both systems. Both observers
~can therefore compare the posxtxons of the end markers at time of cross-over.
and arrive at the same result, »smce the time of observation for both ends is
defined identically in both systems. - Hence both observers:would: conclude
cither OP > O'P', or O'P'"30P; since both Systems are’ fully. equwalent as

to their state of mot1on, an asymmetrxc solution would. prov1de a means of-

: determmmg absolute velocxty, whlch is’ ruled out by the postulates We thero:
fore put S ‘ :

: ,a.hd-,'usiimila.rly;‘,

Experiment II - Compdrlson of Clock Rates

In compa1 ing clock rates among, moving. systems, we are faced wzth

a fundamental difficulty: . it is impossible to compare one clock.in T w1th one.

clock in &', since they will not stay in coincidence; we. & must. compare two—,—

clocks in, Z w1th one, clock in Z)_' and synchromae the: two clocks in 2 b—Tght
a

imirror 1
o (N
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, record the tlme 1nterval At between the same ‘events w1th two c‘locks
rspaced VAt apart 2‘ concludes therefore, s1nce c is ;nd_ependent of frame,

¢ " Although At' is called the "proper\ tu’ne
between the two events,' At, . ‘on the other hand, is not'a a proper
‘-'smce it is measured by. two clocks at different. places. ‘A‘proper-
‘-ftlme interval, 'similar to a proper. length dlscussed above, is a definite
- function of the ‘physical nature of the clock: e g.,, a particular. radioactive
y ,‘decay constant or'the natural frequency of“a crystal of ‘specified proper ,
_ dlmensmns is a constant in the frame where such time intervals are observal)lc
'~:7at a smgle pomt, i e._ in a frame where such a "clock" is’ at rest ’

Note therefore that E wxll fmd that h1s (not proper) t1me 1nterval is
“intery measured in Z' ,Th1s phenomenon is




e SgM

 Let At! be the tlme mterval between the t1me of em1ss1on and the tlme of ,
arrival of the signal, Note that At' is a proper time mterval bemg observable
thh a single clock at one pomt Ev1dent1y we have ,
_In Z these same events appear to be more complicated. . At the time of emlssmn".j
the source S' was at S and the mirror M' at M (This statement has unique "
‘meaning only when referred to £',) At the time of reflection, the mirror M'
~-has moved to M and the pulse returns to the source S' when it is at S,.. The. .
" time interval At is thus measured between the points Sy and S, with. two clocks v
(At is not proper) as in Experlment II. - Equation . (6) therefore: apphes here’
~also. By definition, we mean by x the ‘distance. SgMg.* Since’ ‘Mg has: moved

- to M with- velocxty v while the hght moved from Sp to M wzth velocxty c, ’we
‘have : - . Bl

Bo¥ e _,E"_SW.' S - E o

a.nd sxmllarly,, smce the source has moved from SZ to Sl w1th veloc1ty v (wh re
= x) while the light has traveled from:'M: to Sy with'velocity c :




1 » , ‘;_proper to-.
_frames w1thout calculatmg exphc1t1y the error m’synchromzatmn
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_Combining Eqs. (13), (14), (15), and (11), we have | 5
6 s - x—-e_"' ' 4 “8’

A4

but ’éing'é x!is a proper length {in X', we obtain

" The negative sign indicates that in the opinion of I the leading clock (t,') in
T' should have indicated a larger time, " in order to make the elapsed Hime
between t,' and t,' as observed by I smaller, :

" These four experiments have thus demonstrated four kinematic
relations:

‘1. Distances transverse to the direction of motion are invariant,

S II. A time interval At measured in a frame moving with velocity v
relative to a frame in which the time interval Ay between two events is
- proper (i.e., the two events occur at one place) is given by

ar - '
At ) S . (l"}
Ji-p? .
III. The length Ax of a rod measured in a frame moving with velocity
tv relative to a frame in which the rod is at rest and has the proper length

A\ is given by
| ax = ON J1pt L | (20)

: IV. Two clocks, synchronous in a given frame, and separated by a
distance A\ in that frame, appear to be out of synchronism as observed by
a frame moving with a relative valacity -v to the clock frame, by an amount

- given by ’ :

6= S B 111

c

. The clock that i;fahead (i.e.",;',me,t first) is b?hiﬂd‘(&i time b
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. The above thought experiments have led to kinematic relahons that Co
will now be combined into a general relation between the time and space

. coprdinates of a particular event as observed from inertial frames in relative
. motlon. This relation is called the Lorentz Contraction. and is gwen by the

'hi!' ‘ ' ...._._Cf__. »

1y Y‘Y'n st 22", t=
i

S0 far we have dealt with kinematics and no forces or masses were involved,
In order to preserve the conservation of momentum we are forced by the .
above relations and others for the transformation of velocities to conclude -
that a mass moving relative to us must be increased by the relation

m ,

0

2 g

4t-p° |
where my is the rest masse or the tnass we would measure if the body were
hrought to rest,

| Another direct result of the Lorentz transformations and the conservation:

Cof momentum is that the total energy of a body-~-that is, the sum of its "rest
energy*™ and kinetic energye+is

E = mca‘,

where the rest energy is mocz. It is this energy E = m::a that is conserved
in any interaction, [t ia thus necessary to realize that each erg of energy has
associated with 1t 1/¢® gram of mass. The chemical law of the conservation
of mass and the First Law of Thermodynamics (the law of the conservation

- of energy of which we have not spoken) thus become one law,




Uuaunsu'.,aﬁ,

: .35.‘ | . UCRL-1169
Chapter |

» » Bibliography
o Kaplan, Nuclear Physics. Addison Wesley, (1955).

" Green, Nuclear Physics, McGraw-Hill, (1958),
Semat, Atomic Physics, Rinehart, (1946) (ele‘mentary)

' Born, ‘Atomic Physics, Hafner, (1946) (very good, not elementary. cavers
' ‘many subjects in modern manner).

| »;,,Finkeln‘b‘urg, Atomic Physics, McGraw-Hill, (1950).

: * Harnwell ahd Livingood, Experimental Atomic Physics, McGraw-Hiil (1933).
Dushman. Fundamentals of Atomic Physics, McGraw-Hill (1951).
"Harnwell Electricity and Magnetism, McGraw-Hill,

Richtmyer and Kennard, Introduction to Modern Physics, McGraw-Hill a
. (best for relatwny) .

Ruark and Urey, Atoms, Molecules and Quanta, MCGE&W'HHI

'Joos, Theoretical Physics, Blackie, (1947) (touches on a great variety of
' topxcs) ‘

| Halliday, Introductory Nuclear Physics, Wiley, (1955)

- Tolman, Relathty, Cosmology and Thermodynamica, Oxford (high levei
' but good).

_‘Glasstone, Sourcebook on Atomic Energy, Van Nostrand (1950),

~Thomas B. quw_n.: Foundations of Modern Physice, Wiley (1948) 2nd edition.
John C‘. Slater, Modern Physics, McGraw-Hill (1955),

‘ "Ridenour, Modern Physics for the Engineer, McGraw-Hill (1954),




UCRL-3469
Chaptcr 1

Materxal Developed in: Dlscussmn Followmg Lectures

In addition to explammg and expandmg the outhned toplcs, Dr. Wallace
gave a brlef illustration .of the technique of dimensional’analysis, and in
addition to the well known and widely used mks, cgs, and fps systems,
mentioned one we hope 1s never wxdely adopted wherem umts are the cham,
st‘one, and fortmght '

******#**’6********‘{‘
After lecture d1scussxon topics included: N
T RS Cond1t1ons that determine’ whether a. heated element nges its
rown or a contmuous spectrum.;_..,\-s»x.‘ : s : :

Ly Coated lenses for reducm reflectxon. The same: prmcxple ,
‘»_:(apphcatmn of a transparent’ layer'l 4 wave length. thick) is the basis of the
,ji."'d1rty shirt"'technique of coating’ sh1ps w1th a rubber and n-on lemg coat’
to rmmrmze radar detectlon.

****#************** B
‘ The productmn of X~ rays by components of telev1sxon sets was
: d1scussed The instructor pointed out that the glass . of the picture tube.was
 adequate- shleldmg for the 17-kv tubes at present used on black and white .
“sets. Color, with its higher voltages and metal target 'screens, might need
reconsideration. “He felt that indiscriminate use of fluoroscopes for "shoe
: f1ttmg, ".particularly with children, was far more harmful... He also: . -
: emphasmed that radioactive decay of radon, everywhere (but fluctuatmgly)
ft?’present in'the air; made 1solated radlatmn counter readmgs subJenL LO t‘areful
mterpretatxon S ;.:gf,_ S e st
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'Cha;ptgrl«%(,_. ‘
NUCLEAR PHYSICS
'~ Warren Fevnton'Stubbi'ns
UNITS AND DESCRIPTION OF THE NUC LEUS

There are several. systems of units in use in the scxences_, 'T‘h'e"y ‘
are the cgs, mks, and fps. Nuclear physicists use almost’ excluswely the -
cgs (centimeter-gram-second) system. The electrical and magnetic . fxelds
and the strengths of charges are expressed in'three systems of units also,
These are the emu, esu, and practmdl systems. In’ computatmns the umts
must be adjusted to agree, i.e., be in one: system only IR :

» We shall encounter a number of natural constants and useful values i
-of certain quantxtzcs, some of which anse by deﬁmtxon A tabulat;on of a j
number of these is given below. : BTN PR

Rev1ew (and extensmn) of umts

R S

unit : mks . ‘ ';l._ X ‘Cgs o .‘:'-":fps L atomlc
(l) length N meter -"_cmv .- ,.."_j'-foot

(m) mass  kilogram gram . pqund ’

(t) time  second "second ff“.'s'écdrid

(F) force newton - : ’dync Sty 3pound

. (E) work joule .. éerg(dyne cm) foot pound'

'horsepower

power . _.watt(Joules/sec) “watt |
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r o vvm’alte values for some well establxshed physmal constants a.re'

10 cm/sec |

4 803 x 10° 10 cu

,eloc1ty'k"of hght e e "3 x’ 10
6.625 x 10 -"e{rg‘sec
6‘..0_2 x 10237per_'gr‘a'm mole

i‘Rest mass’ of Eoen e -'28“ o .
o electron L Lormo = 9.1 x 107 g = .51 Mev

i atomlc mass L ey : 24 :
unit(amu) =. . 1.66 x 10 g = 931 Mev

»Vv:-‘Ratxo mass R T
e electron/proton JEohrELe ‘1/1836
"":.One electron volt | . = l 602 x 10 -12 erg '

‘}"f*’Qr‘;e «mmioneev_='»'-‘1,M;e_v,‘_;;_j =602 x 10'6(etg 3

Emstem revealed much of the nature of nuclear physxce in }nq study
of;specml relat1v1ty, and'the direct’ application of this theory is necessary
in‘order’to. permxt analy51s and understanding of the observatxons of nuclear
systems “Thus ‘we note ‘the’ followmg definitions of the- ‘energy content of ‘a
system and. other quantxtxes - We-accept the premise that mass and energy
are equlvalent and are connected by the relatlon e

, ‘5‘1 i
~f (v/e)?

‘the system M is the rest mass of the partzcle,'
ee'loc1ty of:-light in-a:vacuum; a" universal- B
“the ratio: of the: partlcle veloc1ty to the velocxty of l1ght
, the ‘abov ~equation. . When the" velocxty of ‘the partxcle
compared w1th the velocxty of hght the ‘equation - reduces ‘to'the:
1 xpression of our: daxly experience. “For’
the Uvelocxty 1s zero is the ar "st ma.ss 'm




R R

: kmcuc energy as the total energy less the rest energy.,-_.' Fjo‘ )
: p €< 1, the kmetxc energy by our. defxmtlon becomes the classmal

However, if the parttclc is not slow a senous error results 1£ one- uses the'r S
classical expression for kinetic energy. One may decide to. consider a - 1
particle as relativistic when this error exceeds an arbxtrarxly chosen hm1t;
As an example, for a particle with the velocity 1/10 the velocxty of light,
the total energy is about 0.5% greater than the rest energy, . This increase
is the kinetic energy of the particle. ' As ‘the veloc1ty mcreases the energy-

o mcreases, and as the velocity nears. the velocxty of hght the total’ energy. -

increases without bound.” For a particle with'the velomty of light its'total .
energy would be infinite, thus we conclude this velocity is not attamable by*

particles. In high-energy accelerators the energy of the par rcles may .
increase hxgher and h1gher, but the veloc1ty only approaches the speed of

~ Ilght.,

The linear’mom’éntum'of a part‘iel’e’ii’e.:diéfined',f

and a useful relation between the momentum, reat energ\/, and‘total energy .
is , B
2 M'?'c4 + pZCZ‘

'I‘he sxmplest nuclei have masses  of about 10724 gram An atomxc o
mass unit--a useful unit of the masses of nuclei and’ atoms--xs defined as L
1/16 the mass of that isotope ‘of oxygen ‘having 16 nucleons, By this choice, .-

1 amu = 1,6599 x 10-24 gram, the masses of all other atoms are. very closelv
to integers when expressed in atomic mass units. ' In energy units'l amu = -
931 Mev. The atomic masses are determined by comparison in mass’ S
pc(,trographs, by dividing the total mass of a sample of ‘a ubstance by the.
‘number of atoms in it; also by other: means.‘ A relatxon"_b tween the mass - -
of a substance and the number of atoms in'it is given by Avogadro s number ~
whose numerical value is the recxprocal of the a.tomxc mass urut '

Mecasurements of the sizes of the atom and of the nucleus have been

~made. The atomic size may be learned by x- -ray. examination of cryst ils,

and nuclear sizes by scattering hxgh eénergy’: neutrons off the nucleus or
studymg the theory of- alpllax3 decay Atoms have‘ diu ‘

~and’ their nucler about 10

nuc leus is

" ‘where Ais'the
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“in matter (as reflected by Avogadro 8 number) a neutron can travel
few centxmeters through matter before a nuclear. reactlon occurs.

. The densuty of nuclear matter may be calculated by d1v1dmg the
. i'mass of a nucleus by its volume. This is seen to be approx1mately 1014
. grams 'per cub1c centlmeter,j_or about one billion tons per cubic inch,

It is. n‘ecessary to defme the terms "system" and "state of a system "
Ur purpc E em consists of the. atomic and nuclear particles of
1nterest pr1or to and after the nuclear process. These particles may. be .
~few,” or-even only one, before, :and few or many afterwards. For example,
a_system of a decaying alpha emxtter ig 1n1t1ally the single nucleus and
_afterwards is the alpha’ partmle and the recoiling residual nucleus. It may
be initially a neutron and a uranium nucleus, and’ afterwards a number of
‘free neutrons and several fission fragments. 'The state of a system is the
-‘descr1pt1on of the condition”of each member. of the gystem, including the
energy. momentum type of partxcle, charge, .and other- parameters.

L Whether a system wxll undergo a nuclear reaction must be examined
in the light of the principles of physics, once the state is known, Yet, if
two charged particles of like charge are going to react nuclearly they must
- first come'together. - The electrical force that keeps them apart is Coulomb's
S force, and the partlcles must overcome the Coulomb barrier. This barrier .
2. may represent a cons1derable 1nh1b1t10n Neutral particles, however, are
“““not so hindered, and neutron mduced reactxons are therefore of partmular
mterest and appllcatlon ‘

: An atom consxsts of a nucleus and a system of negatwe electrons .
'about it The atom is. neutral when the number of electrons is equal to the -
,:.'number of positive charges in, the nucleus, An 1omaed atom is one from

"f_ﬁwhlch one.or ‘more electrons have been' removed,, and is thus no longer necutral.
~The chemlcal propertxes of the atom are determined by the electrons sur-.
rounding the- nucleus, The positive charge on the nucleus is formed by the
"‘:protons contamed in it.  The other constituent is. the ‘neutrons.  The protons

- .and neutrons are both called nucleons, and their total number is called the
m‘ass num_ber and:,x‘ des1gnatled‘by' A_ The number of protons--equal to the .

umber of neutrons and 1s called n. A - Z.‘v
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. about it, so that the number of protons, :_Z 18 13 and thus 27 13i-—14
neutrons are also in the nucleus. 'We may- denote thlS by AlZ L but we

should observe that the 13 and the chemlcal name alummum both”mean the :

‘ lame. ~ Thus we may not wish to write both.

Any nucleus is completely 1dent1f1ed by spemfymg 1ts A and Z Its S

: properhes. however, must be learned by observation. Some nuclei (A Z)
-are stable and found in nature, while others are radloactwe w1th varxous :
types of radiation. A radioactive nucleus is one that’ changes from one"
state to another spontaneously.. ‘For’an initial collection’of: atoms with- a-
‘particular nucleus ite half life is the time requlred for half of the; nuclei
to have changed state, This time may be small or. large.” If it is 80 larg'
. . as to be unmeasurable--say, somethtng like 1017 years, we then say the
_nucleus is stable. . L

o Any chemtcal element, i.e,, of a gwen Z may have several
'di!ferent values of A. These together are the isotopes. of the, ohe 1cal
_element; for example, the isotopes of carbon:include cll; cl2, cl3, C14
- Whereas the isotopes of a partxculaxv,element act chemlcally very mu::b W
alike. the isotopes differ greatly in. the following respecte

r\

(1) They have dxfferent masses
(2) They vary in stabxllty

- (3) They possess different nuclear’ propertxes

(a) if they are unstable, the characterxstm rad1at1ons dlffer, e

(b) they have dxfferent probab1ht1es of, nuclear react1o r
say 51mply that thexr cross sectlons dlffer)»

(4) The abundances of the stable ones found in: nature d1ffer

For the 1sotopes that are radmactwe, 1t is. mterestmg to note that
the differences between the types and characteristics of radiation permlt
cach isotope to be identified by physical measurements of the ‘half life, of
energy, of radiation, etc, This flngerprmt has been used to advantage m
research and mdustrxal apphcatlons ' : :

Elements that have the same mass number A are called 1sobar‘
A given mass number includes different chemical’ elements. each of '«
has a different atomic mass although-all are close to the same’ value :
lsobars can be separated chemically and they each have different nuclea

propertics, ,xncludmg, bcmg stable or unstable and havmg different cross
: aoctlons. o

R A maJor contrast betweenr'he e m:o atom c.an nuclea'_ ph
,and the everyday physlcal warl

e ltudymg microscopic system

'Vand may be accounted for
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‘.anty (not dxscussed but 1t may be odd or: even)

YA partmular nuclear reactlon may be prohlbtted by nature because
of not' havmg these: parameters conserved. - The reactions observed experi-
'.'.,_'mentally dare controlled’ or: governed by the requirement for conservation,
When these charactertstm rules are resolved from the study of various
reactions‘they are termed: selection rules.- ‘Nuclear reaction equattons can
be balanced srmxlanly to:chemical reactions equations, ‘by'requiring
charge number of nucleons. etc to be conserved

,;Stablhty of Nuclear Systems ‘ L ,
o A nucleus (A, 2) is, composed of A Z neutrons and Z protons. If

: :A:‘,"neutrons.- If ‘the nucleus 1s to exist, the combination must be more stable

“than the" separate parts. The energy holdmg the nucleus together is called
the bmdmg‘ energy. Recallmg that energy and mass are equivalent, we may
also’ speak of the’ bmdmg mass. To unbuild the nucleus one must add energy
» (mass). - Thus: we find the. combmed nucleons (the nucleus)’less massive
-~-than'its parts All the energy requxred to unbuild the nucleus is the total

. binding'energy, TBE. This may be computed by subtracting the mass of

) ,;nucleus from the mass of all 1ts nucleons when separate ¥

TBE ZM(proton) + (A Z)M(neutron) -M(A Z)

. - ,The greater the TBE the more stable is the nucleus, thus for a
gwen (A) - the'less massive the nucleus the more stable. it is. -In these
computatlons ‘it is customary to express the masses in atomic mass units,

"whxch a e»avaxlable in tables but we. may use grams _ or electron volts,
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: "ddle ,nes have about 8 5 Mev TBE/nucleon lf uranium’ flssmns and
ecomes two mlddle elements, the. energy available per nucleon is about
The total’ energy released in the fission of uranium is-about 2356

hxs"or Just about 200 Mev If hydrogen is combmed to make helium,
yiis Thus we see

-éTice on Peaceful Uses 'of Atomic Energy at Geneva in 1955 indicated
that several natxons are trymg to tame the ‘hydrogen bomb for constructive.
purposes . : :

ii'We stlll must ask how we know a nuc lear system is 'stable and under
what. condttlons a nuclear reaction will take place. A necessary but not
suff1c1ent cond1t1on for a nuclear system to change its state spontaneously
is’ that the’ energy. of the new state be less than the energy of the initial state,
Thus. 1£ .energy can be released a’ nucleus may spontaneously change its
state HoWever, selection. rules govern the ‘way it happens and may prohibit
any change ‘As:a. rule of thumb, the greater the energy reduction from an
initial'state to another state the more likely the change will happen. That
is, ‘we: expect a’ shorter half hfe for htgh energy radlatxons than for low-
energy adxatlons N S o C

- If the mass. (energy) of a nucleus (or combmatxon of nuclei) is larg(.r
than the ‘masses of the parts mto which it could divide, we suspect that it
S will: transfer to'the lower -energy.state by dividing. On the other hand, if
1t‘13 le'ss massive than any combination of parts into which it may be divided,
Citis stable Its stabxhty is determmed by a 51mple calculatmn of the masses
: mvolved : L .

