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APPENDIX C

ACCOMPANYING THE CHART OF THE NUCLIDES
REVISED 1969 BY 011. NORMAN E. HOLDEN AND F. WILLIAM WALKER
KNOLLS ATOMIC POWER LABORATORY, SCHENECTADY, N.Y.

INTRODUCTION
The earliest discussior of the atomiC hypothesis is

attributed to th.. anCIent Gr"ek philosophers who
speculated about the mysteries of nature. In the
fifth century B.C., Democritus believed that ele­
mentary substances (earth. water, fire, and aIr)
were formed by minute mdivldual particles called
atoms. This vague ph llosophlcal speculation was
given reality when John Dalton. between 1803 and
1808, showed how to determme the weights of dlf­
fere"t atoms relatIve t,) one another.

In 1816. William Prout believed (based on the
few atomic weights koc1wn) th'1t '111 atomic weights
were whole numbers and integral multiples of the
atomic weight of hydrogen. He thought that all
elements might be bl ilt up from hydrogen, His
concept lost favor when elements such as chlorine
were defimtely shown to h;we nomnteger atomIc
weights.

PERIODIC PROPERl'IES OF ELEMENTS
fn 1869, Oman Mendeleev published a short

note on the penodic regularity of chemical ele­
ments. He arranged th ~ elements in rows according
to the magnitude of th~ir atomIc weights. beginning
with the smallest well:ht. Elements that appeared
10 the same vertical c:llumn showed a remarkable
slmilanty 10 their chemIcal properties. Mendeleev
hypothesIzed that deviations from the expected
periodiCIty were due to chemIsts' failure to discover
some elements 10 nature, He predicted the proper­
ties of galltum, scandium. and germanium. which
were subsequently rhscover'OQ. Pairs of elements
(for example. nIckel and cobalt) that did not fit
the periodic propertit,s of their columns were in­
terchanged so that :hey would correspond. He
argued that the atorr.lc weIght measurements for
these elements must :Je in error. It IS now known
that the atomiC numt,er (see pa~e 1). rather than
the atomic weIght, IS Ihe correct basis for the
periodICity In the cb,~m,cal properties of the ele­
ments, By coincidenc/'. the list of elements ordered
by atomIc weight l sually agrees with the list
ordered hy atomlcmmber, except for the few
cases observed by M£ ndeleev.

NEW PHENOMENA
Toward the end of the nineteenth century. the

'iuccesses in chemIstry. together WIth those of classi­
cal mechamcs and electromagnetic theory. con­
vlOced some individuals that classlca] phySICS was

a "closed book" and that workers in the field would
henceforth merely advance existing knowledge to
the next deCImal place. This attitude changed in
1895 when Wilhelm Roentgen discovered X-rays
and in 1896 when A. Henn Becquerel discovered
natural radioactivity. Since such phenomena could
not be explained by eXIsting theories of matter, they
created great interest.

In 1902. Ernest Rutherford and Frederick
Soddy, in their theory of radioactive disintegration.
proposed that radioactivity involves changes oc­
curring withIn the atom. Their view met strong op­
pOSItion because it was considered contrary to the
established vIew on the permanency of the atom.

EARLY MODELS OF ATOMIC STRUCTURE
Early experiments in the investigation of atomic

structure disclosed three different types of radio­
activity, called alph8. beta. and gamma radiation.
Alpha rays were found to be positively charged
hellum IOns; beta rays were found to be negatively
charged electrons; and gamma rays were high­
eneri(Y plectromagnetic waves. In a magnetic
fIeld, the alpha rays were deflected in one direction.
the beta rays deflected m the opposite direction,
and the gamma fays not deflected at all.

The discovery of radioactIvity and Sir Joseph
Thomson's proof of the lOdeppnrlent existence of
the electron were the startmg pomts for theOries of
atomic structure. Thomson proposed one of the first
models of the atom. His "plum pudding" model of
internal structure depIcted the atom as a homo­
geneous sphere of positIve electnc flUld (the pUd­
ding) in which \\'ere imbedded the negativeiy
charged electrons (the plums). In this model the
negatively charged electrons, which repel each
other and which are "ttracted to the pOSitive
charge, assume certain stable positions inside the
:ltom. If the electron distribution IS disturbed by
an extern,,1 force, e.g .. the VIOlent colliSIOns between
atoms 10 a hot gas. the electrons vibrate about
theIr equilibrium positions and emit clectromag­
neUc radiatlon.

The homogeneous·atom con,ept was proved in­
correct when Rutherford performed a senes of
expenments WIth a beam of high-speed alpha par­
ticles fued at a very thm metal foil. Most of the
alpha panicles passed straight through the foil
or were scattered or deflected only shghtly from
theIr origmal paths, A small percentage of alpha
particles were significantly deflected, however, with
some alphas reversing their dIrections.
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The Th()m~on mod.. !. In wIner the POSltlvP
ch:Hgc W:l~ unlformlv dl'trlhuted thrClul.(hout th..
atom. would nev"r permIt a sufficlf'lltly hrge con­
centration of thIs charl/,t' HI one rpl/,I<,n to afff'rt the
~Iph:l p~rtldes '1I/,OIfIC:lntly. Ruthl'rford thoul(ht
that "it (th.. t'xpNlmental result) was ahout as
credlhl., '" If you haci fired a 15-lnch ,hell at :l
piecl' of t'''Ut' p"per :Ind It c:Jm" ""ck anJ hit you.·-

To l'xpJ:lln th.·,,, results, Rutherford postulated
th:lt the atom dOl" not consist of a untform spherp
of POSltlvP .·I ..ctnficatlOn, but that the POSltlVP
charge IS concentrated in :1 small re~lOn called the
nucleus. at the center of the atom J n hIS dvnamlc
planetary model. the nucleus plays the role of the
sun and the electrons correspond to indIVIdual
planets of the solar system revo!> mil. about the
sun, This model. along with the cl< sSICal phySIcal
laws of electnClty and mechamcs, provided an
adequate explanation of the alpha p< rucle's scatter­
ing. Subsequent expenments perf or med on seven
different scattenng matenals and at different alpha
ene-lRies vE'nfie-o Rutherford's theory.

