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The Elements and the Periodic Table

Imtroductinn

Blan' & specubation on the conipoaition of the undverse bepgan
wilh the ancient Greeks. In the fifih century B.C, Demoerifus of
Abdzra believed that the world was made up of four substances—
garth, water, fire and air—and that ench of these substances was
formed by minute. partieles that were, themselves, indivisible,
These panticles were colled “piomes” from o Greek word meanimg
“uncut or indivisible” " Cualities—coldness, hotness, wetness,
anal drymiess-—wers sttribubed fo these classicnl substonces o give
them their charactensbics.  Through the Middle Agss, many
vrintrons on these early idealizations were devised,

Robert Boyle gave the madern concept of an element in 1661
in his book: Thie Sceptical Chymive” Boyle believed that there
existed elementnl subsances not capable of being broken doan
it #ill simpder - substances- of of bemg produced by the
combination of smaller substances. Al other meerals were
compased of these elemental substances,

Eurly Developmenis

Boyle's definilion was semewhat  vagoe,  boeweyer, end
chemists of that time could not be sure st some  newly
developed experimemal technigue might break down a materesl
previowsly thought o be an elemeot” Mevertheless, as chemical
mwthads improved, approximately 40 elements were iolatod by
the early | BOGs,

Throughmat the Middie Ages; substances were designated by
o vanety of symboks and lefters, Astromomical signs repressmted
ihie metals known 1o the ancients: gold (sun), sitver (moon), awd
tin (Jupiter), Two superimposed Vs, ope mveried, formed the
symbol for glass { vitmam in Latm}. The symboelic representations
of the elements and compounds underwent major chenges in the
early | Bds. In 1803, John Dalen proposed o more standardsed
system where. circles consmining dots, dashes, ond the inftinl
letigrs of the English name of the clement designated the atoms of
the clemendts, Initinlly, this proposal gained some poceplonce, bt
in 1813, ihe Swedish chemist, Jons Jacob Berrelius, suggested the
e of only letter symbols cosssting of the first letéer of the nome
of the element and & second letter from the hody of the aome,
Thas swstem has resrainesd in eflect o the present day,

Between 18303 and 1808, John Dabon made mmgh
determmations of the relative masses of about 35 elements,
choosmg o moke the measrements relstive w hydmogen,”
Berseliny cumied out similir work on &1 elements in 1874°
These studies seemed fo indicate that the relatve masess wens
largely intepml.  Based on these results, 'William Prout suggested
i 1815 thet all elements were built up from the bydrogen atom
(Prout’s hypothesis’).  As more precise diterminations of the
massel were made over the years; Prout’s bypothesis was
ultimately shown o be meomect, though' for o number of
eberments, the valoes wers wntalizinghy Close 1o integral valugs.

Following Alessandro Volta's invention” in 1800 of the
electnie pile, or battery, it was soon discovensd that elements
coiild ke sepamied by electrolysis, that @5, by passing electnic
currents through selutions containing compednds,  In 1334,
Michael Farndoy showed that s different chorsctenistie weght of

y ixd abcrrvem, B g (L) + Aoy {culb
o ) reprodection of 1he 3™ Filtivm 1 The Seoprivmd Civpnie, ovipnadly pebished m
163, hoee hesn pahlehad by The Classes nf Beianes Library, o Divisen of Craphioe
Eilithori, 1997, Mew York
* lmcie Aximny, Dindernoaling Phrner Fofume (01 The fivrmron, Proen snd Neean
FHNM'ﬁrrmi:mLmh:-. Mo York, Al [0

& meme eompleie desoriptom of (he wark of Dason azd BereeSus on chemical symiak
i onme determmatione cen te fomd i TP Armange, A Mieee of Chemsry
Llnu,pml-.'l}hnﬂﬂ Coipany, Lomdon, 1M1

1, Do A foew Syadea af Chemina! Phifmogly, OMancbesier, THELp. 213
* L1 Pl Aon. Phil 3155 {18141
T, Proo Are Phil & 265 (1519)
* A Violln, PRI Trens B Soc. 830 (LR )
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each eloment was prodoced per wnlt of chorge possed”  The
charpe-casrying species in the alectrelyais experiments were
called tons. Some elements, such as oxygen, were fiarmed at the

_positive electrode or anode, and some, siech as hydrogen, were

formed ot the negative electrode, or cathode. lons of the mwo
different types were enlled nmions and cotions, respectively.

As chemical elemenis were isoloted, they were classified
secording to their chemical ond phyicnl properties,  Similarifics
and trenidsan these properties were nobced. In EB17, Johann %,
Dubereiner'™ pointed out the similarities of severn] groups of
three cloments (orads), eg  cakiumestrontiom-barium and
chlorine-broming-iodme, “Severnl physical properties of o singls
member of o triad could be predicted by knowing the properises
of the other twa

Fiw the mad-1 8008 approximately Ml elements hod  been
isalates], mwdl new techiigues Tor identifying elements were being
developed. One technigue was optical spectroscapy.  If the hight
emitled by a moterial lested 1oa hieh temperatune was pasged
through o prisem or diffraction grating, that Bght woold e brakén
up ke & spectrum and & number of discrete wivelengths, or lhes,
could be obderved  Robert Wilkelm Bunsen and Gustov
Kirchhoff stated st every chemical clement was characterieed
by & unigee optical specrum.”’  Bunsen and Firchhoff could
dieteet races of known elements and they predicted new elements
could be dizcovered using this techniguee, In 1860, in an snalvsis
af & sample of water, they observed twn blue lines in the spectrum
and prtributed thess to o new clement,”  The ebement was nnmed
ceslnm, the names being dermved from the Latin word “coesies™
meaning “sky blue"™" During the following year, they detecsed"
anoiher element, rubidium,  The spectrum of rubidivm consisted
of two charscteristic wiense red hnes; the name rubidium is from
the Latin “rubidis” meamng “deepest red.”

Mendeleey s Perimdic Tahle

Premitri Mendeleey began systematizing the propertics of the
known elements. In 1362, he published & short note antitled “The
Correlntion betwesn Propertes of Elemenis and Ther Atomic
Weights.""  He devised & wmble, in which the known elements
were amnged in columms acsonling o the magnitd: of their
relative atomic masses, begioning. with the smallesd.  In this
vertical form, clements in the same row showed remarkable
smilarities m their chenmcal properties, while the properiies were
periodie from cobemn b cobumm. Onginally, Mendelzey called
this armungement the “nabuni] syseem,” but later named o the
“penodic systam”  Yet, there were problems willi ihe
arrangement,  Certain peirs of elements, g nickel and cobalt,
pdime and fellurum, when originally armanged in onder of
increasmg mass, were oul of order with their chemical properizes.
In 1871, Mendeleev reviesd the tble, first, amanging the
elerments n rows (instead of columns) in onder of increasing
miss, wned repositioniig 17 ebements from e posiiions indicated
by their masses o new positions - incicated by their chemical
propertics.”  He argued that the relative mass delerminations for
thess elements must have beéen g error. The newer (zhle s shown
m Fipl.:r: 1 on page L

In onder 1 maintain the perbadicity. of e properies of the
known elemenis, 1 was necessary for Mendeleev o lzave gaps in
the mmble, e bobeved these paps must comespomd e as vel

bl Parsdey, il Trans, B S D277 IR0
LW, Doberminer, Ann Tyl JChlker) &7 438 (18] 71
"R, Bureen md € Kirchodt, Piil Mag 30 8% (18,
Up . Bensey and 0 Kirckhoff, Cher Naws 2281 (18683
U Hhobten;  Himery of tha Oragin of the Cliermical Flumesie and Their Dismvenan®,
BML-NCE-E3E00 10.HE Y, Brockhrem Motumal Labamiory, 2L On the inieme,
wee I nnde Badl gavnindorinidony
TRW Biaes, Chem Mess 3371880
1 Mendeloey, Eoita, Fur Cheme T3 #03 (1 5a9)
=0 Mledelesy, Arenal. Disr Dheire Supp VRIS (1E71)
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Figure 1. Mendeleev's Perioafic Talle of 1KT1 {Ref. 16). . Je fnovie munsses are griven after the sgual signs, Owerfion marks inaicane
uRceEridinty @y fe e “correct T Focailon of the elenmenty (e o welle.  Mefe thal cogper 0w, sllver (dg), amd pold (dal vere

provistetally includzd (n botk Coroups L and VT

undiscoversd elements. He predicted the exisience and propertics
of gallivm, scandinm and geemanium.  All three of these slements
werg diseovered siihin the next 15 vears and dheir propemies
were foamd b be ns be had predicted.

By the earfy 1890 s npproximately 80 clemenss had been
Isolated, inchsling urmnium, theriom, and most of the elements
kncoam teday through bsmuth. Thowogh seme gaps il remained,
Mendeleev's fable micely showed ihe peniodic nature of the
prOperiies of the known elements. When thege AP wers falled.
worald the tabie be complets, or was Jt possible that whiole
families of as vel wilssovens] elements might exist? The laber
proved 1o be the case. Between 1394 and 15985, the inerd gses—
heliem, meon, T, kr}'ptr,-nl anl xenon—svere d'w:qmm].” As
thie relative magses and chemical properties of these gated wers
defermined, n néw previously onexpected column was msertad
inbe the pefiodic table. Until the cause of the parsodicity of the
propenkes of the clements was understood, there could be ne
guaraites that sill other unknown GEmilics of ehoments nughi nol
anist.

The Rare Earths

Cerinim metnllic oxides, such a5 sluming., silica and zirconiy,
which were found in minerals. weie called “canhs™  These
oxides were difficult to reduce and, because of this difficulty,
some had been emrooeously classified as clements.” In 1794,
Johan Ciadodin malated 5 new “earth,” later named yitrin, from
minerals found near Yeterby, a village in Sweden."' A second
new earth, cenla, was cisolited independently by Martin H.
Klaproth" and by Joms 1. Berschius and W, Hisinger™ n [BO3,
Jl‘l:li.uil_',-, il was belioved that nnl‘:,l a few H::n-;mphntu:ll:,l {5 lted
mtiesal &pu&ﬂs contarned these pades, and Ih.u:,' W, Il1=r|.-Fmv:|
called the “rare parthe.” (ver the course of the nest nmedned
vedrs, the fwis materials weee fournd W contain slxizen new
clemsonta. In yiiria, de elements scandinm, it gadelinium,
térbium, dysprosimg, belmiom, efbiom thulium, yiberbioom, am
hitetiom were adentified,  Lonthanum, cerium, pracsodyrmium,
neodyvmium, sarmarium and eurapiom were found in ceria,

The location of these alements i the perisdic fable was
ucerinin,  [n 1871, Mendeleey hod included four known rere
earths, DN (didymiam, loter shown not fo bean elementp, Ce
{egrum), Er ferbiam), and La {lenthomam) i his table.  These

Sée Jumos I fpescer, Thie Mearls oF Mo Rire Eevds, (Lompurs, Gieen 10d (Ci
Fomden, 191, kv o deeibsd spoowm i the deaiivery ol the o crts @ odl =
chasgzs W peiodic oible durmg s 10,

I (it K Svendis. YAk Hl Ol 15 T8 (1T94)
M RLHL Khapesth, Crall™s A 1 307 (183 |
= 17, Brerecliug md W, Hlalegss, Gcil aen. £ 07 (1804, 2397 (1 614}

foar mnserinls were placed in two different rows orsefics

As more of these elements wers (solated, their chemmcal
properties were found to be similar and their stomic nuasses wens
glosely spacad. In 1903, A Wemer poblished & mew version of
lhe parsodic table including the known rane carths and the known
inert gnses,”” This “long form"™ of the periodic tble is shown in
Figure 2 an page . The twelve series in Mendelesy's table were
combined ints seven periods o Wemner's table,  Gaps lefi in
peniods (rows) 4 und 5 of Werner's table provided space for the
raneearths n petiod G

The Electron

The conduection of I!IEI.'IF!II:“:.I' I:I'm_mgh arified EiSeE woy o
popielar subjecl of sudy by seention i the s=cond half of the
nimekaepth  eedbury i William Crookes wead u |1-u|.'lu||:,.-
evacuabed glass ube, known 35 8 dischirpe wbe, containimg tas
electrodes pitached tw an etemal voltage seurse [o carey oul gch
investigations ™ Crookes observed that if the gas pressure in the
discharge mwbe was reduced b some cotical value, long brghi
streamera extended from the negative eloctmde {catlode) alomg
the length of the fube. These streamers were called cathode rays.
Transverse electric and magnetic fichls could deflect the rys, sl
the disgotion in which they were deflecied indicated. that the
charge of the partcies comprising the rmys was pegmiive,

In 1897 ok dhe Cavendish Laborstory in Cambeidge, Foseph J,
Thioampean mude mensurements of the charpe-to-mass ratio {e/m)
of the cathods rﬂj’qiﬁl"‘it les using eleciric and magnetic fields o
deflect the benm™  To be cerioin thet the properties of the
cathode nys were independent. of the muterinls used, =everal
mensurements were carned oust wsing different geses o the
discharge  tube and  different  elechrode  matermals Al
meEasurements gave the swme, Muqh'iui.n._g_l:,r |mr||:«:. value for 1he
mahn

Priar to Thomgson's @'m messsarement of the cathode mys,
vilues of the charpe-lo-mmass ratio for some fomized atoms hog
been obtomed in expeciments mvolving ebeetrelysis of solutons,
The largest ratic was obtained for an fonieed bydsogen atom,™
Thompsan's @'m value for the cathode my particles was 18346
thnes larger than tha: of hydrogen.  Either the charge of the
calthodd ray partiche was much barger than that of the fondeasd
bydropen oo, of fhe pariiche mmas owas  pwch oamallber,

YA Wenet, Ber Del Chem Ged: IR 018 (1005
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Figure 2, The Long Ferm af the Periodic Tahle Pobiished by A, YWerner in 1905 (see Ref, 21} The doet lines arpuad carsem
paies af elemeniy indleane the ordeving af tha paiy was bared on chemioa! praperties, woid arosmc masses.

Thoampaot bolicved the latier and that the negative charge on the
partiche wos equal in magnitide to thar of o simgly ionized atom.
Bobert AL Millikan wonld later confirm this in expsriments
carriod out in 19107 The cathode ray panicies were called
elecirons, a nime originally suggesiod by the British scientisd G
Ssoney in 1894 for the charge of & univalent jon.™

Oiptical Spectrascopy

Ancders Angstrom inifially investigated the ophical spectmm
of hydropen in 18557 In the visible region, nine lines were
observed,  In 1885, Johann Balmer, & Swiss muathematician,
showed that the wavebengths, &, of these ines could be expressed
by the formuln

BB
n -4

whene B was o constant and n an mieger that coule take on values
from 310 11 Upon lesming that sdditional, shorter wavelength
lines of this:series hod been observed in astronomical stucies,
Balmer shawed that the above equation alse comectly predicted
the wavelengths of these newly observed lings:

Balmer's work prompied additional searches for empineal
formulue that would give the wavelengths of spectral lnes of
ather elements. Johannes Rydberg did much of this work™
Ryclberg found it more convemient to deal with the wave number,
k, and rewrote Bakmer's formmits as

| Lt
k-I-F‘.H{"E']'-'I'IT]. =134 5.

wherg By i= the Rydberg constant for bydrogen. The valee of By
was empincally determined.  (The Bohr model of the hydrogen
atom, page 7, would. [ater provide an expression for the Rydberg
constant in terme of fundsmental physienl constants,}  Formulae
of this type, ot genemlly more complex, were obtadned for a
numiber of other series observed in the spectma of heavier
elements,

M Wodel of the Atom
The praof of the independent existence of the eleetron was 4
slarting pomt for theories of nfomec stracture, In 1910 Thomgsen

WA, Mk, Pl Mag 19 208 (19130
“OLE Stoney, PR Mag, 35418 (1R
T § Anpstroe, PRIl Mag #3327 (| 855
B § ) Habmer, A, & Plipsi wed Clesie 35 80 {1885]. Thes rofaenat is 8 mimmany
ﬂm‘nﬂ.ﬂl:r pilicarinnms by Balimer an the Bydragn gserimim
R, Raberg, K Svensha Vel-dk, HE Defy T THRS,
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proposed one of the first models of the ntom™ His “plum
pudding” model of internel stroctare depicesd the atom ag &
homozensous: sphers of positive fhad, the “podding.” i which
wert imbedded the pegatively charged electrons, the “plums."” In
this model, the electrons, which repel each other bul are attracted
to the positive charge, ossume certain stable positions inside the
atom.  If an extsmal force, eg the violent collislons between
gtoma in @& hot gas, distorbed dhe electron distribotion, the
electrens would vibrate sbout their equilibriinm positiond and emit
electrmmagnetic mdistion, Thompson's moded, then, provided &
qunditative picture for the optical ond X-ruy emission spectra from
exeited atpms, Calenlations of the spectrum of rediation enmifbed
from this modal, however, wenz not in guantitotive. agresment
with cxperimental datn,  Conchesive proof of the inadequacy of
this model wonld come in 1911 from experiments, described on
paigpe H, corried oot by teo shedents workimg under Emest
Rastherfirl.