- If we. cons1der a: nucleus (A Z) and subtract from 1ts mass the
- masses of all products of a: part1cular d1v1s1on, we' learn whether the 1mtzal
;o1 fmal state is: the more massxve . :

+ We must do thlS for each way it rmght d1v1de to'have-a,complete‘
format The calculatlon 1s as follows' . e T

M(A Z) -r'[M(A z )+M(A z )+

istable and 1f Q. >O the system is: potentlally
' For Q < 0 the reactxon xs termed endoergtc and for Q >0 it is =
release energy




1 00893 amu,
10

-) lO 01618

"

 M(B

ot

i

Q = M(initial) - M(final) = 0.00299 amu

2.79 Mev.

u

Since Q is positive, this energy is released in the reactmn, whlch P
goes from left to right by itself. The energy released appears as kinetic.. ..
energy of the Li and He. To make the reverse reaction one needs to: zdd ‘
this energy, which may be done by acceleratmg an alpha: partlcle, He™
sufficiently high energy (greater than Q alone) and allowing it to. stnke thei---;;,
llthium. This (,xoergxc rcactxon is used for detectmg neutrons '

Nuclear bystcmatxcs

A study of all the. known nuclex revcals several systematm propertles, '
~which are clues in understanding the nature of nuclear forces and are aguxde
to many nuclear processes. . . ‘

The first interesting fact is apparent when a graph of all the nuclei ' -
is made by plotting the number of neutrons vs the number of protons:-in each’': . =
nucleus. This is shown in Fig. 2. The ratio of neutrons to protons starts =
at | tol, and increases steadily to-about 1.6 to 1.0. The graph also shows -
the line about which nuclei are found or can be produced. "Any nucleus away
from this line tends to move toward ity i-e., adjust'its ratio of protons and .
neutrons by a radioactive decay. Thosé: above the line decay 'so to have
fewer neutrons and more protons. This process’is negative beta decay..
Those below the line exhibit posnwe beta decay, - The'increased number. of"
neutrons in the heavier elements is expected. because of the Coulomb re- }';?
pulsion between the protons. A lower-energy’ state can be’ achxeved w1th
an uncqual number. of neuttons a.nd protons, .

The rclatlon between the radxus of a nucleus and th'e number of
“nucleons in the nucleus is another mtercsting clue Smc' '

. 1/3
= rOA ‘

the volume of a nucleus,

4/3 S E 4/3 rg 74
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llmltod to adjacent nucloons For nucleons on the Surface of the nucleus
the number of adjacent nucleons is fewer, and we expect and ‘observe:
-surface effect; they are less tightly bound and tend .to make the nucleus
. spherical to be as well bound as. posmble._ 'I'h1s 15 analogous toa. hquxd
S drop iormed by smau dropleta. s el i

When groupmg the stable nucle1 found in: nature according toithe
:-'numbers of neutrons a.nd protons (even or: odd) we observe the numbers
in each group : ST i ,

Group : B - ‘ B Des'ignet'ion j, »—;}Number of stable nucle;_-

Z even neven ~ even ;e;ve‘n"

Z cven :‘ n odd o even - odd’
Zodd  neven  odd <even
'Zodd  nodd 'od'd.v ~odd

The nuclei that have an even. number oi protons or neutrons seem‘ N

relatively stable (abundant), while those which have botH"even 2 andn '
are more stable. The ones in which Z and n are odd are less stable'. We
conclude that the pairing of neutrons or: protons sepa.ra.tely 1ncrease
stabxhty of the nucleus.

. , Another. observatmn concerns the reldtwe Stablllty of some nucle1
with respect to other. Those nuclei which have 8,20, 50, 82, or 126
neutrons, or 8, 20, 50, or 82 protons are more stable ‘are more’ abundant ,
have more isotopes, are more t1ghtly bound--and reflect this in thexr cross?’
sections. This suggests that there is shell structure ‘of nucleons in'the . -
nucleus analogous to the shells of electrons about the nucleus,,but 11: is- not e
as definite, : » Ee '

When the Coulomb repuls:on betWeen protons has been accounted forj‘i‘fi

in the nucleus, the binding force between one. proton and-another. (proton)

is similar to that between two neutrons. or; between a neutron and.a proton,
We say nuclear forces are charge- independent. . Three: ‘types of. forces .are
‘known. They are gravitational, electrical, and specxflcally nuclear. < The
nucleus cannot be bound with. only grav1tat1onal and electrxcal forces as we
now know them. Cen :

'I‘ho systematnc vanauon of average bmdmg energy per nucleon,
»'TBE/A (dxscussed above), 15 4150 .a-ugeful observatlon'

: nuclcus., ~
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The dtscovery o} eradxoacthty and the subsequent expenments showod

hat:the’ ‘rate’s of decay and:the types of rad1at1on were independent of-the .

itomic: cond1t1ons in which the nucleus lived.: ‘Pressure, temperature; and L

he chermcal combination of the atom made no changes.. This was the clue.
13 dioa ’twrty was a‘nuclear, not an-atomic:-property. .. The rate of radio~
scay- jprOportxonal to the:number of atoms of the partxcular species, .

nucleus decays mdependently of each other nucleus These facts =~ . 7

_where N is 'the number of nuc1e1 of the Spec1fxc type present at the txme t,
%-— is the rate of thexr radloactlve decay, and \ is the proportlonal constant
_called the decay constant : The.d;mensxons of \ are sec
mtegrated to gwe L S

N = NO SN
is the’ number present at the t1me t=0 "and'e,'i‘sf't‘h‘é Naperian
.COnstant, e =2, 718 , , s TR R ERPER AT

l. ’I'hxs may be

The half hfe tl/Z may be iormed by settmg N “/2) NO" which gives

1/2 _OT()Q}— -.8ec :)— 0 693 T sec .

B cause,; he rate of decay 1s proportxonal to the number of nuclet ,

'p_re_sent, & o oL

e dN _ -AN.

oné may plot the rate vs'time. . This is equtvalent to plottmg the number

‘present vs'time at a'different scale - The curve is shown:in Fig.: 3., A more

«convenient presentatton -of the'data is to plot the. logarxthm of the decay.rate
’(er N) vs'time; For a simple radioactive decay, the data fallion a straxght
ine; "See F:g 4 One usually plots the. data on semllog paper, dxrectly

If two radloactwe spemes are present in the sample bemg measurcd
‘a; plot of the measured ‘radioactivity:-on’ ‘'semilog-paper gives a curving line
S(Flg 5) Th1s line:is: asymptotlc to a:straight line at very .smalliand’ very
Av subtractmn of one asymptotlc line from the curve gives the
. “The- decay constants or-half, lives: for each of the two -
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'ls long hve(l an equxllbnum is estabhshed between the ratms ot' each sub-ﬂ*
“stance. This is observed in the radioactive substances found ‘on the earth -
which may have relatively short half lives. all stemmmg fromra‘very long- "+ -
“lived . parent, which continues'to replenish them. The growth rate- of the'
daughter is-used to fmd the half hfe of the very long hved substance Cu

Durmg Lonstant productxon of: radm:sotopes in-a. reactor or dccelerator, .

" the loss by decay increases until eventually the loss rate is equal to the . - .

production rate. For example, after one half life of: irradiation,  one= half
of all the radioactive nuclei that will ever be available are present The v
next half life of irradiation increases the . amount prcsent to only 75% of the - .
v maximum, whxle the thn'd half hfe exposure bUIldS to’ only 87 5% For :" L

v Extremely short act1v1t1es can be 1rrad1ated in a short time to
maximum activity, but must be removed very qulckly to be counted One
technique is to transfer the material from target to counter by a "rabblt

which works like a pneumatic change carrier in a department store. Another N

method is to have counters located so that the radioactive substance mounted
on the periphery of a wheel is passed by them quxckly after" passmg an’: L
~irradiating beam. - Electronic sthchmg methods are also apphed to’ ‘thi E
problem. Med.surements of half lives as small as 10~3 sec_ are ,not dxfficult
with these last two methods ' : : ‘ o

Two units of radlatlon are of mterest One the curxe, measures .
the rate of radioactive disintegration but says nothms about the energy," -
type of radiation, or hazard. One curie i8'3.7 x. 10l d1smtegrat1ons per .
socond, This is approximately the number of- dxsmtegratmns that occur-.in"
one gram of radium per sccond. For any sample, the strength in- curles 1s
obtained by . : o o o _ S

Strength N‘v' ’
37T x 1010 _

~ where \ is- the decay constant and N 1s the number of th i pecxﬁc vredi'oeﬂctwe
nuclei in the sample. N

N is computed,by ,
; o Nop

| N = T V.

where Ng is Avogadro 8 numbet, Ng = 6 023 x 1023 atoms per mole A is.

the mass number; p is the densxty m grams per cubic centimeter; 'and: \( is

the. volume of the.sample in cc.. A large decay. constant. x‘means a h1gh decay
rate and correSpondmgly a short half hfe o

The roentgen mea.sures the effect of T ‘dxkatxon by mdu:at_” g:the:
amount of energy reieased by the. radxatxon " The roentgen is defined. fo
X= rdys but is apphed to all radtatlon : One”roentgen is the exposure in

y hour. .
in a: week Very few peopl
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L They were mxtxally named a, B, and vy, a.nd Were a
v‘dentmed as a hehum nucleus, a fast. electron. and-a. photon. respec--

The longest lwed radloactwe substa.nces found in nature are thc
€ lements these are’ alpha emxtters. Shorter - lived nuclei that
ﬂ;e been produced artifically. The range of half lwes
; to 10 years, or a factor of about 1017 but it is surprising-
S'}that the: energles ‘of the emitted alpha particles vary only by a factor of about
72, from 4 MeV to about 9 Mev. The higher the energy the shorter the half

b f;hfe,’ in’ 'ac‘é'ordance w1th our. rule of thumb Alpha emlssxon is defined by

'the‘,transxtlon (A Z) - (A 4, Z- 2)

, o All alpha parttcles from one nucleus have almost the same energy, .
b t son e ‘a e accompamed by a gamma ray The energy change from the

‘g‘amma ray 1f 1t exlsts, corresponds to'the change in the masses o
‘from the initial state to the final state. The nuclear change may be ‘ '
f"symbollzed‘by the followmg dlagram

P

"‘»A?f“?’}zf',zll |

A change in'
7 energy
(mass)

. ,Expenmentally the photon, hv , can be shown to be co1nc1dent thh

i3 alone ~The percentage of alphas by each path is the branching ratto., The
‘several energy levels to'which the alphas decay indicate a condition in the
;vnucleus anal ogous to that m'the atomxc pxcture. in Wthh quantlzed energy
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viewed as a proccss of tunnelmg through the potentxal barr;er whzch would
have kept an outside.alpha particiec from entering’ the nucleus. ‘For. a typic al
nucleus the analysis shows that a change of alpha. energy from, 6 Mev to’
‘would reduce thc half lee by a factor of a mxllxon,, The nuclear radlus 1 '

other means

. The nuclcus i8 bound by bemg in a negatwe potent nergy state._
. whlle havmg a posntxve potentxal barrxer about it. F1gure_ 7 _1llustrates th1s
. : : a.lpha m : f

x ‘Coulomb Barr:er

F1g 7

potential energy

alpha out™ - .

|
c

"
Ll
o
jon
::
@

l

| . ! . - : L :
i T - h —--; <.._ nuclear radxusr roA /3

| 'L;_ negatwe potentxal well '
|
l

Bctd Particles

The nucleax transxtxons, whxch are called beta decay, are of three

l

l

R types. : 3
B » . (A, Z) (A Z+l) e negatwe electron or" ﬁ decay

| . . L
|

|

(A. _Z) ;(A._Z-l) ‘ N posxtron or [3 decay
(A, Z2) = (A, Z-1) - K capture

‘ 'l‘he nuclear charge is changed but the number of nucleons does not
_change, i.e., a proton becomes a neutron or v1ce versa- -

: " The beta part1cles are emltted thh large verloc1ty and a.re therefore'
‘relativistic. When one plots the number of betas of a. glven energy vs ‘their.
energy one is surpnsed The curve 1s as shown in Flg 8 A

.',u:v HUmber Of | “
beta
pal‘tlcles R
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h¢ art;of the energy gone? Also. ate'the other propertres we expect
to"be"conserved actually conserved in thxs process ? We assume they are,

. -'-by acceptmg an addxtrona! partrcle as bemg
'm"the decay “This particle is c¢alled the neutrino and deslgnated
, Recent experxments at the Savannah River reactors have gwen

oughly one half ot‘ the energy of beta emxssron is carried off and ‘
lost through the neutrinos.’’ This’ can represent a'large amount of energy;
for: mstance, about 5% of thé ‘sun's energy is carried away and not avanlablc‘
to us, as is a sxrmlar fractxon of the energy of a reactor. '

-The three beta processes can be 1llustrated by the followmg

H 12. years y He +ﬂ + v,
c11 ll,min - , B! gty v,

BZ‘;, 52, 9 dazs Li’ - 'ek ‘v
S One may expect parttcles nch in-neutrons (above the stable ratxo)
“-»’_'T-to emxt negative electrons or g~ in order to move to a more stable ratio,

.- whereas proton-rich nuclei emit positrons. The fission of uranium produces
g.neutron r1ch fxssmn products, wh1ch are negatwe electron emztters.,

K capture occurs when ‘a nucleus isina state such that 1ts energy
can be lowered by the. absorption of a negative electron. When one of the
~inner atomic'electrons gets- suf£1c1ently close to the nucleus this process

" may occur;. The result.of K: ‘capture is the emission ofan x-ray corres-

-’ ponding to-a hole in the k shell of the new atom, i.e., (A, Z-1). Moseley's
-~ law enables jus to know from which atom the x-ray came " This beta process
does not result in any fast- -moving electron's bemg emitted, just a photon

- of the characteriétic wave length of the new nucléus. Capture from the

AT other atormc shells is- also possxble, ‘and occurs less frequently

e When a’ posxtron comes’ to rest it anmhllates w1th a negatwe electron,
,producmg a: characterxstlc radiation,’ two gammas of 0.51 Mev in oppos:te
: drrec_txons The presence of this ra.dxatxon is a  clue that posttron emxsslon

where the asterlxsk mdxcates an;excxted nucleus and hv is the energy of the
zam r is. Planck's constant and v is. the frequency

‘UCRL-3469




e The gd.mma radlatlon carries; the nucleus from 1ts excxted ,state L
rtoward the ground state, The excxted state may have resulted from a  tol

. previous radioactive decay, as. we have seen, : The gamma. energles “ -
~correspond to the quantized levels, of the nucleus frorn whlch they come. . .7
" The half lives of gamma emitters are in general very ‘short, some as sho_rt e
a8 107'4 gecond. The lifetime depends directly upon, the amount of re ’
_ orgamzatlon that must take place in the nucleus,  The lifetime of the
nucleus is proportlonal to.the change in the internal angular momentum For
several units of angular momentum change the half lives become. seconds '
hours, ‘days, or even years long. Nuclei that may be measured in. both an ST
'exented and a ground state are called isomers. . . .. L R

" The reorgamzatton of the nucleus changes the dxstrxbutlon of charge, ’
whlch lcads to the . emission of the. electromagnetlc energy in. the form of -
‘a photon. This is parallel to the emission of electromagnetxc energy from
an accelerated electrical charge S

A process that is a gamma process but results in a beta s bemg i

emitted is called internal conversion, Internal conversion occurs when an -

“electron of an inner shell of the atom perturbs the nucleus by being in the
region. of the nucleus. . If: ‘energy can be released it may be transferred "

to the electron rather than .coming out as a photon. - The energy of,the beta,

Lp. is related to the gamma energy hv, as - .

= hv - w,._,

Ep T

where W is the energy reqmred to remove the electron from 1ts ato .
shell. W is called the work function, In contrast to the’ betas fromab
emission, the internally converted betas have a. discrete or’ quantxzed energy
and can be identified by it, An x-ray also 1s produced when the hole in the
atomxc sholl is fllled : o . S T e -

The emission of gammas is governed by selectlon rules These may .
prevent a nucleus from losing all its excited” energy in one step, and a cham o
of g,amma omxssxons may be requu-ed S ' ~

Intcrdetton of Radlatmn Wlth Matter

‘Each of the three types. of radxatxon reacts, ifferent o
through matter.. Each interaction transfers. energy; from. th rad1at1on ‘to.the
“matter and results in ionization in the. material. ’1‘h1s 1on17at10n enables
detectors to note the presence of the radlatxon and is the:
' eounte rs. : :

HC‘WY Char;,ed Partmles Gomg Through Matter{_‘.‘; o

' '-"deuterons, ‘Mmesons,’ and f.rsslon P
s charactermed by a very mtens

e '}a nug lear encounter.
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sity of zomzatlon dxffers along the path as the partlcle [
'\F\lgure 9 shows a Bragg curve for alpha’ partlcles. The

: near the end of the path The ionization per unit length drops
The m1t1al low ratio of xomzatlon

; , aterxal “AB'thé partxcle ‘slows down its xnteractmn time becomes
‘more avorable at f1rst but fmally its" energy ‘becomes too small to cause
'tlon The energy is’ lost pxecemeal and’ measurements show that
bout 30 evare reqmred per ion pair that is produced. One can find the
total number of ion pairs that w1ll be produced by d1v1d1ng the initial: encrgy
f the h_eazvy partxcle by 30 ev. .

A beam of heavy partxcles of a ngen energy wxll all have nearly the
,‘,same'range. ‘'since about the same number of ' 1omzlng "interactions are
- required to stop them. This is seen in Fig. 10. One may define the range
".“;as the average path length of a ngen partlcle of a given energy.

. The range and energy are dxrectly related, and, 'in alpha cmxttcrs,
: -‘the half life'and energy are also related. Geiger and Nuttall found'the -
. relation between the range ‘and the decay constant for the alpha emitters
':"occurrmg in‘nature.  This: relatxon shows the strong dependence ot‘ half life
.jand energy for alpha emltters . :

Heavy charged partlcles of hlgh ve locnty may be produced by
accelerators as-well as obtamed from radioactive emitters, but their inter-
" “action is the same" ionizing process.  Thin metal sheetS stop the non-— 2

:‘relativlstlc ‘heavy charged part1cles

;Electrons Gomg Through Matter

v The light electron interacts in d1fferent ways as it speeds through
,artter - Electrons become relativistic at rather low energies 80 that a
G process iin addxtton to 1on1zatlon becomes 1mportant. . . .

o The 1on17at10n loss by electrons is 1mportant but not characterized
by the interse ionization and the straight lines ‘of the heavy charged particles,
“ . Electrons are more hghtly ionizing and’'are buffetted about as they encounter
. »the atoms,__ in the1r path Thus thexr range is greater but they tend to loso

As electrons are deflectedby thexr ‘encounter thh matter, ‘an
acceleratxon (change in veloc1t1es) occurs. As they are charged particles, -
jthe acceleratlon causes them to lose energy by electromagnettc radlatlon.

a bremsstrahlung Thus we see. that the energy loss of electrons gwes ,
gamma rays. . The bremsstrahlung loss exceeds the 1omzatxon loss L

% ‘nd of . thelr les -
ys; the: photoelectrlc“eft’ect : the
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Compton: effect and pau- productlon Gamma;rays go through matter with
‘n contmuous mteractxons, only discrete ones. For this reason the atten-
ation’ of”gamma rays follows an exponentxal law.

ere’1is the mteneuty after passmg through a thxcknesa x of the matenal
0.15 the m1t1al mtens1ty. p-is the absorptlon coeffxcxent and e = 2, 718

’ The photoelectnc effect occurs when a gamma or x-ray interacts
,».W1th an atom and removes. an electron from an atomic shell. This process
“is' most- important for the lower- -energy gammas, below 1 Mev. and increases
i{abruptly when the energy of the gamma exactly equals the energy for re-
'»,-movmg an electron from an mner shell of the atom. : .

_ The Compton effect results when the gamma ray encounters a free
]electron, i;e., one not associated with an atom. The application of the
‘rules of conservation of_ energy and momentum permits this problem to be

j ;’jsolved to show that the gamma ray may lose a portion of its energy, The

... portion’ranges from zero to 0.25 Mev for the greatest loss. The recoiling
.. electron absorbs the energy lost by the gamma ray. This effect is important
'~"up to gamma energles of several M*v

C Pa1r productlon becomes possxble when the gamma energy equals
. or -exceeds twice the rest mass of the electron, i.e.,, gamma energies in
‘excess of 1.02 Mev. A gamma. ray may be converted into two electrons in
the presence of a heavy nucleus. This is the interaction of most importance
- for high-energy gammas, i.e., above several Mev. The gamma cnergy
...'in excess of the two rest masses is shared, not necessarily equally, by
i the electron pair and becomes their kmetxc energy

_, _The' productlon of - matter from electromagnetlc energy is governed

"by the ‘conservation rules.. Since charge must be conserved a positive

- “electron and a negative electron ‘must both be produced. Pair production
"‘..was suggested by Dirac. We see a gamra interaction resulting in high-

. energy electrons, which is’ the counterpart of the production of bremsstrahlung
" by high-energy betas, In high-energy cosmic radiation each of these two
“interactions leads to the other,’ producing a ""shower.' ‘As a posltron

: ‘j_member of the pair comes to rest it anmhxlates with a negatwe electron,
makmg the charactenstxc anmhllatton radlatlon

;Cross Sectxon

In all nuclear reactzons one’ ls mterested in'being able to say: how

;probable the reaction’ is, i.e., under given conditions how frequently will .
‘the 'specific. reactlon occur‘? The measure of this: probabxlxty is called the ,
‘cross’ sectmn PRI L o - R T
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:neutron mduced ftsswn, O(y, n) for photon productlon of neutrons, etc
-~ Cross sections;, total or spec1f1c, vary thh the process “‘the”’ energy of‘the .