Electromall;netlc theory demands that an os­
nlIatlnll; or r... volvlnll; t'lectric charg~ emIt electro­
magnetIc waves. Such emISSIOn results In the loss
of energy hy the emlttmg partlc e Applied to
Ruthprford's electrons. this energy Ie ss would cause
a steady ,r)OtractlOn of the sySl em smce the
electrons would 'plral Into the cen :ral nucleus as
theIr rot:1tlonal energy was disslp:ltf'd ThiS process
would occ..lr very rapIdly and woul! directly con­
tradict the permanent existence of Moms, Also, if
the radiation pattern producpd bv the atom werp
related to the eneq~y rachated hv liS moving elec­
tron. this radIant energy would he changing wilh
the radIUS of curvature of the elect 'on's path. The
pattern would consist of 8 cont inuous range of
wavelenl1:ths Instead of the well-dt>fined discrete
wavelengths that are charaetenstlc of p;lch elpment.

BOHR ATOM
Since thp known ,tabllltv ot ~.llJmIC ,,<;f,'ms

could not he TPconclled WIth c\;lSSICll principles of
mechanics and electrodynamics. N,P:s Bohr In 1913
reasoned that Chlsslcal phySICS Jaws must be wrong
when <Ipphed to the motion of the electron In the
atom. Max Planck reveal"d an pssentlal hmitation
In the theones of c!;lsslcal phySICS Ir 1901 when he
IntroduCt'd thf' ,'onet'pt of d,screlf' amounts of
enprl1:Y (th,· .'nprg\· quantum) III hiS quantum
theon' of h""t I ."1,, It IlIn, Alhprt Elnst"1n h:ld "p­
pllf'd tillS .. ,jJI ... ·JlI III la,dll ,n 19()~. \\hpr, he <I",
"flhl'd the phlllll.-l.'ctrll· "If""t Th.· '1u'lntum
theory st"t,-, Ih'1I ,·If'clrl,ln,\gn.'tll· r",hat!',n (r,f
which light I' <>'It' form) Illtl'i I,,· ,·mltT.·" "r .iI,­
,orbprl In Int,'grill multiples of thesp pn,'rgy qu,nLl.
Bohr couplt-d RlIth.'rfnr<h :ltOI11 Wl1 II HIP qll,mturn
theory to prndtlc'" hIS qu.lnttln\ tit",)r\' "' "t0I111C
qructurc.

Since ;\ lH'ui\· fh:lt <:.;rl1n" ;dH1Ut It .. r,\l.;n lXI~ ~'r

revolves III an odJlt ;lImut ,"Pillet! p"'l1t po'".,,,.,,
anl/,ular mornpntum. Bllhr ;Issurn ...d th;,t thp ,~I.,,·­

tron's nngular momentum Wfl~ rf'qr,,-t<->d tn Ct'rt:lln
values (hp quantl/pd thl' .'mgu!;1I' momentum).
Each of the f!'SlrtCl"d \;llul's. whlc~ '-',IS d"'Cflh.'d
by a prmclpal qU<Jntum numl",r. n '-'c)uld "1'".'liv
a particular CIrcular orhlt. An atom\( ,vstem. "ho~f'

de<:trons were tn elven orbIts. \Wouid not pmlt
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electrOln;H(netlC rarllatlon t'''en thoul/,h the particles
w ... rp :lccelerattnQ; TllP who I" :.Jtom was said to be
m " ,tatlonary state, Such an assumption IS con­
tr<lr~ til claSSIcal electrodvnamlCs as mentioned
""riJpf Electromagnetlc radIatIon ""ould be emitted
"r ahsorhpd (lnlv when an electron ehangeci from
one :1l1owpd orolt tn <mother flilowed orbIt The
"\}pr,,\' diff,'rp"c., hpt,,· ...·n thp two statl'S would be
"mltted or absorbed m the form of a smgle quan­
tum of radl"nt energy. producmg a radiation pat­
tern of a defin,te frequency',. related to the energy
E by the relation E h" already postulated by
Planck and Emstem.

QUANTUM NUMBERS

The quantum theory was further refined in 1916
when Arnold Sommerfeld Introduced an aZImuthal
quantum number. t. where t· n - L which per­
m.ttE.'d discretE' elltptlcal orbIts for electrons. in
;lddttion to the CIrcular orbits. This change per­
Inltted the Bohr model to account for detaIled
structure in the pattern of raciiation emitted by
h~'drogE'n and other atoms. To account for the
dlange in the emllled radIation pattern when an
atom'ls exposed to " magnetIC field. a magnetic
qua~tum number m (with permitted integral
values from - I to . I was added. This quantum
number designates different projections of the
pusslble circular ur elltptlcal orbits along the mal;­
netIC field ulrectlon m space. Finally. a spin quan­
tum number for the electron was postulated by
Samuel Gouusmit a~u George Uhlenbeck to a~.
count for the close groupmg of two or more spec­
tral Imps. An electron was conslden'u to have an
angular momentum about Its own axis: III mechan­
lcnl t,'rms. thIS motion can be thought of {lS spin.
III .1 llIagnptie tield. th", spm RXIS can havE' two
d,rectIOns relative to the field.

The orhlts in which th£' electrons move can be
descflhed by speclfving a spt of these four quantum
Ilumhers. All .·!ectrons WIth prmcipal quantum
llumher n I ;lre III the innermost orbit, called the
K ,l1l"11 All electrons WIth n - ~ fall mto a second
~rI)Up, called the L ,hell The total number of e1ec­
I runs in a shell IS ltmttpd hv thp vaflOUs possible
"C)momatlons of the othpr three quantum numbers.
VJhen an electron shell is tilled. tbe atom is in a
,1:1 hie cnnfiguration (the noh!p gas configuration)
;lnd dot'S nllt e:1sily undergo chemIcal reactIons If
lInl\' aile or two "Iperrons ;lre In the last unfilled
,I1ell. It IS n·iatl\·"i\· easy f"r the atom to lost' these
,'I ..elfun" tn ;mother :Itom whose last untilled shell
11:\" cJlll' '" t ...... Ll \aCallCles Tht' tirst of these two
,tums 1><'I'omes posltiu'I\' chargpd (h"cause of the

!"", "I' .'I,'clrons), the "'l'I,nd 1>t'comes negatively
dl.l rg",; (1>ecaUSt' of thE' "illn uf I'lectrons). These
ItUrll ..... call nov..' ;lttract p;lch other and fonn .3 ......om­

I"~ .und ("'IlIC bondl1ll.().
TI1,' p'·IICJdIClt~· or n'pd,t\\p structure of thp

:\l~"I,·I.,P\ ch"rt IS 111'\\ understood to h.. due to
'i,,· IlUl1lllt'1 of "Ipctruns tr1 th" ;;tom. In a neutral
"~,'en the numlwr of elpc·trons IS balanced hy the

"Ilu.tl numher Ill' r>rot0ns I h"lr0gl'n nuclei WIth a
\)O'ltl\'" eh;lrge 'Ind " m"" uf about IF!36 electron
rnasses) In thL' nuckus oi the atom. Note that the
',~omlC number ,..,f ar elf'ml'nt is equal to the num­
i .pr 01 Unit po'ltl\'e ch"rl!E's carned hy the nucleus
mG " not the same as the atomIC wptght. In 19 13.