Xernya

In 1895, while experimenting with electnc current flow m a
dischatge tube, Wikhelm Konmd Boentgen noticed ﬂlurnin of
bartum would fluoresce when brought near the wbe,”  He
determined that whatever caused the fluorescence i the sakis
origmated ot the point of the discherge tube where the cathode
mys stnack the plass wall,  Apparently, some type of mdiation
was progluced when the cothode mys impacted the end of the
fube.  Rientgen called this mdiation Xerays, becmse of ifs
imkrnown moture. He found the radiation to be erergetic—it conlid
pass throagh many layers of paper and even thin layers of metal,
If metallic onodes were wsed in the cathods my tube, even mors
Meruys were produced; anodes mode of heavy metals producsd
more XKornys than wnades of light metals, The X-rmys traveled in
stright lines sl were not pffected by electnc or magmets: fields,
They were found fo ionize s, making the gases comductors.of
ehectricity,  In 1912, experiments invelving the mn:nnp of X-
s from crystals indicnted the mys WETE WS <Jike in chamgtier,
i.e. u form of electromagnetic mdinton,™

HRudinactivity

After the discovery of Xerays, scientists wondered if this
rashiation might akbso be emitted by cerain moterals thst werg
lenown b ke Nsorescent—matermala that would absock |.'ig_|1||‘ ok a
particuldr wavelength -and then give off light of g longer
wavelengih o 1806, Amiome-Henr Beoguerel begmn such

"L Thompsan, Froc. Canbridge Flel Soc. 13,469 1910)
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studies on @ wrAnsm-contaming compound, potissium weamy]
sulfate.” He found that after exposing this material to sunlight,
radiation from the compound would penetrate paper and darken a
photographie plate.  More surprisingly, be found the material
wionlld darken the plate without having been exposed o sunlight
This would indicate thet the moterial must have been emitting
some type of mdiotion all the time,  Beoguere] found  this
radigtion 1o be oz penetrating o5 X-rovs and capable of ionizing
et Two years later, Mane Cune observed o similar mdiation
emitted from compounds containing thorium. ™

In |89%, Marie Curie hapan detailed stedics condisting of
standand chemical -separations of the materials found in the
uramiam o1, pitchblende. The intensitics of the radiation emitted
by the separated compoonds changed os a fenction of time and
mensuremends of the activities, or rites of decay, were carmied out
The sctvities were messured with on jonization chomber, first
developed™ by the Curies. In the course of these studies, Mme
Curie iseloted o sew element, chemically similkar 1o bismuth, She
named the element polonium, i kooor 'of her potive country,
Poland, Ina July [898 publication announcing this discovery, the
word “rahio-petove” was wsed for the first time in describing the
materals in the winiom compomds ™ The Curies continmed
thetr sudles and, m December 1E98, anmounced the discovery of
pnother element, which they nomed rudmm, from the Latin wond
“radius,” meaning, “ray,”" The following vear, Andre Debisme,
s former student of Pierre Cune, discoversd a third ‘element,
pebinium (from the Greek "otkis,” ‘mesning "heam or my"),
skmilar gtudies.

Ermest Rutheeford began studying the uranium and thoram
compounds in 1898, He determined that w0 types of radintion
were being emitied from the materials, “ane that is very resdily
phsorhed, which will be termed for convenience o radiation. and
the other of 0 more penctrative chameter, which will be teniied
the [ radiation,™ 1o 1899, F, Giesel determined that frays were
the sume &g cathode raye*® In 1900, Paul Villurd identifisd still a
third type of rdiation, which was designated gamma radintion.*'
This was subsequently shown (o bea form of electromagnetic
rashiation, ke light and X-rays, only having higher energy, In
L, Butherfond, by collocting the a-rays dnoan evacued mbe
and detecting the buildup of e Hum, demorstrabed tiar o-particles
were doubly ionized helium atoms =

Emest Rutherfoed snd Froderick Seddy  guantitstively
stidied the nctivities of the materials chemicalby separated fromn
the urnivm and thorium compounds,” — They found an
exponential decay rate for the activity, A, 05 @ function of time, €

Af)= A st

whene &y 50t disimlegratbon constant™ aml Ay & the tnitial
actvaty. Anoiber relaved constint thal wias wisl i chanssienog
the materials was the hali-life, 14, the tiee necded for ball of the
radinsctive slors in o given sample to disinfeprale,

tyn = Inf2) iy = (LE93 My
The warious “donghter” products i the series could then be

chamcterized by their halitives ns well os the types of mdiation
emitted.  In 1903, Butherford and Soddy published o paper,
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“Radiosctive Change,” describing the change of an atom of o
muoferinl into nn aiom of onother materizl by the codssion of an
alpha or beta roy.”  An atom of uranium would gpontaneasialy
emit ar alpha ray, chapging inte & chemdcally distinet atom of
ancther matenizl called urnninm X, This atom would then smit a
beta ray, changmmp into an wiom of apother matenial, called
wrnniwm Xz, and 50 o0 A senies of radioactye materials was thos
Eenerated,

Actually, three noturallv-securring  radicactive  decay
zanes—the thorium, wramum, Ged sctingm serigs-—wene baing
stodied during thie time {sea Figure 12, page 25). MNames wens
piven o more than 40 mdicactive “spocies™ izolaed in these
series™  In the usanium serigs, there were wranium [ (U,
urgminm Xy (LX) uranium Xy (UNG), lonmm (o), radiom A
{Rad}, mdium B (RnB), and others. In the thorium series, thees
were  mgsothoriom 1 (MsTh),  mesothoriom 1T (MeTh. )
mcigthoriom {HdTh), thomm X (ThX) theriom A (ThA),
thormem B {ThR), and others. Between 1906 and 1907, sewern]
investigntors. showed thot fonium, & waniom decay product, and
radiothoriom, & thorium decay product, when mixed with
thormum, could ned be separated by any chemical processes. The
three substunces had different radicactive properties, bul were
chemicnlly the same.  In addition, AS. Russell and K. Rossi
shivwed that the optical spectza of pure thorium and of 2 mixmne
of thorium and joniom were indistingnisheble,” 1t would seem
thot these substances should cocupy the zame pesition o the
periadio toble,  Soddy introduced the term “isotope™ to describe
these materiak ™ That a given element could exist in more than
dae chemically identical Form woukd explam the large member of
materials thot were being observed in the siudies of the
railionciive decay chains

Confirmation of the existence of ispfopes come in 1911 when
Sinldy published 4 comparison of the ptomie musses of the stable
elemenl lead obiaased from uraniam ek ores and o thonum
rich cres.”  The lead from the uramum ores had a0 averge
aiomic mrsss shightly kess than that from the thomam ores. . Morg
conclusive proof of Bolpes came, when, first, 1), Thompson™
and, then, Francis Williim Aston” carrfed oul expecments
pongisting of paking positively charged neon fons through p
magnetic feld onte @ phatopraphic plote. Aston fuand two spots,
anc fen tmes as large asthe other, on the plate, He conclisled
thaat ths neen atems coulid have eiber of two masses, and that the
abundance of the Ughter mess wos ten lmes that of the heavier,
i A third isotope of neon would be discovered™ luter) Modifying
Prout’s liypathesia, Aston proposed the whole mumber nile stating
that the fractional atomic masges of ebements sre due to the
presence of fwo or more isotopes, each of which has an
approximately integral mass,”

Van den Brock had sugresied that the number of elementary
positive charges on ony nucleos corresponds to the ocdbnal
number of the ¢lement i the periodic whle™ In 1913, Soddy
announced the displacement laws of mdiosctive decayv.™  He
propased that the result of alpha emission {alpha particles have a
+2 gleciric charge} from 3 matenal would be the fermaotion of o
“dpughier” product that b5 two places to the left of the “poreni” in
the pericdic table, Forhermors, the emission of 8 bets particle,
hoving n charpe of minus one, would result in the foemation of o
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“daughter” produect thist4a ooe place to the right of the “parend™ on
ke perindic table

Ratberford s Model of the Atom

Heginnimg i 190, Butherford camied out o serles - of
chperiments  with & beam of high-cnetgy alphn  pamicles
bombarding o very thin metal foil, detecting the membar of alphas
seatiered-nt-various-angles-from-the-target:— With- the Thomson
phum pudding model of the awom, in which the pesitive charpe
was uniformiy distnbuied throughout the atom, o =ufficiently
large concentration of chisrge would not exist in any one region of
the niom v affect the alpha particbes aipm ficanily. One would
expect ihe alphd particles to pass through the matensl neasly
undeflecied.  Rutherford did find most of the alpha parickes
paised steaight through the foil or were scattered only slightly
from their onginal paths. However, a small percentage was
sigivi fcandly deftocted with some reversing their directions: Thas
was totnlly unexpected.  Ruherford thought it {ihe elperimental
redielt) was showt as credible aa if you had fired & 15-inch aball &t
a piece of tissme paper and it came back and it you,”

T explain these resobis, in 1201, Rutherford postulaied that
the atom doss not consist of o uniform sphere of positive
clectrification, bot that the pesitive chirge is concentrated in a
very small region, called the mscleus, at the center of the aiom.™
In his dynumic planstery madel, the meleus plays the role of the
zun and the electrons comespend B the indiydual planets of the
siplar system, revilving gbout the sum. This model, along with the
classicol laws of elecineity and mechanics, provided on adequate
explanation of alpha pariscle scatiering, Subscquent experiments
performed on seven different scatienng matenals ond for different
alphn energies verified Ruiberford " theory.

While the modal sstisfactorily explained the results of alpha
particle scattering. there were stll questions about the sability of
such an siom,  Electromagnetic  theory demands that an
oscillating o7 revolving elecine charge emit electromagnetic
radigtion, Such emnbsabon would result in the loss of enesgy by the
emitting particke. Applied 1o orhital electrons, this energy loss
would cagnse aosteady comtraction of e system, fnce e
clectroms woukl speral into the central meclons &5 their rotaitnal
energy was dissipated.  This process would occur very rapidly
and wonld dectly contradiet the permasent existesce of atoms,
Alaa if the radiation potern produced by the stom wene elated w
the energy radinted by the moving slectran, this mdiant energy
wonld change with the mdigs of curvature of the electron's path,
The pattern would congist of 8 caomtinudus range of wavelengths,
However, this s contradicted by experinsems whare individual,
will-defined lines charactarize the optical {and X-ry) spectra for
8 givem element, not a continous range of wavelengtbs,

Cruantum Theary

In the carly s, 8 becams ebvious thar mot all physical
phenorsensa could be adequately cuplained by the laws of classical
phyeice,  The thermal radintion spectrum  emitted by o
“blackbody” {8 perfectly obsorbing bodyl waz  one  such
phepomaenon. A chvity inside 5 blackbody hested to a high
temperatune would contain electromagnetic mdiation, generated
by vibrating particles in the walls of the cavity. The disteibution
of the wavelengths of the radiaton depended ooly on ihe
fempernture, nof on the compesition of the matereal.

Enrly attempts  to  explaim  the observed  wavelength
distribution failed. Theoretical predictions by Rayleigh™ and
Jeams™ using classical statistical mechanics spreed with the
experimentally measured distribution for loog wavelengths, bul
approached  infintty &5 the wavelength become small A
comparison of the predictions of Bavieigh-Jeans  with

™ Curied i 1, Mestum and W, Papel. Bl Biodpuad & Lsdem Sciever, (Caminides
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Figure 3. Compariion of (ke Rayieigh=Teans Prediction for
the Specirum of Blackimdy Radiation with Experinenial
Measurements (T = 1640 K Ar losg wevelengihs,  the
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Planck™ resolved this problem by making the radical assamption
thut the particles in the caviy wall coubd mdiate énergy only
when the tital energy was 3 nultiple of some dzcrete sminmt (o
guamumy® of energy. The energles were ghven by

E = nhv

where n I8 an integer, ¥ 15 the frequency of the emitied
electromagnietis mdiabion, and b 5 8 constant {later named
Finnck™s constant). With this assamptiom, the predicted spectrum
ngreeid wery well with experimental data.

Classical physics also faled in explaming the phinoelectric
effect, When |:ig|'lrl I:clﬂ:hmn.lgm:ﬁt md:.ptim] 15 moident on o
metallic surfice, electrons are semetimes emitied from the metal,
Aceording to classical physes, the snergy associsted with un
clectromgriethe wave |8 proportional to the sqoare of the
amplitude or intensity,  Accordingly, the emissim of the
photoelectrons should occur when the intensity of the light is
sufficient to supply the pecessary energy fo egpect the elecizons,
Thag 15 nist the cage,

Expetimientally, 0 8 lound that the production of
pledoelectroms depends o the feguency of the ncident Tughe,
Below a cerain “threshold” fequency, which depends on the
medal, no chectrony are coitled regandless of the intensity of the
light, Above this frequency, - elecirons are eratted and their
ety 1% proportional o the frequeeney of the light. For light of 2
grven frequency, the number of phooelectons depends on the
atenasty of the light

lin 1903, Alberi Einstein proposed a mwechamizm for the
emiagion of photoclectrans from o metal” He assumed that Hght
has particle-like charactenztics and that dee energy, E, sssoczated
with hese quantn was given by

E=hv

whers v 15 the frequency of the light and hois Flanck™s constani
A gunntum of light would mterct with an electron in the metal.
[f thi energy tmpaited bo the electron were sulficlently lorge, the
electron woald be emitted froam the metal. The nsaxdmom Kisetic

= Pianck Verb, [ dest, Mysik Oeesll 3 537 (1900} Aan. Physic 6 533 {1%01)
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energy of the electron is given by

Tl_ -H'['.I 7 "'Il.l]'

whicre ¥, 15 a comstnt, the threabold frequency, chomctenstic of
the metnl, Experimsental messurements confinmed the validity of
this eguation; higher precisson mensurements, made bater, wens
uscd o seramiely determine the valoe of Planck s constam,

Relativity

In  the early 19004, Einstein nalse messlved  soms
meonsistencies between the behavior of electromagnetic radintion
and the [wd of classical phyiics.” According 1o his specinl
thenry of relstivity, published in 19093, the mass of an object ina
given frame of reference is given by

£

m= m,L1—Lj =

'

wihers my, is 115 mass wihen at rest, v i3 6 velooity inthe referenca
frame, and o {5 the speed of light in a vacuum, Mo particle with o
fimife rest massg can travel ot v = ¢ in any reference frame, becoiss
its mass ol energy would be infinite.  Furthermore, mass. and
energy ar: equivalent, the tofal energy content of an ohiect of
mass m being given by the equation E = me'. (Beta particles
emittzd in rndicactive decay can have velocies close enough o2
that relativistic offects become important,.  Heavier particles of
comparoble energy travel much more slowly, s that their
hehnvior iz adequately deseribed by classicn] physses. |

Studies of X-Ray Spectra

Charles W, Barkhs continued studies: of Raoentgen's X-ruys,
In 1411, he showed that the energy of the X-rayvs armtl:d from a
nmudnmjrmhpdepuﬂpdmm:qnmkmtﬂﬂL Thie X-ray
spectrn consisted of & continueus brogd band of wavelengihs on
which grovups of a few sham, Inlerse [ies were superimpased.
The "hardest” or most energetic group of [ines was called the K-
serien, the next, the L-series, then the M-serics, and so on."

I 1913 Henry GI. Moseley studied the K-series specira for
the aletnents from ealeiin o #ine nnd the f@llowing vear looked
an il L-deries specira for slermeniz up 1o pold ™ Generally, &s the
anianie mass incneased, e Mequency of the X-my lines inersased,
bt thers were irregulsr wanations.:  There was, however, a
regubatity of the frequency as a function of the pesition of the
clement in the: periodic table, 1T each clement was assigned a
mumber, £, according to ifs position on the perodic table,
Moseley  found the souare oot of the X-ay ireguensy was
propacticnnl o £-1 for each element (see Figame 8, page 16), He
resoned dhat & (mow called the stomic mumberp st corres pond
to the positive charges on the nuckus, He concluded the ondering
of elements i ihe periodic table sheuld be based on Z, nt on
HEnIC masses

Thids insight inbo the ardermg of the elemarnis m the perodic
tmhle wis an importast sdvance and provided a new ool to
seleniists, The proper order of thee known elements, Inchsding the
rire earths, was now undersiomd. The elements siill migsing fron
the p:'n'mj':il; mhle could now be pfmhl:l:d wilh Eﬂiail'lt_'r'. In 1913
the teaviest element known was wramum (£ = 925, - Balaw i,
seven gags sl exisied, comespondmg fo £ = 43, al, T2, 75,445,
7 amd 1. These wene the only ebermenits yet to-be solated.
There were no more missing bmilies of cloments. o the ben
gnses hod been earlier. Figuee 4 (page 10) shows the gaius of the
persodic table ot that tame.
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The Bislir Hydrigten &taim

Since the known stabilioy of somie systems coubd not be
reconiciled with  classical ponciples  of mechonies  and
electrodynwmics. Nials Bobe, 6 1903, reasoned that classical
phyazcs laws must b wrong when apphed o the maton of the
electran in Rutherford’s model of the stom®  Bobr coupled
Rutherford®s model with quastum theory o produce the first
guaniuen theory of alomic structare,

A boddy that spins abod 18 own axid or revislved noan oot
about & central point possédses  anguler momsiium Bohr
aasumed sl the alesron’s angular momentum wis resizicied s
cerimin valoes (be guantized the angular masnentum), Each of the
vabnies, which was described by & principal guaniim numbes, o,
would specily o paticular circular orbit. An atomic system,
whose clectrons were B piven  orbdts, would ot cmat
electromagaitic  radiation even  though the panicles  wiere
accelerating, The whole atom was gand b be in & slatisnany stafe
This assumption 15 contrury to classical elecrodynamics as
meentioned carfier. In Bobie's theary, clectromammetbe radiation
wionld be ermdtted o absorbed only when an electron chianged
feom oo ellowed orbit fo snother albpwed orbit.  The energy
differenes botween the two stafes would be emitted o absorbed in
the form of & single guanfum of mdiant ceergy. Thes would
produce the distinet dpeciral lines, described earlier, of & definites
frequemcy, %, laied 10 the enecgy E by the relation E = hy
(already postilnted by Planck and Einstzim),

In Bohr's theery™ for the hydrogen stom. the mdii of the
electron’s circular arbes are grven by

P L
;s

where my, the recuced mass, 15 given by

|

. m, + hi

my, is the electron mass, M the mass of the bydrogen nuclens; ¢
is the charge on the elecuon, and B = b2 The coresponding
tostn] energy of the clectron is gaven by

L
J“:I'

[

I an obeceron wiere o move from an orbit dpecified by tha
guesiiluitie nuenber 1 000 diffesent oebit specified by the quantim
mumaber n, the difference in energy of the slectron wonld be

I'I1¢

kot

The froquency of the light emitied (or ebsorbed) during this
trapssitbon wowld be piven by

by
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Figure 4. The Short Form of the Perlodic Table, ea. 1913, 0 the Ueited Suares, the mame columbium, OF, vy wred for ndebnom,
Ml = A0, winll PR I addickea, by MU, several claisi as b0 the discovery af the elemient with £ = 43 hid bheew migae; bus ol
wetre elher proven falve or mever subytonrked, (See Reference 13 e details)

The form of this equotan is identical o that given by Bydberg
(see Optical Spectroscopy, page 6] for the Balmer series of linegs
in the hwvdmgen optical spectrum ifng = 2 and

+
e
Ry ===
T

The vnlee of By calculse] from the sbove equation was found o
be in good J:_F]':EFIITII with the value experimentally defermined
by Rwillbetg,

Since other values of g ore allowed in the above equation,
the Bohr model predicted additional series in the opteal spectrum
of hvdrogen.  In succeeding wenrs, four other senes were
ohserved experimentlly: the Lyman™ series in the ubtrviobet
rl:gim,jv:m:qnnﬂing to iy = | and the Paschen”', Brackest™ and

fund™ series in the infrirsd region, comesponding o oy = 3, 4,
and §, Tespeetively, The Bobr model succeeded remarkably well
in explaming the speciroscopic properises of the hvdrogen atom,

Extension of the Bohr Theory

Az higher resolution spectroscopic sfighies of hydrogen wene
manide, it was found that spectral fines, onginally. belisved o be
single lines, actually congisted of o number of clusely spaced
lines. To explain this fine smucture, the quantum theory was
firther refined in 1916 when Amold Sommerfeld introduced™ an
azimuthal quanium number, ¢, where © 2 n - |, Wil thas
mailification discrete elliptical erbits I addition 1o the creular
orhits, ase allowed for eloctrons, This change permitted the Bohr
mrde] b gecoumt for detailed structare inthe patiem of radiation
emitied by hydrogen ad other gioms.