, Vo : . sy
The umt of cross:sectron for a nucleus isa barn One barn = 10 ~ocm,

v "I‘hc area of a ‘nucleus as: computed from the radius is- about this 51ze.,, ‘Cro:
R ~.8ections: usually have" values in the nelghborhood of a-barn’ with a” range from

e a mtlllbarn to 1000 barns Some nuclear cross sect1ons l1e out51de these

N t'values. TR

. The cross section applymg to the nucleus alone isg called the rmcro-l;
j'scop1c cross section and is usually designated by 0. The’ rmcroscoprc Cross.
‘section when multrplled by the number of nuclei per cubic centxmeter of. the
substance gwes the macroscoprc Cross sectron des1gnated by 2 o

'N
2ep— PO
The rec1procal of the macroscopic. Cross sectlon is the mean free

path in the particular matter under the conditions’ 1mpl1ed by Py 1ts dens1ty
_gNo is Avogadro 8 number and A the mass number : :

leferentla.l cross sect1on is the term applled to the probablllty that
-'a nuclear reaction will result in the part1cle 8-going.out at an angle to{the
: mculent beam. Drfferentxal cross, sectton is des1gnated by

: %%— in whlch Q 1s the sol1d angle 1nto whuh
parttcle is drrected BEcad l
.The mtegral of the dlfferentlal cross. sectxon over all sol1d angles is the
microscopic cross 'section for the process under. study "“The d1fferent1al
‘cross section gives added mformation about the nuclear tructure and .
nuclear for(,es LR S

Acce lerators

, Partlcle accelerators have been developed to permlt experxments
to be performed with better control and with higher intensities than possrble
with radioactive matcrxals. Further, acceleration of a: wrder'yanety of "

_ particles and to much greater energy than ava1lable in radloactwe substances
,has allowed a. great advance in the understandmg of nature :

. Accelerators may bc class1f1ed and studred by thelr method of» -
acceleratlon, the type of part1cles, the: energy, “the. shape of the ‘path: of the
particles in the accelerator, and other ways. All- accelerators ‘have: two’
* common features. Firstly, they dccelerate only charged partlcles’- \
- .secondly, they must allow for two types of focusmg '
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A SURVEY OF TECHNIQUES IN HIGH ENERGY NUC LEAR PHYSICS
Burton J Moyer

-Dr. Moyer has been w1th the laboratory since 1942 He lectures in-
Physics and is in charge of a group doing research where pr1mary data’ are

obtained by counters rather than with emulsxons or cloud chambers or
bubble chambers. - S S EENEES el

_ The Gelg,er counter is the best known to the man in the street and
is w1doly used here in the chemistry and health departments, but not in- =
‘high-energy work because of the inherent 0.1-millisecond::""dead. txme" after
‘cach discharge. The scintillation counter and Cerenkov counters are’ the'.»" :
chief detcctors in. the hlgh -energy research f1eld : : :

' 'I‘here ate three parts to every scmt1llat10n c
1. th(_ phosphor {or: materxal that fluoresces),
2. the photosensxtwe devxce, L IR
3,'l’ the amplrher. ‘
Rutherford used a prlmltwe form of scmtlllator ‘in’ hlS early work ,The v

phosphor was zinc sulfide, but he relied on a darkened room and a ui
_eyesxght to detect the resultmg llght flashes i L ‘

v “The most. common 1norgamc phosphor 15 sodlum 1od1de, shghtly cot
tammatod--usually thh thalllum although europlum is: somehme’s -used
the contaminant, : _ : :

The "1mpur1ty centers" formed by the thall1um atoms in the NaI ( rystal

v structure are able to absorb some of the energy of excitation of the crystal .
.o lattice produced by passage of swift charged partzcles, and: to're-emit this
o - absorbed encrgy as light in. the' v151ble regmn ~The're- emltted light: 1877
negligibly absorbed ‘by the! Nal, since it'is not: related to energy level
““the crystal proper but rather to: 1ts.1mpur1t:y cente‘ coLT :
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me hxgh energy‘work where sha,rp t1me resolutmn is nceded but it is
sry valuable in others. It is especxally useful in locating radxoactxve mdme
ody and in gamma ray spectroscopy Its hght output is lmearly '

e_ader can analyze radloactwe nucle1 in thxs way " One; commercxal '

(Harshaw) ‘has succeeded in growmg pure crystals of ‘enormous L
' (as -much as 6 in. diam. by 8 in. in length). It sells these prOperly L oo
, ... 'This means they are sealed from the air (because they are o
ehquescent) and surrounded by wlnte (not sxlvery) reflectors for maximum

’effxcxency

: , Where fast trme resolutmn ig needed (around 10 -9 sec) orgamc ’
‘*phosphors are used Materlals used commonly are trans stllbene,

iand terphenyl (p)

\_ \ °
i O
. -For shghtly longer resolutron tlmes anthracenc,

“may be employed AL one txme attempts were made to grow large crystals
“.of these compounds “this was only partlally successful. Then solutions in
“solvents such as xylene and toluene were used, -but. these have been almost
entirely replaced by plastics; especially as with Lcrphenyl in polystyrene.
"These. plastxcs can be made of any shape, are’locally made, and can be as
“large-as 8 in. in diameter and 12 in, high. = A small amount of spectrum-

- ‘shifting. materlal is usually 1ncluded so that a larger percen: of the emxtted
.light ¢comes-in the visible range. By means of this plast1c and: assoc1ated
‘electronics the entire- slgnal can be received in 5 x:1077 secrafter the'in-
-‘:cxdent»gamma ray ThlS is two thousand t1mes as: fast as the NaI(Tl) crystal.

"'I‘,he next part of a scmtlllator is the dev1ce that "sees" these bnef

feeble flashes and develops electrical s1gnals from thém. 'Such-a- deVnce 1s

called ‘ar photomultlpher tube, The actual photon- sensxtwe ‘material is -

‘usually a.cesium- ant1mony semlconductor properly evaporated onto the in-

side of a glass: envelope ~A focusing arrangement directs photoelectrons

from this surface ;o the first of a.cascade of dynodes, each of which’ gives .

“al mult1p11cat10n of about-4 or 5; there are. -9:to .14 dynodes arranged-either - -~
in'a circular pattern or:as’a succession of "Venetlan blinds' so:that'the =~ = =~ = -

over-all gain.isione to one hundred million.” The last stage goes to ground

through a‘resistorand’ voltage pulses.from: that resxstor are; conducted by &
coaxial cable to'ampllfymg and'recording devxces SEE
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about 2 Mov cnergy per g per. cm& target ThlS means a. plastlc 1 in. th1ckv
‘would "catch" 5 Mev. of energy. and convert it to. 100,000 ev of. hght energy-r
~.In this range there are about 2,5 ev energy per, photon’so that would mea
40,000 . photonb, of whxch perhaps 1000.are collected by the. photocathod
Thn yields, in turn,‘ about 100; photoelectrons into the dynode system
, Rutherford would doubtless be amazed at how his eye: stram method has
: bcen lmproved o : : - ey

. A falrly recent a.ddltlon to detcctmn de_v1ces is. the Cerenkov counter.,;r‘
; Fundamcntally it depends on the fact that if a parttcle passes through a:

" medium at a speed faster than the speed of light in that medium, it sets up S
a shock wave, which can be detected.  An excellent analog is the passage. of
“a boat through still water, It leaves a V trail (bow wave) behind it,: The

greater the speed the sharper the . V, in accordance with the formula :

‘cos E =
NN v

“velocity . of lxght in. the med{um,
partu.lc elocxty,
n = refractive mdex, '

c speed of hght

In. most expcnments pis close to 1 80 that cos § varies as: ok Ifnis"
close to 1, (as it is'in CO,), 6 is close to zero, -of the wavenfront is nearly.
pcrpcndxcular to the advancing particle; so close that it can be focused by
parabolic mirrors. For flint glase n=:1. 59 and 6'is about 510 . '

It turns out that the frequencms in the wave front are’ contmuous,"
with equal numbers of photons emitted per' unit frequency interval throughout
the spectrum, and that around 250 useful phdtons per cmi result from a smgly ;
charged particle. ‘This is'much less than scintillation effects; ‘but enough L

_to be caught by photomultlplu.r tubes, and has the’ advantage that 1ts du"
s prachcally zero. By measuring'the angle of aperture _
it is possxble to determine the exact ‘speed of the partlcle _«ca’usmg 1t""
this is possmle only in very partmular c1rcumstances e :

o path
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i a»cr1t1cal radxus related to the’ degree of supersaturatxon above whxch it
'1'!1 grow ‘below whic¢h it 'will: dxsappear Electric effects accompanymg a

o reduce this cntxcal radxus ‘It is'necessary to avoid so higha

persaturat:on as to allow: random coalescence of molecules to .

; visible:droplets,"’ 'yet'to provide sufficient’ supersaturatxon to

,produce growth of the vapor agglomerates forming about an ion. R

In the expansmn chamber the supersaturatmn is mduced by coolmg'
produced by a sudden mcrease of volume or reduct1on of pressure of the
enclosed gas vapor regxon ‘ : :

L ~;The contmuous cloud chamber has evaporatmg flutd (frequently v
methyl dlcohol) at the " ‘top’of a’cylinder which is cooled at the bottom (usuauy
with-dry ice) trmhloroethylene) Comvection currents (downward) set up a
gradxent of saturatlon, ‘and. somewhere between top and bottom:is a continuously
sensitive. regton The field can be cleared by electrostatic charges ona -

wire grid, and c01nc1dence counters can be arranged to. trxgger a camera

to: photograph 1nterest1ng events. : - : :

o D Moyer next showed apphcatmn of these techmques to current
-'laboratory exper1ments. In the. antzproton experxment by Dr. Segre and
assoc:1ates the setup was as shown m Flg (Descrxptton of antxproton

v -; The htgh velocxty Bevatron beam produces a great varxety oi frag-

ments at the target. The momentum-defining magnet is simply a bending

' ";"'magnet to put those with the same momentum in the 'same general path,

- Theseiare focused by the quadrupole focusing magnet and brought out

" “‘through the wall in a small well-defined beam where they:hit a-scintillation -
{"counter, the start. of a t1m1ng devzce the: second scmtxllatlon counter is:the
~other-end of the txmmg device," and the1r output appears as assoc1ated ptps

:ﬂon a cathode ray scope trace co ~ . el e

TS The rest of the devxce is a double check to guard agamst acc1dental
: _'comc1dences The first Cerenkov counter rejects any particle’ traveling at
-~ more than ,78% of the. speed of light (pions do this, antiprotons of the chosen
‘momentum do not). Next.comes a Cerenkov. velocity- selection counter with
cea quartz rad1ator "The angle of:the resulting shock wave .confirms the: speed
of the partlcle, and the final scintillation counter is to' make sure the :
;trxggermg partxcle really. came through the apparatus and was not ca.used
by: spur1ous external noise. - o SR SV S

;K meson hfetxmes are. studled in, the followmg manner. (See Fxg 2)
elo ty. protons from the ‘Bevatron impinge on the: target. Some of the
\—’off at r1ght angles, are: bent and focused



RADIUS slo' /‘,/ n/ron pEAM
; N "IN DE.VATRON

ANTIPROTON -
EXPERIMENT

MESON AND
ANTIPRO

S |coMBINED. L o
cn.i.o.scopr. nscoao N

MAGNET Dﬂ|6M

.“ l g o
- PULSE Hﬂdﬂ“mnpwvow :
! T . v P . L o R .",;

ACCIDENTAL
ay R S : EVENT
' 92, SCINTILLATION COUNTER ..

C1. CERENKOV - COUNTER v s
ll €2, CERENKOV VELOCITY. seu:cﬂon COUNTFJ? "
3. scmnu.anon coumEn : SR




469
3

-3

apter.

UCRL
Ch

e

. |050l

3/8 Cu+0

10372

MU




Chapter 3

paru(,lc that ﬂlmultaneously gwcs no pulse in' counter No l a. pulse in
- 'No. 3, a pulsc in C, -and no pulse in No, Z is cons1dered to be the desu-ed
o K ‘meson, : : : s T ,

‘ v D(,cay products from C are then analyzed by counterb A B 'D | E
Threo modes of dccay are known: ‘ g S

Kp?, which breaks,mto a.u meson and a ,he&triho‘;-
K., which breaks into a »" and 0 meson;
T, which gives three 7 mesoﬁs

Strangely enough these dll ha.v-“ nearly the bame 11fet1me, namely }. 4x lO
~This "lifetime d(.g,cnerac‘y" is at present very perplexmg -

In Fig, 3 is shown the device used to study: 6 mesons (neutral K-
mesons). They decay into two neutral 7 mesons, which cannot be detected .
by counters, but the w mesons break into two, high-energy gamma rays.
These gamma rays pass through low-molecular- wmght .substances thh v
~little reaction (the antiscintillator), but they give copious pair- productlon :

when incident upon lead, and the resulting electrons register in sc1nt1llator, LA

also in the Cerenkov counter (which can be set. to: respond to electrons only),
and fmally in scmullator No. 2. ¥ . '

The entire array. . of counters and coll1mat1on can be moved so. as: to
explore the yield of ' -decay photons arising from regions in space near:
the target. The distribution in mtonsny of such photons indicates that. the
0Y mesons hve between ] and 2 x 10-10 second after’escaping from the’ target"’_v
~in which they are: produced * ; G

Semtlllatlon counters were an eqsentlal part;“ the trlplc scattermg
polarization expenments by Chamberlam and hxs‘ gre For further ins o
formation sec thexr report (Chapte - 8) : SR
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HIGH-ENERGY ACCELERATORS
David L. Judd

Dr. Thornton introduced Dr. Judd as. head of the Theoretxcal Group
at the laboratory. Dr. Judd had attended the recent high- energy acceleration -
conference at Geneva, and is generally rogarcled as a leader in theoretlcal '
“work on accclerators in this country G P

Dr.. Judd sald tha\t the partxcles to be accelerated are electrons, :
protons, deuterons, tritons, alpha particles, and. heavieriions, Alpha’ and
-beta rays from naturally radioactive substances are accelerated by natural’
processes and were the first to be used in experiments. Sir J. J. Thomson
and others used electrostatic acceleration to find e/m the ratio of. charge
to mass of electrons and ions, The desire for faster and more uniform ion.
beams led to the use of higher and higher acceleratmg voltages, obtamed by B
the Cockeroft-Walton voltage multiplier and the Van deGraaff generator.. The’f":"_ ~
voltages obtainable by.these "one- whdck” devices are. llm1ted ‘by msulatlon B
breakdown, to a few million volts, . Modern accelerators that exceed these
energles work by txmed repetltlve boosts of energy '

The [u'st such accelerator was the’ lmear accelerator of Sloan and
Lawrence at Berkeley.. The general principle is‘a: stra.1ght line series of’
clectrodes in the form ‘of open cylinders, -of increasing. length but evenly
spaced. Alternate members are connected together: and.to: oppos1te ‘poles
~of a high-frequency oscillator. A charged particle: is accelerated when’
between cledtrodes; when it ;:,ets inside the electrode it: feels no force and:
"drifts" while that electrode is of the reverse ‘voltage.. Because the field is
propcrly synchronized with its acceleration, the partxcle gets to the end. Just
in time to feel a pull from the next one. Thus if the potentnal dxfference is vj,if_.’
1000 volts a serzes of 10 dnft tubes could glve . p '
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"t:o"'orle;ipolo-llf;.o\sbc_bi:ll:ator ‘

“to othet ':pole

¢

In 1930 Professor E O Lawrence got the: 1dea of - usmg the same
drlft tube over and over.. This was possible because the accelerated particle
“could be bent to re- -enter.-by a magnetic field. The result is the basis of

call’ present day cyclotrons. Schematxcally, the arrangement is. as follows.v

magnct

'_/////f/ {wz

, The electrodes are two hollow flat sem1c1rcular boxes called dec
(because of thelr shape) A glowmg fllament ‘produces’ electrons whlch
h : , ’ it ent. el The
‘on'a’ tfhovmg ion resulting fro
fleld, is-a force perpendlcular t’
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wher charge on parttcle (electrostahc umts), L

Q=

v = velocity of the particle, PRI
B = magnetic field strength (electromagnetm umts) i
c.= a constant (the speed of light) to adjust units..

PR ] 'l‘he resultmg path is a cu-cle, 8.0 tha.t the magnettc force mxrst provrde the
R ccntnpetal £orce,' : : . : I

therefore;'

Here v/r \s the angular velouty commonly deszgnated by w-in radlans per"'-‘
sccond. The numbcr of revolutions per second would be th1s dw1ded by Zv,i;_

2nf = @ = eB/mc, ‘ : ol
and thus the time requlred for one-half revolutwn # %nei

"This equatlon shows that this time is mdependent of the radius and of the &
“velocity, therefore constant- ~frequency voltage apphed to the'dees gives a_
partlcle added cnergy every time it crosses the gap between them no’ matter
what size circle it is describing. S -

Ina bncf aside Dr. Judd plotted log maximum energy avallable from,’,‘_,_'.;
an-accelerator vs calendar year. and found-nearly a straight line:with. upward"
‘slope. If the same abscissa is used, but ordinates are cha.nged ito current:

~ available in the accelerated beam, a downward slopmg curve 15sobta.med
as shown m the followmg dxagram




- 'FMcyclotron X - @o/ :
cosmotron, \ //..
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Nalvc extrapoldtxon mdmates that we soon arnve at’ 10 6 ev. of energy
' at the rate of 1 or 2 partxcles per hr, somewhat less efficient’ than ‘cosmic
‘rays, There is room for doubt whether this is progress by:any standard;:
- the example serves to: indicate" the 1mportance of. mamtammg hlgh C rréhts
' in fut,ure accclcrators L : S

We now return to a conmdcrahon of the lxm1ts of the s1mple ryclotron

We have seen that the time of rotation is mdependent of radius and speed but

does depend on mass. When speeds approach that of lxght the mass does not
_remam constant, but grows in the well known relatmn .

‘where m actual or- relathstlc mass,

mg = rest mass, ,
v = velocity of the particle,
¢ = specd of light,

A quick look at our formula
S ”":__"tfr‘r’nc‘
Be _ ‘ .

shows that as m increases in the numerator, the: part1cles get behmd the’

phase of the acccleralmg voltage. We should be able ‘to compensate. this <

phase slip by also incrcasing the magnetm fleld B Unfortunately focusmg .
requircments prevent this, ‘ e s i v e i

If a weight on a spring is distutbed by any force, 1t osc111ates under
the action of a restoring force.: We.should like to have; the.same kind of -
"gtability" of particles rotating in their orbits, The umform maghnetic fleld
provides a restoring force for radial’ dlsplacements ‘but‘none parallel: 'to. the :

~magnetic field (2 direction). To v,k‘eep the part1cles in.the .medxan plane -
between thé magnetic’ poles, it ,i ha ff:hé"f‘ ide have
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. ;Radlally Decreasmg erld

_ _,,,magnetlc

- time of
;‘vforce “

lme of

. (exaggerated)

chal

| restoring’|

of :
restoring -
force

component

: T,In other words the pole shape necessary for focusing is exactly opposite to
“that'needed to overcome relativity effects. Some of the key ideas that have
developed in the advance of accelerator concepts may be listed as follows:

:',-J:'/General cyclotron pr1nc1ple
.‘“"‘i‘-Pha'se cornpensati'on ,
: Q:Wedge f1e1d focusmg (Thomas focusmg)

Alternatmg grad1ent focusmg thh dc magnetm fxelds

standmg for ﬁxed fxeld alternatmg gradxent both
known as- "strong'focusing.*) o

component



” If the polc fac.es are mddc wedge shaped w1th alternatmg h1lls and valleys
. -the path-of the ion departs from a mrcle and a;proaclas that“- of ar rounded
f:polygon, as mdxcated R :

" low

high

Analysm shows that there is an average focusmg effect toward the

~ median plane, This.can be combined with an oversall: rad1ally mcreaqmg"

field 80 as to compensate for the relativity effect,: It is: estimated that . -

“encrgics could be raised from 20 Mev to sevcral hundred Mev by usmg;tms
type of magnenc field, : S -

: The next topic.discussed was phase: stab1hty ‘i;uppose Lhat in an
ordinary cyclotron we have a particle c1rculatmg in such:a phase, with::
rospect to an accelerating gapiwith the proper’ radlofrequency voltage that
it neither gains nbr loses energy. The gap crosamgs could be‘either at..
‘the crosses or dols on the dxagram. B R -

time 6f cross

<4—— — time of one circulation

o If the magnetic fteld and radmfrequency are held constant the partlcle ene
’ will be held constant too, and this is'a s1tuat1on of equ111br1um . The’ 1m-‘_'f.i" 8
portant question is: will the equxhbrmm be stable" it is stable one ma r

slowly- change the frequency or th magnetxc; ¢ -
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>! ently-moved-the- support:of:an upsrde down pendulum thlﬂ would of
ourse" produce ar vxolent motion (the bob would fall), .It-turns out in this -
’a:t, if the gap crossmgs are at the crosses one has stabxhty, and

‘ prmc1p1e of phase stabthty was’ xndependently dxscovered by
ussxa and by Mchllan of BerKeley'in 1945. By using this "
er atch of part:cles from low to hxgh energy

Our” 184 mch operated that way for several years and ga.ve 350- Mev
protons with only 17 kv acceleratmgjvoltage on the dees, It has just been
completely redesxgned and it 19 expected that soon it will give 700- Mev

> "The betatron or electron synchrotron has a doughnut shaped magnettc
freld which is increased with time for each bunch, The frequency is held
. ‘constant after the electrons attain'nearly the speed of light. The electrons
i are pre= -accelerated to as much as 1/2 that speed before injection and

. brought up nearly tothat speed by betatron acceleration (which we do not
- have time to discuss). The growing magnetic field obtained by using 1/4

© or. 1/2 of a~cycle of alternatlng ‘current keeps the beam at: approxtmately
‘.the same: radius, dnd the. electrons. actually gain "wexght" rather than

Velocxty durmg most of the acceleratmn process, :

CA proton synchrotron ut1l1zes the same'principles, but both magnetic
-f{.fleld and accelerating frequency are varied together during each:batch. Our
v 'Bevatron-has roughly a:110-foot:diameter. The magnet weighs‘ 10,000 tons