Henry G. J Moseley determmed the mal(nitude of
the nuclear char!!,e by compann!!, the characteristic
X-rav wavelengths of~lements. IdentIfication of
the atomic number of 'In "Iement from Its hlgh­
frequency spectrum plovlded a rule for fJttin!!,
newly discovered eleml'nts mto vacant places on
the Mendeleev chart.

In 1923. Louis DeBrol(lie postulated that. in an­
alogy with lIght having both a wave and a partIcle
nature, matter should lave a wave as well as a
particle nature. The wcvelength that he predIcted
for a particle was inversely proportional to the par­
nell's' momentum. Climon J Davisson and Lester
H. Germer experimented wIth the scattering of elec­
trons from a crystal. They showed that electrons
definitely had wave pr'Jperties wlth a wavelength
corresponding to the value predicted by DeBroglie

The mechanical picture offered for the classifi­
cation of stationary states of atoms hy the Bohr
theory. and its subsequpnt modification_ was handI­
capped hy its reliance on many ad hoc postulates
and by an inability te, explam the intenSIties of
radiatlOn patterns "mitted by atoms. A new de­
parture was provided in 1926 by Erwin Schro­
dinger's establishment of wave-mechanics.* In

which stationary states are conceived as proper
solutIons of a fundamf·ntal wave equation. In ad­
vanced theories. the 'Tlechanical models are no
longer used.

ISOTOPES
Experimental investigatIOns in nuclear physics

hegan to reqUire speclahzed instruments. One of
the first of these instruments was the mass spectro­
graph developed by Francis W. Aston to measure
the relative mass of the atoms of an element. This
device directed positive ions of an ionized (elec­
trically charged) gas ~lt a photographIc plate. The
ions were deflected by electric and magnetic fields,
working at ril!:ht anl!:le~;. so that all particles having
the same mass were brought to a focus at a fine
line. Heavier ions, ha vinl!: more inertia. were de­
flected less thar. were the hghter ions.

With the use of th~ mass spectrograph. it was
discovered that some chemIcal elements have two
o~ more components. each with its own mass.
Natural chlOrine, whme atomic weight is fractional
(about 35.5). prOOuc ~d two hnes on the photo­
graphIC plate corresponding to mnsses very close
tn. 1, -::lnrl 17 Nn n~rtlrlp U!~" found with :1 fr:lc-;;0;;1 ~';ss- (:.v;;hi:;~ ~-~~p~;i-~~-n~~i- err~;): Com-
ponents of the same chemICal elt'ment w,th (hf­
ferent mass numbers .Ire called Isotopes. Most ele­
ments in theIr natural state consist of two or mnrp
Isotopes. although 20 elements havt' only one ISO­
lope' for example. ; luminum. cohalt. and ,,-old.
ModliYlng Prout's hypotheSIS, Aston p'roposcn thl'
whole-number rule which states that all '1toml('
masses are close to integers :Jnd th"t fracl101ul
atomIc weIghts ,up due to the presPllce of two or
more Isotopes. each of which has an approxlln"tl'lv
tntt'gral value. On the carbon-12 sC;lle oow ust'd.
where thp atomIc well~ht oi carhon-12 IS exactly 12
Units. all other ISOtope'S h"v.' atomIc weIghts close
to integers.

\Va .... '·-Illl·clianic.., is eq Jlvalt:'Ill \\1 lilt· IlLllrlX nwt't;ltll{'"

dCl,lt>lopl'd hv 'W't'rnt>r J-{clsenht:'r~ In 1'125.
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With the problem o( fracltonal atomIC weights
solved. phVSI"lst' ,It tirst hellev"d that nuclei con­
Slstt'd ,>i c,lt-cUlms ;lIld protons. A nuclC'us WIth an
atomll' numher Z and all "tOIllIC nwss A would call­
SlSt of A protons. to "ccount for the total mass. and
A mlllus Z electrons to balance the excess positive
charge o( the protons. ThIS vIew of the structure of
the nucleus was altered In 1932 when James Chad­
WICk disrO\'precl the neutron. This partIcle has no
dectric charge and has approxImately the same
mass as the proton.

It IS now hebeved that neutral atoms consist of
N nt·utrons. Z protons. and Z orbital electrons. with
AN. Z. Isotopes are nuclides WIth the same
Z but different N. For example, natural hydrogen
consists almost entirely of atoms that contain one
proton and one electron. However. a small amount
(about 0.015 percent) of deuterium (heavy hydro­
gen) IS present in n;lture; deuterium consists of one
proton. one neutron, and one electron. In general.
the situation becomes more complex as the heavier
.. lements nrC' ('ncountered. Natural tin, which has
atomIC number SO. consIsts of 10 isotopes of
masses 112, 114 lIS, 116, 117. 118, 1l9. 120.
121. and 124. These Isotopes dIffer from one an­
other hecaust·. "Ithough each has 50 protons and
SO electrons. each contams a dIfferent number of
neutrons (ranglllg from 62 to 74).

The nucleus IS held together by attractive forces
between the neutrons and protons. These attractive
(orces are not completely understood. but it is
known that they must be strong enough to over­
comf' th.....lertr~static repulsion between the pro­
tons. Because of this repulsion, however, the ratio
of neutrons to protons increases for stClble isotopes
as the atomIC' number Increases. Among light ele­
ments in nature. there is approximately one proton
for even' neutron. Among heavy stable Isotopes, for
every t'.Vo protons there "re approximately three
neutrons.