"n;-mm; colisiael, P = i fdng ¥ &t ofsmined Mim B iy Mim—e=
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To expluin the chenge in the emitted mdistion patiem when
un peom soexposed woa magnetic field, o magmetic quantum
tamber, my, with pormdied values from —£ o0 + 0, was added,
This gquuntum - number desipnates difberent projections of the
passible carcular or elfiptical orbiiz akong the ditection of the
magnetic field in space,

Finnlly, to account for the clese growping of two or more
ppectra]  bines, Samuel Gowdsmit and  CGéorge Uhlenbeck
postulated thal the elacemon hios an inkrinsic Lln,a:l.ll.ﬂ' momenkm,
called spin.™  In o magnetic field, the spin axis con have two
directions relobive (o the Geld, corresponding o the 1wo possible
vilues for the spin quanium number m, = £1/2,

Al particles or aggregations of particles have a el spin
which = either sn ifleger (inclading erp) or halfisteger.
Papticles with hall-integer spin, including electrons and protons,
obey the Paull exclusson principle”™ 1o genera] tesme, this
principle statea that, in-a given systemy two klentical particles
cabnet have the same set of guantem manbems, (The behayios of
lprge mumibers of partcbes with hall-imeger apin 8 described by
Feomi-Thrne statigides, and the pareles sro collectively called
fermione” Particled with {ntepral gpin, such as photons, do ot
abey the Pauli principle, Instead of Fermi-Dhirse statistics, they
iy Biose-Eimsteln statistics and are collectively called bosons.
Af high temgeeratire or low densitics, both the Fermi-Dirac. and
Bose-Einstein behaviors copverge toward classical, or Bolizmann
T T

For multi-glectron avoms, the distnbanon of electrons AMmOng
thie &llowed orbits was first stadied by N. Bohe”™ and E. Stoper.
The oobits are determined by a set of the foar guomium numbers,
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i, £, oy, mnd e Al electrons with principal quantem munlser
m= | are in the imnermost orbit, called fhe Kshell™ Becouse
electrons obey the Paull pricemple, only te'o electrons cin oooupy
this shell. Both will have £ = 0 and miy =0, bt my can be 2108,
Far ligtae reasond, the integral valees of the guomtem samkes
pre often fepresenied by letier symbole, b s p o d; E.
carreanonding to ¢ =0, 1, 2, 3, respectively™ The mnermod
shiall is- designated the [s shell (or subshell) comesponding to 1 =
| amd £ =0, For n=2, the L-shell, two subshells wre poszsiblbe,
the 2dand 2p, The designation of the shells and subshells, as well
i5 the meccimam momber of electons in each is shown in Table 1.

Tubbe 1, Electron Subshells for n=1-4.

1l 1 2 3 !
ghall K L. o N
4 i i1 0,12 01,24
subishell Is 25.3p | 3s.3p, M 4y, Ap, dd, 41
eleoirpag!
anbishell 2 2.0 2,6, 10 2.6, 10,14
tatal
sloctioiis z & 8 32
Electron Conflgurations

The -strocture of the atom predicied by the Bohr model
provided &  sutisfactory understandimg of  many ot
phencamezns, A oeotral stom of an element has o characterists
nwmber, £, of net posinve elecronic charpes in the nucleus with
an equal number of electrons in the electron shells w balonce the
charge. lons, the specees responsible for elecirical conduction in
Faraday's experiments’, aré simply stoms that have more or
fesver ebecrons m leir sledmon shells than positive chargess in
iheir mucled. Tl number of protms in e miclens determanes the
glemental identity of ihe awan, while the difference between the
nuwmber of electrons in the electron skells and the nuclear charge
detorrtanes whethor the atom behnves as o newteal abom, o canon,
i B anion.

When enough electroas are present fo fill an elsctron shell,
thi atom ks in 4 stable cenfigamtion and docs oot eagily undecgo
chemical  resctions. . The inent pases have this  eleciron
confipamting,

The similuritees o chemical propesties of the elemends in tho
same column of Mendeleev's periodic table were due fo the
similarities in the configumdions of the outer electron shells for
those materials. Hwdmpen, lithivm, and ofher elements in the
first cobumn of the penodic fablke have only one elegimon in the
oufemmest shell; berylliom, magrestiom, calemm and the other
elements i the secomd columm bave twa electrons i the
mutermmnst shall,

The sarmibarity m the chemical propertiss of the mare earth
cbements wias axplagied by U simnlacities 0 the stnsctuse of the
euter electron shells for these materabe  The additonal orhitnl
electrons in the alerents from thaoom e bafrom O an iomer
ebsctron shiell (te 47 shell), while the suter chell structuee of these
chaments stays almsost the same.

The griags of Xeray lies, the K-sorics and the L-geries,
studied by Barkls™ and Moseley™, can pow be explained in terms
of trapsitions within the shell structare of the elecirons.  1F an
alectron i5 removed from ose of the inner shelis of an atony, an
sheetrom i soamg owter shell dan fill the vacancy, The final stz
of the atom will be of bower energy and the atom would emie the
apergy difference in the ferm ofan X-ray. The K-series of X-ruys
is produced by vacancies in the K-shell bemg filled by elecirons
arigmally in the Le or M=shell, The K seres o odue by ranations
from the L subshells o the K-shell, whike the Ky serics neises

" RH Ledghioi, Pl of Modern Py, (Melinedill Bk Congany, e,
Merve Wik, FUERY, 1 D08 il (U Herchorg, cramic Spevire aad diooie Somorwee, (Eover
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from ansiticns from the M sutabells o the K-shell, Smilaely,
the Ly and Ly serics are produced by framditions from the M
gwbahells ‘bo the L osubshells.  Because of the large enargy
difference bepwaen these shells (on the onder of e}, the radiated
X-rays are very penetrating, having epergics that are = 1H) fimes
greater than visible light.

Wave-Partich Duality

The wave nawes of light bad been demorstrated in
experiments inwelving refleciion, refroction abd diffeaction,  As
mentioned  garlice,  Freidrich, Knippang  and  wen Loss
demonsmated the wave nature of X-ravs by showing that X-rays
are diffrscted by crystals™  Other studics, mentioned above,
seemed 0 indicotd that lighi ko has a paricle ootore.  In
Plonek™s treatment of blackbody radintion, the concept of disorets
amunts of energy (the energy quantum} was firet imtradeced,
Einstein, then, applicd this eoncept to light in explaining tha
phidoelectne effact,

The cuartom theory states that electromagnetic radintion
must be emitied or absorbed in imtegeal multipbss of these quantd.
The quontization of it energy gives: electromagrietic radiption
seme of the propertiss of particles and the term “photon™ is used
b refier to such particles of radiation.

In analogy with the wave-partick properfies of light, Loms
de Bropliz hypethesized i 1924 that particles might hove wave
properties a5 well"  Like photons, the momenium and
wavelength of particles would be related by p = W'k He further
shewed that the allvwed orbite of the sloctrons in the Bahe mosdel
of the bisleoaen stom sonhd be defined by the comdstion that the
circsimlerence of the ebectron’s orbit comains an megral meinkse
of the electron's wavelengths, ie. standing waves."

In 1937, O Davisson and G, Germer showed that electrons
pould be diffructed by crystal Tamices™  Other axperiments alao
showed that when ebactroms passed throaigh thin films of metnl
foils; the resulting diffraction patterns were gimilar to thoss
obmined with X-rays™ These experiménts confimmed de
Brogliz"s postulase.

O mtuin Mechanies

As peinbed oaf earlies, several phenomens could not be
explained wsing the lows of ¢lassicul physics and =d boo
assumiptions were regubred, for example, Bohr's assumpteon thot
the orbital angakar momentim of the ¢lectron waa restriched 1o
certuin discrzie valugs, A new deporture was provided by the
development of quantum mechanics almost simultuneously by W
Haisenherg™ and by E. Schridinger,” Starting with de Broglies
pustulate, these theones desinbe the msdion ol the de Broglie
waves of a particle under the mAuence of an externanlly applicd
p-m-|1l|q|. The nl;hnnqr}' shaies of the Bobr alom are, them,
cancetved s proper solitang of 4 fedanental wave squatiin.

The Heisenberg Unceriainty Prineiple

Anodher mesaft of the de Broghe hypotlsesis was: the
Heisenbery uncemainty principle,” Heisenberg stated that it is
impessible fo simulinneoosly determing both the positsin and
momentiim of & particle exactly,  This limitstion i8 expregged
mathenstically as

AXAD 20
Pecreasing the uncertainty w the position, Ax, of the partcle

results i dncrcased uncerfaibty in the momentum, Ap,, of the
particle, One of the cnases of the unceriningy reloisonship is thot
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in measuring a propeny of o pamcle, e the pastion, the
measurement process, itself, disurbs the porticle whose properfics
are being mestured,

Similar refationships apply o cerinin other pairs  of
quantities, for example, encegy ond tme. 1 the emery, E, of &
piarticke is measured noa ime inverval, A8 there will e 3 resubing
uncendinty in {he ensmry, AR, whens

AEAL =S

Discovery of the Neotran

Through the carly MM, the stnectire of the nucleas sas not
wiell understond,  The lightest positively charged panmschs was,
presumably, the hydrogen nuchous or prowm,™ Though scientists
aearched for a lighter portebs, nose was found, A profons-olection
madel had been sssumed for the noclens™  Muelel of atoms
heavier than hydrogen might ke composed of proions amd
clectrons, the protons supplying the bulk of the mass,; while the
electrons balance the electronic chargs. The mass, A of 8 given
nuclewss, expressed in uods of the prodon mass, would be
gpproximately 27, where Z 15 the position of the clement on the
periodic table. A nuclens might then be composed of A protons
and { A-Z) electrons, A neutrel sxygen stom, for coxmple, with Z
= & wopuld hove s micleus consisting of 16 protens and - 8
electrony, and wonld have eight orbital electrons,

This view of the stracture of the meclens was altered with the
dispovery of the nentron. In 1930, W, Bathe ond H. Becker found
that & highly penetritmg radiation was emitied when benvilium,
boron or lithium were bombacded by nlpha particles. from
polontem.”  The mdiation was not affected by magnetic fields
and was not lonlzing radiatien. Tnitinlly, it was bebeved that this
radiaiion mighr be hiﬂ.ﬂmﬂ AT =TT Y. In uu'l;qpqu:-nt
auperiments carried owl by ltene Curle and Frederic Foliot my
1932, protena were found 1o be proloced whet this chation
stnuck hydrogen-containing substances such & pasaffin.™  James
Chadwick demonstrated the evidence from these experiments was
compatible with the assumption that e radiabion conaisted of an
unchirmed ‘?m'lr:]:r having a mass ipproximately equal fo that of
thee proton The: particle was calted the sowiros.

Soim after the discoverny af the neulron.  Hesenbeng
‘suppesied @ newron-proton model of the nucleas.”  The nucleds
gonsists of £ prosons and N neatrons.  Progons and mouiross ane
both referred o as noecleomns. The ol number of nucleons W e
nucleus 18 called the mass numbee, A =M + 2 An isotope is ong
of a groap of twa or mare neclides having the zarme aember of
prosoms o the same atomac muomber, bet different nombers of
nepirons. For example, natural ladvogen conaists almast entirely
of stoms having noclel consisting of & singke profon. Howewer, a
small omoount (0.0115%) of dewtenum (heavy hydrogen) is
presend inonpfure; the desiteriom stom has a nucleus cohsisting of
one proton and one neutron. The hydeogen and deuteriunm atoms
both have u single orbital elecwon.  In penersl the sitastion
becomes mowe complex as the heavier clements are encountered,
Matural tin, which hes an stomic number of £ = 50, consises of 10
stable isolopes of masses 11D 104, 15 §i6, 117, DEE, 119, LMD,
122, and 124, Although the nodler of all these isolopes have 50
prodons, each contuins - different number of nedtrons {ranging
from 62 to 741 The neutrnl ptoms of these isotopes all have 50
priviinl elecirons.

The term “nectide’” nefers 1o a spedies of atom chamctarzed
by the number of neutrons and protons contained in the nuclens,”
Svimbolically, a nuclide of clemcnt “N" may be represented by
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the elemental symbol with o subscript spocifang 2 and g
superscrpt specifiing At

4
For example, the matope of tin with A = 115 is represcoted o5
aaan

As mentroned above, m the study of the naturally-eocurming
radivactive sernies, more thin 40 radioactive “spogics”™ wers
isolated. Soddy had powited out that several of these materiaks
were chamically wdentical and, witl the new mnderstanding of
isotopes, twe measons were clear.  The matermls  poim,
madinthoriun and thorium were all {sotopes of thorium, *Th,
TTh and ™'Th. RaA, AcA, and ThA were all isotopes of
pobonsum HaB, AcH, srd ThE wese all lsptopes of lead.  The
three naturally-ocourring radioactive decay series™ are disewised
i msore detall on page 24,

The Positron

Paul Adrien Mourice Dirac first El:ﬂl.'l.IJBbud the exiglence of
an antiparticle, the positron, in 1931,% The positively charged
pogitrons would have the same mass (511 keV)™ and mapnitode
of charge ax the electron and woukd reset with chectrons in matter
by anmibilotion W produce gamma radigtion.  In an anndbilason
repction, two 511 keV' gpomma-rays, emitted i opposite
directions, are produced, conserving momentum and energy. In
studics of cloud chamber photagraphs of cosmic e, CD,
Anderson established the existence of thess particles in 19327
This was the first madication that the universs is made op of both
matter and antimatber,

Artificial Radioactivity

In 1932, after- leaming of the discovery of the positron, 1.
Cune ard F. Jaliol re-examined experiments ey had earried oul
earler on the bombardment of cerain elements with alphn
particles from pobenium sources.  For some light clements,
nitably beryllium and alundnum, ot saly were bealrons emitted,
bul positrons were aldo observed.  Purtbermore, when the alpha
pouirte wik remosved, dhe emizeion of hewtrand ceaded bt the
peattnen emission contimsed, decaying with a chametenigtic hall-
hife. With aluminwm as s warget, the halfdife of the positnmn
erdsslon was abdat twes minetes.  For abumimem, Cade aod
Jolios hypothesized that the absorption of an alpha particle, ‘He,
by alumizem, AL and subsequent ‘emission of a acutron, 'n,
woiild bead to the formation of an isntope of phosphanis, P, The
phosphorms might be the spurca of the positron amission,
decaving o SL  Whik the detection of the small amounts of
sillenn produced in this reaction was Bt possible by chemeal
mieand, other chemical separationd t iselate the plosphorus wers
diwised. Thy positron erdssion fellovwed the phosplosus n thess
separations, indicatmg the kypothesis was correct,

The isotape P dees not exist in matre. The work of Curie
and Moliot showed that new isotopes could be produced thegugh
muclear menctbons  smd o they imtrgduced . the temm  “artificial
radscactivine” b mwdicate the manmes in which these new jsptopes
wire produced.

Noclear Reactbins
The imitial reaction stwdied by Cung and holiod can be
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represented by the following equation:
LAk He— 0 B

The symbaols oo the lefi represent the reacting nuglides; those on
the right are fhe products of the reaction.  Mote that the
supersenpts-on one ‘side of the smrow balance those on the other
side, The sume is frue for the subscripts. The hakanes represents
the conservatm of the nomber of protons and  neutrons
separately, In adibition to charge ond mess number, all nuclenr
TEAGINNLS COTSETVE MHNETHNIT, angular momentium, mas-ensrgy,
ardd spin. A more pbbrevinted notation is frequently weed:

Lrﬁ.l{l:!.n 1o

I 09235, & sumieery of the known nuclides and the seactions
wsed 10 sudy the puclides was poblished by Giorgio Fea™
lncluded in the wark was a “profon-neutron chan,” showing the
kmowen isotopes of each elentent, whether the auelide was ‘stable
of madiodctive, and, i stable, an indication of the relative
abundasee of the sotwope. A pertion of Fea's chart is shivan m
Figuare 5. This was o of the carlicst published, “Chart of the
Fuclides”.

Beta Decay and the Neutrino

The teym "beta radiation” given (o the mdiation observed
from thee uranium and theriom compounds by Ruthertord inehades
two types of decay: J, the emizsion of an eleciron frem o
fuucieus, and [F, the emisslon of o posiiron friem g necleus, These
Forms of decay differ from alpha: gamme, asd X-ray emission in
that [ omd [{7 particles have continsus specima of energics
ranung  from pear zero wp b an end-point veles  thor s
characteristic of the decaving nuclide, Te account for the
confinuoue spectrum Wolfgang Pouli sugpested™ in 1930 that
new type of particle, the newtring (fittle neutml one)™ or its
antrparticle, the antineutrimo, orghkt be emitted in betn  decay,
Thess are encharged partioles with either extremely small or zero
rest mass nnd bave extremely low probabilities of interacting with
miatier, The sum of the beta particle energy and the neuinno or
antineutring energy, rther thon the betn porticle energy nlone,
ol huvie discrete values.

The produsction of antingutnmos Trom ihe beta decay of the

neutrom was confirmed in 1956, The detection of the products of

the reaction of  astisrutrines (produced from the decay of
fenitroad 10 4 g Nux pesaetoe) and protond by Remes and Cosan
gave onmastakable evadence for  the existence of  the
antineutring."™

For i desay, the process is represented by

P s U 2 L)
ar
L )

Tel

e B
where ¥ &5 on antinewtring. Likewise, for B decay
b R ER
ar

e O L

whire ¥ &5 0 negtbnmse
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Figure 5. A Parthen of the Protog-Meairon Chard Pualabshed
by G, Fea in 1935 (Ref, %%, Rodioactive miciides are indlcated
by aguargs. The ritlath abundaece of e stalle puclides i
tncltented By the shading of ke clreliy ex shown e the logend,

An alternative to B decay, electroh captung, £, was propoded
by Yukawa and Sakata in 936" Here #n orbital electron from
ke K or Lo shell is captured by the mucleus sad 15 sccompanied by
ihe emissin of a neutrina.