" and 'the vacuum chamber:- in which- the-protons:travel is about 4 ft:wide by '
1At h1gh It produces 6 Bev protons -T'he "cosmotron" at Brookhaven is.
sxm11ar. thh a’ top energy of 3 Bev o : :

¥ We now dlscuss alternatmg gradxent focusing. I‘he focusmg effect -
in all the’ machines mentioned above has been secured by shaped magnetxc
e'lds however, the corrective factor was small and had to be extended

over a considerable distance to be effective.. This means that the evacuated
doughnut contammg the beam had to be large :.compared with the ultimate ,
rogs section of the accelerated beam.  This means that air gaps in magnehc
1rcu1ts are large and the power needed grows rapidly w1th mcreasmg slze
and energy of the accelerators :

~ Recent stuches have shown that if the fxeld, mstead of bemg mxldly
correctwe,’ is. m_ade v1olently alternately overcorrective and undercorrectwe
‘the net result rs a stronger focusmg of the parttcle toward the des1red
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~ The net result of thls is that the beam never spreads ‘more than a few
Inches from a circle whose radius is 250 feet or more, not unlike a garden
hose wrapped around a house. This petm1ts desxgn of etzll more powerful
- accelerators with only moderate increase.in weight, power: requirements, etc.
.. -and plans to do this are gomg forward at Brookhaven,.at CERN (watzerla.nd),
' ‘and in Russxa. Lt el L

, Dr. Judd then operated a device which’ was analogous to strong focusmg
An upside-down pendulum (metronome.ticker) is fundamentally unstable. . -
Once it starts to fall it continues to do so with increasing speed; however, :

if the support of such a pendulum is vibrated up and down with a frequency
that has a proper relation to the natural period of the pendulum, the whole
becomes stable--the pendulum tends to remain upright. These motions were
obtained by a small variable-speed motor Operatmg a cam which gave an up
and down motion to the base of the free-swinging, upside -down pendulum. ,
Untilthe proper speed is obtained the pendulum must be restricted "by hand"
to a nearly vertical posxtion but at proper speeds the net focusing action takes-
over and manual support is ho longer required.. This _may'not prove ‘that two .
wrongs make a right but'it doés prove that’ stab111ty ‘can’come out of properly P
combining a violently stablilizing effect with a violently unstabhhzmg one-- .
just as strong focusing produces a smooth restrtcted path from v1olent over-jl
corr(,c.uons : : ;

This principle has also been apphed to lineéar: accelerators Electnc
quadrupoles have been installed in the drift tubes of the Berkeley hnac and’
their fields can be made to alternately focus and defocus the beams so- that -
the net result is good focusing. - This eliminates focusmg grids, which’ were R
formerly needed but by their presence intercepted ‘as mucH’aﬁ'Z/S ‘of ‘the '
beam. Magnetic quadrupoles can be used also and will do the focusing in = "
the Berkeley and Yale heavy 1on lmacs and in other hnacs now under desxgn

Lack of time prevented discussion of the remammg topu:s’but the !
groups showed, by their spontaneous applause, their. appreciation-of. the clea
and understandable presentatxon of the fundamental prmcxple of - acce ler; ;
operat:on and unprovement : :
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BUBBLE CHAMBERS

DonGow ' ;' - .

o Mr. Gow fxrst pomted ‘out that there is little to be gamed from

‘ -,,*vbreakmg up atoms unless you. have some way to examine the pieces. The.
. _.machines to: break the atom are. spectacular and well known to the man in
j—f_f.,the street ‘but the detectors receive scant attentlon.

-.Hlstortcal methods of exammmg results of bombardment mclude 1

,Gexger counters, electroscope, scintillators, cloud chambers, and nuclear

‘emulsions.” The counters have good time resolution but very poor spattal

. fresolutwn ‘photographic emulsions are at the other extreme--they. show in
~-detail what, ‘happened, but not when. The .cloud chamber is in between, but

. -as velocxtzes and: energxes of pro;ectxles increased it became more difficult
to, capture all mterestmg "events" in a chamber. Pressure chambers

o helped the sxtuatxon somewhat but they too soon ran into llmltatxons.

, Don Glaser of the Umversxty of chhxgan made a comprehenswe
search for-a better detector, and in 1952 came up with the fundamental idea
'behmd bubble cha.mbers.,v ' : » : : Co

_crxtxcal is shown at the P
.left.. The cloud chamber .
v;‘uses the dotted extension .
. “at'the right -- Glaser
.'proposed and succeeded B

“'in.using ‘the dotted

. ;_extensxon at the- left as e
-a’'medium that is. senutwef‘;;?
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ln other words he took advantage of the mstabxllty of superheated
liquids against bubble: formatlon in'the same way as a Wilson-cloud chamber :
uhlizes the instabllxty of super - cooled-vapors agamst droplet formatmns

) Dr Glaser used diethyl cther as his l1qu1d and found that it could
- be held in a sensitive condition at 140°C and 20 atmospheres for perlods
~up to 200 scc, although the average was around 60. Proximity toa Co%Y
o source reduced this time almost to zero. "He made his first reportata i
s ‘Washington mecting of American Physical Society Spring 1953, ‘and" members S
S - from this Laboratory who attended the meetmg began experlments here o
immediately on their return, : :

_ ‘Although ether has only3 clements (C "H, O) instead of the many

in photographic emulsion, some people in this laboratory felt that hydrogen . .
would be hest of all because it is a pure simple substance, and thus the = -
target would always be uniquely known. Interpretatlon of nuclear events in-

a hydrogen chamber would be easier and more certam :

, ~ The first bubble chamber made here was all glass about 1 by 0 75 m.'”
The hydrogen was heated to about 29° K and kept: under a.pressure of 6.5
atmospheres, to prevent boiling. . When ‘expanded to'a superheated condmon
it could be kept sensxtwc about I sec, Wthh was plenty for satxsfactory

_exposures. - R s e

The next mstrument was a chamber 2 5 in, m dlameter, W1th metal

“walls, As expected, premature bubbling ‘started at the metal -glass. Juncture,
but the growth of wall bubbles chdnged the pressure slowly so that they dxd
not interferc with operation. .

The flrst chamber useful for physxcs was 4 in. in diameter and 2 in.
in depth, Its general setup is shown in the accompanying diagram . (See AR
Fig. 2.) It is rcasonably self-explanatory except for the heater: The bubble -
chamber operates about 6° to 7° above the boiling liquid hydrogen in the’ ‘
flask. Hcat exchange is provided by a connecting block of - copper which is

_ purposely made overconducting and has a heater installed in'it.  Automatic
controls ad_]ust the heater power to gwe proper operatlon : e

. The alternate expens:on and compresswn durmg 0peratxon feeds :
heat into the chamber. This heat is dissipated by evaporating. hydrogen-—an
undesirable waste., The waste can be minimized by fast recompressmn,- S
so that the P-V "cycle" encloses a small mstead of a large area. !

_ The index of refraction forvhquld hydrogen is: around l 08 -~ only

~slightly more than the gas bubble. This means that the camera- cannot
- be seot. perpcndxcular to the illumination, for the. bubbles would not: show up ;
It is necessary to so arrange it that the. unrefracted- hght barely misses the
©+s . ‘camera, but the light refracted’ by a bubble. just. enters - This is achleved

e by a "Venetxan blmd " Bubbles appear as bright spots ! dark fxeld' ’

, The gasket for glass meta

, problems to solve. Lead under sprxng o

Do the margm betWeen lead flow and gla.ss shatte
~.omarrow. -
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Two H(.lmholtz coils supply an adequate pulsed fxeld of 15 000 gauss
to aid in analysis of the trdcks, but the resulting eddy currents make- heatmg

problems. The chamber is made of thin stamless steel to. mxmmue th‘lS
hcating : ,

The pr(‘sc,nt 10-inch chamber is a scaled-up version of the 4-in. one,
with many 1mprovcments A new recompressmn system has been used whu.h‘ '
has no rapidly movmg pistons. The 10-in. will recompress within 30 milli-
seconds after expansion. This cuts heat losses and secures more uniform -
sensxtwnty throughout thc chambcr - T -

‘This bubble chamber is at present bemg used to study K mesons.
from the 6 -Bev Bevatron beam. . The unfiltered beam. ‘contains.about one K
meson to 50,000 ¥ mesons, but illtermg increases tha.t to'l in: 1000. As a
result, as hxgh a8 one picture in 50 shows. a K event." A typxcal plate is
shown as Fig, 3. Here a K™ came in from the top,:hlt a proton, and formed
a " anda nt, Later the T° decayed toa m” +a neutron. The ‘Splra.ls are
electron trails. : S :

Plans are already well a.long for a. larger chamber, tallor made for
a specific job. Onec of the most interesting kinds of eventg that is observed
in very-high-encrgy processes is the dlsappearance and reappearance of
charged partu.les. A typxcal reactxon of thxs sort is

Tr+p-’0t/_\“.

later the 6° decays to w' + 7 and the /_\0 'top‘b+\ Yatroo

The delay interval is around 10 -9 sec and it would be nice to havc a
chamber large cnough for the entire sequence to take place. w1thm it. Figure
4 is an analysis of space requirements for the reaction above. . Careful :
study of this and similar reactions has resulted in freez,mg the ‘dimensions
of the new chamber to be 72 in, long, 23 in, wide and 15 in, deep The only
hydrogen used will be in the bubble chamber itself. A refrigeration system
replaces the cooling hydrogen. Design is well along and procurement of
materials has started. Operationin 1957 is not overly optimistic. If the
new chamber works as expected it is not unlikely that 10,000 interesting :
cvents per d'xy will be recorded. Using present methods, a trained opera.tor _
with a desk calculator can "analyze' an event in about two' Hours. Simple
arithmetic shows that more than 2000 unavallable experts ould be requlred
to process the data. » : o

To prevent thxs plle up, new machmes are bemg developed Humans . -0
will simply pick out by hand and eye. the prmts that: look: int restmg These
will be fed to a precision reader, which'is a sort’ of projection. m1croscope
Data from this will be punched on IBM cards ‘and these will:-be-fed to a 650"
computer, which can be programmed to'give.almost any mformatmn one
~ might care to obtain. Corrections for nonuniform: magnetm field and optwv
.distortions can be made. Everything is: automanc except the original

cunosxty and drlve of the mvestxgators , :




3469

UCRL
Chapter 5

LN



-UCRL-3469:
. “Chapter 5"

DECAY CONTOURS FOR @°8 A°
FOR w"+p — e+ X FROM 2 TO 6 Bev’
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: M: Gow closedthha ‘hst oi credxts both for leadershtp and for -
areful‘det iled construction and operatmn that has made progress m this
newfield so rapld;and satlsfymg '
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Chapter 6

som: TOPICS: IN souo STATE
A, F, pr .

Dr. Kip explamed that he got into the field: of sohd state phys1cs vf ‘
Lhrough the back door; that is to say, he was trained in mlcrowaves, and
that was assocmt sd thh resonance studies’ with crystals

‘Hig interest is in what makes a- solxd conduct o not The range of
naturally occurring resrstlvxty is‘enormous, from'10° ohrn per cm” for '«
'sxlver and coppcr to 102 for matenals hke glass, sulfur nd ‘quar

. '[‘he theory of conducthty in rnetals is telated to the'
atomic structure, which is well established:" ngorous derwatwn requxres
acquaintance and facility with quantum mechamcs, therefore we must rely
mostly on andlog,aes. : ool e R i '

Ifa pendulum is attached to a horlzontal taut wire: and set in motmn‘f
it vibrates with a definite. perlod If a-second pendullirn the sare 1ength 1§
added at another point in the wire, the: whole . system v1brates ‘with'two v
different periods, which are higher or lower than the'origina accordmg to
whether the two are in or out of phase. More pendulums take. more; penods
‘which are nevertheless restrtcted toa def1n1te number and'band of " '
frequencu,s.-. / S o

The foregomg picture gtves the typtcal result that when sxrmlar
oscillatorgs--cach of which has a single-natural frequency alone .fr'e coupled
the resulting system has more than one natural frequency‘ n
lhls thh lhc mtuahon in sohds. : »

Let us: 1magme a s1mple atom’ hke 11th1um, havmg one electron,"
whxch is rather-loosecly bound. : This e€lectron at its lowest: level (ground
“ state) has a natural frequency (correspondmg to a c‘ertax“ € ’
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The relatlons between these bands determme whether c
If the bands overlap then the . ’
(a’y be regarded as, "free, " and-the element is a conductor. lf, :
do.not overlap. the:element. will’ still be a conductor if the top band
ly partially filled, so that an electron can "move up' to a higher place
vfwhen subJected to an"external field. This would be true for
“If the bands do not overlap and a band is "full", the

in_sulator. its specific resistivity being determined by the’ wi‘dth
der "‘ band between that and, the next "perrmtted" band. ,

. " mtroductxon of 1mpur1t1es.

__‘All of these are used If the. forbldden band is not too wide, then thermal
. ‘energy may be. sufficient to permit.an electron to make the jump. This .
“leaves:an. unfilled "hole™ in.the previously filled layer, which acts like a
: pos1t1vely charged electron, so that the element becomes conducting. Gray
‘tm, silicon, germanium,: and tellurlum act t}ns way--they are known as
' semxconductors. I T I T v

A»photon (bundle of 11ght) may come into a metal thh an energy
;‘determmed by its frequency h v. If this energy is large it may be transferred
“to.an electron which escapes:entirely from the metal. This is the.well-known
i photoelectrlc effect.. If the. energy transferred is not large enough to free
“the electron entirely, it may. still be great enough to permit the electron to
r;'cross ‘a. forbldden band. A, ey become conductmg :

h Germamum anc s1hcon normally have four electrons in thexr outer
shell and pair-up like' carbon in the diamond to form a stable tetrahedral
conhguratxon, except that’ the: jump. to the next permitted band is wide for.
carbon and narrow for Ge and Si... If very carefully regulated amounts of
electron-surplus (n’ type) and electron deficient (p type) impurities are.
added, a¢Junctxontransxstor results (Deta1ls were not gwen )

'If however, an’ electrostatxc potentlal is apphed to any of these semi-
0 _ductors, a. balance is set -up-in which we have E e m*a. where E is
he applied.emf, e is the charge on the electron, m-is the apparent mass of
o he electro' orfhole, and a, of. course, is'the acceleration. - Now, the
:  true. ' ,} and-it. would be helpful to fmd 1ts
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where

o

tne "a'pi;'ar'e‘ﬁt ;'vmas s,

it

= the angul‘ar véloctty, f:m*.

= the charge on the electron, ¢ = the speed of Iight,

H the magnetxc fxeld strength

e

. A o
This gave a value for m roughly 1'00 true rest mass, and is useful m

further theoretical investigations mvolvmg crystal structure and wave -
mechanics, :

~ Sugscsted Supplcmentary Material

Robert L. Sprouil, Modern Physics (A Textbook for Engmeers), John
Wiley and Sons, Chapters 8 and 9, 1956

John C. Slater Modern Phyelcs, McGraw H111 Chapter 10 19‘55

Modern Physics for the Engmeer. A Symposxum, deted by Lou1s N e
' Rxdenour, McGraw Hill, Chapters 3 and 16 1954 [ T
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Chapter 7
THEORY OF NUCLEAR FORCES
‘. Edward Teller
Fxrst we will brzefly review the known phys1cal propertles of the

-nucleus, ‘then. examme proposed theorles to explam these properties.

l3

l The nucleus has a. radxus of around 4 to 9 ttmes lO crn.

Its volume is. proportlonal to the number of part:cles in it.

These particles conswt of posxtlvely charged protons and

?‘"-Each added nucleon is’ "bound m" with about 8 Mev of energy.

: '.'-rf‘-.'The "nuclear glue" or bmdmg force that holds the nucleus
" to‘gether in spite of the _repulsive Coulomb forces is unlike these iorces in
that 1t has%only a short range (about 2 X 10' 3; cm)

_ ;:*Bohr suggested a "llqmd drop model " based on these facts, which
’ had_much to ‘recommend it and was very useful in the early days of fission

- DEL “Teller feels, however, that ‘continued adherence to that idea is
ctual hmdrance to a true understandmg of the nucleus.

A""second model or1g1nally proposed mdependently in 1948 by
“Mayer:and’ by Haxel, Jensen, and Suess indicates-that there are
hells. of stablhty within the nucleus. ~Atoms having 28, 50, or 82"
s or neutrons’ (also 126 neutrons) are partlcularly stable. These are’
.i"rmagxc'numbers Lead 208 is doubly magic, as it has 82 neutrons -
. These maglc number elements may be compared in a
A ‘magic- -number: nucleus is unreactive and has a
neutron= capture cross‘»sec_tmn These shells are definite, but.
ly marked ‘than are atomic. shells For. instance it requires about
13 ev.energy to 1omze the fzrst e,lectron from a rare gas but only 4 to.ionize ™ . -
‘ 'he'rfelement :‘The correspondmg dlfference
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Also in the nucleus there is no strong central charged core that sets
 the main nuclear field. There is completé democracy; edch nucléon con-
tributes its own effect, and the resulting field is-a ‘composite of all.. T}us
o loads to constant vibration-like small® readjustments of the field which: have o
e been well studied by A, Bohr and Mottelson., Large field changes canbe:’

explained by individual nucleon excitations. Nuclear: 1evels 8o denved help'
to systematme the growmg fxeld of nuclear spectroscopy

* The f{irst step in a mathematxcally derived theory consistent w1th
these known facts was taken by Yukawa in-1937. A rigorous development
invelves an extensive knowledge of quantum mechanics, but (Dr. Teller
eliminated most of the mathematics fromn his talk; these notes eliminate '
cven more, but wxll--we hope--gwe the feelmg and "flavor" of the result )

If a charged particle is snatched away with a ‘high speed (but of .
course less than the speed of light), its field cannot keep up with it; there-'
fore some is "abandoned' and the system adjusts itself to'the new condition -
by emitting radiation of a characteristic frequency- v-. The energy loss 18‘-' .
quantlzed so that the followmg relatlon holds. ' : 2

Ehv

smaller than

Thus the particles have a minimurrr mass . .

which may be identified with the rest mass mc of the quanta that are .
associated with the field. Thus 1f there is:a. c;hort range ‘N here also will
be a great quantum mass: - o B 8 I

m= B
“AC : S -
Particles of such mass were found in cosmic’ reys Soon after Yukawa s
work, and hopes were high for a speedy solution of, the nuclear puazle Un-=s
fortunatcly, when work was resumed after the. war, 1t was found that these
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.,_urst T mesons dxd not flt the theones furthermore there were:
fthree kmds, ‘with +, -and. zero electncal charge, and putting charged
a-rtlcles into a f1eld theory introduces some complications.. To make :
matters worse there are other kmds of mesons -- 1, 6, Z, /\j. and =<

‘ 'nd"_‘robably lots. more.. Dr.. “Teller suggests that nuclear physics now - has
a'similar p051t10n to. that of- chem1stry 130 years ago.‘ Chemists then knew
. there were more than the four elements (earth, air, fire and water) of the
{ﬁ.janc1ents. ‘but had not yet decided on the temporarlly permanent number 92
= thch__‘ or: what combmatmns of these. are the nuclear glue?

.- Dr. Teuer s answer is that none of the known mesons is the nuclear
glue there must.-bea: sxmpler unit, one that is a simple scalar particle--
~ that.is to say,’ its field can be adequately described if you know only how
~many’of . them there are. and what.is the probability of finding one in a
particular. place in the nucleus; The chief trouble with such a particle is
,»;that it has not been. found (but. neither had Yukawa's at the time he. suggested
1 ' One. reason is: that it would have a very short hfe probably not more
han 10"14 second . ; : :

. Dr. Teller is convmced that the nuclear glue is actually made up oi'
' two as yet unidiscovered mesons. . One of these mesons gives rise to an.
attractwe force’ and leads to'a: nucleon (proton or neutron) mass, inside
‘nuclear. matter, ‘of one-half the value for a free particle. The other meson -
:1ves rise to a repulswe force ‘which. prevents collapse of the nucleus,
.Changmg the mass of a nucleon 1nS1de the nucleus affects the frequencies of
‘light. that. nuclei 'will- absorb the ratio of neutrons to protons, the energy
‘levels that will ‘exist, and the scattering of neutrons and protons.: ‘Calculations
of- all these effects come. closer to experxment than do theorxes based on the
o}re usual assumptlons ' : : : :

Assu gt ;theory is: true, we fmd some addxtlonal mterestmg ‘,
A well known formula m relat1v1ty is. that the energy E of a.particle

JT'n(:) +c»

“‘where m'= mass, c = specd of hght p= mom'e'ntu'm = mv, and v = velocity.
. In'the. early days it'was customary to 1gnore the negative-energy solutions
' ;'as.bemg ‘without” meamng ‘However, Dzrac suggested that these negative-’
energy ‘solutions ‘should correspond to. antxpartxcles - These- antlpartzcles ‘
behave hke ordmary part1c1es except that the1r charge is Just the oppos1te.

: Using tbhe above relatlons.}updfor the energy of a partxcle we see o
‘that'an 'energy level dlag am can-be ¢ 'nstructed , R




Hin the lntenor of a nucleus the partxcle now. has only one half 1ta normal
B mau. the energy dlagram "movea m" half way to zero. .