As previously mentIOned. Aston found that the
atom,c m:1SSt'S wprp approxImately integers. More
'lccurnte measurements Indicate that the total
mass of a nucleus IS always less than the sum of
the proton <lnd Iwutron masses of which the nu­
deus is composed. In 1905. ElOstelO had shown
that mass. m. was another form of pnergy, E. fOX­

pressed by tns relatlOnshlp E - mc', where c IS

the velunty of lIght. The llIass deficiency of the
nurlt·us is ~"xprt'sst'd dS tht' l1uclear bindIng energy.
TIll' hlnding t'nt'rgy l"llreSP1lts the amount of
t·Eerl!.y r('qulfed to hrt'ak tlu' nucleus illto Its con­
stitllt'nt nlldt'OIlS. Th,· latlo o( the blllding energy
to the number o( part Icles 111 the nucleus varies
among thp stabl,' elt'ments. It IS greatl'r for ele­
rtH"nts WIth Illass nurnllt'rs ))('t ....·,·.·!l 30 "od 120 than
It IS for very light or vt'ry heavy stable dc·mellts.

ARTIFICIAL RADIOACTIVITY
In Iq 1"- Rutht'rford\ dls,'o\'PC\, o( artIfiCIal

r"d10aC!lvIlV :lchlevetl tht· (,-"t \',"nlv sought hy
the "nclent' ,lIchen1ls!s. that IS. c!wnglOg onp .,le­
ment IIlto another RutherfOid hombarded nitrogen
gas WIth a streilm of ;dpha par!leles. Some of the
:dph" part IclL,s WtTp absOl bed by the nitrogen. pro­
tons wc'Ie emItted. ann a different elt'ment. oxygen.
was formed The phVSll'lst U.'L·' sYlllboltc bnguagt'
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in nature. The tt.>rm "nuchde" was proposed by
Truman P Kohman for a species of <itom ch:lrac­
teTlzed bv the numbt.>r of neutrons and protons th:l\
the atom' contams. The term IS used m th" booklt't
In thiS general sense to ene'ompa,s hoth stable ;]n<!
radIOactive speCIes. At pr(,st'nt. there are 1675
nuclldt's known. of whIch 264 .orf> stablt' forms of
the natural t'lements. In adcJttlOo. 65 of the un­
stable nuchdes are found In nature. mamlv among
tilt' heaViest t,lemen" Actl\'e nuclear research,
which IS conducted in many laboratoTles through­
out the world. causes additIOns and changes 10

thfe' list of nuchdes. Smce the last edItion of the
chart was published ( 1966). 8 nuclides. which had
been mlsasslgned. have heen removed. and 180
new nuchdes have been added.

,
H,

(Data revised to December 1968;
occa,ionai data to June 19691

The general arrangement of the Chart is similar
to tbat suggested by Emilio Segre and followed in
prpvious editIOns. Because of its size. the Chart
IS presented in three overlapping sections. The
numbers along the left-hand side, mark 109 the
horizontal rows. represent the atomic number Z
(the number of protons in each nucleus of that
row). Each honzontal row represents one ele­
ment; the filled spaces mdicate the known isotopE'S
of that element. The numbers at the bottom of
the vertICal columns represent the number of neu­
trons In each nucleus of that column; the number
IS designated by N.

Heavv lines on the Chart occur for Z or N equal
to 2. 8. '20.28.50.82, and 126. These are the so­
called "magIc numbers". I.e .. the numbers of neu­
trons (protons) present when a neutron (proton)
shell IS closed. In ;lnalogv with the electron shell
model of the atom. a nuclear ~hell model has been
devt'loped for the neutrons and protons wlthm a
Iluclt'us. Filled shells r('present the most stable
<'onnguratJOns. Nuclides havlOg enher a closed
neutron shell. or a closed proton shell. or both.
are most stable.

Spaces shaded 10 gray represent Isotopes that
occur m nature and that arE' generally considered
stable. A black rectangular area at the top of a

to represent the transformation 3S follows'
11 I

N - He-+ 0- :-i

NEUTRON FISSION
During the investigation of neutron-produced

reactIOns III various target elements. Enrico Fermi
and hIS assocIates discovered dlff ~rent beta activ­
itIes (distlOgulshed by half-life) w,en uranIum was
used as a target. They assumed thE t a transuramum
element had been produCE'd (that is. an element
whose atomIC number was greater than 92). In
1938. Otto Hahn and Fritz Stra isman, repeating
the experiments. discovered part of the actIVity to
be due to haflum (atomIc number S6). Lise Meit­
ner and Otto Frisch suggested flat the uranIum
nucleus had spht into two roughly equal parts.
barium and krypton (the latter. atomic number
36). when the uranium captured he mCldent neu­
tron. This reactIon Frisch termed "fission." after the
term used to describe the divisi-~n of cells in a
Iivmg organIsm. Smce the mass ddect (or bmdmg
energy) per partIcle IS greater for the reSidual
nuclei. barium and krypton. than for the uranium.
neutron fiSSIon IS accompaOled be' a large enerKY
release.

For nuc1e:H reactIons othpr than fission. Fig
I illustrates the many combmatlor,s of incident (or
hombardmg) and e"';'lItted partlclts, and how each
combinatIOn changes the orlgm,,1 nucleus. ThIS
figure IS copIed from the lower rlj~ht corner of the
chart A speCIal type of shorthand IS used on this
diagram to IdentIfy the data represen·ted. An ex­
ample IS (p.n) whIch denotes a rE'actlOn m whIch
the nucleus ahsorhs a proton and emIts a neutron.
The symbols used are:

n neutron triton (hydrogen-3
d deuteron nu :Ieus)
p proton a1t: ha particle
'He helium-3 nucleus gamma ray

Usml! these reactions. nuclear physiCists have
f1roduc~d far marl" artIfiCially rad,oactlvp Isotopes
than the stable or radioactIve Isotopes that occur

The ~uper~crlpts denote the total number of nu­
r1 ..()n~ (numher of r>rolOns rlus neutrons). and
th,· ,unscflpts d.-not,. tht' atomIC Ilumber (number
of protons) ,n each elt'ment. Note that the super­
SCTlpts on one "de of the arrow ~alance those on
the other SIde. The samt' IS true f ~r the suhscflpts.
The halancfe' rppresent, the coniervatlOn of the
number of protons and neutrons separately.