[ ] o, i
P G s B

Asan i decay, the aiomic number, Z, of the origmal noclews is
reduced by one, while the mass nunﬁu.'rh.ﬂu. is unchangad,
Abvares ohserved this type of decay in 1938,

Froduction of Mew Eluments Using Noclear Reactions

The realezation that new nuclides could be produced through
reactions with alpla panscbes dad to the development of partcle
gecelersors capable of producing beams of high-snergy charged
partiches. . Aummong these machines wens the Cockeroft-%Walin
accelerator,"™ the Van &6 Oranff accelemios™ the E'_l.'th:rh'nh,-'"
the betatron'™ amd the linear scceleratoe’™ (Hnac), Reactions
ihced by peotons, dederons, neutrons (produce] using charged-
particks induced reactions) and photons were shown 10 lead 10
ather radioactive products, each chamcterized by g holf~life and
cartain decay prodocts,

Muclear reactons were wsed 0 produece the elements still
misging from the periodie toble below 2 = 92, In 1937, tha
clemant technetiom (from the Greek wond “techneétes™ meaning
gritficial) was produced by bembarding o molyhdemam targes
with dewierons. ™ This was the first element o be produced
ariificially, Similarly, the clement promethivem waos produced in
1941 by bombardmg & necdymium tanet with deuterons """ Mo
ponurnlly-pecurring - (stable) eotopes - of esther technetiom or
promethinm ex s,

Fisaion
In stiempis o prodoce transuramum elements, 1,¢, elements

'S RL Y ukorwa and 5 Sekals; Proc Phye Maith Soc lapen. FE LS OS50

Ll MY [N Pinys, Paie, B3 743 41933 B4 484 183K

M D oCedann and ET.S W alinm, Pooo. Roynl Soc A136 619 (1950

'S Ven de GrindfT, Phive. Rey 3B 1919193511

B0, Lowresds il ME Flflefan, Stkeise 83370 H5350 €00 Lavaiose md M5,
Livagatiee, s, Fazv, 40 19 (8932}

SO e, P Rev, #0047 (1041

B Walee, Anch, Blebtrotech. 51 387 | 0385

URE Pesrier el E: R, Naure 140 1¥3 019370

LA, Marieaky, 1, E. (lmdmin aesd 0 Corvell, J A Dhsni S #8278 (1947
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beyond wronivm in the periodic table, scigntists  bombarded
urarium fargets with slow faibronk, believing the ceplure of 4
peptron by the umanim noclens, fdlowed by beta docay, might
priwhice isctopes of elements with £ > 92, They expecied the
utomie - number of the resuling. nuclides to be only shightly
different from  thal of wanium,  The experiments  wers
complicated by the difficolty in chemizally scpamting the trace
-avmonnts of -resetion - prodocts;— Farthermore: —choosmg —the
“proper” chemizal rechniques for sepagation was difhicull since
the chemistry of the mnsranum clemens was open o
speculation.  Correlating the properties of the newhy produced
radicisctopes with those predicted for the tmnsaommum elements
proved extremely difficult.  For severnl years, seienbisis werg
misled by the o peion sssampaion thot the nowiron bombardment
o mramtom woulkl prodisce soly transummic elemeni

In 193%, Hahn anl Strassmacmn showed that the prodocts-of
the newutron bombardment of aranivm inchuded barium, Enthanom
and erium, with Z = 56, §7 and 28, respectively.'” The presence
of elements m the mediom mass reglon was wially unexpected.
Citheer mediom mass makednls—modvhdenum,  mabidiam,
anbiminy, and iodine—were detectad in farther chemicil
anglvees.  The presence of elemwets of micemediste mass
mdicate] the wrannim nocloos bhad splil toe fragments. L
Meitner and . Frisch called this new reaction fission,'"’ They
alsn showed that e energy sssociated with the fission of the “*U
nueleus wae on e order of 200 MeV,

The esxigzion of neutroos daripg fission was soon reported
by several groups of researchers.! ™ The possibilities of a chain
reaction with the liberution of o wemendous amowmt of energy
became apparcnt.  With the obvious military  possibilities of
nuclear energy, o secret program for the development of o fission
bomb was began in 193% in the United States '

Froduction of Elenwents with £ = 93 and %4

The clements with 2 greater than 92 were produced by other
nuclear reactions. In 15490, EM. MeMillan and PH, Abelson
identificd™ an isotope of element 93, *Np, produced by the
capture of 8 netrtron by U

MU n=" U +y
aed
33; [_.I—E,'?lﬂp +f ¥

The new muclide, **Np, was itself radioactive, decaving by
[ emission with a reporied balf-life of 2.4 days, Since this new
element was the fimst chement beyond wmnmm, which was named
after the plansi Uranus; it was named peptunium, from Meptune,
the: first planet bewond Liranus,

Phetonium with Z = 94 was produced by bormbarding ™1
with deuterons from the 6l-inch cyvelotron of the University of
Colifornia of Berkeley by G.T. Seaborg, EM. MeMillan, LW,
Kennedy, and A.C. Wahl in 191" The new element was
named sfter the . planst Pluto, followmg the potlemn wied for
nepimnium

Muodifications tothe Perfodic Table

The newly discoversd chements, neptuniam (2 = 93} and
plusomium (£ = 94, were initially placed m the seventh row of
the pericdic toble, following uraniom {£ = 92}, It was assurned
that elements 95 and 96 would hove chemicnl properties smdlinr

"2 ¢x Habes arad F. Sussmann, Neuns, 5711 {1535

135 pimmer ool OR Frisch, Natmie 143 139 ety

W Halban, F. Jolint emd Lo Kosarki 1 Physe Ral 18 28 (1 HL
Andason, E Fanid, ail HE. Hensia Flpa Roy, 85 757 (19395 L. Sefasd and 9,
en, Fhiyva Bey- 55 799 (1935,

s Hichand Hlisdew, Tha Maibivg o e dlows Boraty, (Sansn e bobrasier, e,
Mwe Yok, 1535

RN Mebillan wid BH Abelysn, Figs. By FT 1LES {194

T, Beaboing, AT Wahl and 1 W Kemrniady, Fays Bev. 60 367 (I046), (Thid work
Wiz nubmiliad fir publication in §W41, A was wlipisnly wiibBeld Gos puliadien
et el of World War T because of the aptum of jiz confen. )
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b those of neptunium and platonium.  Artempts were made'™ 10
pl.'l‘.“ldl.lﬂe these slemenls |'.'|:,' hl:n'nhq.rd.ml iy wnth netrons and
deuterons and chemically dsolbing the oew eleavenis.  These
cxperimenis failad.

It wias sugeested that e clemenis fellowing actinlon on the
periodic tnble shonld be placed in & second scrics, similar to the
series of rare earths Cwhich follow lanthomem)'"™” If this weee the
caes the chemical properties of elements 95 and 96 would be
stmilar g pctiniom (£ = E9) and fo the comesponding elements. in
the mare earthe, eurpium (2 = 63 ) and gadelmdam (7 = 64), With
this assamption, new experiments’ " using different methads for
chemically isolafmg  the prodocts were carried out™  and
:L'u,:l::alindm i Ir_ﬂ:l:ﬂi",".'l of elermemis 95 {“m.ﬂ.m:ll im
1904, and 96 (**Cm), in 1945,

In this [orm of the perodic tabde, the rare earth series,
starteng with cermm 2= 3Hpand ending with futetium (£ = 71,
was called the Lanthanide Series. The newer series'™ was Mosted
bielow the lanthanides and was called the Actiude Series, This
aedw serbes began with thomwem {2 = S and woeuld, wliimately,
el weith lawrenciam, £ = D3;

Becemt Work

Since 1545, isotopes of cigliesn pew clements have been
produced. This work is summarized in “An Lsland of Swability for
Superheavy Ekimente,” beginning on pagpe-31. MNames have been
given fo foureen of the eighen mew elements  The known
clements are listed in order of increasmg afomic rumber o the
tuhle on the mside front cover of this bookled and alphabetically
by name on page 48 In both lists, the atomic masses™ (in
atomic mass unis, u) and the npmber l:ll'is::lhup:s'" are miven for
the stable and natumlly-occuring mdicsctive elemenis In the
tahles, the mumber in parentheses following the mass & the
uncertainty in the last significant figare of the mass.

The proton-neutron chart published by Geergio Fea m 1935
{Figure 5, page 13) inchuded information on about 320 nuchdes
Toduy, mors than 3100 nuclides are known., The Chartl of the
Wuchdes summanizes the known properties of these miclides. A
deseription of the tpe of infoemation melided on the Chart
begins on page 17,

The Periodic Table of the Elements

The Perodic Table af the Elements {8 shown om the mesde
back cover of this booklet, The elements are orranged in the
table, fhrst, in onder of mereasing stomic nuimber, the mumber of
pratons in the nuecleus o the number of extramclesr chectrms am
the uncharged atom, ansd, then; in borsontal rows, calied peniods,
and verlienl columms, called groups,  Members of each groop
have similar physical and chemicnl properties: Group 1 elemenis
ore calied the alkali metnls, CGiroup 2 the alknline earths, Growup 17
thes halogens, Grmip 18 the noble pases, efc. In this form of the

B, Basbang and WO, Lovelard; The Siemenits Bejonad Drasiun, (oo Wilar &
Sode, o Mew York, 15N

L 8 Szaberiyy, Chosi anid Eig. Mo 13 7100 {A05)

8 Tl chexnical scprratan sl jdestifcdun ul these cleneils wee gremcly dilBeull
pd e on S early o yese Durnng Hee i, one memher 0 Seq barp's feseand gmig
ofemed in dhme (e el wnsarmed] olemerte i ' ra ard “tahnem® S
ME Weeks snd HM . Leicewier, Dhecavery of she Eleweay, (Mack Frnbsy Coopany,
Emtim, P 19080 i BT,

2 The fird public acnanoomesk of iba discovery of smeticiss med curam wak mesde
tric Semborg i the Qe Kids vadio progrmn, Hovember 11, 935 See G Sosborg, |

Cheew B 25 275 (1 90E)

s Referenen 120 o o disowsalon ur-:h-,phm:brw.ndn cand - darmg this e

S methoned sedid, Daben oo s rekaive fo the nadiogen sl s 1119,
Berzelinn publivhed o mlde of massss w2lanive I e s of ccvgen, which wes aisn o
e LD This siddeek wais isid oedd dee 13600% whes cheminn igab adepiel e
Iyl sesle, ba 1WA, s wis cbinenal back e sevgen scale dnd e @sinc
s tinl wiw (akoirn (n b 118 0F et alimric meee ol mygn, Al the SEsermery of B
duppe hadcpes, fen s were Esod-—a clreesical eoale haved am 16 G0 the

mpias ol the paturel ouygen slorm aid ke e, Ly o s usil el W VAR of
the reps ol fie Clwiom, In 1960, 0 smpho scale hased o 70, schose e o dakim in
b B2 GO0, wo chiven,  Flensohed miises gives ™ e proasm wik ang tiken Som
T Coplen, o Appl, Chers, 73667 {2001 ) and Ceern, find, 28 1P {0401

" Eiykry-foar efomener teees sishle pr foeg-livml naterallp-nerorrmp sotopes. Thers e
& jotml of 299 gt or legteed resarelly-soonming isstopes faro which dsviepia
lll::ll.lrmrr.'ﬁmn:'lmm i Chart of {hw Hecides, Ses “Isoiupic Abmdinces” on page




periodic bk, tao separate periods of clements, the Lanthanides
and the Actinides, are shown outsude the main table

Within each squarg, the atomic nomber, the name and
gvimibol, ithe. relative atomic mass, and several physical and
el properiies are gven fior the alement.  The color of the
name and symbal imdicates the form of the element w siendard
temperature and pressure™ (STP); gas (oeen), liguid (i), or
solid (blek), Elements that deonot ezt n nature {artificilfy
prepared) are shown in red. The aftomse number 18 glven i tle
uppet ket comer of the square and i2 the aumber of protons in the
nuclens af the atesm or the momber af orhitn] elecrons e
upcharged swmm.  The melative somae masses of e patarally-
occurming slegemy, b alomis mass unils (u); are given below the
gymbols, The stomee mass undl 35 112 of the mass of de Bp
ateay in s alormde and nuelear Erownd stabe.

In the upper rght comee of the square, the comaon
oxidation stales of the slemenl are grven wilb e most coman
in red.™ For an ebement in a combined siate (a compound), the
oxidution state i the nuswber af elestoons that noet be added o or
subtracted froan the oo to convert it o the elementa] fomn. For
exmmple, in the compoand MeCT; e oxidabion state of Wi s +2,
while that of chlorine iz 1. While some elemenis kave only one
cxidation state dwee the Groop | and 2 elements mothe Perodse
Table) others can take oo séveral values (see Geoups 7, &, and 9,
for sxampls).

Below the exidotion staves, the elocromegauvities | from
Lide)'™ of the elements are piven. These are pargmeiers which
describe, on & relative basie, fthe tendencies of un atom in &
motecole to aftract honding electrons and are disqussed in the
Chemical Bonding section, begiming on page 15,

Alomng the lower lefi skle of goch square, the melting and
boiling points, the specific grovity and fhe thermnl condoetivity
are given for each element.

L M.alﬁng el H-;.l-g:lihu Puents,  The mr."lling and bﬁﬂi.l'lg

podnts | From Lida) ™" nre. given in degree Cebibas and are a

urmosptenic preseire.  Forosome matenals, 4 carbon and

arsenic, the sublimation temperatire (demied by “sebl™) 15

given dnstead of the boiling pomit. Tl meliing amd waling

poiots of the clements having 18 = Z £ 90 are: shown in

Fipure &b, Thres periods ame shown on the gmph; 19 <8 =

e 37 2. = 54, aned 85 < F = BE, The last pun.-u-:l mludas
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Figure 6. AMebting dnd Boiling Molmts for the Elesments
Between = TH amd 7 = W)L

T | Tengeerature. and Proasere [5TF) 5 definnl s 8 Esipkiaioe of 070
FITRIFE) ad i prsis off | alsusphiens 10535 kFa

= vl B Lale, Edme-m Chisf, flmafeok of {hemizey aml PRanicr, 1 Faiiom
STHNEO0T, (CHC Press, Baca Haten, F202)

the Lanthanides (38 = F < 713, Simidkaraties 4 the memis of
thee masluing nod bhoiling poiants for the three perods should be
noted

= Gpecific Grovity (For Gases, Densiiy), For elements the
e bguids or zolids ot sandard femperature and pressure
(5TP), thee specific gravity is given. The spocific gmvity of o
madernal is the mie of the mass of that material o the mass
of an eqgaal velume of water. The specific gravities {from
Lide)™ given on the periodic table are mt 20°C,  For
chemeiis thut are gasss at STP, the density 15 gven in grams
per liter al {C,

o Thermo! Coodectivity, The thermal condactivity of o
rmaferial 15 the rafe of heat transfer by conduction through &
unit thickness per unil ares per wnit difference of tmperaturs
nnd i given in units of watts per meter per depree Celsius.™

Cm the lower nght side of each square. the atomic radies, the
principle  X-rav cmission enermigs in keV, and the coosml
nbundance are given,

» Alomic Radius, The stomic mdius (from Emsley)™" s
given in picomeiers (107 mmeters), L;ﬂrlﬂl'.,l“_:.l qpuu.lr.ing, the
fitoanis: mdnis inereases from bop b bostem of 0 group and
gecrenses from [eft fo night overa period, Figure 7 15 0 phit
of the atomic ralivg for ebements with 18 = 2 = Q0. Mote the
siniilaritees iy the shape of the curve going fam period 1w
porid,

Alamde Radius

T L A U b e T R L S B
M 34 A 36 4 48 54 BD- B T T5 24 40
Atomic Number,

Figure 7. The Atomic Radius for the Elcments Between £ =
18 and & = 98, The peaks ocour ar &= 18 AT, 535, and 87,
ingr for elements be Groap | of the Perfodie Tahle.