‘energy altered by an amount (c) - (d). This means that when an antxproton

_reacts with the nucleus, the cross sectlons should be much larger for the
‘anhproton than for the proton. ' : \

“to suggest specific experiments which would defmxtely,,prove or. dtsprove
~ his theory but he only srmled gemally

:'For a free partlcle

all energiee ‘greater. tha,
‘ , S S o .7t +mc®are allowed, and
Il RN o . . forafree antzgartncle all
0 P . less than -mc! are. - .
possxble. '
-meg¢

2| ‘ | ' o 'VVIn addmon to havmg an
4me “——————‘Qmwwm—————(a) Yeffective: mass.f’ the-

o ‘ i (b) "nucleon experxences a
H/‘Z. , / R | repulsive force due to
me2 - . o ‘ .| ‘the second type of meson,"

This repulsxve force: is
‘similar to the usua.l

0 L IR R . ,’Coulomb iorce. i
7 | /_ o

mc? ' ' | |
-mcz old position

et __(d)

consequently. if it is repulsxve for a proton 1t is attractwe for an antlproton :
Thus the resultant positions of the proton and anttproton energy levels are ag
shown by the dotted line (---‘--) in the second d1agram : . :

The net result is that a nucleon movmg in such a "nuclear glue" has
its energy changed by an amount (a) - (b), whereas an antmucleon has:its S

Durmg the dxscusexon permd attempts were made to. getl,Dr. _Telle
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NUCLEAR FORCES
Owen Chambcrlam

: Dr. Chambcrlam had just returncd from a conference on hlgh energy
- physics held in Moscow; U.S:S8.R. He was one of thrce from t}us laboratory
and 12 from the entire Umted States to'be invited. S

He gave a brw[ hxstomcal resume/of development of facts and theones
about the nucleus. Early in 1911, Rutherford reported results on the - - - -
acattering of alpha particles by gold and other foils." The relatwely 1arge v
number that scattered through a wide angle: (some’even up to 180°) could be

-accounted for only by assuming a highly charged small region of the atom A

~ considerably more massive than the a particle, His data would fit'a re=-""" © -

“pulsion ox attraction equally well, but Thompson had ‘shown that electrons”
(negative charges) existed in every atom; furthermore the atorns thcms«,lveq
are neutral, Therefore, Rutherford concluded the “nucleus'" was’ posxtlvely
charged, and all subsequent work has verified this. "He' ‘drew the correct- '
inference’ that the nucleus contamed ncarly all the mass of the atom h

I‘hls nucleu% contains protonb “and neutrons only Before the dxsco‘,
of the neutron by Chadwick in.1932 some clectrons were asmgncd to the -
nucleus., Theoreticians were: unhappy because spm relations did not: come, -
- out right in:some atoms (deuterwm for 1nstance) Dlscoveiy' of the neutr n
hxed that up. : S o I

Lct us now compare and contrast the behavmr..‘ ,I qic
of a complex nucleus . :
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en‘beless than those of hghter ones However by scattermg expertmcnts
thh,protons, thh fast neutrons, and even with electrons, it is found that .
me )vxth added nucleons, closely approxt- -
where: R is the rad:us in cm and

These’ facts led Bohr to. suggest the llquld drop model ‘in which the"
dividual- nucleons Have much the same relation to one another as molecules
in a&drop of liquid argon.- These attract'one another with short-range forces,
ut ‘repel.one another at very close range because electron structures in
atoms do n0t want to mtermesh : : T

N Thts model of the nucleus is. substanttated by’ some facts but not ,
others ‘Particularly this predicts that-a disruption (short of fission or

neson formatmn) should not differ greatly whether the pro_)ec‘nle is neuiron,
anroton or a partxcle prov1ded that the same compound nucleus is formed when
“the- pro_;ecttle is absorbed Thxs is in. keepxng w1th work done in the: laboratory
Cin 1949 by Ghoshal ’ o

- : Ongmally there was no, ev1dence for shell structure in the nucleus.
g ;but around 1950 M. Mayer in Chicago and Jensen in Germany found there

~was. some evidence. (higher binding energy) for such a configuration. (Dr.
“Chamberlain did not mention spec1f1c values but these nuclei have the '"magic
. .\_numbers“ 2, 8, 20, 50, .82, protons or neutrons, also 132 neutrons.) The
L 'shell structure in nucle1 is very much less promment than it is in atoms,

When deuterons a.re bombarded by gamma rays nothmg much happens
B t1l1 the energy reaches 2, 225 Mev. Then protons and neutrons are ejected,
’-iu}.Th1s 1s-the: ”bmdmg energy, 'and by ;classical mechanics one would think it
_.was also ‘the depth of the _potential “well. " Quantum mechamcs, howevcr, '
"'puts the well much deeper, maybe 20 Mev o

Much work was done trymg to determme the "shape" of thts potentxal

» and it turned out to be a ‘professional '"yes man'--no matter what shape
”.was suggested the data seemed to fit. This too-e easy solution was shown by
"Blatt and Jackson at MIT to be due to the fact that with low energies the
'exper:.ments were capable of determmmg only two parameters In other

“'the dxameter and. depth not the shape ‘were- gwen Thrs is




- hydrogen:
:iscatte rmg

340-Mev. R I T e R
protons carbon polarizing target = -

A 340-Mev bcam of dpproxxmately 109 protons per sec is “polanzed" by

scattering from a carbon target; the left-hand spinning ones are directed fo
a hydrogen target and then again '"analyzed" in ahother carbon block. By

this time the flood of 109 protons per sec has been reduced to a’ tr1ck1c or.
one (,very thxrty geconds or 3 x 10-2 per sec.

, Now that we have a method of gcttmg a. umque prOJectllc (polarxzed
protons) we have a better chance of getting a unique answer as to the shape -
of the potential well. It is true that we still have no polarized target, there— s
fore indirect means are used, (These were not’ explamed in detail but it o
seems there is confidence in the conclusions, -} The results for parallel spms

is still ambiguous, but for antiparallel spm, _ results mdu*ate a potentxal""
well somethmg like the followmg ’ D : R :

_ ’\  indicates
- ‘repulsion -

f, ,"hard core" r'mndel or heory
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‘His o,wn, expenments can
, but search for an over-
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Chapter 9

NUC LEAR ENERG Y LEVE LS

Isadore Per 1man

Dr, Perlman has been part of a group workmg for several years L
on radiochemistry of the elements, ‘especially the: transuranium’ elements_.{,
The purpose is to learn the chemistry of some elements ‘in partmular and

‘the constitution of the nucleus in general i

The nucleus is known to contain two kmds of partxcles, neutrons and
- protons, and is usually considered to be spherical; but it'is definitely not a-
"bag of marbles." The forces that hold the nucleus ‘together are not at’
- 'present understood to the extent that one can predict from these "first
-principles" the detailed structure of complex nuclei, but it is: possxble to
learn a lot about the behavior of the nucleus thhout knowmg 1ts structure

Dr. Pcrlman revwwed very brxefly what is known about the nuc.leus

1. Its radlus is between 10 1 ‘a:nd" _10‘ ( 3 cm and vanes as Al/3
where A = mass number, B St

2. The forces that hold 1t together are short range and they
“gaturate" (arc not cumulatwe) S S ‘ ‘

, 3. It contams neutrons and protons and in thecreanm of stable nucle1
‘these prefer to pair with each other, as shown by the followmg representatxon
~of what will .md wxll not stxck together :

‘:—' ¢
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“Including. HZ and be there are only 4p- stable nuclex that have odd
numbers of both protons and neutrons. and all of these are among the light
elements, in which it is:'possible.to have equal numbers of neutrons and
protons... There -are more than 160 stable nuclei that have even numbers of
both.neutrons and protons’ (even even nuclei); about 50 that have even protons
and ‘odd- neutrons (even odd), and about 50 with odd protons and even neutrons
‘ (odd even) : :

. ,Incxdentally, the pecuhar 1nterconver31on of. protons and neutrons
L ltha.t s the essence of B radioactivity bears the implication that these are . .
“two. forms of the same fundamental pa.rtxcle, called the nucleon, A p-stable
3 nucleus is sxmply one that is in a lower energy state than its nexghbors with
’theisame.mass number. . An example of a B~ -unstable nucleus is P whnch
'ixs much used as a tracer for the element phosphorus: :

.same amount of « energy in the P partxcle, yet
"s about l bxllxon years and the other only 14 hours. How
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nucleus hds I such umts, thls results in a hyperime mult1p1x01ty of. 2. I+l"
- that is, a spectral linc is splxt into that many components,, - The, analysis
"~ the hypcrﬁnc structure is one of the 1mportant methods of determmmg
i nuelear spm. : _ :

N It turns out that all nuclex w1th even numbers of both neutrons and

' protons have zero spin for the lowest. energy. state.  This means that the S

nucleons pair iin such a’ ‘way as to ‘cancel the | spms of the md1v1dual partlcl 8.

It should further be pointed out that the . spins of, individual. nucleons ar SR

always half-integral values of h/Zn-, 86 that all'nuclei with an odd number of

total nucleons have half-integral spins and those w1th even, numbers are
integral or 4ero. : r : :

24 Now let us return to the cases of the B decay l1fet1mes of K d

Na o In gencral a nucleus doesn't want to change angular momentum or L
spin in going from one. state to another, and this aoccounts for the. varxatmn .
in half life with the Eﬁme energy change, The K is hindered by a large..
spin change, the Na“? is not. In particular, K- ' has a spm of 4 units and

can decay only to. the ‘ground state of Ca40, whxch has spin zero; but. Na24
-which has spm 4, can decay to an excxted state of Mgz‘?, Wthh also h
spin 4, If K40 c.ould reach a spin-4 state of. Ca40 it also would decay
quickly, but none is available. - SRR :

It has just been mentioned that Na24 decays to a spm 4 state of Mg
which is an cxcited state. This state then drops to the ground state by y= ray N
“emission, How do we know that the excited state has spin 47 It cannot be . -
measured by the method mentioned because it only lasts for4perhaps 10‘10
to 10-12 second There are other ways. We know that Mg .ground state
has spin zero, and by indirect means it is often possible to’ buxld upon thxs
"and deduce spins of excited states. One of these methods is to. measure
propertws of the y-ray transition, such as the internal conver'sion coefflcxent
which ig the ratio of transitions that involve the ejection of an orbital - o
clectron to those in which the y ray itself is emitted, The theory of mternal )
conversion tells us what the spin change is., Other properties of y ‘radiation -
can also be used to get this information. S Tt S D N PR

So far we have consxdered spin chdnges to explam dlfferences in.
f-docay lifetimes. They also influence y-emission lifetimes and all other
nuclear processes. Gamma emission, which is usually extremely rapid, .

- can bo greatly retarded by large spin changes and where these lifetimes :
enter the measurable range we call the long-lived upper-state and the. lower

e ~ state.nuclear isomers. There is a more general interest in assigning -
LS 4pins To nuclear states. - This has to do with the: problem of nuclear: con-
' . - figurations. Just as electrons fill into the atoms in a regular sequence o
o giving periodic properties to the elements; ‘so. there appears tobea’
ER © - ‘systematic build-up of nuclear. systems, and we" would like to arrive: at ‘an
L . understanding of it, Each nuclear’state is characteri: ed’'by a particula:
 configuration, ;and the spin is-one of the: important properhes that give in-
slght mto the nature of the confzguratxon

, , Perhaps the fu-st dehmte pomt flentry:
L from thc recogmtxon of certam magxc number
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utfons and protons that. esult in extraordmary nuclear stabllity. These
c.losed ghells in ‘atomic structure. Outsxde of the
> magic: numbers are 28, 50, 82 126 ‘The tr:ck was -

; the shell or mdependent partzcle theory
reaks‘-down’m explammg many details, . Apparently the nucleus is:
pproxlmately spherical-at these closed shells but departs widely from it
elsewhere; this becomes . more evident with larger nuclei, where it is
" possible for both neutrons and protons to depart widely from the "magic
" ‘numbers. " ‘It can become either long (llke a football) or flat (hke a pumpkm)
. These deformatxons perturbithe single- partlcle states and result in some
[radxcal changes not predlctable from shell theory In some. cases best
_results come from treating the’ nucleus as a whole, not unlike a liquid drop. :
Its: collectwe behavior can be_'»descnbed in terms of surface oscillations or

lbratmns supenmposed upon- partxcle behavxor. and much theorotncal o

/work has been done along these hnes.

s"'m s0 many phases of chem:stry and. physics, a higher. synthesxs
‘ "‘-v_w1th predlctlons verlfxable in’ the laboratory is still to come,

R Durmg the questxon penod Dr. Perlman told very briefly of his own
present research, which is concerned ‘with analys:s of alpha disintegration

Sirof heavy elements ‘to determme various energy levels within those nuclei.

/'Acycompanyxng gamma rays prov1de a valuable check on the results.._,
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Chapter 10 :
UNSTAB LE pAR fIC LFS
k Edwm M McMmllan .

An unstable partlcle was defmed as. one wh1ch left alone m space. S
‘would break down into something else. ,This does not include particles that -
‘react with other partxcles It is easier to. 11st sta.ble . pa; icles and the o
a[[ Ehers a.re unstable. stable partlcles are as follows

| Symbol L Lo :,;v‘!_'Name _?

i, y (gamma) 7, - ‘_'photon '
2. e g - "._'.negative electron
. e e mposﬂ:ron .
4. plorp). = oo proton
5. plorp’) i SRS ’antlproton
6. v (nu) T neutrmo T
_7‘. 5 ' o _antmeutrmo (probably emsts)

- " The ummhated w1ll be surpnsed at fmdmg the posuron and’ antx-ff-" o
proton in this list, 'since anyone who knows" anythmg ‘at all about them’ knows B
Lh(*y are ordmanly very qhort hved However, thls is" beca.use they react .

‘some’ readers will’ think: thlS is wrongly placed for ‘dg’ not’ nuclel eontamxng
neutrons last mdehmtely ‘The point ‘is thatin nucle1 the: neutrons are’
stabilized by the binding energy of their assomatlon with' protonq “Free
- " neutrons undergo f decay,,thh a’ half hfe of around 20 minutes, acE'STcﬁ'ng
. . to the equatxon . : , ,
‘ e . : . n ~- P + e + v

Thxs redctxon releases around ;3_/4 Mev of kmetxc energy{ hence xt is
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‘with he energxes avaxlable in the larger cyclo-
ee n .r'eplaced by ‘chair -sitters, but the quantity

ay, Theyf

g sec.,

y to express radxoactwe decays in terms of the half life--that .
-for any act1v1ty to d1m1msh to 1/2 its original value.) Meson

ys are expressed in terms ‘of the average life, which turns out to be
ime:fo: ‘dctivity to go to 1/e of its original value. Half life is usually

3 'r(tau), but that can be coniused with tau mesons,.so we will

‘It should be mentioned that 10"6 ec

co- workers Ain’ England soon showed that i mesons
’m ‘s'lon ; Wthh were chlldren ‘of the original cosmic

These facts can be: summariied» I

, 106 se

~ very short -1

| i P may be 1o

‘ the laboratory all three kmds of T mesons may be made by bom- -
bardmg any matter with any high-energy particles, Actually the: Laboratory.
used 390-Mev a particles and 345- :Mev.protons on carbon targets... Note.,
that the'end products are neutrmos, electrons. and kmettc energy

g We now leave the fleld of "well known" and "fan-ly well known" to
enter that of .vaguely known or. suspected These are called "strange -
partxcles.:',' (In an aside Dr., ‘McMillan said they were no stranger than
any others, . Just newer, As a matter of fact, to him .the strangest of all.
is the neutrmo J These too were first. dxscovered in cosmic rays, but
can"f‘now be created in the laboratory by the Bevatron and slmllar machmes

cyclotron does not furmsh enough energy ) B T

o The flrst of these are the K mesons.; They have a’ mass of roughly
vl/Z the proton and an average life of around’ 10-8 sec. Ongmally there
were geveral kinds of K- mesons, and the ‘situation was so confused’ that”
consxderable effort and’ 1ngenu1ty were applied to" "undxscovermg" ‘some" of
the br od.. This was successt‘ul in the conclusmn that the same. spec1es

m d\fferent:w' ye oTY nate
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.all‘of these
are K mesons.rﬂ

v All the zero-charge part1c1es have a shorter average hfe than the :
plus or minus ones. : S . ; Lol :

The second class of "strange partmles" is. the hyperons.f, They are .

heavier than protons and probably‘are:actually.composite; con51st1ng of a
‘neutron or a proton plus ,"somethmg stuck on, ", The1r "famlly tree" appears_

. as follows. , S T TR o : o

19,
20,

S 21, :
, We see that our total number ‘of prxmary partxcles has grown ‘to 22
of which. only 7 are. stable. 'f,Ca.n we make a umhed co‘herfent ,whole out of

. them? Not yet 1the _
‘solve, but we ‘do have some workmg rules. B

1. A part1c1e is unstable (metastable is ‘probably a better word)
vonly if it can change 1nto somethmg else and release kmetlc energy“"“ :

- In all reactzons energy (or the mass equwalent of energy) is
conserved. - : ; : :

: 'Charge 1s always conserved
i Lmear momentum 's always conserved

,Anguli r momentum 1s»alwayslconserve‘d
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" a new;quantum number mvented by Gell l\gann.
' ~'reluctantly (delays thmgs from 107

s' multaneously It the total strangeness produced B

. A

? St'r,an'genefss:‘. .

Partic‘le sj: S

The appearalnce of Ko in both - and + columns
Cis. not an’ error. It has ‘a dual nature.»

- [Durmg the questton penod it was’ brought out that prrmary data for
‘all these theories come from cloud~ chamber, tracks, photographxc emulsmn -
t'racks, and 10mzat10n and scmtxllatmn counters ] '

, Some of the nuclear emulswn pxctures show suc desswe and delayed
; stars .'This can be’ accounted for by the inclusion of a. ) particle in-a

: nucleus that later "explodes" and gwes short llved unusual nucle1 such as
"hyclrogen 4 and hehum 5. : : : :

[The wr1ter feels thatlDr.‘ McM1llan s speech has negated Rule 7 and
: ront line of physmal inquiry has'been
"speakmg acquamtance. ff even 1f not

by a. true understandmg. ]




- treatment. This means that there must be a. negatwe state of energy, andl
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. Chapter 11
ANTIPARTICLES
meho Segre
Dr. Segre was 1ntroduced by Dr. Stubbms as. one who had contnbuted
much and ‘continuously toinuclear research,.  His early work-was in. Italy,
where he was associated with'Fermi,.:: He: has'been: Professor ‘of Physxcs at

UC 'since- 1946 and-has recently returned from the Moscow conference on:
Vhlgh energy physics. P I T

' Dr. Segre sald that antxpartlcles were’ f1rst suggested in; 1928 as
. result of Dirac's relativistic wave theory ‘of the” electron. “As a startmg pom
:'of this:theory he used the relathstlc expressmn for the energy of an-
?‘electron’ ; B ; Gl .

:where E the energy of the electron, -

m0 rest mass,
speed of l1ght

p momentum of the electron,,,g

.- t/ O
In classmal mechamcs we . could just "throw away" the negatwe value - :
 as meaningless, but it was an essential part of the relativistic quantum . L

Solvmg for E, we get

a positively charged particle with other propertles similar to those of'an.
electron. Early attempts:to 1dent1£y the. proton w1th this. partlcle showcd
that the proton had much too great a- mass SRTEIR I

The theory proved so useful and accurate in predlctmg spm (mechamca
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ordinary free electron

"hole" in negatwe energy level

// ////////// ///

SIS Dlrac suggested that the reason transxtxons to and from thxs negatwe
_continuum were not ordmartly notlced was that all energy levels in it were
already fxlled and" trans1t1ons were forbidden: by Pauli's exclusion prmcxple.
‘However, if 'shghtly more than the energy equivalent of two electron. masses
‘1(4>1 Mev) were to;impinge on:matter,. it might be poas:ble to move-an ...
electron. fromithe negatxve to.the: positive realm. : The: “hole" left ‘'would then :

ct like a positron.. Its. existence would be short-lived because it would soon-
be filled by one of the readily available- electrons in. "normal matter. The
rxgmal amount of energy would then be radla.ted g - o

Now, we’ actually do have "palr productxon and 1ts reverae, anmhllatxon,' .
m‘keepmg with these: energy requlrements, though some- people are. reluctant
', to a.drmt _the exxstence of tl'us never never land o{ negatzve energy. o

The most convement way to. get posxtrons 15 not £rom pa.u' productxons
om suxtable radxoactwe elements, :-.There is: a well known curve: of

,»‘f protons.:, It starts out 1n:a 1.to-1 ratxo‘. but guea to: about
uranium, - ‘Elements’ off the line to, the left: (too many neutrons)
ab111ty by em1ttmg electrons (changmg neut rons ir t




.v_‘Magnetxc moment -~ opp081te
»f';’spm - -'__ S 'ﬁ; " same ;’
“V‘Generated m palrs. S R
Anmhxlated in palrs -

7. Stability in vacuum---  same.

After Anderson 8 dlscovery of the antielectron, a thorough search was. made
for other antiparticles, especially the ant1proton, but efforts were in.vain v
for 25 years. A creation energy of more than 2 mc? shows that if two protons:
were movmg with equal speed toward each othér each would have to have an
energy in excess of 1 Bev, but if one were standing still the other would need
about 6 Bev energy, because some would be transferred to center -of -mass
momentum and- only the remamder would be ava1lable for palr creation, .