This inItial discovery has been followed by the
construction of lar~e machmes deSIgned to ac­
celerate charKed partIcles such as protons and
alpha particles to higher energles;o that they may
be used to bombard nuclei. Amon ~ these machines
are the Van de Graaff generator. the cyclotron.
the betatron, the linear accelerator (linac), and
others. Beams of high-energy neu! rons can also be
produced. Since the neutron is elt: ctrically neutraL
however, there is no electrostatic repulSIon be­
tween bombarding neutrons and the positively
charged target nucleI. Even thermal neutrons could
be used for nuclear reaction studi"s (thermal neu­
trons have energIes that correspond to the most
probable energy for a KrouP of neutrons at 68 ·F.
that IS. energIes lrl the neighborhood of 0.025 eV).
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Table 1. DistributIOn at Stahle Nuclides
A Z N Numbpr of Stablp Nucltdps

STABLE NUCLIDES
ClassifYlOg the 264 stable nuclides bv the even­

or oddness of Z and N Rives four po~sjble cate­
gories. The first categc,ry contains an even number
of protons and an even number of neutrons (so
called even-even nucki). The other categories are
even-odd. odd-even. and odd-odd. Table I shows
the number of stable nuclides that fall in each
category.

Table I shows that for the odd A nuclides there
are approximately as many nuclides with an even
numher of protons (even Z) as with an even num­
ber of neutrons (even N). This is evidence that the
nuclear force bet weer two nucleom is independent
of whether the nucleons are protons or neutrons.
Odd-odd stable nucldes are scarce. =d they are
fnund only among the lightest nuclides. Their
scarcIty is due to a "pairing energy" between
pmtlcles in the same shell. The condItIOn of bemg
In the same shell In, reases the binding ent>rgy of
thpse partlClf's. making them more stable than
particles in different shells. An odd-odd nuclide
contains <It least or e unpaired proton and one
unpaired neutron wlich are usually In different
,hells and hence can tflbute wenkly to the binding.
For the lightest nucl,'i. howevl'r. the unpaired neu­
tron and pruton <.Ire It1 the same shell.

white square mdicates a radioactive isotope that IS
found in nature. Exampl es of such Isotopes are (I)
an unstable nuclide ha'/ing a lifetime sufficiently
long to have prevented the los~ by di~integration

of aU atoms of that pc rtlcuiar nuclide that were
avatlahle at the time the elements were formed.
and (2) a short-lived r uclide that is a disintegra­
tIOn product of such a long-lived nuclide. Occasion­
ally one nuclide has both the gray shading and
the black top. This inc Icates an isotope found in
nature, such as rubidi'lm-87. that IS radioactIve
with a very long half· life. Squares with smaller
bl<.l<:k rectangular are~ s near the top represent
members of one of the naturally radIOactive decay
chams (see page 8). The old symbolic name IS
Inserted In this smaller black area. White squares
represent artificially produced radioactIve nuclides.

The heavily bordered spaCe at the left side of
l'ach hori2ontal row gives properties of the element
as found in nature, includmg the chemical atomic
weight (on a mass SCf Ie where the neutral atom
of carbon-12 ~ 12.000(0) and the thermal neutron
"bsorptlon cross spctlOn (see page 6).

Each of thp other occupied spaces carries the
chemical symbol (3 Ii~t of these symbols is given
on page 7 along wltr the atomIc wpights) Clnd
the mass number of the nuclide indlcatpd. The
mass number. designated by A. is the sum of the
number of neutrons and protons In the nucleus.
The number of neutrcns N is equal to the differ­
ence between the mass number and the atomlC
number. that is. A minus Z.

Diagonals runnmg from upper left to lower fight
connect nuclides of dtfferent elt'ments. whleh have
thp same mass numbers. For example. one line
could connect c<lkiurn-40. whIch has 20 protons
and 20 neutrons. With argon-40. which has 18
protons and 22 neutrons. Nuclides of the same
mass number are called isobars; nuclides with the
same number of neutrons are called isutones.

METASTABLE STATES
Notp that certain squares are divided. for exam­

ple. the square for aluminum-26. Such divisions
occur when a nuclide has onp or more isomeric
states. that IS. when a nuclide has the same mass
numbpr and atomic number. but possesses different
r<tdloactive properties 10 dIfferent long-lived energy
st<ltes. On tht' chart. a long·llve<i state IS arbltran!y
defined CiS a stnte whose half-life is onp mlCfospcond
(one-llllllionth of a second) or longel. The lower
energy state is generally r!'ferred to CIS th.- ground
state. the higher state ns the isomeric state. Fre­
'lupntly. the ground statp is a stable nuclide. 1f one
metastable state l'XIStS. It IS shown on the left. If
two exist. the hIgher energy state IS shown on the

DATA DISPLAY
The manner of displaying data is explamed in

the lower right CDrner of the chart. For stable
nuclides. the first line contains the chemical symbol
and mass number; the second line presents the
atom percent of the natural element that thiS iso­
topp represents (known as the absolute isotopic
abundancp); the third line contains the thermal
neutron cross seCllon (see page 6); and the
fourth line presents the isotopic mass of the neutral
atom (the mass of the nucleus and its surrounding
electrons). This mass is given in atomic mass units
where carbon-12 is assi~ned a mass of 12.00000.

For long-lived. naturally occurring radioactive
nuclides. the first line contains the chemical symbol
Dnd mass number. the second line presents the
absolute IsotOpIc abundance. and the third line
contains the half-life. The half-life is the period of
time m whIch half of the nuclei initially present in
a given sample dIsintegrate. Additional lines
present the decay modes (or types) and energies
of decay. and the Isotopic mass of the nuclide.
Energies are given in millions of electron volts
(MeV). When more than one mode of decay
occurs. the most prominent mode appears first
(above. or to the left of. the other modes). When
gamma radiation is emitted m more than one decay
mode. or if several gamma rays are emitted in one
mode. the gamma rays are separated and presented
below (or to the right of) their associated decay
mode(s).