L Ll o

* Prinicipal X-ray energies. . For clemems with £ £ 62,
energies of the K, ond Ky Hoes ane given, while for 2 = 63,
the encrgies cormespond b ke Ll'amt Ly Lings, The regular
wariation (obeerved by Moselev)™ of the square ool of th
cnergy of these X-ravs as o fumction of the ptomic number ia
shown in Figure 8. paps 16,

s Crustal Abundancs. Geologicully, the plonet sorth consists
of thrze shells, the core, the manthe and the coast. Though
i crust is only aboot 20 &m thick and contams - about 1% of
the ttal mass of the earih, this region is slly imparant
since it provides the mw matgrizls required by man, The
erustal phundanos | from ].Hle:lw' ot mach element 42 Brven m
jearts per mllion by mass:

Chemical Bonding
In the first half of the 20th cenmry, G, Lewis,"™ Irving

W I, Ermley, The ffemeni, (Clorongdon Press, Oiefiml, 900

IS0, dohmenm aed '8 6. White, Nnp Enicdon Wauedreg i ond iel” Toblm G
Somridnomve Aniber, AN T D Series, DS540 {19700

F N, Lewie, L Amer, Chiem: Soe. 38 762 (1914



W and L - oy Enangies ll,--'
’

Soquans Root of X-Ray Endmy (kev)™

Figure 8. The K and L X-rav Energies Plotted ps a Function
of the Atomic Momber, The regwderity of the square root of
[ .ﬂm;p Ly ﬂ‘fﬁma;:ﬂ'm ql"]k: position nj']ﬁ: elemen! i
thet periodic dable e fenf obtorved e Homa G Moseldy freg
Sandies of Xoftay Spectra, page Y5

Lamgmmuir, ™ Linus Pauling'' and others explnined mich of whas
hnd becn observed about the structare and stability of chemical
subsmneces in oo of stanmic theory mmd wave mechanics, They
recognized three idealized forme of strong primary bonding and
sevaral weaker secondary mtemctions.  The thoes forms of
primary bonding are called monie, covalent, and metallic. The
actunl bonding m many compounds. @5 best descobed as
combmation of the primary forms,

Elecirons are fransferred in tonde bonding. IF only one or tas
electrans wrein the las unfilied shell of an element, 1108 relatively
easy for the atom o Jose these electrons o another alom whose
lost unfilled shell has one or two vocangies. The first of these
ploms becinmes 3 positively charged ton because of the koss of
gleciroms, and the second becomes a negotively charged wn
becapie of the gain of electrons.  The electrostabic altraction
between the soms binds tbem mnte & compound. The atraction -5
stromgest for small jons with gh charge.  |n wdealized lonic
bonding, the ekeciron distribution ersumt ether type of fon i
spherically symmetric, In e crystals, the mebative sizes and
numbers. of the différent types of lons largely determing their
MLri:: muF_mL 1:1 TR Lo 111 tr_l,rkl.al uf Ersrrnuls .A.,.Ep,.
whese 5 2 i, the jone of slemment A are typically serrounded by
four to cight boms of B in 2 loftice that eesemibles a thres-
dimenaional cleeckerboand,

Atoms also bond o cach other by sharing. electrons, ussally
in pairs,  Sech covalensi bonds are formed between atoms of the
s elemenl, or between pairs of elemenots that are not g far
apart o the petiodic able as the pairs that form ionic bonds,
Atoms usaally lorm just eoough covalent boads fo fill their
imfilled shells when each shared clectron iy cownsted ns if it
bebonged o sach atom sharing it Covalent bonds are localized in
space, in that the dessity of electmns-is preater near o hine
between the two ators than elsewhere, and pairs of covalens
bonds tea given atom tead w bave 8 characteristic angle between
them. In typeal covilemt compoumds, four or fewer nesrest-
neighbor atoms surround cach atom,  Atoms of different elements
share electroms wnequally,  The tendency 1o ativact shared
elechons is called elecroncgativity. Although various definitions
und scales of electronegativity hove boen proposed, they all agree
that elements thot most edzily form negative ions hove the bighes
electranegntivity, while elemeants thet most easily form posiive

%] Lmpmmar, I Acser: Chor Soo. 41 B85, 100 { 1519
T Lines Faulist, The Natvee o) the Cheviaval Mol Thivd Saimen, (Comedl Univens iy
Press, M NV, 106054
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ions have dhe lowest,  Covalemt bonds betweon ploms waih
different aledronegativities are called polar covalent oF partially
iomic bands, They gain additienal sfrength tirough their partal
iamle chametes,

Aboms inometals are bound by elecimons that are spread out
throwgh the entire: sobid or guid. Liks ionic booding, and unlike
covalent bonding, mefallic bonding has oo preferrsd directions.
Most metallis clements crystollize in one of three simple crystal
stmuchires, im owhich each atom % symmetmeally: surmoumded by
wight or twelve nearest neighbors. Metals can form compounids
with cach other i which the bonding is mamly metallic, These
imtermetiliic »;i;lrrq:qlumh exhibit & wide l."ﬁ.1"i|-.‘1.}' al  structural
types. F.:mcpt fr I'i:r'i]l‘ﬂE’E‘D., ill the alements 11 columnag 1-12 of
the - periodic table are metals. Colomns 13-16 inchude some
metale womne non-imsetals. snd seversl elements with intermediste
properises, A, Ga, 5o, Bi, and Po are prodominently medallic,
whibe glemnents above ar o the right of them have progresssvaly
fewer metnllie propertica.  Some compdundsz between metnls and
teirin-eriedala. for cxample the cafbédes and nitrides of the metfals in
polumas 4-6, are predominantly metallic,

The energies ivelved in all three primary forms of chemical
boods are on the order of one to ten electron wolts per - abom;
While the Joss or gain of o single clectron 15 casiest for sioms
with only one electron or one vacaney in an unfilled shell,
multiply-charged ions are more strongly attrected t esch other in
o ocrystal latfice.  For exomple, sodium flsoride (No F ) melis af
1269 K and bolls at 2075 K, while magnesium oxide (Mg™ 0%,
which has the s2me covstal structure and the' same iota] nomber of
electrons, mels at 3105 K. Atoms whose wifilled shells are mpne
nearly half-filled can Form grenter numbers of covalent bonds or
fiorm stronger mistallic honeds than dese n the sdter solumng af
the perindic fohle, The trents m meliing poms (s8¢ Figure 6,
page 15y of the elements wethin each row of the periodic ehie
illustrate this effect,

Atoms that hnve ah:ud].' atimined o filled cuter shell |'.'|_'|-'
gleciron tmnsfer or sharing can sbll participats in secondary
torms of atoacHon,  One of the sbomger forms of secondary
sdtrnciom 1= called hydrogen bondmg. A hydrogen aiom thst i
alremdy covalently bonded 1o a highly electronegative atom (F, O,
ar M) in one molecule can forim i hydmogen band o an F, O, or M
alom o enoifier molecule.  Hydragen bonding e lorgely
respoimble for the kish boathing point of H;O In comparisen o
many other small covalent moleculss.  Moleculss with polas
covalent homds have noo-uniform digteibutions of electrical
change. The mone pegative portion of & polar molecwle will be
attracted b postive lons of (o the pesstive phrtions of ether polar
maleciles.

Even soppolar molecules snd single newiral abms - ane
subject to secondary attractive forces.  The elecine - field of a
fearhy 1om of palar mokectbe can perturh the electron cloud of &
mompedar meplecube o mimn, mducing a small temporary chargs
redistributiom that resuls in-a weak ataction. Fisally, the
eloctrim ¢lowls of noppolar seolecubed or nboms can perburh excl
otfier enough 1o peserate weak attractive forces.  The secondary
artractions that affect sonpolas molecales and afoms  become
slromger wiih increasing gize of their elecren clouds, Thes frend
i llustrated by the boeiling paints of the elements in column 18,
which vaporice a8 single sioims, and these in columm 17, which
form covalantly bonded distonde moleeules.

Secondary attractions would nod be imposanl on a8 ot
planet, bidl oo e carth's surfaee they cause water and all but the
smallest organic molecules 10 be liguids or solids rather than
gasek, They cuuss some (but nos &l ionic slids fo dissolve in
water, They hold together the two halves of the dooblz helix of
DA, the mobecale that camies the genctic code, and they cause
protein mobscules 10 fold themseives info chamcieristic three-
dimensionn] stroctures. Determinimg the secondary Sirnciunss of
proteing experimentally. and predicing them theoresically are
among the most important current challenges for structural
chemistry, and for melecular bology,
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Overview of the Chart of the Nuclides

Earfier Charts nod Talislations

As new nuclides were produced waang techniquees described
in the previeis secton, chart and tables summarizing propertics
il the known suclides wene developed. Ore of the carliest chins
wag published in 1935 by Giorgio Fea™ and a portion of that chart
is ghown i Figure 5 on page 13, Charts with other formats wiers
used by tesearchers o emphasize  different  propories. of
relationships between the meclides.™ '™ Emilio Segne published
a more detailed chart, similar 1o current charts, in 1946™ In
Spgre's chan, masses, nbundances, chplure cross sections, kalf
livos and decay modas were given for e known nuclides.  As
with Fea's chart, the neutron sumsher wag used as the vertical axis
anid proton number as the bonzontal axis.

In 1957, & trilingar chart of the suclides was published by
WH. Sullivan.'™ A portion of the chan is shown in Figure 9.
Here, cach muclide iz repretented by @ héxngom.  Within the
hexapons, half-lives, sping, dociy moded, thermal neuron cross
sections pnd other information sbout esch nuclide were given
With this preangement, isehars (nuclides having the same mass
mumnber) lie i@ verical line Isetopes (ouclides with the same
womie number) e along-a ling inclined &t 307 above s
hocizamtal; motomes {(mucldes with the same number of neutrons)
e along o line nclined at 30% below the horizomal, and
isodiapheres (nuoclides having the ssme emcess number of
netrons, A-2F) ligon o hosizonts] e, Additional informaticn
aboait the drilinear coned inate sysiem s given m Reference 133,

‘_“ Witk
N TR

Figure 9, A Portion of the Trillnear Chart of the Nuelides
Fubslisked by W.H. Sullivan (see Rel. 135).

One of the frst comprehensive mbulations of propertes of
Inrlu'n-n mclicdes was published by Livingood and Seabkorg im
1940, This enbulation was the I;ﬁnil. edtien of the Table of
Lsotepes, now in its enghth edition.

The frat-edition of the present Chart of the Nuclides was
canepided by G, Friedinnber and b Perlmin and published by the
Genersl Electric Company i 1986, This Chan diffessd from
thse of Fea mxd Segre; In that the piroten niimber was used as the

- Srp Tk Clondman, e, Jarreviucyon b e Theory, {Addisen Wedey Prem Inc

Cardoridge, e, 19431

[k Eull and WOH Sdillan, ) I:.‘I'-ul:l.l-.ﬂ.rc::llmil A g lear)

U Erralin :?:rn A Mwd ey W Moied, The duisblegrophy of Emills Segra

[ Lmivemtny of Cabformin Press Deckudes, 1895, page 190, Seprs's ariphsl chen was

developed @ Los Alaoes 0 1945 fa u'l:hru:lu] revaion of ihe Beet chari waa

ml'lHl'lrl Ll & dird reveslon, aarmead ol @ 1'113 1% meluderd m Riderenge |1
How Il B, Trilnesr Chart of Machider, 7 Eifines, (U5 Covemment Prinong

LT, Wiahimgeore [T 1557

Lt ¥ I Lrvabgedd and 0T, Seabing, Py, Wlal, PRy JE 30 §] S}

" En, Firesee, .Y, Fraok Chocond 0 Baglie, Tl of faopes, Biphri Slithin

FRERE Dipeare, | Pokn Wiley il 5ok, Mew Vork, 17031

wortical axis and the neuron oumber &5 the horeontal. Al
editicns -of the Chan of the Muclides since then have used this
layowt. The current chant & ihe Sixtecntl Bdition of te Char of
thi Buclidzs,

Af present, there are aboat 3100 known aeclides and 580
knovams isomers (sce lsomeric States, page 210 Except for short-
liwed isomars present in decay of lomnger-lved parents oF a5 part of
the naturafly-oocuming radionctive series, cnly isomers with kalf-
liwss Erenter than abour one second are Incleded in the sbove
count.  Agtive nuclear vescarch, which s conducted i many
laboratories throughout the world, causes pddittons amd changes
in the fist of nuclides.. A given nuclide ks included on the Chart
only if the work leading to its discovery has been published in g
reflersad, scientific joumnal, Procesdings of techmical conferences
and the most recent edition of the Tabde of loropes'™ are alse
consulted for ibe cvalsation. Data refessnced az “private
communication” ore oot inchaded in the Chan.  Since the last
edition wus published {1996), approximstzly 300 new nuchidss
and 100 new isemers have been added o the Chart.  In addition,
there hns been at least one change in more than %53% of the
sipaares-am the Chart,

Ceneral Lavout of the Chart

Informotion shout the kpown meclides, both stable and
umstable, i summarized on the Chart of the Nuochides,  FEach
muclide vooupies n-square in o grid whens the atomic nomber, 7,
is plotied against the number of neutrons, N, The stomis number
is given at the left of ench homzontal row, Bach row represents
one clement; the gray squares indicate the known Slable isotopes
{ond m some cases, bomg-hved nulunll:.!-u-cmrnng isobopes) of
that element.  Each verdcal column shows nucliled {watones)
having the same nouinon oumbier, M,

The beavily bordered sace al the befl side of each horizontal
vk gives the nomee and propertes of the element.. Each of the
dtlbir vecupied spaces m the wow carres the cheomcal gyanbel and
the mess pupsher of the noclebe ndicaped, The mass aumber,
designated by & is the sum of the number of newross, ™, amnd
profons, £, 10 the nucloes.

Nuclides cn diagasals umnding from the wpper Belt o the
lowar right on tle Chart have the same masa numbers {isobars)
For example, one diagonnl could connect “'Ca, which has- 20
protons. and 20 newtrons, with *Ar, which has 18 protons ond 22
NCUTons.

Heavy lines on ihe Chant peour for N or £ equal o 2, 8, 20,
28, 50, pnd B2, amel for N = 126 These are the so-called "mapic
mumbers", 1.2, the numbers of nevirons (protons) present when o
neutren {profon) shell is closed, (see The Nuclear Shell Mode],
page 27}

Colors amd shading are used on fhe chart squares o indicoie
relative magnitudes of half-lives and newtron - absorption
propertics. Four different colom—hlue, green, :ﬁ:”uw el
arange-—are mnd ﬁ.;n' those ident Geatsong. The hﬂthﬂl’md -:ulnr
of the upper kall of a square represents hall-life and the lower
half s representative of the greater of the thermal seutron G
seciym Of resomance fnegral  An exceptbon 14 omade for elly
groveshaded squares, which simply exiends the gray faable
ouclide" shading of the upper square throughowt, when the eros
aection 18 amall or unk s,

The gray shading s alzo wed for unstable noclides havng
Iifetimes  sufficiencty bong (>$x10" yeers or SE® years, sce
Foomate 138) to have survived from the time the elements were
formed,  These natursllv-occarming radivactive muclides e
highlighted by i special Black band or reciangular aren near the

" Throighiiil S Tl wivd s Sookoe, e deipation B i isid oo mesn powes o126
B SEE = 3z 10Y



gop;  Cdher black-bandad nuchdes pre formed "H-H- maturnl
procesies such as cosmogenically n the atmasphers (°H. "Te, and

) or are daughter products of naturalbysoccurming radinsctive
parerts.  The noclides belonging to the naturally-cccurring
radionciive decay series ueo indicsted by smaller blnck rectangbes
containing the symbol for the historic name. e BaA, MsTh,
amdd lo, given when these series were ficat imvestigated. Whits or
coloted  squarss —represeRl—iEfaially — praduced - radicactive
nuclides,

Cermin squares, e “'Co, '"“In, and ""*In, are divided. Such
divisions occur when o nuclide has one or more iscmeric {or
metastable) sutes.  Ivomers are nuciides baving the same A and
F, bt different mchosctive properties, e, different energy states
of The: same mas leus.

Figsson products from the slow neutron fissson of = U, =L,
or Py ane mdicated by small black triangles or sguares m the
Iowear rig_hl oorner of tha SuAres. The knowmn sobane Bssion
chaing are buheated on the Chart by lnes devsn dizponally ol
the cormer of the fret of last suclide for each miss numberﬂ. Fux
a piven vale of A, the total cumulative yield fior ™0 thiesmal
newton Asston s geven at te lower end of the deagonal bine; U
total cummlative yields for “"U and "Pu thenmal neatron flssion
are given at the upper ends, with the *"Pu vields in parentheces.

Chuestion marks are used 0 indicate unssrtainly in noclide
identification or made of decay,

Insformtion about the products of variows suclear reactions
can be sasily obmined from the Chan of the Mocldes, Flpare 10
illustrates the combinations of mecident (o bombardmg) and
emitbad particies for seweral types-of reactions and how each
combination chonges the onginal nuclens, A special type of
shomthand (see Dhaclear Beactioms, page 12) is used oo this
diagram o dlertify the reschons. An esmmple i= (pn) which
denotes & reaction i which the mucleus absorbs a prodon and
emiis o newtron.  For this reaction, fhe product neelevs would
hsrve the same value of A ns the target, Bt the saloe of Z would
have increased by one O the Chard, the product nuckses is ihen
located one squere deagonodly wpwand and 1o the leR of the torget
mclows,  For the (o) resction, the torget nuckeas would have
bost pwo protons aid one oeutron, resulting in o product oucleus
P squanes dawn anid ome ACjuare (o thie Jedt of the et

{300 t'%fig (e
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Figure 10, Changes Prodoced by Variowns Moclear Bescibonms.
See pupgre 22 forr svimbol deflnifons.

There ia n epough space to indicate the one standord
deviation uncertumiy for the nomencal valees on the Charl.
Therefore, the fllowing convention has been adopted: the
valwes given have been roundsd off so that the uncertainty in
the last decimal place is less than or eqgueal 1o five units. For

&

exgmple, 8 value of 6. TESO.08 bams would be gooted as 6.8,
Similarly, a hall-life value of 25004300 vears would be
quoted as 2.5E3. The symbol, "=, is used to show datn
having errors greater than the limit of five units in the last
figure, This s commonly used when onky one measurement
with-an uncertainty greater than five has been reported in the
litersture. Thus, a cross section of 2.7 £ 0.8 bams may be
quited as ~2.7, TF trailing zeros are followed by & decimal
point, the zeros are all significant, Dtherwise, the last non-
wero digat is significant and has an uncertainty less then or
equal fo 5.

Propertes of the MNoclides Displayed on the Char

The type of mformation given in cach square of the Chan
depemds on whether the sguare corresponds o o - chenical
clement, o soble auclide or a mdicactive mclide. Several
example squares are shown on the Chart, with an indication of ihe
type of information given m each of the squares. Tahle 2 on page
1% lists the proparties. for which valises (whan Enown) are given
for each type of square on the Chart  Each property 15 descnbed
i dhetail in-Sections A-K, below

A Chemical Elewrent Names and Symbols

The element names and synshals weed on the Char are thase
recotnmended by the Intzmational Union of Puve and Applisd
Chemistry (TLFAL), These include the revised recommendations
for the transfermium elemems with atomic pumbeis 101 through
109 and new recommendations for 110" Elements above 2 =
F10 heave pot besn named officially by [UPAC a1 the time of
pustlication and are listed solely by atomic number.

B Spins and Paritles

The upper right comer of the square for the growsd sae of
the nuaclide and the upper left cormer of the isemone state contain
the spin and parity of the corresponding energy level Thess ore
depicted s J7, where J represents the spin (erber miegral or half-
iniegral) ond ® represents the parity (either "+ or *2")  Each
neiatron gnd profon hag an infnmsic spin of Y (o units of 8 ),
similar b thos of the electron.  The nuckeon spin combings with
the orbital angular momentum 0 preduce & resultant angular
mamentum called the puglear spin.  Since the orbuial sngular
moimentum is-alwovs zero or an micgral maltipls of &, the
nuckear spin (in units of B 5 s alweys integer or half-odd-integear,
depending upon whether the muclens has aneven or odd number
of mucleons, The concept of parity wos mirodoeced by the
mathematical formakism of quantum theory and bos no classical
enalogwe, For *'AL the spin and parity are shewn on the Chart ns
A1+, where the I in the depominntor of 5/2 has been removed o
improve the readability, The ground siates of all even-even
nuclides ars known to have spin and parity 0, so 0 has been
pmitted from the Chart squares for these nuclides.

The arguments for the assgnment of spn and panty 1o
nuclesr sotes can be divided into two classes strong arguments
such s mensuring values directly and weak arguments. such as
inferring valuex dndbirectly.  On the Chart, the absence of
parentheses indicales spins andior pacities based on srong
arguments; the presence of parentheses indicales spins andior
parities based on weak arguments,  An effort has been made to
not inchude those values mferred solely from systematics.