Man-made energles in this range- became avallable only w1th completxon o
of the Berkeley Bevatron, and the search was taken up with renewed zest. . - e
Identification of the particle, if produced, depends on Properties:l, 2, and-
7 listed above. The mass would be the same, the charge opposite; and the
inherent stability infinite. Stabxhty should not be confused with reactivity; . -

the half life of the antiproton is infinite in vacuum but about 10‘7 sec. under T
conditions of the laboratory cxper1ment ' ' : :

Any bombardment that could concelvably produce ant1protons would

"~ at the same time make a great many mesons, so that an elaborate: "{xltermg
-process is necessary.. -‘The charge could be used to. separate it from all ‘
positively charged partlcles and its momentum would cause it to curvein.. -

- a magnetu_ field differently from all.other momenta. Finally, its mass =
‘would give it a different. veloc‘lty from all other partxcles havmg the same'
»momentum and thus it. could be umquely determmed : :

, _ The separated anttprotons were allowed to 1mp1nge ‘on nuclear
-emulsions, and on development these. showed a few starsy the total energy of

“which exceeded the mc1dent partxcle--proof that an add1txonal nuc leon had
been anmhllated ' R o . D v

Thus the long search has: ended but as usual in scxent1f1c works it

' ‘arouses more questions than it settles Dry Segre is-absolutely convmced
‘that there must be an antineutron. Because of its lack of charge it willbe

. harder to find--the methods will depend on elimination--but- plans: are already
"+ under way here at the laboratory for an exper1ment ‘to find it. - So now we. .
“..-.  have complete symmetry of ordmary partxcleb ‘and ant1part1cles. I8 there"f
R ‘really an antxworld somewhere, or is it _)ust a mathematlcal trick? And i
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THE TRANSURANIUM ELEMENTS
' Glenn T. Seaborg '

Dr. Seaborg recelved his doctorate at Berkeley in. 1937 and has been s
associated with the University ever since, except for an interlude with the = .

v Metallurgxcal PrOJect at Chlcago during World War II. “He was awarded the
'Nobel rize in 1951 and since then has" continued to: be an’ actwe worker and
.: »msplrmg leader in studxes of the transuramum elements o

S D Seaborg hsted the transuramc elements gave a- very brlef hxstory_'{,j
_‘of them, and discussed thelr productzon and detechon, The elements wlt_h
) thexr htstorxes, are--f‘ ‘ : L S SR

Element 93 - Neptumum (Np) was so named because it is the fxrst element :
after uranium, just as Neptune is. the f1rst planet beyond Uranus It was 5
discovered: by E.M. McMillan and P. H. Abelson in l942'fas"a result of
bombdrdmg uramum thh neutrons from the Berkeley 60 1nch cyclotron

Element 94 - Plutomum (Pu) -The name der1ved from Pluto results from ‘a’
continuation of the planet system. The elemeént. was discovered in'the
Borkcloy Rachatlon Laboratory by bombardmg, uramum W1th deuterons

- Element 95 - Amerxcwm (Am)— Smce there are no more known planets lymg
beyond Pluto, a new method of naming was neeaed About this- tune it-was' .-
pointed out that these transuranium ¢lements have propert1es very smrular
to those whose atomic weights are 32 less. (See Flg l ) The: name 1nd1cates
analogy with element 63 (95-32) (,alled europlum : o

Element 96 - Curlum (Cm) - Curlum is analogous to gadohmum, element
. 64, (96-32) named after J.- Gadolin, ‘the great: Finnish mveshgator of: the'
- .rare earth elements Sn‘mlarly curium is named. after the great French
o workers in rad10act1v1ty, Plerre and Marxe Curle

. Element 97 - Berkehum (Bk) - .Th1s
' and was named to honor the c1ty of B rkeley
-’ ;,:»fhomolog‘iterb im honor : ' ;
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o L,"‘_Elem(mt 99 Emstemmm (E) ThlS elemem was: named to honor the d1s-'

r‘of this clement
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tinguished scxentxst Albert Emstem, who dzed about the ttme of the}dxscovery_

'l~ lemcnt lOO - Fermlum (Fm) - Thc name is a memorxal to the greaL ‘worker:
~in nuclear reactions, Enrico Fermx, who dled at an ea.rly age soon. after.th :
; dmcovuy of th1s clement T e T T TR %:;;: : y

Element 101 - Mcndelevmm (Mv) - This name honors D1m1tr1 Mendeleev, ,
the originator of the periodic table. Incidentally the adopuon of this name -
helped establish friendly international relations at the Geneva Conference

All of these are a radtoa(.twe, some are (3 mstdble and some'change!,"
by K capture,which is equivalent to being p* emitters. Spontaneous fission.:
becomes mc‘redsmgly important with atomic welght In fact it is the o
determmmg, factor in the half life of fermium. The rate of a decay also L
increases with increasing atomic weight. At present the definition of an -
element says it must have unique chemical propcrtms, , Extrapolatlon of half
~life indicates that by the time element 104 is reached it will have such a.
short half life that we will not have time to perform chemical oper atxons ,

We can, however, probably identify nuclear properties sucE as. decay rates,
nncrgws of resulting particles, wave [ength of resultmg x- and y- rays, etc.
for another four atomic numbers, So once again the "end" of the periodic.
table is in sight. Element 103 should finish filling the 5f shell, so 104 ‘would v
be like hafnium, 105 hkc tantalum,etc. This arrangcment is shown in Flg 1 el

It is the ability to prodlct rLCCUldLLly thc propertws of the:»n. new ...
slements that makes their discovery possible.  Originally working with Lhe S
rare carths was most tedious. Sometimes years of fractional crystdlllzatlonb -
were needed and, even then, products were not spectrographxcally pure. '
This situation was improved during the war by the discovery of suitable ion-
cxchange tolumns ‘The tcchmque of ion exchangc involves. the adsorptzon of
a'mixture of ions on an ion-exchange resin followed by selective elution from
the resin. The generalmed equatlons for ddsorptmn of act1n1des and lanthanide
on catxon 1on-exchange rcbms are . S
+3

M +3NH4R'~—MR3+3NH

followed by

MR +4NH4A MA +3NHR+NH

3 4" SRR :
'whmc M’ +3 stands for: any. trlvalent lanthdmde or a(tmlde, R is: the f1xr,d
polymer part of the resin, and Ais a monovalént anion.’ As the solution
f,moves down the column these ’two reaghons”alternate a.nd each "M" pr_oceeds»
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suct .«chlorlde, c1trate,and the recently em=- . B

rate 'ion‘are’used as eluants; The rare earths S
- of the1r atomic numbers. Very: clean separatxons
Wzth the | B

Thesepr d1ct1o‘ns ‘Were exactly substant1ated

R In makmg mendelev1um a spec1al techmque of "bombarding from the
“with 41= -Mev' helium'ions was evolved, Only the transmuted element’
had’ a ‘forward motion which. ‘separated it from the unchanged einsteinium,
Th1s S1mpl1f1ed pur1f1cat1on and preparat1on of the countmg sample.~ ’

, Only the fxrst four transuranium elements have been made in wexghable
,mounts and. of these only plutonium has been made in more than gram lots.
Five thousand atoms!sufficed for the identification of californium. An
1a'ggregate of one hundred atoms ‘was enough to 1dent1fy curium and one lone
_atom was all the mendelevmm 1dent1f1ed at one time. This was done 15 times
before it was announced to'the world. It could be 1dent1f1ed because it
spontaneously f1ss1ons, thereby releasmg unm1stakably large amounts of

= Elements 99 and 100 were f1rst found m 1942 in the debris from- thc
"Mlke" thermonuclear exploswn at Eniwetok, Uramum 238 must have
c‘aptured 15" to 17 neutrons and then ‘undergone 7 or 8 p docays to end up-
with' what 1s now knOWn as elnstexmum and fermlum ‘

The most hopeful method of obtammg transplutomum elements is by ;
_‘bomba. dment w1th heavy ions in the range from carbon to, perhaps, argon._;l '
~The 'newest’ bu1ld1ng at the UCRL/ houses a’ large linear:accelerator: de51gned
essly for ‘heavy-i ion’ bombardments. “With'a'very versatile front end,
ac"celerator can prov1de a great varlety of prOJectxles. It 1s hoped the
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, The resoundmg applause at the end mdxcated that the group
;‘:.apprc,cmted this "capsule course' on'the actinides and was: conﬁdent tha

~under such leadership we Would make contmued progress in th1,s 1mporta_
held of research ' - S ) B :

For furthe,r detaxls see

| Glenn T Seaborg, Comprehenswe Inorgamc Chemxstry, Sneed “Maynard
' Brested eds., D. Van Nostrand 1953 Vol l V161 223
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Chapter 13~
ROCKETS
w. M Brobeck

: Dr. ’I‘hornton mtroduced Mr Brobeck as: Ch1e£ Engmeer of the

‘Laboratory, whose ability is evidenced’ by rnany of our large machmcs,
especially the Bevatron, His present interest. is rockets, and his fr1ends Ea
laughmgly tell him his Bevatron will never geL off the ground S

, There is a prog,ram studymg nuclear propulswn of rockets at’ the
‘ Laboratory, ‘but no more will be said about that phase ' f

Rock(..ts are propc,lled by emitting a materxa.l formerly carrled by
“.the rocket. They are self-sufficient; they do not react with or depend: on""
‘their surroundings for cither power or steering. They are chiefly of
. wmilitary value, their peacetime uses being restricted to dlSLI‘G‘Sb (,8,118, and
- celebrations. : e : S

Rockets were known in China as. early as 1&32 The fuel was gun-'-

powder. They were w1de1y used during the Middle Agcq but were - superseded_» :

: by guns because of the gun's greater: dccuracy,reSPeually dfter hehcal cuts S
in the bdrrcl wcre mvented to give spm Lo the prOJegtﬂe L AT

Durmg, World Wdr 11, rockets,_both 1arge and bmall‘t,'.were agam
widely used, The chief value of small rockets is that they have no launchmg
recoil or kxckback and the launchmg dev1co 1tself is hght and s1mp1e SN

'I‘he rockct (baaooka), plus shaped charges, ma; 1t"pos51ble for a
foot soldier to carry the equivalent of a 3-inch gun capable of* knockmg out
a tank. - Rockets can be. fu‘ed from a1rplanes w1thout mterfermg w1th theu-
mcmc,uverabxhty ~ : N SEETNNYS S :

In the last months of World War II thL Germans brought long d'xstance

"Blg Bertha‘,
e ;_:exploswe int
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"echamsm. After prehmmary tests, 4300 of these e T

‘b'ie echmcal ach1evement

who-dxrected thts techmcal excellence. is now

erner von Braun,
he:. Umted Sta'e

l'three. 'Umted States;mthtary services have actwe rocket develop*
It 1s presumed our: former alhes are equally mterested

One method of clasmflcatmn of rockets is by mtended use. |

‘Soundmg (comparable to ocean depth soundmg) This includes"

Some 40 V-2's captured at the end of the war and launched
from thte Sa.nds Provmg Ground N M :

b The Aerobee L C N
\ '*The V1k1ng o

;Surface to Surface.__r ST

Coa Corporal

"b Redstoneg}‘rf‘
Atlas ‘ L s ¥
: probably half a dozen more. :

LS‘urface to A1r

, Terrxer -

lee o : ' '
There are several kae mstallatxons a.round the country===
TE‘mcludmg one in the Bay ‘Area.’ The missiles are guided by
“radar -and the. necessary ground ‘equipment is intricate and

‘ extensxve, ' contammg probably more than a mtllxon and a half

worked' on some g\nded by a: ‘wire. from pla.ne to rocket unreelmg as
the proJechle accelerated Th1s system has the advantage that 1t

¥ The "lure" can be mechamcal vxbratxon"," |
magnet1c fleld (steel m submarmes and




6 Satelhte
“The. well pubhcmod sate}hte to be launched durmg the

'lntcrnatlonal G(.ophysxcal year (1950) w1ll be boosted mto its orbxt
by rockets.' ' SRR B :

a0 s

7 Heavy plancs on short runways become axrborne quxcker w1th
, the help of rockets; this is known as jet- asswted ta.ke off (JATO )

'I‘hat, covers the }nstory, and the preeent and the prOJected uses, a.nd
leads to discussion of the general prmmples of operatxon.: - R

o The fundamental prmcxple mvolved in rocket propulsmn is Newton 5
~ third law of motion which states for every action there is an equa.l and

' _opposite reaction,  Practically this simplifies to ejecting-mass in small
particles at high velocity (the higher. the. better), with the reaction. pushmg
a contaimng shell (the rocket w1th pay load) in the" opposxte du-echon x :

I

_ A rocket is charactenzed by its spemﬁc 1mpulse, hxch 1s defmed
';?aa follows' ST o

, . pounds thrust e T Veloc1ty of Jet ,
8sp pounds propellant per sec - acceleratxon due tﬂ grav1ty

ISp,'.". e or VJ* Ispg'_ :

An approxxmate formula (mcreasmgly corroct as range mcrea.ses) 15 :

VR = vJ in Mjl; o
W}loro - VR z Velocxty of rocket |
- VJ, = Veloc:1ty of Jet
,Ml‘?- initial or takc off mdss o _ SR
M, = welght after propelldnt 15 consumed'(""df’iy‘.we_'jgvht_")

;.bob\nously (M M ) = Welght Of propella.r;t

For typxcal liquid propellants I 200 sec and the c reSpondlngJe

' velocxty is. 200 g or 6440 feet/s;e‘?:p
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y's fastest manned airplanes,r o
e Me ape; ',Ve‘lpc‘ity'r"—ri's‘ about 37,000 ft/sec,
_.—’y,t,i'ajej'c-ftdi"y?chah’gesﬂ-ff’om*ahvie"llipse to a hyperbola and

At that speed the
ot return to earth,

the Projectile will
B . All the Jon
' 'v"coa'sg"_ from then
S balli's'tvi'c"missiles."

g-range rockets use up their fuel ear|
on like an artillery s

y in their path and
hell, and thys me

rit the name of

and store. ‘Some materials

_ nsisting of fuel which may
. _ ne, ol hydrazine, ammonia aniline or ethylene'diamine, and
-~ oxidant which may be liquid oxygen, 70% hydrogen peroxide or nitric acid,
T e V-2's used'a Xygen, o |

Wanted and not before, This
Y purity of chemicals an e in engineering. Let us.
y gi necessary

. I g.'
S J s )
Gl Lo . DL
For a 200-mile fange:vR,must‘equal 5600
5600 =200+ 32,2 1 M1 .

—————

LeS600

= approx 2.4,

ate, and ',éor}"egcf;t,ifdhs_;fg'r_‘aj'i;-._
W at;3f2;is

nore nearly c‘b\rr‘e(l:'t‘fkfc;}f;‘f'»
70%:of the ‘i{vginal,Weight’i"«’,v




"::or (Ml-Mz)/M or 98 2% of the satelhte rocket must be propellant’?“*

: S This looks rather discourag,mg but the d1ff1culty can’ be overcome‘ nL
by mdkmg, a multistage rocket, If each stage had a ratio of 3,8, the.over- .
all ratio would be (3. 8)3 or 56 to 1, which is possible. However, if the pay_f;j”.*
‘load is to be 1/4 of the dry weight ‘and the final satellite 'weighs 25 lb "

~ ealeulations ehow that orlg_.,mal ground welght would need to be

47 x 56 x 25 = 90,000 pounds Obv1ously fre1ght rates to a
' satelhte wxll be hlghcr than pony express charges were. -

TALL A R E Lo

= A rocket is mhercntly unstable in that it is pushed rather than U
‘pulled, therefore thé steering mechanism must be delicate and rehable. ;f;,_
As long as the path.is through air, fins may be- adJusted but above. the

o atmosphere the only control is by, changmg the angle of' the emergent j
-~ This, in turn, requires prOpellant, therefore all steermg m‘ust be don
early in the fhght v S - » :

ST Another problem is prevcntxon of- burmng up (hke a. meteor) when

vthc rocket re-enters the carth's atmosphere. This means resistant - g
. materials in the first place or saving part of the fuel for retarding actmn at )
_ the end of the flight, Obviously the problem is challengmg from every
~ point of vnew, mc,ludmg., the financial one, S g .

Mr. Brobeck then allowed’ hxmself some br1<,f speculatmns about
~ space travel, but warned that any consistent’ reader of current "space"
» htorature wasg already’ way ahead. of lum ~ : B

, He compdred the "fxgure elght" round tr1p to the moon thh the :
-~ pontoon bridge of space stations,-and felt that the . latter was more ‘
il oucha word belongs in this dxscussmn at all ' :

: - If the qucstlon arxses as to why one should care to vxs1t the ~moon,
two answers-are S S S :

(1) for: plestxge,_ _ .

(2) to see what the other s1de looks hke , ‘
In the abscnce of par1 -mutuel facilities he. 1s offermc odds that the othe
~side of the moon looks very. much like this side.. He mentloned the™
‘possibility of using the "'space stations™ as telev151on rélay posts: so.-vt

- the Russians could also look at- M1lton _Berle, but d1d not.say whether: ‘he
1 ‘:thought that would ease or hexghten world te '

Sl »‘—,;;any thrust would produce an"‘ ele
g'considered for’ travel interpla e
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Since '.the_ et'does'n t need to push agamst anythmg except the rest: of""
e rocket ‘the thrust is: mdependent of any velocity it already has - thus -
ty of the rocket can and does exceed that of the propelhng jet.

v ;R' & Gatland Development of the Gu1ded stsxle. Ihffe and’ Sons,
S London, 1954 '
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PHOTOSYNTHESIS
Mel'vin‘Calv‘in’ _

Dr. Calvin has been with the University of California since 1937.and" - -
hag been director of the Bio-Orjanic Division of the Radiation Laboratory ==~ -
gince 1946. Although nothing can replace the satisfaction of hearing an’ = =
expert discuss with enthusiasm his own work, it'is'a fact that much of the "=~
~ material he covered is available as listed later in this paper. Therefore ... -

this report merely summarizes some of the high points. =~ S

The importance of photosynthesis is obvious to those with any scientific
training at all. Not only does our present food supply depend on it, but-the . -«
energy of our fossil fuels, coal and ore, are in a very real sense sunshine - -~
"golidified via photosynthesis. The energy conversion is very efficient (30 to -
60%), so we would very much like to know how the plant does it. FRURERNIEL T N

Originally only C L1 yith a half life of 20 min was ‘available for the -
studies, but now large quantities of C 4 with a half life of 5000 years is: " .. =
available from nuclear reactors, and that is being used in curtent_studies'." o

Dr. Calvin showed a 16-min colored sound movied titled "The Riddle 7
of Photosynthesis® (produced by The Handel Film Corp., 6926 Melrose
Avenue, Hollywood 38, California). It showed the techniques of growing, .
killing, and analyzing algae. Chromatographic methods are shown here.
Dr. Calvin was careful to explain solemnly that though the “gpots' appeared.

promptly on the developed'chkroma.‘togra‘mwt:h,elaccqmpanying§na‘m‘es:;-'v‘e;'rqp@f,éd?‘-
as long as 4 years' development. The substance of his talk is in the attache

The question or "heckle" period br'o,ugh‘t‘oku't\sQﬁilg"siﬁg‘é;végting"

Dr. Calvin confirmed .that it :i,s;_p'o'é sible to make’ glucose ‘today

entirely synthetically--but at a .p';-;ohibitjiiie’f’_cbst-'_('probdb'lyit‘wo"o thre
thouganyd dollars per gram). . . R "

. The mechanism whereby energy. changes wate
' oxygen and “active" hydrogen.is not understood. 'In
. radioactive ‘_hygl'r‘rog'é,rj,has;yf(lit,_t,l]ei alue;-because




UCRL 3469:
Chapter M

there: 1s ‘no satxsfactory radxoactwe °"Ygen, T

‘used-and xts.vprogress can:be followed by nuclear resonance

If 0!8 is used it can.be followed by mass spectroscopic methods.\- e

e_quu-es“much work ‘and pains, .. As a chemist, Dr. Calvin thinks
Sul Vi 'satxsfactory radxoactwe oxygen- lt would

is'a hint that this Ph°t°lys“’" may be aNﬂcgous to the act:on
1ic nductors 'but no good evzdence yet

There 1s'd‘e£1mte 1nterest m the 1dea of usmg photoeyntheus. not
to »make rfood but to restore oxygen to used up air in submarmes and in

Dr Calvm feels that asxde from sattsfactxon at fxndmg "what makes
, ' studies of photosynthes1s will be most valuable in redu‘ectmg
~rather than bypassmg it. For. example if the percent sugar in beets can
"be mcre’ased or the protem content of soy beans be improved, that will
1n‘econom1c worth the txme and money spent on the problem. '




. mE FHOTOSYNTIETIC 'cmmff

Melvin Calvin and J. A. anshan

_ Radfation Laboratory and Dipertment. of. Chem.stry S
L University of Californis c
Bcrkeloy, Calitornio

 Photooynthesis 1s usually dcflned as the biochomical reuction

coa + nao ----»(ca o) \

Thll reprecents the conversion: or carbon dioxide and wnter to carbohydrate and
‘oxygen by green plonts in the light. 'The reaction s’ separated botb chrnno
gically and chamlcalxy 1nto tvo pnrts.; tho photolysla of vater, T

H20 --—'1"-!->. 2[n] + 1/2

:f*ond tho reduction ot carbon dioxtde,

c:’o2 + u[n] -—-——-> cy

20 + H O .