For radioactive nuclides that are not of the long­
lived. naturally occurring type, the same informa­
tion IS prespnted excl'pt that the isotopic abun­
dance is omlHed and the last line of the pertinent
square contums the beta-decay energy instead of
the Isotopic mass. For the heavy elements. where
the major mode of decay is alpha-particle emission.
the isotopic mass is retained in the last line. In
many squares. a sHlall black triangle appears in
the lower right corner to indicate that the nuclide
has bpen formed as a product in the thermal­
neutron fission of uranium-235.
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left. tlit' 10\' ,'r IJeI"" It dr to tht> lI~ht of It. and th,'
ground ,t<llt' to the r,,,,ht of hoth

A mod,- of d"C:l\ and the deca, t'nerO!,y shown
,n pdrenth,'st·~ IfldICdh" Ihdt the de,:.l\' rt'sults tram
" sl,."lilvl'd r1duOi,htH that dccomrantt>s Ih parent
(In it r;"I"Ja,t,n' dec"v. Ih,· orll~lnal nucl1dp "
call ..d th,· p,If"nt ur plt'CUhur: th,· ,,-,ultant nuclIde
IS L.lled t!lp ddu\',htt'r) For ,'xdmple. nitrogen-It.
w,tl,,, h.df-l1!l' ut 4,14 ".on,l\, d"'iI)'s by negallH'
I,d" ellllSSlon (,ym!Jul .' I 11110 an exceedingly
shurt·II\· ..d stall' of oxy\!,t'n-17. whl:h 111 turn emits
a neutron. Thus nltrogen-17 em,ts "delayed neu­
trons" With a half-l1fe ol 4.14 seconds.

Anoth"r ,'xample IS l7·day palladIum· 103. whICh
dec,ys by K-electron rapture mamly to the 57­
mmute rhorhum·I03 and. statlstl:ally less oftt'n.
to stable rhodlum·103 (K-elt'ctroll capture occurs
",·h..'n the nucleus captures an electron from the K
shell: th,' symbol IS '.J The 57-minute rhodium
,'nuts <.J gam rna ray or an mternal·converslOn elec­
tron that c()rn~sponds to an !som£'f!C tranSition of
0,040 MeV, (An 1Ilternal-conver'lon process In·

volv ... s the lhrect transfer of enerl,Y from the nu­
.It'us to one of the orbital electro 1S. and the elec­
tron IS ,'weted from tbt' atom: th., symbul uSt'd is
.. ) On t he chart. the delayed \!,amma ray IS as­
sll/,n ...d to the parent. IOclu!>lon d the energy 10

part'nth,'st,s ind:cates that the \!,amma ray comes
from the daughter, but contmues 10 last as long as
the dlsll1tq!,ratmg parent is still present.

A further example IS prOVIded by a standard
lahoratory radionuchde. 30.2-year ceslUm-13 7. This
long-laved parent decays directly to a !>hort-lived
naughter. 2.55l-mmule harium-137. by negative
beta "miSSIOn. The 6.616-MeV gamma ray whICh
:s pmitte-d n.v the hdrium IS includl~d in parentheses
on the cesium square.

THERMAL NEUTRON CROSS SECTIONS
The Gr,'"k Idter " with var!Jus subscripts IS

used to Ident If y the thermal neutron cross sectIOns.
Tht' neutron cross section mt'aSUfl'S the probablhty
of mteractlOll of a neutnJ!1 with matter. The cross
"'ctlon can be most eaSIly vlsua Iized as a cross­
!>t'cllonal target area presented to the neutron by
th,' nucleus. The cross section depends upon the
type of IOteraction involvl'd and' he energy of the
neutron. At thermal enerll;les, a number uf reactIon
typl'S are pOSSible. The thermal neutron absorp­
t lOll cross sectIOn (symbol "" J I:' the sum of the
('ro:-,:... :o.l'ctions for (.111 reactIons ex~ept scattenng of
the Ileutron. Cross Sl'ctlons ::Ire usually measured
111 units of b,nns pPr a:orn. A har 1 IS the <lrea of a
squar,' a nlilhonth of il mlIlIOl1t~, of a centImeter
un ,'ach s"lt· ( 1° ., square centmH't ... rs.>. The most
prohablt- fl'act,on (that IS. the IPactlOn With the
lar\',,'st cross sec lion ) IS gen,·rall ... the neutron cap­
turt· r... al'lIOll (symhol " ) III WhLh tht' absorption
,,j tl,,· neutron by the llul'1eus IS accompallled IJy
~lIl/,h-l'n .. rKY gamma-ray l'llIlSSlor. Occ<.JSlonally. "
protoll or '1f1 alpha p .. ,tlCle may Ill' emItted. or the
nucleus may fiSSIOn upon neutron ab!>orptlon (sym­
bols ".' "'" .. no '" J. Examples of these cross sec­
tluns are found on the square; of berylltum-7.
boron-IO. and thonum-227, resp,'ctlvelv.

A g!vt"n nuclide might undel go tv,,'o or Olore
InteractIons, and ItS square wO.lld then contain

6

t\'l.U lll' 111L1ft' ot thl'~t' ... TlIS .... - .... l" .. ' \1,\1\ \ ,dllt'S \Vhl'll

I1L'utroll l';lpturt' l-all ll',l.~i tp .1 :lll't I .... Clhl,· 'Lltt' .IS

\,,~ll .lS tll tht' ~ll1l.1lh.1 .... Lill'. 111ull' th.lll ~qlt' \ .dul'
\.\ III ,ippt'ar UPSH..lt' tilt' ~-,lptUI t' "flY:'," "l'l'1 \<Jtl 1111

th,n nudlde, The ,'ru,,·sel"lIUI1 \ .,Iu,' 1,,, II lc'l.l'itdbit'
st .. te formallon h Ii,t"" un the lett .11,,1 tl1.1t for
,lIrect ground state l"rl1l<1tl011 UI1 thp lI".ht For t\\'o
l11<'tastablt' statt's. th," hlght'r "f thl' t\\'o st<llt's IS

<m the lelt. For ....,ample. Illc!tulll-113 hdS an Illdl­
,-;lIed capture era", Sl'L'tlun" ut (2.8 5,0. 3).
whICh means that '!It' noss st'Cllon for tormntlon
of ·H·nlllitsecond Il1dlum-114 IS 2.8 barns. the
cross ,,,etlan for the ,!treet lormatlOn of 50.0-day
Il1dlum-114 IS 5.0 barns. and the cross Sl'ctlon for
furmdtlon of 7l.g-second llldlum-114 IS J barns.