€ Isotopic and Atomie Masvey

bsiopde miasses 10 abemic mass unils () sre given on the
Chan [or swable motepes. for cerain  long-lived snateally-
oocurrme radigactive isotopes (sce Table 3, page 243, and for
those mechides where particle (plpha, proten or newtron) decay
becomss 3 provinent made (-10%%) 'of decay. If the nechide

" OGP Mosm, Pez Apd. Chan o @ 247 (EETR Ger  als
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Table 2. Types of Information Given for Elements and Nuclides on the Chart of the Nuclides'™'
Tyvpe of Sqeare Property Sew
I Chemilcal d. Cherdcal symbol, a, Secth A
Element b, Atomic mass on the “C = 12.000 000 mass scabs. b.  Section C
£. Chemical abement nama, €, -Bection A
d.  Tedal thermal peoiren absorption cross section and ahsorpiion resonance integral | 4o Section G
i1 Baria per ato
2, Al Muchides i, Chermical symbol and mass number, 8, Section A
b, Spins emd parities of the ground and metaseeble simes. except for even=F aven=N | b, Section B
e lbes,
¢ Fission products produced in the thermal newtron flssion of U, U, and ™Pu | ¢, Section K
. ure indicated, il
3.  Sioble MucHdes a. Isatopic abundanee, on an stom percent basis, a. Section D
b. [Esotopic mass of the neutral atom, on the “C = 12.000 (0 mags scabe. b. Section C
. Thermal neutron eross sections and resonance integrals for significan: shsorption | ¢ Section G
reactions. The values of these quantities determine the backpround color of the
lovwer hall of the chast square.
if,  Alse see “All Moelides.”
4, Padoactive 4. Half-life. The magnitude of the half-hife determimes the background color of the | &0 Section E
Fémelidey upper hallof the cha square,
b,  Major modes of decay aml decay snergies  {gamsns-my energies m ke, all | b, Secton H
oahier particle enengies and decay energies in Mel)
. An order of magnitude indication of @hsolute abumdonce of radmtion emited | ¢ Section H
when liess than ope percent.
d, Bea |:1i,5|r|1.|:'_5ml'i|:u'|- - = unnts of MeW pndlor the :|||-|,:-l.|:|p|i: mass of the | 4. Sections ]
et ] atoem oa the S0 = 12,004 (K10 s acale, witcd] i
a Boamene (Metastable) States. e Secthoa F
f, Lopg-bived radicactive muclides andl membess of the naturallv-pecorsing | £ Secthoa )
radimactive decay serbes ane indicated by o black band near the g of the squans,
£ I measured. the thermal neutron cress sections and resonance inbegrals for | g0 Section O
significint absonption rodctions. The values of thess guantitics  determime thix
backpromund cobor of the lower half of the chart seaars.
he Also see " A0 Muctides.™

decays primartly by [T, & or ' decay, the disintesrated energy
(aee: Beotion ) i given insicad. IF particle decay and either 7, g,
ot {7 detny are both promisent (> 10%) modes of decay, both the
isopic mass nd the totel dsintiegration enengy are piven,
lsmbogric masses were mken from exther the 1995 stody of G, Andi
ind AH, Wapstm'™® or more recent references (see Primary
Technical References { Chart of the Nuclides), page 37)

The chemical ntomdc moisses (relative. atomic mass of an
element) hieied on the Chart are ihose promulgated by the
Commission an Atoerde Weiphts—Inorgenic Chamesdny Davissen
of the Imermational Union of Pure and Apphed Chensiry
(TUPACT fn its 2000 report,™®  The uncertainties in the alomic
masied ane given in the tbles on the wside oot cover and on
page 48 of thiz booklet. Ovcasicnally, a sarsple can display o
sipnificant difference from the sccepted atome mass bacause of
arfificial Botope fractionation, artificial nuclear resction, of 3 e

gealogical cecmmence i a4 small guantity.  (S2c  IEodopa
Abundances, below.)
For most clements, the umcortaingy . in the sobepic

composition has -an effect on the ptomic mass which is of least
two arders of magnitods grenter than the uncertzinties in the
Eatopic masses. Differepces in the number of sipgnificant figures
givem on the Chan for the elementnl ond isofopic masses of
mano-isropc elements are the resilt of the differdmt estimates of
uneertnintics given by Auwdi and Wapstra and the Commission on
Arornie Weights, respectively.

L lesiopic Aburdances
The isotopic: abusdance valess on the Chag are Eiw:n i
ntom percent and were taken from Rosmun and Taylor' A few

G Al e AKL Wapabin, Macl: Py, LS5 A (FDR5L

- Heray energisy are aik sidlulcd on e Chaet.  Huwsid, isssepdiverapnl Kooy
vy a0e given o (e Pethadic Tehle on s bjeale bk cover o Bii bohls

"L E. Coplei, Pure Appl. Chen 73667 (30681 )

" IR Rassananl FOEE Teer, Pure Sppl e, 20207 §1908]

1sefopic abundence values were gquoted in which the uncertainty
in the lust figure is grepter than 5. This was done so that the
ismtopic abundance vahies total exacthy 100%; for 2ach elément,

Isotopie abundances are specified on the Chart for 288
muchides. These mehele 260 stable and 22 mdicactive isotopes,
M the radionctive isotopes, 20 are Jong-lived with half-lives
grealer than SEH WA I'La.l:luu.l o bemb of the ajpe ol the ::lrlh:“'l-
anl are listed in Table 3 on page 24, The remaining two, “py
(1= F.28E4 vears) end YU (1 = LA6ES years), are continually
heing formed through the decay of U and ""“LI respoctivily
(s Figure 12, page 25}

Isotegrie Abumdunce Farfabilite.  Unlile th mass of an
individual noelide, the awmie mage of an element baving more
than i stable isotape is not an mivinsic property of that element.
It dlepends oo the relusive abundanee of the diffecent isotopes, The
cifferent isoges ane prodoced by diffesent processca, at di fferend
places in the universe, and at different times:  The canth is as
homogeneous as it is with respeot t0 iselople sbundance because
it ke o sl comipared to interstallar distances:

Some of the largest natura] abundonce vamations on the earth
are displayved by elements that heve one or more isotopes that can
be formed by decoy of a naturl radisisotope with o half-lifs in
the range of ~<10°-10"" vears (see Table 3, poge 24). Lead, which
has ipotopes formed by decay of hath thorum ond wnrmm, hos
glready been mentionsd.  Heliwm and argon are two other
prominent examples,  The origing atmisphere of he earth is
believed 1o have hoed isotopic compositions similar i the sun, bt
merst of this enrly atmosphere was apparently lost to space and
qulﬂ.l,‘ﬁ.l Inter by uulgu.ﬂuing from the condensed earth,  [n the
wnlar syabom ak i whale, "i."u' 12 the donvinant A1 g iEl:ltﬂ-pE. The
parth's utmodphers had the same " Ar™ Ar tatio a¢ the sun, but a
mach greater “ar®Ar ratio, because the argen remaining on he
earth &&= dominated by ‘“Ar from decay of K. The belium
et coampodii oo on e Chan refers fo helium in the carth's
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atmosphere. The atmospheric *He/'He ratle @ higher than the
sun's, due o loss of much of esth's primordial *He, and
replucement by “He produced by alphs decay of heavy elements.
HeHom o old wanium-rich crastal rock has an ewven ldgher
‘He/"He ratio than the stmosphere, while rocks recently derfved
from mantle soirces have lower “He'He ratios than the
pimosphere.  Among the mantle-derived rocks, these with the
bwer “HeHe-ratios- sre bebieved to come from sourees desper in
the mantle."""™  Stroatium, neodymium, and hafnium ako
display vaniations in isotopx: abumlance, cased by decay of
rihidium, samarium, and lwictium, Tespectively,  Menon isotope
abundance 13 affested by spontanecas fission of nctmide elements
{inchading ““Pu} and decay of primordial ™. Anomalous Mg
isotope abundances, resubing from decay of “Al, have. besn
found in some of the oldest mewonies {(thoge thal solidified
earliest during the frmmation of the solar system), '

Matural fractionation processes can abwo cause varabions
isolopic  abundances, especially. for the lighter  elerents
Deéwterinm-1o-bydrogen ratios for terreitrial eamples vary by up Lo
0% Fresh water, foc. and snow are depleted in dontetium
relative to sewater, Oxyzen (once used a8 a standard of atoenic
mass) 18 fracionated, but less =0, by the same mechanisns that
fractionate lnydrogen, Cnm?un:dtumml water, stmosphsnc O,
has & higher "0/™0 mio.”

Human technology con also cause vonakion in ispdopic
abundances; intentionally o7 unintentionally,  Punficstin by
digtillation can cakses grester vanations in sotopic abundarce for
elements such &8 calcium than are found natarally. )

On  the shelf, chemicol rengents with o 3754 "Li
compasition, instead of the 7,59% given on the Chart have besn
noted without any warning of the depletion in "Li content.'"
Natural variations in boron from 19.01% to 20.3% B have been
measursl. The stomic masses and the thermal neutrom absorption
eross sections for those materials will then differ signaficantly
from the valies listed on the Chart, When atomic masses or
neutron  phsotplion cros section values are cribical o un
opphicition, it is highly recommencded ihat samples be checked for
nctual wedopic abundance before use.

The precision with which varations in issople abundance
cant be messured has. mproved greatly over the yeam, and the
necessary sample size hos decressed. A larpe and orowing
corsimeity of soientists med thess varations 1o smdy suljectd
Funging from enrth’s former climaea™ " 1o ancient teade
roazs,  The commanity has developed standard amalvsis
procedure and standurd seference materials for calibration. The
books by E. Durrance™ and by G Faure'™ provide- good
mnteocietians to the entire fizld.

£ Half-lives )

The half=lfe i% the period of mme i owhich half of 1he meclhei
imisially present inoa given radicacove snmple disintegrate. On
e Chart, haall-lves for radioactive auclides are given below the
nuclide symbol and mees nuimber. The units used far half-lives
Pt o e

s microseconds | OE-65)
ms milliseconds [ 1.OE-3 5)
& seconids
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A mamber of so-called pamicls westable nuclides  with
extremely shor hati-lives are incleded on the Chart,  All of thess
muclides wre located in the low mass region below A = 1, &g
"He, 'Li, "Be, "Be, and "B The muiiomde for moluding: these
musclides is that they con be fermed 10 nuclepr reactions invelving
nenrby  siable. nuclides and resonances comesponding o0 the
formation of these compound puclel have been observed n the
reactions, The half=lives of these nuchdes canmot be measurcd
direcily, ns they are oo short (o be determined with currently
availnhle echniques. Hather, the half-lives ane inferred from the
eeanired level widihs of the resonances obaceved in the reaction
usmg the Hedsenberg anceriainty principhe,

AEM = K

Backgroind Color of the Upper Half of tee Chary Sgware,
For nuclicdes with hali=lives of ome day or longer, the background
color in the upper helf of the Chart square indicatés the relotive
magnitude of the half-lifs of the melide. The follewing mnges of
half-lives are wsed;

I day to T days—ornnge
=10 adays o 100 days-—yellaw
=104 days i 18 vears—green
=10 years to SER years—blue

The color gray répresents stable or naturally-occurring rediodctive
muclidez—rthe 258 auclides for which isotopic shundances. have
bean assigned by IUPAC {=ce Reference [43). For the 2606 stabls
auiclidics and for the M0 kog-lived (1,7 = SEB years) madicactive
muclides, hated in Table 3 (page 247, the background cobor in the
upper half of the aquare s gray. For ''Pa and **'U, with holf-
Lwes leas than SER years, o gray band be used st the top of the
sguare, while the color i the remainder of the uppec half
coarresponds (o the hali-life of the nuclide.

HuadfFLife Pardelilie,  Hallives for beta decay, electron
capiure, or conversion electron emission depend onm the local
electron density ss well a2 on the properties of the nscleus. Owver
the full range of astrophvsical conddions, the vemations in half-
fives can be enormaus, b under ordimary terrestrial conditions
the wariations are so small that extroordioary card is nesded (o
measiEs them cxperimentally,.  Low cleciron density  shows
clectron capture and accclerates |7 decay or conversion electron
ermisson [see Section |E:I. ]""ul|:,l o THe :r|'|.|.l.‘||'_'i: 04 CEme
ruys, travel for many yeard without undesgoing eleciron ¢
hecase there ire no nearby electrons. Folly ioaized "Dy nueled
have been obaerved in the sboratory o emit i particles with o
half-fife of @8 dave resulting'™ in the production of " Ho. Under
noremal berrestraal  conditions, the opposife process oCoum—
electron capture by "“"Ho 1o produce "Dw, At the opposite
exbreass, in dende stnrs the electron demsity is high enouph. ta
derve electron captune resstions that woold not ocear an carth.
This process of forcing electrons into nucled, comverting prodons
il pentrons, culminates in the formation of a peatron star.

Under tetvestrind conditions, vanations m half-hife depending
on chemical envimonment are genemliy bess than one pervent, and
can easily be swamped by experimental artifaciz, Neveriheless,
carefiil work has shoan that peal varistions do exist  In contras:
i motogic  obundance  vamabions,  the  lechmigues  for
measuremients of hali=hife variatons have improved Iitle over the
years, Mew halfife sanation reports sppear only spordically
and are seldom verified by todepeident meaduresnentd in anolber
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laboratory. For more infisrmatien, the reader s nefermad o the
review anticle by H. Danbet.'™

The distntegration constants of ndividoel nueles staie are
it affected by temperatuss, but different nuckaar states have
iffereni decay pmpﬂﬂiﬁ%nﬂ nuclides can change stales throogh
intenction with photons.™ Oaly photons of hagh ensrgy are able
o miee puclesr grsfommabons.  On earth, there are oo few
arnbient high-energy phidons b have any efféct on nuclear decay
Al more eatreme temperatues, thaugly, e high-energy pholoas
become available. In stars, the decay of Al depends greatly on
ternperatare because of-a low-Iying excited ‘stare that bas a |1
docay half-life more thon twelve orders of magnitude shonter than
that of the groond stme.

F.  Dwmeric iMemasiable) Saes

Cerfain squnres on the Charl are divided, e.g. the squars for
Al Such divisions ocewr when & nuclide bas one or more
isamenic gtates—when miclides have the same mass numbers and
atomic numbears. bt posssss different radionctive properties. in
different long-lived energy stales. An isomeTic state = inchaded
om the Chart if the halllife is one second or longer. This arbitmry
clofT point of one secomd was chosen for conveniencs in
presenting the date, Shorter holf-lives oré included when thev are
fed in the decay of a parent noclide with half-life longer than o
second or ore pert of 0 noturaliyv-occuming mdiactive decay
semies. Recent research rear the proten doip fine (see page 35) has
allowed the identification of low-lving isomeric stotes with half-
liwes (=1 pes) and particle crergles significantly diffisrent but ckse
e those of the proomd stabe of the soclde, These domenc slales
are meluded on the Charl o befter understand the dabe used to
calewlate thse pround seate half-fves and paricle decay energios in
thie regron.  When referring to isomernic states. the lower chergs
state &5 generally referred tooas the ground- state and the highes
cpergy state as the ispmeric sute, Fregquently, the ground sute s
& stable nuclide. 1f one metastable state exisis, it is shown on the
lefi of the square and the ground state is o the night. 17 bwo exis,
the higher energy state 15 showmn on the upper k=it of the square,
the lower balow itand the groand stade to the rght of both. %hen
a metessabls and grownd state (or two metastable stofes) cannot be
umequivecally assigned o o given energy level, the desipnation
- 4 ploced between the two slaes inviolved,

When the !-p|.1'L-I af batls the ]:rl:rund starbe and an 1someric stnte
are given fod & particalar aeclde. i 8 inleresting 1 observe thad
thess p.'|1-'inﬁ usually differ |:|1-|.I b or more uneks of A, A large
anpular msnemium {spin) change 15 mequired Fir 8 gamomasray
transiidon betweon the states. Combiking this span clange wiih
the smadl energy differences (6 few hundred ke leads w o
relatsveby long ifetime {of the metastable stais),

e Negiran Cross Sectlors emd Besomance fadegrals

The neutron cross section of 2 nuclide 15 a measure of the
probability of the interaction of & nedtron with the nuclide and =
a function of the neutron energy, The oross section can be mios
camily visunlized s n cress-sectional bargst ares presented to the
neutron by the nocleus, Cress sections are wsoally messored in
units of barts per atom, A harn is 107 sguare contimeters.

Thie Greek ketler . with varmous suhacripie s used 10 Garcde
gross segtions for different tvpes of reactions.  Several types of
repctions of neutross with suclel are possible,  The neutron can
seatier foen the doreet nuclous, leaving the nwcleas eiibar
unichonped {elstie scattedng) or o exdited gate inelasbc
scattering). The meuiten can Bbo b "absorbed”™ in renctions with
the farget nuckeus: The most probable absomption reaction (the
reaction with the lorgest cress section) 5. genernlly, the peuinon
capiure reaction, in which the ebacrphion of the neawon by the
nuckeus is pecompanded: by high-energy pamma-my emission; the
caplure croks section i indicated by the symbel @, Oveasionally,

U, Daniel. A Enegy Fev. TT0R) 2ET (1979
e Ward ind WA, Fowler, Asmophia | TIH 206 ¢ 108

m protan or an aipha parcle may be emitied, or o nucleus may
fission upen newron ahaarption and ibe cros sections for (hese
reactions are indicated by o, o, and o, respoctively,  Examples
of these cross scctions are found on the squsres of ‘Be, "B, and
'Th. The neutron absorption, or disappearance. cross section
(symbol .} is the sum of the coss sections for all obsorpiion
repckLan:

6, =0+ Gy * G + Ok

Far a paraliel beam of pewtrons, of oeaton fux, of @
neutrons per am’ per second, the reaction rate per alom {resctions
pet second per arom B ogiven by the product of the cross section
fom'} and the flux, ‘op. When the neutron flux is not a
menndirectional beam, the interoction rate is still given by the
prodisct mp, wheee ¢ is e product of the nevtron density {em™)
wnal the neutrom speed (emisec)

Because much of the daa given an the Chan has been
ohtained for the perpase of, or as the result of, the development of
fission reactors, the crows sections and neutron energy spectm are
prescated in that conlext, Meutrons produced m the fssion
process have an average energy of dpproximately 2 MeV [IES
e}, In a thermal reactor thess neatrons are slowed dowm by
callizions with the modesstor aloms. - Therelfwe, a spectrum of
feuiiEl energies cxisty in B reackes. An arhitciry divishon
frequently wsed for his ncutron energy spectrum s compresed of
three reguong!