Eooh of theae two rcactiona rcproaento e complex ‘series’ of reactions uith mnny
- stepo. The tem ﬁﬂ 19 uscd to denote reducing agents genernted in the photo-
- chemical decomposition of water. These reducing agents Pprodbably undergo seve-
ral trnnoformntiono berore thcy nre uned 1n tho reduction ot carbon dioxide*~‘

" The reactions involved in the rcduction of carbon dioxide have boen
~ studicd ond the results of these otudies have been rogosyod in e neriee of
pcpors on “The Path of Carbon in Photosynthesis.ﬁ‘

The radioactive cnrbon isotope, clh, wos used throughout this 1nvestiga
tton. Tb a lcsser cxtcnt, radioactive phosphorus, P32, wae also employed.}'
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FIRS‘I‘ PRODlCTS

he methods used i atudy!.ng the path of carhon in photosynthesis are here
briefxy. In neo.rly a.ll cascs thc initial condition 1s an activoly

ucrose ‘are- constant. “The pln.nts comonLv ‘used’ in these experlmntn are the
unicelluln.r green algae, Chlorclla. or Bcenedemus. but leaves of higher plonto
e_} eomethnea uaed , ‘

In the ﬂrat type of experiment to be dincusse&, CJ"Oa is added to tho |

unlobeled coe that: thf plant has been using. After a moasured short period of -
photoaynthesia with C , the plant 18 killed by sudden treatment with boiling
ethanol., All enzymaotic processes are thereby quickly halted. Extracts of the
pla.nt. material. are made,. concentrated, and then analyzed by two-dimensional -
paper. chromatography ‘end radioautography. . The techniques of two-dtlranotonu L
chromatography and sadioautompmr of plant extracts labeled with C1% have been ,
describe? Esrl&eg as well as the identification of the numerous labeled come
pounds .1 5,7 e radiocautogrophs obtained from experiments of 10-
seconds and 60-ceconds photooynthesis with C140, are shown in Figs. 1 and 2.
The'60-eecond experiment illuctrates the importance of various sugar phoophates
‘acid phosphates in carbon reduction. The 10-second experiment:shovs the“
yredominanee of. phosphoglycerte acid at sho tim.es. If the percentage of C '
in phosphoglyceric actd (PGA) of the total C™ S.ncorporated during photooynthe-
8is for various chort pcriodﬁ of tims is extrapolated to zero time, it 10 found
that ‘at zero time all the c1* ghould be in phosphoglyceric acid. Thie coupound
18’ therefore ‘identified as the firat conxpound 4nto which carbon dioxide 40 1ncor-
yorated in photosynthesia. P

Fig. 3 ehovs the dintribution of the J.abeled ca.rbon 1n t.he three carbon
atoms of the glyceric ocid obtained from the phosphoglyceric acid in a 15
gacond. cxporimcnt. - Half of the clk 1a 4n the carboxyl group and the other half
18 dividcd equally between the other two carbon ntoms. From the come experie :
ment some hexose (fructose and’ glucose) vas obtained and degroded. The diotri-
bu‘cion of carbon in-the two 3-co.rbon hu.lven of the hexose was found to be very
much the .camz as it 1o’ 1n the three carbons-of. glyceric acid. This regult in-
mcdiatel,y augcento that the: aix-cu.rbon piece 1s made from the two threc'o by
Joining the two’ cc.rboxyl cdrbon ‘atoms, This is simply & reversal of the welle
kn n aldolase cplit of fructose diphocphate in the glycolytic cequence, a part ,
4s shown in Fig. 4. Here the ‘phocphoglyceric acid io. rcduccd with the
th \photochonical reaction to phosphoi;ucera.ldc}wde, which 16’ =
_Vfgrgx‘;dih\yq:o;qac phosphate (DIAP Condenoation of - - .. .
’ -in formation of the hexose, fruc- SRl
which were originally. eor-. it
the hexose chedn. : It ds: qu.tte_;:)'
C t‘ the carbon dioxidc to:form
‘must'be regenerated from the POA.
h’c" oge. phosp}mtes, or. cone othcr"ﬁ
18 a: cyclic procecs’
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~sucrose phosphate which then is phosphatnscd to sucrose, or dircctly with- freea

‘7,tormnzionn._

 of photosynthesis, there were left only the seven- and five~carbon supgar phos-

- signed to obtain sufficiently chort periods of exposure :to o o to peruit -

bi'g ]the rate of flow of alpgre through. the tubing
2 the point of 1njcction rnd the. killing uith
‘iitim-s rnncing from l:to 20 accondu,were

, Bcfore concidcrlng thc nutura of tth cyclic procesa 1t 15 of 1ntorust to

ifmﬁntion the ostepo 1cud1nc frou fructosc. diphouphnte Lo the tinal product of
jphotosyntheoio, suerose, These steps were idcnttficd after the 1ntcrn“d1ut;a.,¢>

-eompoundo were -isolated by paper chrovntoaraphj end radionutogrephy.  Fig. 5. -
shows the rejot 1cuoh1p that was found, lere are showm the phosphoplyceric: ucld EE
frustose diphosphate, ond the. various txaanormgtions that lead ultinately to

- glucone~l-phosphate. This compound reects with uridine triphosphate, to walke
widine diphosphoglucose. Uridine diphoaphoglucose (UDPG), 18 found on the e

poper, ‘with the glucose moiety labeloed after very short C l1lo exposures, UDPG

- can then react in one of two ways: either with fructose-l-phosphate to farm

- fructoue to form gucrose in one operation. However, since one seldom finds any f'ff'
free lavoled fructooe, the first of these alternatives appears 4o be the: maJor o
pathvay for grccn leaves. An enzymc performing the reaction o ,;..,,,;. R

UDPG + fructoso phosphato--———>sucrone phosphate

has rccently heen prepared in o partially purified state by Leloir in Argen- _f‘ R
tina. Fig, 6 chovo the etructurel formula for the UDPG end 1ts resction with =
- fruetoge-l-phosphate. Thin reaction ‘gives wwridine diphosphate end sucrose <
~_'phoophate with the phosphate on the No. 1 carbon atom of the fructose moiety.-
‘The phoophate ie then removed to glve sucrose, Thio -appears- to ‘be the: commno:

(, route to sucrose 'and 18 ‘therefore one of ‘the major. synthetic,reactions 1n ‘Bgr
‘eulture, oince sucrose providea the substrate for a. wida veriety of oth “' rans-

»¢5 nnd 07 Bugnro

He now return to the yroblem of cyclic regeneration of the carbon dioxide N
acceptor. The roles of PGA, triose phosphates, hexose phosphates, UDFG, and -
sucrose have alreody been identified. Of the compounds labeled by ‘ehort’ perlods

. phatea. These were scdoheptulose~T-phosphate (81P), rtbosegh-phosphate (RHP)
fribulone-s-phosphate (RuMPg and ribulose diphosphate (Funp)* 3 S

An attcmnt wos made to: determine the order of occurrence of theae compounds,
by the sama technique 88 was uged to identify PGA ns the firat product of 002 '
fixotion. _ L ST

Since the rcactions of carbon reduction are 60’ rapid,,, 1ow uyotem wus de
observation of the relantive rates of labeling of the - various. ougar pbosphntea.3
. The system uced is chowvn in Fig.: Te A ousponsion ‘of - algae wes forced by means

~of & punp from o tranophrent tonk through a’ length of transparent tubing;into
“boiling mcth"nol.‘ An aqueous aolution of. clff.a,v} -at: '
into the tubing. ' Tha’ timﬂ of erposure ‘of the‘alg”




Chaptex; 1‘4

FHOSPHOBLYCERIC ACID

= FRUCTOSE - 6~PHOSPHATE
e Lt
GLUCOSE-1-PHOSPHATE -

" URIDINE -
- TRIPHOSPHATE

UDPG(LELom) ' o




\;g\_%O, INAIR

' scucumc ouonm oF now svsreu -
FOR SHORT EXPOSURES OF ALGAE |
B () c"o,

£

<leolLing
T METHANOL

L_ov PLAYE [

rig. 7- Bchematic d.iagam of ﬂ.ov aystem for ehort expogm-e. -
ofnlgaetoc ‘

GH0® ~ *CHO®  oH,OH
CHOH *o 0 ¢=0
,.***COOH o ***CHOH




UCR143469
.C :aptcr 14

& in- 0 nere, ‘besides PGA, ere the five-carbon

bul, P 3ithe. seven-earbon ougar, sedohcptulose phose
,and,th keleton. of a six-cerbon sugar, corresponding either- to ;
‘ructose’ (these are’the major six-carbon sugars thot we find). The

n”of the order of appearance of radioactive carbon in

3 bon.sugars ve were able to ‘dcduce the relationships between
£1 ene-, six- and- three-carbon compounds that are shown here. It 1o

f”clear at a-glance that there 18 no simple structural relationship between
even-carbon compounds end the other sugars. At leaat, there

Ehere 18 no eeqpence of carbon axoms 1n the: c5 or C sugnro -
uld be considercd es eimply ‘the ‘intact C, or the intact Cg;, reopectivelyuv-
alized that the Cg might have more tHan one origin we vere not able
‘rpossible route for ita formation. This’ route is shown in Figure 9.

dic tes that the" origin ‘of. the ribose and rfbulose phosphutes 16 in o

9 , tolaac reaction of the: sedoheptulosc phosphate with the triose phoophnte
o glve the: twc pentoce phosphates. - Thece can be interconverted by suiteble
aomerizauion. Thug, the nentoses ere formed from heptose and trione.

_fAs was shown curlier, the hexose 15" formed from two trioses, The qpestion
hen remains: where does the heptose come from? And here, again, o similar

deteiled anslysis was made of the carbon distribution within the heptose mole-

e a5 o Tunction of time. This analysis led to the realization that the hep-
5 must have been mwade by the cowbination of a four-carbon with e threc-carbon
¢e. The question arose thent. ‘wvhere do the properly lebeled four-carbon and
‘ce-caroon pleces come from? The four-carbon piece could only come by oplit-
1ng the 06 (hcwose) into a Cu and & ca"" . 7 ,

"togc malecule and adds them to B molecule of glyceraldehyde-
‘fa molccuw of. rlbulose-s hosphate  (RuP). The four- .
has the distribution of radio--
curbon
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16 vidence: btained from degredations from variop '
10sphates dcoloted from soybean leaves exposed to Cl* , for

s indicate that “the. proposo.l. requiring amolase w be corract. ,

tio results a.re ahown 1n Tablc I. o

'l'a.ble I

mambmon of C1% 1n Bedoheptulose
A *‘»"Isolated. from Soybca.n Lenf

'I‘ime or :qposure fo
E .Glﬁoz

OOl" ﬂec. 0.8 .eco
o BgoR 0 2

BoL-w o 33 039
HC-0H 8 18
mm k3

La.,”éC-‘?.PPsﬂf‘. R

Y either of the nlternate augm' rearra.ngcmonts ’ carbon atoms No. L and Fo. 5,
of sedoheptulose eve derived from No. 3 and No. 4 of fructose, respectively.
However, ‘in the. a.ld.olase version, carbon etom No. 3 of cedoheptulose is derivcd
from. carbon No. 1 of dihyd.roxyacetone phoophate. ‘Alternatively, in the traus-
aldolase version, carbon atom No. 3 of. scdohcptulose is derived from carbon No.
3 of fructose and therefore should have the seme label at all times. Bince the -
ilntter condition 18 not experimenta.lly fulﬁ.ued, ‘the aldolase reaction appears

be the corrcct one. However, it must be noted that this argument rests on
;t.h_e' asmm;ption tha thc ‘concentration of the intermediate erythrose phosphate

emall compared with that of fructose-6-phosphate. Also 1t may be noted that

11 emount of - labeled sedoheptuloae hos been obtaincd” from. hydrolyeis of
‘d.iphosphc.te area,. md:l.ca.ting ‘the: presence of .labeled sedoheptulose
« - The presence of thie ¢ommound may be accounted . for by assuming

b, 'a_ldo ase from: dﬂwd.rowacetone phosphate ‘and:erythrose phos- . '
re, this route 1s’ tentatively. accepted for. the formation of gedo=
e f‘»’tra.ntsfoma.tio s chovn ‘in Fig. 10.  Here are’ shomm
T ~ ‘ ‘One:: hexoee then reects with another
, ,-‘.by nums of the action of the enzyme trange

' .are. then’ cond.enscd by aldolase to give. sedoheptu-
sult of the reactions shoun in’ Figs. 9 and 10 15 the fomatton .




' 'Th 8 was accorplished by leaving the plents in contact with an: ntmosphere of

', mntogrqphy nnd radioautozraphy.

E Idcntification of CO Acccp;or T

S All tE renults thus for vere obtained with the first type or experimcnt, ;f'"'
“4dn vhich € Or vos added to plants for a very short period (1. to 60 -seconds)
before the plantn vere killed. A second type of experiment . wvag ‘used for the "',;;r;g
identiftcation of the CO occeptor. In thic case once again the sterting con- -
dition vas an ectively pﬁotosynthecizins algne suspension in’ "etcndy-state“"j .
‘condition. In addition,. the intermediote compounds were "saturated” with clh

-lnbclcd COx, maintnined at constant specific: activity and’ COQ pressure,
 tor gore thon an hour prior to the ctart of the experiment. Under this condi'
~ tlon, tho concentration of each labeled intermediate compeund: cen be determi-
~ned from the radiceaxbon found in that compound on eubseqpent analyaiq by chrn-

" After this initinl ¢ ¥-saturated steady state was obtained, aliqnoto of

“the alpol cuspension were teken at frequent intervals for unalyais.» Then some - : = .
environneantal condition such as light was suddenly changed. Aliquots of the -

algoe were token avery two or three scconds for shout a minute, and then &t -

leso froquent intervals. Analysis of these aliquots showed the wey in which i
tho concontrations or tha vnrioun 1ntermediaten varied es a result of the en-g‘.jilff;
vvironmcntal change. - DN

, In the firct such. Gtudy 2) the light was turned off. It was found that the B
eoncentration of PGA increosed very rapidly while thot of ribulose diphosphate -~
(RWP) deereased ropidly. The seoults of a luter, somewhat more refined, ex- = = . -
yoerinent are shown in Fig. 11.8) Here 1t 18 secen that the concentration of .. = :
RuDP docrcases to below a detectoble emount (<1% of fts initial yalue) in dbout .
30 cecconds. Thece changes in concentrations can be accownted for if we a8 '
the following: the reduction of PGA to triose and the. formation. of RullP are
reactions reqpiring ‘Ught; RuDP 18 converted to. PGA vin a carboxylation reaction
that doco not rcqpire light. : , , R A RRORL RS

v These relntions are shown 1n Fig. 12, PCA is reduced to triose phosphnte~
(at the supar level); the triose phocphate then undergoes a series of rearrange
- ments, ouch as the ones deseribed carlier, through the hexose, pentose, and hep
- tose, back agein to the ribulose-5-phosphate. This 18 ell at the sugar. level
of oxidation and reauires very little encrgy for its operation.; There, 1s then
gome light reqpircmvnt for the formation of RuDP from RuMP. :‘Thc" reduction of
- PGA ‘requires both reducing pover, rcduced triphosphopyridine nucleotide” (TPNH), °
and edenosing, triphoophate ATP), while the: formation of’ RulP from RuMP requires
~ ATP, a0 will be ccen later.,. Both these cofoctors are produced’ g ‘the: required
- rate only when the: light is on. Thus, vhen the. ght 1s turned off the

,'carboxylationlof RuDP to forn PGA' continues unafrectedr”
tion of RuDP. _ T
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12, dg. one ‘of the 'I'hc first compound
"-;conccntration 1a PGA o.nd the oecond. 10 1ta imscddate product,

te. - Noxt to deercnse is R, cnd last to deercase i RubP,

: ,ovide excellent confirmation for the propoaa.l of tho cycuc

]to dcr to teut this altermtive, & rather coreful e:qporimcnt wus
in vhich the rate of incrcase of PGA when the lipht was turncd off
mmared with the: stcady-otute wptake of COs. During the first fow occconds
ftcr turning off tho ‘1ight, the rate of incrcace of PGA chould epproximately
qual the rote of 1ts formotion during steody-state conditions, provided reduce
“tion'of PGA could be suddenly holted.  The ratio of - molecules of PGA incrcase
per’ aeconcl/molccules of COn. takon: up per second -chould indicate the nuiber of
molecules of PCA cctunlly formed per molecule of COp. If this ratio experimone
4olly aopproached 2 ot chort times, or. even excecded 1, we would have cvidonce
‘for the formation of two molceules of PGA for each molecule of RuDP cnrbomlntcd.
2 rotio wos calculated from the data chovn in'Fig. 11 and tho mcasured
‘entry rate, and was found to be between 1.5 end 2. Thus, kinetic in vitro ovi-
ence 15 pmvi&ed i’or thc ea.rbo:qlation reaction . e R T E

Ru.DP + 002 + 320—————)2 PGA.

'J.‘HE GARBO‘W-REDUUPION CYCILE

fl'he cormlete carbon-reduction cycle 18 chovn in Fig. lh. Here ore chown

‘all the dﬂtails ’- 1nclu:11ng the" 1ntemd.1.ate compounds and enzymos required for

‘the' vs.rious transformations. The net result of each turn of the complete ecycle

46 ‘the “introduction of 3 molecules of €0y and’ the carboxylation of 3 molecules

ribulose:diphogphate, leading to the i’orma.tion of 6 molecules of phospho-. .

:glyc, ‘acid.. These-6 molécules'of PGA cre’ then reduced to provide 6 molccules
Of ‘these, 'S .are eventuo.‘l.ly converted to ribulose diphos-

,,phato ‘thus completing the cycle, ‘whilé the pixth finds its way wltimatoly into

uerose o.nd recents the net gain 1n reduccd. carbon per turn of the cycle. B

"'plants, thut wos: cap.:.blo oi'
ul ’dj.phomphu.tc (num’)
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‘longer exposure (> three minutes) to these crude preparations, .
GA was. converted. The formation of a little laboled malie aoid S
e of b%ﬁ?‘#téi(ﬁ@?j),1,:,@@1“‘“9 “the presenco of pyruvic acid and S

'in this experiment the tracer wos in the CO» and not in the RuP,
.glve direct information ebout the fate of the five carbon atoms of
=, It wns. therefore necessary to do the experiment with laboled RubP |
abeled COx: ' This was not very catisfactory in the first instance vhen
e paration was used. 'Although labeled PGA was formed, a good many
compounds were formed as well, because of ‘the prescnce in the -
of ‘enzymes that could act on ribulose diphosphate and compounds ‘
it. In particular there was present a phosphatagse which pormitted
of ribulose-5-phosphate. . This compound, in the proscuce of trans-
ldolase. (and possibly transaldolase), would ropidly find 1ts vay
toge, and triose. <The triose may have given rise to some PCA
houch attempts to bypass this difficulty by inhibiting the
P atase reaction ‘on:RulP were partially successful, thoy were not
s because of the insensitivity. of the o o :

-

UL

system to fluoride ion (F7). It was therefore nacessary to proceed vith the
attempt to free the preperation from any other enzymes copable of scting upon
RuDP except the one(s) required for the PGA-forming resction (from COs). This
was accomplished f£irst from neutral extracts of New Zealand spinach (Tetraponia

yatem to

" expansa), and later from extracts of sonically rupturcd algae. The enzyms ape
_pears ‘in the protein fraction, salted out of noutral extracts, between approxie-
/ mately 0.3 and 0.4 of saturation with (NHj,),SO4. The results of an early expe~
~riment with such a prepoaration acting on labeled RulP are shown in Fig. 16.2V7
Here the fate of the ribulose carbon is clearly its conversion to PGA vhen both
nzyme and NaHCO3 are present. There sppears to be some sugar monophosphate
;:::pﬁesénti.3’;'n’jo,ll'{tgei experiments, partly because of its prescnce in the original
ubP sarple and perhaps portly because of: the presence of eome residunl phose
tase in the enzyme preparation. Later experiments have given preporations
het: convert essentially ell of the ribulose carbon into PGA und nothing else.

thus oppears that the original formulation of the resction is at least
Wkely one, 7 i T - ' c
el J

S
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-;t"r»_'Bocause the cnrboxylo.ti.on reucti.on tu.kes plat.e ‘at the expense or the oxid.a-
"7 tion of carbon atom No. 3 of the ribulooe to the carboxyl level, the nome.
. "carboxydismutace" ouggests itself as uniquely:descriptive. It is 1nterest
~ing to note that the enzyme 1s not readily demonstrated in- animdl tissuos (rat’
. "1gver), and that it can be obtaiged from spinoch in associntion with the highly
~orgonized intact ehloroplaot.a, from which 1t is extremely egeily: aepa.rated
It does not appear to be especially sensitive to- veraene, o-phenanthroline, or
o "cyantdc, ‘but 1t 40 sonoitive to p-chloromercuribenzoate, a.n mhibition that 1.s
reverned by eysteine. : , , o , , - -

Chemtcnl Reguircmenta to Run the Cy_g

wo nov have the cycle in 1ts detoils (Fig. llt), and we . nov know preciaely L
~ what roagents are requirod to make the cycle turn., It can be seen that the s
- pequircment for the reduction of a PGA molecule to a triocee 18 one moleculs of
triphoophopyridine nucleotide ('I'le) end one nolecule of adenosine triphoaphate
(ATP). 'The only other energy requircment comes at the point of ‘conversion.of = -
RuP to RuDP, where anothor molecule of ATP Lo used. A calculation of encrgetio,; .
compounds nceded per COp molecule entering will show that the net requirement. =~
for the reduction of one molecule of COp to the carbohydrate level is four equi-. =
‘valents of reducing egent, or four electrons, and three moleculens of ATP. The
. four elecctrons ore supplied by two moleculas of TPNH. -All.thace required co-
 faetors must bo made ultimately by the light through the conversion of the
electromagentic energy in some way. It must be emphasized that in this require- -
mont for rcducing carbon there is no particuler requircment for a photochemical
reoction othor thon the production of the two reagents., If we could supply
those two thingo from some other source than the photochemical reaction, we.
“should be able to make this whole sequence of operations function. We have -
_ronson to believe that this 1o indeed being done by the use of the required co].-
. lection of enzymos. But a suitable situation exists in nature also. The situa
" tion 18 such that we must have simultancously a bigh ‘lavel of ‘this particular
~ redueing agont « which we now know can be triphosphopyridina nucl».otida';t(TPN
cndh'm’at tho gamo tine end the eame place.

’numung the Cycle Without Light

, There is one Xnovn systen in- nn.ture ’ uaide from the green pla.nts P 1n \micb
- that oituntion occurs. This situation exists in one of the photoaynthetic pur-r

- ple bacteria that doco not make oxygen, Lut does reduce carbon dioxide with -
moleculor hydrogen. Figs. 17 ond 1812 ’ shiow that 1t 18 possible to’ have: the
reduction of CO» toke place either through the' agency:. or light or ‘chrougx the .
- egeney of a chemical oxidation syetem. : The orgro.nism is the purple ba.cterium,
~_Rhodonscudoronas cangsulatus.  The initia) olope correspond.s to the rcduction of

- carbon dioxide in the light. In.thie case both: Wdrogen - : ‘

and leht are required. - As ‘soon-a8, the light 46 ‘turned ‘off:
" enrbon dioxdde stops.  Fig. 18 shows the same orgonicms  This
- -Here 1t 18 expoct.d only to helium nnd hydrogcn, o.nd.f;thcr'e 8

E »‘.ftem, the fi.\wtion aga.in continues in th
7 *y mich th



,;:“rfagent necesanry for the. production of the required ATP.