The d,'slgrwllon mb or b followlll\!, the cross­
sectIOn "due Il1dlCates that the umts of the cross
,el"llOn are 1T1I1ltlJarns pt.'r atom (10 ,- cm' atom J
or fl1lrcobarns per atom (10 '''cm' atom), respec­
t l\<'1y. When no rnb or ! b appears on the chart
square. the untts of the cross section are barns per
"tom.

SPINS AND PARITIES
In the upper rlght corner of the square for the

ground state of a nuchde. and Il1 the upper left
curner of the !Solllenc state. are shown the spm and
panty of the conespondll1g energy level. Each
neutron and proton bas an Il1tnnslC angular mo­
mentum of '2 (111 units of h 2 'C, wbere h IS Planck's
constant), Similar to that of the electron. which
combll1es With tht'lr orbital angular momentum to
produce a resultant angular momentum called the
nuclear Spll1. Since the orbital angular momentum
IS always zero or an integral multIple of h 2;:-. the
nuclear spin (in units or h 2 -) IS always integer
or balf·odd·intell;er, depentlll1g upon whether the
nucleus has an even or an odd numlwr of nucleons.
The concept of panty was mtroduced by the
m .. thematlCal formaltsm uf qunntum theory and
has no claSSICal analogue. A system m a gIven state
rna\, have l'vt'n partty (,ymhol . ) or odd panty
(symbol ). For alullllllum-27 the spm and panty
arf' shown as 5 '. whprt' the 2 m the denomll1ator
of 5 2 has been removl'd to Improve the read­
:lhllily [)r the chart, Thl' "round states of all ev"n·
e\'en nuclides art' known to have spm and parity
o . : so O. has been omitted.

The drguments for the assIgnment of spm
and panty to nuclear states can be dIvided
Into tv....o ci<Jsses: SllUI1~ ~ifguments such 3S rnea­
suring V<llul'S c!trectly. and weak arguments such
as IIlfernnll; valu,'s In,hrl'ctl)'. On the chart. the
absence of parentheses mdlcates spms ,ll1d or
pantIes based on strong arguments: the prt'Sl'nce of
p:lfl'nth,'ses mdtcatps spms 'll1d Ill' P~r1tlt" hasp"
on Wt"lk arguments. When thf' SpillS of hoth the
'l.!..round ~tate ~tnd ;111 ISOTl1t'flC ....1;'t(' ;Irl' ~l\'en for a
partlcuLtr nuchd.... It " Il1tert'stln\', to "Il,,'r\',' that
lh"st' '!HnS usuall)' cliffer Ilv two or more Untt, of
h 2 -. The large "ngular momentum (,pm) change
" rl'qulrl'd for the gamma-ray tr~nslt'OI1 between
the s!:'ltt'S, Combllling thiS Spill ,-h"nge With the
,m,dl enprgy dlfferl'nn's (a few hundred keV)

Il'ads to a rdatlvely long Itfl'tlme (metastable

't"te ).
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Oxygen frij .27 mb
Sodium 0" .534

The atomic weight for praseodymium should read
140.908.

Errata
(Chan of the Nuclides, Tenth Edition)

The absorption cross sections for oxygen and
sodium should read as follows:
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Similarly, the two other natural radioactive
sequences may be traced. Orle IS the actInIum series
willch starts with uranlum-235 and ends With lead­
207. The other IS the thorium series, whIch goes
from thonum-232 to lead-208. A fourth, or nep­
tUnium, senes IS also known. However. the half-life
of the parenl. neptunium-237. IS only about two
mrllion years. Since the age of the earth IS five or
ten brllJon years. most of the nepwOlum-237 pres­
ent when the earth was younger has already de.
C:elyed, and the senes is not found in nature.

Sincf' the naturally radioactive decay chains end
at stable isotopes of lead, the isotopic composition
of lead arc will be variable dependmg upon its
source and its past history. Elements such as
lithium and boron also have variable compositions
that are affected by reactions that their samples
have preVIOusly undergone. In a Similar manner,
scientists exammlng the isotopic compositions of
samples recently brought back from the moon
have already obtained an estimate of the age of the
samples from the relatIve amounts of potassium
and argo'l-40 present. A comparison of the isotopic
composition of elements on the moon with those
on earth mIght provide scientists with some solu­
tions to the problem of the origin of the universe.
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Fi~_ 2 R~/at;v~ (...oell/ions 01 th~ Products 01 Various
Nu(jear Proceues

RADIOACTIVE DECJ,Y CHAINS
As nuclear processe" occur. whether IfI natural

radioactivity or under artIficially mduced condi­
tions, the nuclides cha nge m accordance with the
scheme shown In Fig. 2. To understand the use
of this scheme more fully, consIder the uranlUm­
238 decay chain (one of three sucb chains found
In nature). On the chc.rt we start with the parent
uranium-238 which ernits an alpha particle. The
daughter nudeus IS in the second space diagonally
down to the left (see Fig. 2). This square repre­
sents the isotope thorium-234. (This nuclide is also
Identified by the old symbol uramum X" which is
the historic name given it before it was identified
as thonum.)

Thonum-234 in turn emits a negative electron;
so the loss of mass i!: not appreciable. However,
there is a loss of one negative charge, which means
that the atomic num:>er Z increases by one. In
effect, one neutron ha~ changed into a proton. The
move one space up ar d one space to the left (see
FIg. 2) leads to prot<lctimum-'B4 which has iso­
meric states. Each of these states undergoes neR­
alive heta emission;;o another move diagonally
upward to the left lec.ds to uranium-234.

Uranium-234 emits an alpha particle ending at
thorium-230. Anpther alpha decay yields radium­
226. Three further alpha decays result first in
radon-222, then in polonium-2IB, and finally in
lead-214. However, this isotope of lead is unstable
and emits a negative electron prodUCing bismuth­
214. A beta decay to polonium-214 is followed by
an alpha decay to 1.~ad-210. An alternate route
from blsmuth-214 to lead-210 is taken in a small
fraction of the disinlel!:rations since bismuth-214
can also emIt an alpha particle and the resulting
thallium-21D heta-dec'ays to lead-210.

In either case, lead·210 beta-decays to bismuth­
210. Another beta d~cay produces polonium-210
which alpha-decays tn the stable isotope lead-206.
At this point the chain ends. Incidentally, in many
of the above steps, ~amma rays and conversion
electrons are also em Itted.