1. The thermal region, v which neutems are 1 therrisl
eipuilibrium with the moderator,

2 The intcnmedinse o slowing down regien in which the
neqEron spectnum waries inverscly with noutron coergy
due to enerey loss by elastic scafiering.

3 The fagl region in which the neutron spectram s
govermid by the vield from the fission process.

When  peutrons  reach  thermal sguiliboum  with the
maderatar, their energies are determined by the thermal mergy
diginbution of the moderator pioms and the newiron energy
spectrum becomes o Maxwelbon distribotion 2t the temperature
(T in kelvin} of the modermtor material, Seting the kinetic energy
of the neulron medim equnl to the thermal epergy of the
maderator; one can ablain the most probable speed (magninsde of
the 1*1‘.'||.I-|‘:|!:|.':| of the neutrons n thermal |:.|:I1.|:|Ii|:1r||.1m For a
etaderator at room téimperatee (20°C), this neutron speed 15 2200
inetere pot second and the coresponding energy iz Q05T gV,
Meufrem cross sections specified for this snergy e called fhermal
BRI CI0ss sections,

I the themmul rc,Piun. it absorpticn cross section of oy
materials varies ns E ', where E is the neutron encrgy. These
muaterials are callod 1iv obsarbers, Af low energies, the "Lijno),
e, 'u'l.*..u.[n_.j",l, 'I:I:|L|I_|:|I.|'j|1 nnd mﬂ{n,‘f';l are o few of the
reactions which have this eoneroy dependeice.

In the intermediafe enérgy range, thete are offen particalar
enefgics for which the ceoss sections &re exceptionally high,
eapecially for muclides with intermediate and high mass numbers,
Graghs of the ¢roes sections of these naterials versus enorgy in
this region show namow peaks, called resemanees, af incwdend
aeutren snergics comesponding fo the discrete energy levebs in the
comipoumd nacleus.of the reaction.

A guentity called - the resooance integral (BN B owsed 1o
represent the probebility of neutron reactions in the energy moge
abowe thermnl eoergres. In order o evalunte this integral gver &
typical newiron  slowmg  down spectrom, where  resonance
ahsorpiion peaks oecur, o LE funchion i used o represent the
mepton spectrum.  The range of miggraton 18 from the cEoff
energy of the thermal range, B typically about 0.5 eV, to the
highest energy where sppreciable contributions to the reaction
le BEGUT,
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I the present work, the sbsorbing nuchide is pssumed o be
present in such dilote ghantities that therd iz oo pertarbation of the
neutron slowing down spectrume Thus, the resonance inbegral 13
cilled an infinitehy dilute resonance integral.

Uialiks The Thermal Gross seclion. the meSomance inlegral s a
reaction rofe mtegral over a broad energy range. To derive an
averaps cross section for the snergy ranpe, the resonance integral
ts divided by the integml of dE'E tver the same energy range.

For historic reasens, asd becouse the magnitodes of thermal
cross section, e, and nesonance miegral, BRI, ate somilar, these
pwn guantities are grven for each meclide o repossent the reaction
probabilities For the thérmal end above thermal runges even
I:|'|-u-1.|.a;|'.| the meiomnamce |I'|'|.E'5;l‘ai] i i M2ell 8 etoda secdwn.  [n the
remader of this discusion and in common pracbce, the
resonance integrnl is reated ay a cross soction.

The meagurement of the reaction-rate in & reactor neatren
spectiun  produces  contributions  from  imtermediate - energy
aizufrons with a I/E distrbution aad from thermal neatrons with a
Maxwellian ditribation of energies, To distimguisls Beteeen
these two contributions, 8 cadmiam cover is often used to filter
out the thermal pevwirens.  Cadmium flters de not scperate the
thermal from ths intermediate nowron spectrum sharply, but an
“effective cadmium cuioff encrgy”, E. can be defined for a L'y
abaorber. Suitable cadmium filiers hove an E., of approcamately
05 eV, This encrgy is sufficiently high to exclede most of the
low-energy deviations of the flux from 8 |E shape. The kvwes
limit on the infegral, above, éefining the resonance integral i
then fuken as 0.3 eV,

O the Chart the thermal {2200 m's salue) cross section for &
particulor reaction 15 listed as 0 with @ subscript appropriate. for
thit reaction, This 2200 m/'s vahes is lated iF it lias been dimecily
mensured (g, by imeof-flight methods) or af 1 35 inferred From
infegral medsurements relative g standard. - A cross section for
newirons with energics bebow the cadmium cutaff s lisied as §
with subseoipts, Al other cress sections including . reacior
spectrim values are shown a5 G with subscripts.

Updates to the thermal cross seciions and resonance imeprals
reported m the Fifteenth Edrtion of the Chan of the Nuchdes were
made based on information obtained from CINDA 2000 Data
were obisined from either the EXFOR'™ files at the Mational
Muchear Deta Center (WNDC) 0t Brookhaven National Labomtory
or  techmical  publications. Compansans  with odher
compitations™' of thermal cross sections and resonance integral
ditta were carrsed oud

For elemenial materials the ebsorphion cross section is grven
on the lefimost square of esch row, For a stable.or long-Tived
nuchide, cross sections for specific, significant, reactions, &2
capture, fission, etc., are given. T oll cases; the. thermnl cross
section symhbol is given, follvwed by the cross section vakue and
the resomance nbegral valee, sepamated by o comma, The
designation mb or b following the cross section valee indicaies
that the umis of the cross section of resonamcs aniegral

 inierationsl Adsmic Dpergy Agencr, CTATM S0 The fwfer w Lineronre e
Crompaiar Filas o SilYormoogse Mewlos Doda, (BAEA, Angine, More HD Also o fhe
Frrbernen e boipewewew ronad €. bl gowimndlic'vind'.

= fyperimentl Mucley Besction Do File (EXPORECSISES T, Matomal Muclsar Dam
Cavder, | Boookhsven  Mationsl  Laborasors. T dbke o eiewat s
rrppotfmew pese ol geemedoexin.
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imillibams per stom or microbams per atony, respectively, When
fo mb of L appears an the Chard sgquare, the units of the erss
gectbon are bams per atome A ghven nuclide might undergo two
or mote ypes of reactions and it square would then contain D
ar mere of these cross section values,

Backeround Color of the Lover Half of the Chars Sguare,
The background color in the fpwer balf of the Chart sguare
determaned by the greater of -the newtron cross- sechion o
resonmnce  mbegral.  Four codors—hlde, green, yellow  amd
arange—are used o imdicnte mnges of valves from 10 barns o
greater thon 100 boms.  The follewing munges of neutron
ahyorplicn properties are sed:

10 b 1000 v sl
=10 tie SO0 lrarns—green

=50 o D0 Barms—yellow
=1 B} barns-—orange

When neatron caphure can lead to a metastable siote 3= well
as o thie ground sfate, mors than one vahee will appear beside the
capiure cross section svmbol for thot nuclide, The cross section
value for metnstable-sinie formation & listed on the loft ond that
for direci-ground-state formation on the right followed by stomlar
valuezg for the msonance imepgral. For two metasabie states, the
higher of the two stntes s on the beft. For example, VIn has an
indicated cross-section and resonance integral of (87 + 75 + 413,
{2663 + 6,7E3), This means that the thermal sross section for
formation of the 2,16 second state of 'In is §7 bams, the thermal
oraes section for the direct fammation of the 54 2 minube 'I"].n s 78
barns and the resomance imiegral For darect plus ndirest formation
fhy deciy of the 2,16 second state) 3 26E3 bams; The thermal
oo seclion and mesonance integral Fir formation of the 14,1
second ground stae of "In are 41 bams and 6.7E2 barns,
respectively. When the ground stabe eross section 18 oot known
kit oma of the metastable crogd sechons &, & ll.lﬂ'ﬂuln ark s
ki o a placehalder io degignate this cass (see ™ Sn).

I Major Modes of Becay amd Decay Energies
The modes af decay mbicated on dse Charl includs:

abpha particle {'He nucleus)
beia minus (negative slectren)
beta plus {pasiron)
garmana-ray

LT

o

deuteron {"H nuclens)
triten {H nucleus)

clectnen Capure

isMmeric transtoon
conversion electron
sprntaneoiss fisswan
cloubile bt decay

clusber decay

delnyed radingion

:|ﬂ1 ~ Ao EmImA

=

gZ8"

3

As these processes ooour, whether in natural radinactivity oe
under artificinlly mduced conditions, the nuclies change n
sccardance with the scheme shown in Figure 11, page 21, To
understansd the use of this scheme more folly, conséder the decay
of ™. As noted on the Chart, “U decays by the emission of an
alphn particls, The daughter sucless is in the second space
disgonally down to the lefi {(see Fipure 11} This. square
sepresents the isatope 7Tl ™Th iz abso radioactive and decays
by B emyission. In this decay the mmes monber, A, does not
champe; bowever, the los of one negative charge means hal the
atoric number Z increpses by one. In effect, one neutron in the
nucleus has changed to ope profon, The move one space up and
one space to the lefl (see Figure 11) beads to ™“Pa which has
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isomeric states.  Each of these states undergoes [ emission, 0
unother move dingonally upward to the left leads w *™U. The
effects of other modes of decay—f°, €, n, p, oic.—on the atomic
nuamber and neutron mamber cancbe seen in Figmre 1

"He in o in
ot pin din tin
ot g:f::j mnin

£ o o aul P oot F_:m"
aout | THeout
1 = BET it = plpha partscle
jp = prodon f"=tbeta minus negatrve electron)
d=deureron " = beta plus (positron)
t = triton E = elstimn caplore

Figure 11, Relative Locativns of (he Prodocts of Yarious
Moclear Processes on the Chard of the Noclides.

A matastable (or jsomerse] state of a nochide will egueenty
diecay to the ground state by Isomerie Transition (ET) gamana-
ray-emizsian, followed by one or ;e gamma-rays in cascade, 0
i pirssibbe to have & more complicated decay scheme with more
thnn one 1T gamma-ray, each with iis caseading gamnsa-ravs as
wiell as a simple decay scheéme with only one [T germma-ray o the
grovund state of the daughter puclews, In order tooindicate which
pamma-rays are leaving the mednstable level, the IT gamma-rays
gre listed scparaiely fom the cascading gamma-ravs.  For
example, “Rb his a meiasiable state 463.6 keV above the ground
state, This metastable state can decoy directly fo the groumd sipe
by emitiing a single 63,6 ke'V pamima ray. It can also decay io g
state of intermediate enerpy by emitting n 2156 ke gamma oy,
The intermedate «ote has o balf-life of less than a nancsecond
und decays by emitting a 2450 ke'V gamma.  In the “'Rb square
on fhe Chart, the IT gnomna energies; 463.6 ke and 2156 ke'V,
nre isted atter "IT", while ihe casoade Fmma EneTiy, Z4R.00 keV,
i Hsted om o sepinde line.

Imtermnl conversion, n process resultng from the inletaction
Petween the nuclews and it extramiclesr alecirons, competes wiih
ganumg=ray emission. Here the excitation energy of the nucles is
trpmsfermed 10 an arbital lecinen, wually E-shell, and the eleciron
ts emitted from the stem instesd of & gamess-ray. Meither £ nor
N of the nuclews changs o this process. The conversion alsctrons
hive kinetic energies aqual to the difference between the energy
af the nuclear transiticn mvolved and the birding energies of the
electrons in the atom. Suoce inbermal conversion is an elternative
bo gamma-ray entssion, tee mjensity of & given gemma-ray may
be reduced considernbly, with the difference in intensity from thad
expecied accommted for by the conversion electron inbensity. The
todnl intermnl conversion coefficient, My, is the mtio of the toisl
mamber-of internal conversion electrons to the nomber of gamma-
riys emitted for & specific transition, 11 is the policy for the Chan
bir melicate comversion elettons (svmbol @) only i o 15 equal o
or greater than 10, This: sbitrary  cotofl for inchusion of
caomversion eléctrons en the Char iz o compromise between
gignificant effece on the gamma-ray intenzity ond the desire 1o

ncredie s Hgiﬁiﬁ!}'ﬂflheﬂlﬁ‘[. ﬂLﬁﬂi:'nTuﬂ'y. the E_l.l]rﬂ?u| & s
included in parentheses (o indicate dsar i 5 specific o w given,
Trsted gamma-ray.

Intemal conversion coefficiens vary overs o wide range.
Intemal comversion i favored by high 2, low trmsition energy,
amnd barge: pngular momenium (gpin} change, For exnmple, the
1360 ke transition of '"™Sn results from the decay of the 11/2-
state to an intermediate A2+ gate. The tolsl intermal conversion
coefficient, oy, for this transition i= 46, so it i indicated with an
e on the Chen. The cascading 158.6 ke'V gamma resulis from
decay of the 32+ sinte o the 12+ ground state.  For the 1386
keV transition, @y 5 enly O, 146, 50 it is oot fllowed by € on the
Chart, As an extreme example, the 28.6 keV transition of "' “Ag
from the {724} state o the [1/22) ground state has an iniemal
ciqveraeon cosfTicient of 12000, (When (he & gymbal is used, o
or othier symbols indicating low plodon abusdancs are smnetimes
oo rtesd, |

Spontaneous fisslon (SF) {3 a decay mode'™ of some heavy
nuclel where the nockus beeaks up loto two intermediate-mazs
fragments and severnl neutrons, 1 hes been abserved only for
nuched with A = 230, See, for example, the squanes corresgabdlng
o MU, ®*py ar *Cm on the Chant  This mode of decay is
descussed further on page 3

Donble betn decay (BP0 5 a very rufe radioactive cvent,
studicd™ first in 1935 and observed™ for “Mo and ™Mo in
1987, In this process, two beta particles and two antineurmnes are
generated, rosulting in the omginel nuclews paining two protons
and losmg two netrons. Several nuclides, including “Se, 04,
and “Te, have been observed 1o undergo this type of decay, with
hali-lives greater thin 10" vears. Decay by emizsion of two betas
and no neutrines may also be pessible acconding to some theories
that reguire newtrines te have non-pero mass. Experiments are in
progress by iy 1o deled remaaeutring double betn decay, but as
yet no positive evidence has been found .

Chuster degay has been observed in several heavy nuclides.
in this type of decay, the emission of "¢, "C, "0, Ne, Mg or
“Si chesters has been observed.  Specific muckel dat underge
claxler d:;.u.:,r. the smitted cluster and further mformation are
hsted 1n Tabkle %, i 1. hnl-upéu 1k decay |1-I1_.r ¢lizsier
rmbhonetrvty are densded om U Chast by the ssmbaol

&

located in the bower npght heand comer of the sguare. More
infornation oa this mode of decsy is given on page 31,

Yery often a nuchde docass indtally fo an excited atate of the
daughter nuclide. The mest common mods of decay for daughier
cacited levels is gomma emission, When the daughtar level has
o abart @ habf-life fo hove its owm place on the Chart {or hes o
half-life much shorter thon that of the parent nuelids), the gamma
enerpy is lsted with the parent nuclids. However, if the daughtsr
level has a half-fife preater than approximately ooe microsecond,
the. mymbol D, meaning delayed radintion, is placed nfter the
FAMMa ensigy.  An example & provided by 30.07-year "''Cs,
This fong-lived parent decays by f7 erndssion o0 a shari=lived
dnughter, 2.552-minute '"Ba. The 6617 keV gamma-ray, which
w4 emitted by the " Ba, is incladed on the ' O3 square with a "D”
i mebendie delaved sadiation proceeding thrsagh @n fsomeris level
of the doughter nucleas. As amother example, the thase gurmi-
rays fisted below the i symbel for the 2.9 minute stz of 'Cs
are &ll emitted from excited stales of “'Ba. The 1919 keV
gammia-ray is morked with o Iy becnese 10 is emitted by o siate
with o 0.8 microsecond half-life, while the siher bwo gammas are

' S inrean Rkl o s wis finn oheered by G Pieroy md KA. Peirdiak
1 T, LERAER, BITS (1040, The ansdian ul Wik Midiink v
firgt repreriegl by O, ScharMalod diaber il -5 Eldibes, Pys. Rev. THI2I0 (19445
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emitted by stEes with  balf-Hves  much shorter than n
mdereseeongd.

Delayed pardcle emission can ol ovcur since exciled
stabes of donglvier puclides can décay by modes ether than gamma
emisaion. A mode of decay ghown m parentheses mdscatas tal
ihe decay results from emistion of the indicated pastscle from an
excited level of the danghier maclous, following positive or
negative beta-decay to that level  For exumple, "N, with o half
life of 4.174 seconds, decays by ' cmisson e several
exceedingly shon-fived stares of 'O, which i turn emit neytrons.
This ig irdicaled on te Chart by the symibel {8), followed by the
emergies af the most ghundant rewirons, if they have besn
measured.  Thos, nitrepen-17 emits “delayed-neutrons” with &
lalf-life of 4.174 seconds.. Another example i i, with-a half
live of 220 miltiseconds, which decays by 7 emission 1o short-
lived states in the danghter nockews “AL These excited stafes, in
tum, emit protons, The "delnyed:protons” are indicated in the
Chart by the symbol {p). Cases’are also known where "delaved-
alphas” are emuitted, indicated by the symbal (o) Delaped
emassion of twe protons is possible after the first bet-decay, smd
this prosceas is indicaied by the symbol (3p). The emissien of twa
particles following beta decay also occurs with delayed neatron-
cmission, (2n), and delayed alpha-emmssion, (2i). The energy
requirement for the sccumrence of delayed particle emission 13 that
the energics of the levels i the daoghter mecleus reached by the
beta emission excesmd the separation energy of fhe protonis),
mewtrans), or alphads) from this nuckews, Betn decay of some of
the hepviest muclides leath o excited daughier levels that decay
by spontnneoas. fission,  This is indicated on the Cham by the
symnal (5F)

The becatian of modes of decsy, specific particle eneryses, ox
pamima-ray energhes wilhm 3 aguare. conveys information aboul
the abandawees or ntensitles. Different modes of beta decay (B,
[, or {7 appear on separate Hnes if the inensity of one of the
modes of decay is bess than 1% absolute miensiy. Conversely,
they appear oo the same lne if the intensity of both is greater than
10% absolute miensity, with the mwost abundant listed fimt, In
addition, the designations "@" (wealk), "wm® (very wank], ond
Moy ® | very very waak] are used to indicate partiche snd paineis.
ray energics of decay modes with bess than one percent. less than
10" percemt, ‘and less than 10" percemt absolute indensity,
respeciively. Of cowrse, if one of a series -of paricle or gamms-
ray energics has one of the sbowe designatioss, than call
succeeding encrgies have this designotion  also (since these
caermics are amanged moorder of decreasing intensity).  The
designobions ", "w", ond "pue” sme aften plicsd in
porenthieses For clnty of expression, - All cluster decay observesd
i "™ — see Table 5, page 31,

Mumeric decsy imfmmatbon given o the Chan is obiained
from o compreheasive Liermnre search of published results
well a4 from other tibulations of this type of information. " "™

I Diximtegration FErergies

IF the muclide decays primarily (=10%) by [, £, ar 7 decay,
ihe dismiegration encrgy, denoted by "E”, is given, Where both
B and [ decay ocour, the mspective decay energies are denoted
by E+ and E-. The disntegration energy refers o the iotal energy
differsnoe between the ground stoafe of & parent radionaclids and
the ground staie of ity doughier, The energy pven i3 the
maxinu posstble eneegy for [, but for i decay, 1022 MaW
{3me’) must be sublracted 10 get the maximum posaible fi'
particle energy. In botn decay, the tedal energy 15 shared betwesn
the beta particle and the moutring or antineutring.