- - ouppoze that when all the encrgy for the operation of this: cycle comes. ‘from "

e j_jf.felectl.:ons end tha ATP’%'

L,__tn thh cnse vhere hydrogen 10 the reducing agent, 18 1

gunntum Reguiromcnts

In order to estimnte what a m.tninn.nn quantum requirement ror photosyntheaia'r_'
. may be, on the baosis of the information we have so far accumulated cbout the' -
“~detatled chemistry of the process, ut least one aosumption {8 necessary. This:
40 related to the mode of interaction of electromagnetic radiotion and matter.
It 15 that a single quantum cen ercite not more than a single electron. Another
- agoumption about the behavior of the excited electron is required, namely, _tha.t-s
4% doos not by some chemical (or physical) dismutation process give rige to.
~more thon one equivalent of reducing pover at the potential’of TPIH, And 1f
- that 10 the case, inspeetion of the. requirements mentioned above allows one to
- predict what the minimun - quantum rcquircnwnt for such an operation vould be.
' ‘Four elcctronn are needed for the reduction, and three moleculeu of ATP.

Somethlug about the vn.rioua wnya 11 vhich ATP ca.n be product,d 18 alremlv "
~ known. For example, during the transfer of two electrons from DPNH to on atom ,’ -
~of oxy(en, two or thrce molecules of ATP can be produced. " Therefore, one cnn

“1ight, the minimum quontum requirement must be six or seven. . That 18} ‘four ;
elcetronc are nacded for the reduction and two or three more for the three molr J
- eules of ATP that nre required. However, it should be possible to find condi-
. tlons wnder vhich the quantum roquirement for the reduction of €O, ond the .
evolution of oxygen would be as little as four, provided there were gome other
. source besides g))xe light for the three molecules of ATP. These conditions have
been realized.l The quantumercquirement determination was corricd. out by use.
~of an opparatus in which one could monsure directly, without any wqbirmity, t.he;;.'
~ production of oxygen by a dircct menswrement of a unique qun.lity of the oxygen,
- peromognetism, rather than merely by a gas. pressure. . Also 11 vag’ posuiblc to
" meosure dircetly the amount of carbon dioxide absorbed by mesmuring u proyerty
' of the COp in the gn.o phcma. in this case 1ta 1ni‘rared apcctrwn' S e

Ao a rcsult or these measurements, » 1t wo. found that the quantum require- .
nent ranged experimentolly from 7.4 at high light intensities, where photosyn-
theoin e:.cecdcd respiration by a factor of 12, to 4.9 at low light intensities,
- where photosynthesis and respiration were nearly equal, At zerg }u,ht intens
- oity the value of the quantuam requircment extropolated to four. L This. reau,lt
. indicates thot come of the ATP requirement of photosynthcsis can be met: by ‘re-

- actiono of reﬂpiru.tion which produce ATP ‘but tha.t the four. olectronu of ‘redue~

. penr tha.t one: ohould no
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S0 ohow azain. Thc quuntum ic firot absorbcd b/ chloronhyll and. couverts water
© ‘Anto goxething that makes a reducing agent (1] and soms oxidizing agent [0 .
. The redueing agent cun reduce the glycoric acid to triove. Scue of the ree

:.ducing agont rmst be used to make A1P, with oxygen or the 1ntcrmvdiutca on .

the way to oxygen, becauce that 1o necessary for the cycle to run. - What wo
‘wich to consider now isthis point of contuct, [H], betwecen the photochcvucal
uppnra&un and the carbon cycle and uhnt 1nrormation about the quantum convcr- -

nton ve enn gsin from this study. . . _ ) SRICRTNE

T Light Inhtbition of ICA-Cycle mcogg ration

 An experiment voe carried out in which a steady state was examined and the;;,ifff
changes induced by a sudden change of conditions were observed. Fig. 20 shows
the result of this exporiment. Here is the same type of experiment ao berore,
but with the exanination directed toward different oubstances. Attention is -
focuscd on glutemic acid and citric acid, and it will be seen that while the -
1ight 15 on, the rate of formation of radionctive glutamic acid and radioactive
citric acid 15 quite lov. But immediately after the light 18 turncd off, the
rate of formation of these labeled acids is increased manyfold. Glutamic and- S
eitric acids nre two compounds very closely related to the respiratory cycle rl;f}p‘
known ao the Krebs eyecle, and FPig. 21 describes In schematic terms the meta- - o
bolic relationchips leeding to the experimental focts we have just seen.. Rere -
1s shown tho photosynthotic cycle and the Krobs (tricarboxylic ecid) cycle. e
The glutamic acid and citric acid are in or related to the Krebs cycle. The =
photosynthotic cycle does not contain either glutamic or citric acid but does =
form PGA and sugars. Eventually these direct products of the photosynthetic
eycle have to becomn carbohydrates, proteins, and fats, and ultimotely they
will got back into the tricarboxylic acid cycle. That 1s the major route in’
the light. Dut fumediately after the light ie turned off a direct connection - -
between the two cyclea is apparently made which allovs the PGA to be tranofor- o
mod directly into the compounds of the tricarboxylic acid cycle. Fig. 22 ghovs =
the dctalls of that mechaniom. Cuarbon can enter the tricarboxylic ocid cycle
via acctyl Coenzyme A, condensing with oxalacetic acid to give citric acid, PRy
thence continuing around this cycle and vio a side. reaction to glutamic acid., IR
Tho queation 10: how ie glyceric acid converted to acetyl Cocnzyme A? This - .
must happen rapidly in the dark, but not very rapidly in the light. Fortunately
we have gono idea how acetyi-CoA may be formed from glyceric acid, and Fig.-za s
oshovwo this. The glyceric ecid 1is dephooPhorylatcd to form pyruvic acid; the
pyruvic acid then reacts with en cnzyme system, of which thicctic acid is a-
coenzymie, to form scetyl-thioctic acid and carbon dioxide., The acetyl-thiocti
acid thon undergocs a thiol ester interchange with CoA to form reduced thioct&sf
‘acid and ncctyl-CoA, uhich then goes on 1nto the citric acid cycle, Fig._23;

- How doen light arfcct theae reactionn? The convcraion ot PGA to c1tr1
acid provideo for the entronce of carbon into the tricarboxylic acid cycle,
 ,1t oome how thie pothway 1a:closed by reduction of the ;eve H th ‘ ,
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the phctosynthcttc cycle directly into the tricm‘bovnc a.cid cyc].c.‘ It Buge Pt
gosts further that the disulfide may be closely allied to, if not identical’ -
- with, the electron acceptor from the photochemicel ect. Actual.ly mu{tgsr 35
. o wortuntl hsn been perfomed that {ndiente that thil my be so 1

- ' o '!ho proposed rolationo between the phot.ouynthetic carbon reduction cycle, -

. the photocheudcal reoctions, and the Krebs cycle ore shown in Fig. 23. It is
suggested that the required ATP is generuted by reactions coupled vith the
oxidation of'ﬂ'!ﬂormuu'omthecytoehrom oyntem '

" It can be seen that the use of radioactive elements, employed as tracero,
have mads possidble the elucidation of the path of carbon reduction in photo- = .
syathesis. In sddition, information gained fram the etudy of the path of car= ..
- boa fn photosynthesis and {ts relation to reactions of respiration has provided -
~ the basis for mouh rcm thc enargy tranaport fm tho prtmry photo-

chemical ect.
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MEDICAL-AND BIOLOGICAL APPLICATIONS
’ - OF RADIAT ION '

C A 'I‘obxae

Dr. Stubbing introduced Dr, Tobias as "the man who paid for running
the eyclotron much of the time.'" Dr. Tobias xmmedlately disclaimed any.
sueh crodit, declarcd he was only the: agent for interesting research, and
expressed sincere thanks and apprecxatxon to the individuals, prwate
foundations, and government agencxes who really do pay. the bxlls

He gave details of the rapid growth of and 1ncreasmg mterest in hxs o
field of biological and medical physics. In 1941 there were four people at

the laboratory interested in those topics. Since the war there have been 65
graduate students working in this field, about 40 of them at Donner Laboratory
All graduates have interesting and well-paying jobs. The demand is steadily -
increasing, and it is probable that a saciety will be formed with regular
meetings and reports to encourage broader and deeper work in this field,
Move than half of recent Nobel Frize winners. in biology have. been in the
field of biological physics, Both the tools and. concepts of physxcs have
found increased use in biology and medn:me ’ R .

He then told of the apphcatxons of 1ad10act1v1ty to cancer research
The use of radioactive isotopes (iodine and phosphorous) enables one to. =
follow the course of thesce elements through the. body and thus. compare the
action of normal with diseased tissue, so that irequently the source of mal-
function can be (irst located and then treated. Originally the radloelements,
ware observed by means of fluoroscopes and photographs, but there is m- .
creasing use of television cameras, N »

One xmportant branch of cancer research is connected with brea
‘cancer. Approximately 5% of all adult females in the United, States —ha.Ve it
at some time during their life, and some: 20,000 per yea.r die f;
is especially painful and mahgnant with younger women.

is less lhan threc years when 1t 8 untreated ;

" Life expectancy

"'understood though there is‘not ¢
In general therek’v*__" hree:
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here isa hormonalecontnbutxon from various glands.‘ These -

slands ‘excrete growth elements into the blood stream, and if their con- T
'r1but10 can be- stopped or nullified, the. mahgnancy, though started, wxll . e
ot grow and may even regress for; avtime.. : B

_ ;-;To understand the: theory behind the treatment it is necessary to
“study- F1g "The body has a built-in control system of maintaining
,,ethbrmm condrtxons, based on feedback principles. Its operation is quite
»sxmxlar to that oi a thermostat for mamtammg constant temperature,

If a carcmogemc agent affects some of the breast cells, they are
{junable to'perform their usual functions, and send out a call for increased
-growth factors. The pituitary notifies the ovaries via FSH (follicle -

: ‘-,stlmulatmg hormone), and'the ovaries then relay the orders to the breast
~cells via their own hormone, estrogen, and the cells grow. -The result,
however, is like a thirsty man drinking sea water--he only gets thxrstler.
o.~In. other words, the malignancy grows. Cutting off the message from the
" ovarian” tissue stops the growth, This can be achieved by surgical removal
" of the 'ovaries or by administration of a countermanding message (andros-
“:-‘terone).” Both these methods have been used, and following them the rate
-of‘gro'Wth defxmtely decreased for a'time.

In less than a year, however, the pituitary discovers that its
message is not getting through; so by way of ACTH it orders the adrenals
o-supply the "lack' and they start'making estrogen, which they send to the
.breast, and the cancer grows again; . The next step was to remove the
-_-,adrenals The patient can be kept alive by administration of cortisone.
~Again this turned out to ‘be ‘only temporarily effective, therefore some cases
‘_that were ‘beyond all other help have been treated by removing the pituitary
Of course a’ lot of prehmmary work was done w1th rats, dogs, and

Here is where the cyclotron comes mto use.', There are only a very
v doctors with sufficient’ confidence and skill to operate on the pituitary.

X: rays “and ordinary’ radioactive substances produce intolerable skin-burning
ffects or: spread too" greatly in their action." "A stream of 190 Mev deuterons
or”f34’ Mev protons can be‘ olhmated to a- thm penc1l not more than l mm in
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: _ ntensxty at the target, but so far a workable-
hnique for th1s has not been’ devised. However, deep and safe therapy
' }.methods mdxcated ’

hmc1ans There are four places in the world with cyclotrons
for this kmd of work.. They are: the Radiation Laboratory at
'.the Argonne Laboratory near C}ucago. a laboratory at Lwerpool

, 1

_.he‘ .ggeneral arrangement of treatment is shown in Flg. 2 and Fig. 3.

o ThlS treatment is used on humans only when all other methods fail.
'A;here have been no complete recoverles but the rate of growth has been
markedly decreased. Wxth some ammals there has been a complete melting -

Z\ *‘of«the tumor.,_, s :

: _»The above dxscussxon was ‘;elved thh such enthusiasm that Dr.
Tob1a ' obllged W1th an: encore on the ; study of cell dxvxslon.

Chronologxcally thls study preceded the cancer studies and was in
_fact one of the first problems to be: mvestxgated by the Biophysics Group at
“the Laboratory ‘Dr. Tobias did not ‘develop rigorously the mathematical
"treatment ‘but he did mention certam parallelism between cell structure

. and d1vxsxon,band s1m1lar top1cs on the atomic or nuclear level '

: Or1gmally cell structure and d1v1sxon wére studied by carefully ob-
,,servmg cells:with high- power microscopes. Of course a great deal was
~learned, ‘but the ‘cell has many. parts and division takes place by stages and
there is a 5% fluctuation in cell: division:time, so that cells that appeared
;to be al1ke would actually be dlfferent “In other words, there 1s a buxlt -in -
:\;uncertamty pr1nc1ple (but the physmxst is used to that)

Furthermore, although all “}OIOngtS agreed that cell dwmmn was
‘;‘there was a "hen egg" dlsagrecment among them about: cause and




AT

1,

)
)

SE=
529
=
e
2

£

=
T
o)

20
'_.-f

,.
o)

Py

g
e

=

s |
gt
35

>ﬂ
2

=
22

b

J

[
X
B

P

ity
———
F )

e’

e
’x:&,ﬂ?"y}:‘l}aﬁiéfx‘;
t‘: E Q;ﬁg-ce¢’*)'e':‘§r |

A& il "/ AR
A _&«,—.‘,;-'"’,; “:’?}})" .

pisdve

.

.

ey

= o

=
P
A
, \X/'
Ym0,
SN

25} rreotment -table

Bl

-Traatment room

‘Monitor-quadrant ionlzation
. ~chamber '

)

KV
i 1)
i '2:_“’}}'}‘

TR,
35

.- Fig.2. General layout of the :184-inch cyc
-~ Fooms (not'to scale). “The deflected'b
-~ for physics experimentation and arrive




UCRL 3469—'
Chapt v 15

Ouadranl chambcr

MU-9320

3 Schematlc of the,po‘mttomng. a.hgnment and rotatton of
human head; ‘The optical:treatment bench is aligned with
the beam, - while: the pat:.ent lies onan adJustable table at some
P edetermm"ed treatment angle. ' This’ angle is changed in 7.59
intervals on diff rent treatment days. The head of the patlent
is'held rlgidly by a'mask; “Position of the head is ‘checked by a
lateral ‘horizontal dlagnostzc X-ray, taken by an x-ray machine
r1g1d1y mounted on he-t‘reatment bench. The sella turcica is = -
’ ‘ “in:the. X. (longxtudmal) and' Y (vertlcal
f . the sella and: the cross haxrs mark-_-

%xtudmal axxs of the ,
-are easxly tolerated
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"two genetic components. This" rmght he eompared to deutenum. These can..
"~ again unite to make tetraploids, which might be compared to helium, or"
they can beget their own kind, or can bo mdde to revert back to’ two haplmds

e ~In the experiments, haplozds and diploids were 1rrad1ated with :

. x-rays, deuterons, or- protons,dc.The dosage was plotted: agamst the" per--:ﬁ S
“centage of surviving cells and it was found that the diploids'were:much -
more rosistant than haploids, To make a theoretical curve fit'these
survival facts, it was necessary to assume that each genetxc "ynit" had
geveral “"sites" and that these must be damaged in’ paxrs in the dlploxds to
- inhibit growth, ' !

When diploids are irradiated, some die and ‘some l1ve, but those -

~that live have inherited recessive effocra, and if their progeny: are again

irradiated the lethal effect is greater than for normal ones. " This effect can

he calculated by probabxhty methods, and prcdictlons agree well thh '
’labormcry results, ; R

It has been found, however, that the recessive effect is: not always
permanent; after several generations cells may: outgrow it and even become e
more resistant to further radiation than untreated cells. The rate of ’
recovery depends on temperature and other environmental factors, This -
treatment scems to bring out hidden: genemc factors' in the! cell, possxbly« :
giving time for the chromosomes in the c*ell to rearrdnge. SR

There is here an analogy with radmactwe transformatlons, An
atom will not voluntarily depart from its stable ground- state, but if external
energy kicks it into a metastable condition then transitions from that to~
other, originally forbidden, states are possible. - Thue the ncw stram 15 not
really the same as the original dxploui S ~ e

Now thc colls of the human body are d1plo1d~,,- amd cander growth is’
-an unwanted but new, more viable cell growth. If we understand cell"
- division in diploid yeast cells it gives us hope:in other flelds. In’ studlee
using these single cells, controls of all kinds.are easier and measurement
~of rosults more certain than with moreé complex organisms. . D_r,.,_’l’;'opi‘qs

irst: used at

- biophysical application of the methods and ideas:
: level wxll be frmtful SR :
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_reater detaxl and further development of these xdeas is iound in

he: ollowmg references.

Blbhography

_Mechamsm of B1olog1cal Effects of Penetratmg Radlatxons

Federatmn Proceedmgs 10, No.‘3 595-601 (Sept 1951)

.!nger. and Lawrence Radmlogmal Use of ngh Energy

'Deuterons ‘and Alpha Particles, Reprint from - The Am.’ -J.
't“Roentgenology, Radlum Therapy and Nuclear Medmme LXVII

No. 1, Jan.: 1952

Ck .A‘v",:Tobxas, ,The Dependence of Some Bmloglcal Eife(,ts of Radmtxon

e

-on the Rate of Energy-Loss, Reprint from Symposium on Radio-
' bxology sponsored by the National Research Council of the -
}_,Academy of Scxences, James J. Nmkson, Ed. , Wiley, 1952

C A TOblaS, et al., The Irradxatxon of the Pituitary of the Rat with
" _High-Energy Deuterons, Reprint from the Am. J. Roentgenology
Radmm Therapy and- Nuclear Medzcme LXXII, No. July 1954

,obixas, : et al. , Rad1at1on Hypophysectomy thh ngh Energy

15roton Beams. UCRL 3035 July 1955,
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EMPLOYMDNT OPPORTUNITIES
Kcnneth Sxmpson ' R

Dr. Simpson has becn a philosopher, phy31c1st and teacher e’ is
at prgsent director of professional personnel for the laboratory, in charge

of employing professional people both here and at Lwermore. o
o the paradoxical s1tuat1on ‘that whereas

Dr. Simpson called attention t
for scientists, partxcularly physxmsts

the need, demand, and remuneration
minishing. ~One. get of pub-

and enginecers, is increasing, the supply is di
lished statistics states that in 1890 about 90% of hxgh school students had’

 a course in physics, but in 1952 only 6% did. This is riot as biga drOp
appears, since only 4% of all students went to h1gh school in 1890 and in

1952 21% went.
Some of the probable reasons for this drop are
1. "pro;;r(,sswo" education methods,

eral tendency to antu‘auonahqm, o , o
"hard" sub_]ects,

rsvfor a Ph. D, )y

2. gene
» general lack of enthusiasm for
4. long training period (7 to 8 yea

¢ssening detcrrent)

5, poor pay (al
and enthuqtdsm of some h1gh s

6. lack of special training

chofol‘v'teac,he,

n: sc1ence tramlng

nce’ graduates wi

Thc contrast between our dip. and Russxa s rise i
the

worries some people. It is estimated that this’ year scie
pumber about 25,000 here, and double that in Russia.* Fluctuatxons i

- aumber of graduates in physms £rom Amencang ollege‘s are

Bachelors e

'V;Yca;'
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'F'ormer"ly small colrleges contrxbuted a dlsproportxonate share of
) “‘fbut thxs d1fferent1al is-disappearing. Emphasis varies
Santa Barbara thh 2000 students. has only

_hlgh school course,” The sub_)ect matter of phymcs now is so

complex, and volummous that'a late start is a serious handicap.

‘productxve years in. research and discovery are the late 20's and

y ~This is in contrast with executive and managerial cap&cxty,,

wh ch matures much later.v ‘Dri Simpson feels that mathematics and science
s con ra'sted wzth phxlosophy, .can prof1tably be studied much earlier than

is common here.  This is being done in Russia, with the result that thc:r

bachel’or students are comparable to our Ph D's

: There is no dearth of potentlal materlal for these needed JObS.
ehable analy51s 1nd1cates that Iess than 1/4 of the pcoplc who could succeed
at physxcsy study it. e

there are about 5 t1mes as many jobs avaxlable to physu.s gradua&us
in’ 1920 :and the number is; mcreasmg, especxally for thosc w1th

.

Bachelor -~ Ph,D.

2 450
400 610
4% . 750
460 750

'?325““‘



& - be eurtailed, mdustnes with an eye on the future would cut their- research

913‘56

‘filhun in all prevnous htstory Even if this. large government Spendmg should

- last of all, for it is now consideréd a necessity, not a luxury Its long term
o returne are better than for any othcr mvestment -

Durm[, the dlscussxon it was repeated that the greatest demand 1s ,-
for physxusts, cngmc.ers, and mathematicians, with chemistry running a“
elose second. There is no shortage of bxologxste--at least the nonmathematwal

nature-study kmd--dnd good recent law graduates can be hu-ed for $3OO per;‘_..
month. : , v - -

' : Dr. Sxmpson wasg against compulsory science courses, and d1d not.
“feel that just making the courses harder would improve the output. - He: d1d
urge, though, that students be told of the increasing need and be gwen early
opportunity to sample these flelds--always 1ntellectually, and now also
‘l"inancmlly, rewardmg, S S

This work was done under the duspmes of the U S Atomlc Energy
Commxssnon. , v e o
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