- 7 -
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LIST OF ELEMENTS

ATOMIC
SYM"OL NAN\E

ATOMIC ATOMIC SYMBOL NAME ATOMIC
NUMBER WEIGHT NUMBER WEIGHT

0 n neutron 52 Te tellurium 127.60
1 H hydrogen 1.00797 53 lodme 126.9044
2 He helium 4.0026 S4 Xe xenon 131.30
3 Ll lithium 6940 55 Cs cesium 132.905
4 Be berylliun 9.0122 56 Ba h:ulum 137.34
5 B boron 10.811 57 La lanthanum 138.91
6 C carbon 12.01115 58 Ce cenum 140.12
7 N nitrogen 14.0067 59 Pr pmseotlymium 140.908
8 0 oxygen 15.9994 60 Nd neodymIum 144.24
9 F fluorine 18.9984 61 Pm promethium

10 Ne neon 20.179 62 Sm samartum 150.35
11 Na sodium 22.9898 63 Eu europium 151.96
12 Mg magnesl1lm 24.305 64 Gd gadolinium 157.25
13 Al aluminun 26.9815 65 Tb terbium 158.924
14 Si silicon 28.086 66 Dy dysprOSIUm 162.50
15 P phosphorus 30.9738 67 Ho holmium 164.930
16 S sulfur 32.064 68 Er erbium 167.26
17 Cl chlorine 35.453 69 Tm thulium 168.934
18 Ar argon 39.948 70 Yb ytterbium 173.04
19 K potassium 39.102 71 Lu lutetIum 174.97
20 Ca calcium 40.08 72 Hf hafnium 178.49

21 Sc scandIum 44.956 73 Ta tantalum 180.948
22 Ti titanium 47.90 74 W tungsten 183.85

23 V vanadiun 50.942 75 Re rhenium 186.2

24 Cr chromium 51.996 76 Os osmium 190.2
25 Mn mangan,~se 54.9380 77 Ir iridium 192.2

26 Fe iron 55.847 78 Pt platinum 195.09

27 Co cobalt 58.9332 79 Au gold 196.967

28 Ni nickel 58.71 80 Hg mercury 200.59

29 Cu copper 63.546 81 Tl thallium 204.37

30 Zn zinc 65.37 82 Pb lead 207.19

31 Ga gallium 69.72 83 Bi bismuth 208980

32 Ge germanium 72.59 84 Po polonium

33 As arsenic 74.9216 85 At astattne

34 Se selenium 78.96 86 Rn radon

35 Br brominE' 79.904 87 Fr francium

36 Kr krypton 83.80 88 Ra radium

37 Rb rubidium 85.47 89 Ac 'lctinium

38 Sr strontium 87.62 90 Th thorium 232.038

39 Y yttrium 00 nn~ ". Tl~ protactiniumOO",V..J 'o'L r"
40 Zr zirconium 91.22 92 U uranium 238.03

41 Nb niobiurr 92.906 93 Np ClC'ptunIum

42 Mo molybdenum 95.94 94 Pu plutonium

43 Tc technet um. 05 Am :lmerlcium

44 Ru ruthenium 10107 <)6 Cm ,:unum

45 Rh rhodium 102.905 07 Bk herkelium

46 Pd palladium 106.4 os Cf (";11ifornium

47 Ag silver 107.868 Qq Es ('instemium

48 Cd cadmiu 11 112.40 100 Fm fermium

49 In indium 11482 101 Md mendelevium

50 Sn tin 118.69 102 No nobelium

51 Sb antimony 12175 103 Lr lawrencium

- 8 -
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LIST Of ATOMIC ElIEMENTS

Actinium Ac 89 Mercury Hg 80
Aluminum AI 13 Molybdenum Mo 42
Americium Am 95 Neodymium Nd 60
Antimony Sb 51 Neon Ne 10
Argon Ar 18 Neptunium Np 93
Anenic As 33 Nickel Ni 28
Astatine At 85 Niobium Nb 41
Barium Ba 56 Nitrogen N 7
Berkelium ale 97 Nobelium No 102
Beryllium Be 4 Osmium Os 76
Bismuth Bi 83 Oxygen 0 8
Boron a 5 Palladium Pd 46
8fuminw B_ ~ .. Phosphorus P 15In ..~
Cadmium Cd 48 Platinum Pt 78
Calcium Ca 20 Plutonium Pu 94
Californium Cf 98 Polonium Po 84
Carbon C 6 Potassium K 19
Cerium Ce 58 Praseodymium Pr 59
Cesium Cs 55 Promethium Pm 61
Chlorine CI 17 Protactinium Pa 91
Chromium Cr 24 Radium Ra 88
Cobalt Co 27 Radon Rn 86
Copper Cu 29 Rhenium Re 75
Curium Cm 96 Rhodium Rh 45
Dysprosium Dy 66 Rubidium Rb 37
~:...._:_:..... 1:. 99 Ruth.fiium iu 44~"'.'V"'I'I""I. ...
Erbium Er 68 Samarium Sm 62
Europium Eu 63 Scandium Sc 21
Fermium Fm 100 Selenium Se 34
Fluorine F 9 Silicon Si 14
Francium Fr 87 Silver Ag 47
Gadolinium Gd 64 Sodium Na 11
Gallium Go 31 Strontium Sr 38
Germanium Ge 32 Sulfur S 16
Gold Au 79 Tantalum To 73
Hafnium Hf 72 Technetium Tc 43
Helium He 2 Tellurium Te 52
Holmium Ho 67 Terbium Tb 65
Hydrogen H 1 Thallium ii iii
Indium In 49 Thorium Th 90
Iodine I 53 Thulium Tm 69
Iridium Ir 77 Tin Sn 50
Iron Fe 26 Titonium Ti 22
Krypton Kr 36 Tungsten W 74
Lanthanum La 57 Uranium U 92
Lawrencium Lw 103 Vanadium V 23
Lead Pb 82 Xenon Xe 54
Lithium Li 3 Ytterbium Yb 70
Lutetium Lu 71 Yttrium Y 39
Magnesium Mg 12 Zinc Zn 30
Manganese Mn 25 Zirconium Zr 40
Mendelevium Md 101
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