£ Narwrally-Checwrring Radivacive fsorapes
Sixty-five natumlly-occurming radicactive  isolopes are
cutrently kmown,  On the Chan thess naturally-oceurring

A, Tl Bl Ml D Shoets, Umogh R 2501

24

radioactive nuclides are haghlighted either by o black band ac the
top-of the squane or, for mudhdes forming the matwrally-oocurming
radionctive decay chains, a smalber black rectangubar area near the
top of the sguare in which the gymbel comesponding to the
histaorse mame of the aechide i@ given, These Botopes generally
belong o one of three classes:
I. Commogerically  produced  muclides  present Wm0 the
aimisphere. - This  ¢lass ol -matusally-ocuming . Edivactive
materials includes *H, ‘Be, and “C. These isotopes ore all formed
in the stmpsphere st copcentrutions greater than 0,01 preocunes
peer kilogram of pir by renctions initmted by cosmic ravs. Both 'H
and "C decay by [ emission and have half-lives of 12.32 and
STES venrs, respectively. Baoth have been used 1o determins the
apes of objects that contain them "Be decays by clectron capmore
amd bhag & half-life of 3.3 davs. Filiers theeagh which air has
passed are rsdicnctive due fo both "Be and radon chain products,
which deposit an dust and airborme particles,
2. Unsiable muclides having Tiferimes suficiensty lomg o Raw
survived from the dime the lements wive formed - Materinls
belonging to this class, alog with their half-lives (in vears), nod
abundamces, are Bated in Table 3, Tleeso isotpes decay by |]
I, or a decay and, with the exception of “*Th, **'U, and 1"L|
form stable prodocts. The three nuclides, ™ Th, WY, gnd P,
are the pareats of auturally-occamring radicactive docay series und
are discossed bedow.  As noded in the Tablz, im addition 1o the
very long half-lives, many materials in thi=s geap hove very low!
abundances. resalting in low activities and making them difficult
to- defees.  As cxperimendnl techmigques improve, ofher - isotopes
may be ndded to thizs class of naturally-occurning radionctive
materials

A few nuclides, for example, “Se, ''"Cd, and "Te, have
besen fouml o decay by B0 emisadon with half=lives greater than
10" yenrs, Pecause of the unusueal type of decay and exmemely
Low metivitses, these noclides were not meluded in Table 3.
3. Motwrally-occurring radiosetive decay chains, The Bt theee
mipclides lrsted in Fable 3 all decay to shorter-lived radivactive
dapghters foeming long chains or mdoactive series.  Because the
parents are foand 0 natare, their deughters achieve a significant

Table 3. Long-Lived Maturally-Oceurring Radioactive
Irntopes,
ismiopic
henld-life decn
botope decay (opey My
“K p.F  LITED 0017 YCaYAr
G E, 1.4 E17 {3.250 e | P
"Rb i} 382 EID 2783 ooy
"ed iy 7.7 ElS 1222 "
e i3 44AEl4 0571 "'5n
e £ aEl4 0.8 g
o 1 g, LOSElL {1050 *pa, e
s V1| It 238 E15 2380 e
Hom I 1.06 E11 14.594 O
" em o 7.E1S 11.24 i
b o 1.1 El4 0.20 "igm
Tl g 3.75ELD 250 MHE
MHr o 1O0EIS 0,16 '
s ef' =L2ES 0012 HE
e B 412EW0 6280 ¥iom
B0 o 2. ElS 1.59 M
i o 6.5 El| 0.014 #0g
Tl i LAGEID 100, Ay
g it 7.04 E08 0.720 pp
e B it 447TE09 992745 ™Ph




ecquilibrinm concentrtion whers the parent activity is found. The
three seres ane mamed the thoriam, uraniem, and actniom senes,
ofier elements at, or near, the head of the series.  Each of these
seniés ends at & stable isotope of lead=""Ph, P, or ""Ph. These
series are shown in Figare 12, Excluding the stable end products
und the parent nuclides, these three series contain a twial of 42
riadsomctive nicludes, .

The thorium series has ““Th {tz = | A0E10 veors) as the
parent and afier a segiesd of alpha-and i cmissions, reachies Miph,
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Figure 13, The Three Naturely-Occurving Radioactive
Decay Chains,

& stable end product. In many of the seps in the serics, gamms-
rays amd conversion electrons are o emiied  The usaniom
series hus U {15 = 4.47ES venrs) as the parent and ““Fh as the
end product, The metinium series has U (12 = 7.04E8 vers) i
the parent and “Ph as the end product,  Collaternl series, e
series unnng pasallel o one of the nutumlly-ocoorrng series
hove alen besn investigated,  For example, the muchide = Ps
decays by successtve alphn emissions. ta "Tph,  This series is
comrperible o the actiniim seres.

The histerical symbols, &g RaA for “"Po, are given on the
Chart for members of these choins, These nomes were assigned
i the early 19005 (see “Radioactivity”, page &) while the seres
were being investignied. The symbols wsually indicate the chan
to which & given isotope belongs: BaA, Ral,.., BaG all belong o
the umnlur series; Ach, AcB,.. A belong to the actinium
series; ThA, Thl,..., Th? belong 10 the therium senies,  The
relative positen of an isotope m the choin can wsually be
determined From the histors nume, e, "A" decays 1o "B, which
decays 1o O ele, In adddion, similarly nomed wotopes of the
thige series “ire Hotopes of the sme element: RaA, AcA, and
ThaA are all isotopes of Po; RaB, AcB, and ThB are all isetopes of
M

Az noted above, the members of these serics decay by g or |
cmdagion.  Simce decay by alpha emission docriases e atomis
mass, A, of a poelide by 4 and beta emission has pooeffect on the
vahie of A, the mass numbers pf members of & given series diffier
by muliiples of 4, Accordingly, the A value of any member of the
theorium, urnniank or actinium series can be chameterized by the
expression 4n, 4n + 1, or 4n + 3, respectively, where ibe n's ars
imfegers ranging from =50 ta 59

A rudianctive serigs of nuclides whoss mass numbears ore
represented by £n + | does pot exist m matare, This series, fha
nephunium series, beginning with **' Pu and ending with ““Bi, has
been studied, The langest-fives) member of this 4n + | serles Is
“'Mp, with a half-life of 2. 14E6 vears. Sinee the age of the earth
e about SEE vears, most of the = Np present when the earth was
soumper has alrendy decaved and 1he series is not found in naturs,

I should be ooted that the end products: of the natorably-
occurring decay series—"Ph, *“Fh and ™“Fb—are all "magic”
nuchides {soe The Muockear Shell Model, page 27) with & = 82
!“Hj- Ch "l;ll,:l.l'h-:ly g’ nuchide with B = 126 The end prnl]u.l;l
of the nepumium serizs, “VBi, |x also magic with N = 126,

K. Fiodon Prodoct Desigmatony and Fistion Yields

Binary fagion of "1, U or *Pu produces many different
fessaon products. Fressom prochests range from mcked (£ = 28) w
dysproziom (£ = 66}, and from mass numbes A = 72'to A = [4]
in the thermal neutron fission of U, Fission products from te
glow neutron figsion of *U, 70U, and “"Pa are indicated on the
Chant by small black triangles or squares {ssc below) in the bower
right comer of the squares.

Since the nertron-to-proton ratio is about 1.6 for "™'U and
aboui 1.3 for the stable noclides in the fission product regeon, the
primory products . of fisslion are on the pestron-nch side of
stabilify. Fach snch Flmlhl:l. dlecays |:|:|r P et GO ﬂ' dzr..l:,-'l oy @
stable isohar. Mo newtron-deficient muclides have been found
among the products of thermal peutron fission; however, a few
soecnlled shielded noclides occur among e Basdon progducts, A
shiclded nuclde has o siable wobor o i lower i & a0 that i
i o Formed as oo daoghier peoduce in:a bels-decay chain
Examples are *Bb and "™Ca. The fssion yicld of mech 2 miclble
i presamakly due entbrely o fs direct formation 25 & premary
product (independent yvield). However, #s presence in fiasion
prosducts coukl also be due o neutron capiure by the stnble flssion
prodducd to its lefi on the Chari. - Shiclded wiclds greater than
2 SE-6% are indicated by a blsck squore { w ) nothe bower right-
hand comer of the Chart squares for those miclides,

The independent vicld of a particular fssion prodisct is the
direet of instamtancous viekd of that ouclide without any
contribution from deciy of preceding members of the Bobane
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chain. The measured total comulative yield of a particatar fission
product represents the sam of ks mdependent yvield sl of the
indepemdent vields of all s precursers.

The knewn isebaric fssion chains are indicated on the Chart
by lings drawn dingonally off the cormer of the first or lnst puchide
square for each mass nember Ao For a given A, near the end of
the diagonal fne extemding dowsward from the isobar onith
bowesl £ b5 the- lotal-cunmlsive-vield-for-" U thenmal -nestron
fission; at the end of the diagonal line extending upwand rom the
isobar with the largest F are total cumulative yields for U
thermal neatren fission (sbove) and "*Pu thermal newtron fission
(helow inparcntheses). The fotal samulztive vield of 3 nueclide =
the percentaps of the total fssions that lesds directly or indimectly
o that nuchide. Sinoe bwo fission prodocts are emitied for every
binary fission, the total cumuiative yi-:ﬁ:ﬁs af all the ischane
chains add wp 1o 294 The fission viclds given on the Chart of
the Muclices are tofal cumulative chain E::]rh {m p:m::ll]- of the
last “ischaric choin member of “F1J, *Pu thermal
n:llrl:ln fissiaon, The viekls are from I;hu '.mrk n1' England atd
Rider

TI1|= fission yiekds from the thermal newtron fission of ™

=pyu, and "1 are plottest B-pmltnmmnnh-:r A, in h.p:n: 13
Pission ko two cqual fragments = by oo means the mokt
probable mode in thermal neutron fisson. As can be seen in the
fgure, symmetric mdes are moch more fvored, with e
maximum yiekds ocourring &t A = 95 and A = 138 for U
thermal peutron  fission,  The asymmetry becomes  less
pronunced with merensing bombasding energy of the neutron.

Ternary fission, o breakup inlo three peoducts, occurs bess
frequeently than kinory Assom. This process 8 a souree of bHght

WK Engloml ged LF, Rider, "Evefugiion and Compilstion of  Fissos Prodes
Wombda ™, LACLIF-25100, Low Alemes Matenal Laboniory, Ot 1994,

il

charped particles such as “H, "He, “He, "Be, etc; These Tong-lived
or stable, lght noclides can build op n the neckear fel of an
Opering reacton

Ao enormous pmoant of  radwchemical and . mass
spectrometry work was required b armive 4t our preseat siate of
knowledge about Nzglon products. 1t was becaksary to dévélop
chemieal separsion procédiures, snalyze radicactive decay and

- growlh - patieg,  delerming: bet- and  gamim-ray  ehergies,

caiablisle mass sssigmments of many  previogsly  srknowm
puchides, and measure the fission vields, This work continues at
pnany wniversities and national laboratories throughowt the United
Stmtes and the world,

o 12 110 120 30 &0 190 140 11D
Mans Humber, A
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Trends in Stability on the Chart

Siublbe Maclides

Ag shown on the Chart, 266 smble nuclides (gray colorsd
pyuares) exizl  Flgure 14 & oa plor of the peutmon numbes, N,
versus the proton nomber, £, Tor tbese suclades, Alse shown on
the graph is the Z = M line, The devistion of the (N2 values of
Lhe slzlble nucled Fm-n'l the 41!. = M Mg mxhicates the nmber of
meulrens in these nucles = abwiays greater than or squal 1o the
puamber af proons foe & > 2, The lght swble nuclides claster
argund the & = N ling, bl heavier stable duclides hove mumy
Paxmces! neatrang, For these opclides, as & mdreasss, the long-
range Coubimb repulsion between prodons s balanesd by the
presence of additional newtrors providing additional short-range
atfractive nuckaar forees.
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Figure 14, Values of (NF) for the 266 Stalle Noclides.

Classifying the stable msckides by the evenness or oddness of
Z ond N gives four possible categomes.. The first cotegory
containg. an even mumter of pecdons and an even number of
mewtrons (30 called even-even micled), The ather calegories an
even-oiki, mdil-even, snd odi-odd, Table 4 shews the mamber of
siwble muclides that fall in each entegory.

As geen m Tahle i, there are fmare alable naiclddas wath eivesi
2 and even M than in sy sdher caegory, Mose stable nuchides
with even Foexet than with odd £ more sable noclides exist wilh
even M othon with odd ™, For the odd A meclides there aie
approximately as many mechdes with &n even number of protons
(ewven ) as with an gwen mumber of neubrons (dven NE This s
cvidence thai the nuclear force betwesn two nucleons &
inclependent of whither the nucleons are peodons or neutrons.
Cidd-odd stable nuclides ane scarcs, being found only ameag the
lightest naclides.

Table 4. Distribution of Stable ¥oelides.
A i M Mumbeer of Stable Nuclides
Even Even Even [
Cidd Even Odd 53
Ol ndd Even i}
Even Cidd Odd 4
266

The Nuclear Shell Model

The perodicity of many chemical properties of elemenis led
to the davelopunent of the shell theory ol the electronic strsiure
of atoms. - Similasly, sudies™ of properties of noclides-the
nurmber of sable owpes of esch clement, the relative nidsal
sbundapee: of otopes, varabiong of the magniude of the
thermal newtron captuee eross section for dilferent muchsdes—lad 1o
the development of @ nuclesr shell model for the neutrons and
peotons within & moclens"™  As pointed ol earlier, isptopes (and
isotaes]) with £ {or W) egual 6 the "magic numbers™ 2, 8, 20, 28,
A0, and 82, pnd W o= 136 are indicated on the Chart by heivy
limgs, Thess values corespond o filled proton or neutron shells
amd represent the most sEble configurations.  There are more
stable 1sodopes (or isotones) T nechdes havioeg these valiss of N
or & than for other values. For axample tin, £ = 50, las ten stable
isotopes. Several nuclides, e.g. *He, "0, “Ca, “Co and *Ph,
hawe both W and Z values that abe magic numbers and ane refecred
1o 2= doably magic.”

The scarvity of odd-ndd stable messlhides 46 due 1o a “patring
gy between particles in the same shell, Muckons resising in
the same shell Increase the binding escrgy of these particles,
wuking them mere sable than particles m dilferent shills,  An
odd-odd neclids contzing at least one unpaived profon and ose
unpaired neutron, which usually reside o differest shells” and
henca contribite weakly to the binding. However, for the lightest
maclei, "H, “Li. "B and "*N, the impaired neutron and prodon are
in the snme shell,
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Flgure 15, Binding Energy per Mucleon as a Function of
Miass Mumber Tor the Stable Muclides,

Hinding Encrgy
The difference bettreen the-actual nucledr mass of a nochide

wned the mase of all the modsadies] miclsony s called the tetal
himdhng energy: 18 represents the work fecessary o dasociase the
auclews min separile mucleons or, conversely, the coergy which
would be released if the separated nucleons were roassembled
o o noclens For convenience, the masses of aloms, cather than
the masses of the nucled sre used b all caleulations. The masy,
ALY of an alom having & profons and (A-Z) newtrons m ibe
nuclews i3 given by

MIAZ) = EMy + (A-ZIM, - BIAZ)

= 0. Hnel, IR0 T and HE. Suesy Phve Rev, 75 1708 (1030 W40 My,
Py Baw T 1050 o 1087

L Y | =gy apd JHITL Jessen, Avieniry Theore o Nechaar Siell Sy,
[Hrikn Wiley and Sona, Mew Yok, 1%55) and references wishin
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where My & the mass of the hydrogen atom (incheding the
cbectrom), M, is the pewiron mass, omd B{AZ) is the binding
energy.  Sinpe BLAZ) is positivs, & stable ntom has o smaller
mass then the combined masses of the constituent particles. The
binding energy per nucleon, B{AZVA, for the stable nuclides,
plotied = i function of A i Figure 15, pape 27, As seen i the
figure, the bnding ensfgy per nucleon naes- sharply, reaching a
musimuam. valise of about B8 MeS near A = 50 and (then:alowdy.
decresies o 8 value of =76 Me% oeor A = 23 Below A =20
the three small spikes in the curve correepond 1o "He. "Cand 0.
The hamding enesiges per mucleon of these ke nochides are
considernbly lnrger than neighboring noclides—for ‘He, it is
approximazely 7.1 MeV.

The fzce thet the curve i Figure 13 peaks &t A-30 Indicales
that the hinding energy could be incressed by either breaking
keavy muchides apart (fsgion) or by fusing light mclides fogether
(fusinn). Hoth processes would reslt i the release of energy’

In & nuclear resction, the difference i the rest masses of the
initial partichkes and finsl products determinss whether the reaction
is endothermic or exothermic. For the reaction

Xixawy
il C-value of the reaction is defined as

Q= (Mx+ M- My + My,
I If.a 14 postive [or the renction, the reachion i3 exodhermic and
energy 18 Teleased during the reaction, I © 5 negative, the
reaction 13 endoibermmc and energy §8 reguined For e reaction o
inke place.

Far *U, the fssdon reaction initiated by néutrons can be
wrallen &=

Mi+n MU X +Y<0n

where X and Y are two intermediate mass nuclides and T 4 the
averape namber of neutrons released, The distribution of masses
for thermal newtren fission of U i= shown in Figure 13 (page
203, For ouchides i the viclmty of wanium, the binding energy
per macleon s about 7.6 MeV, while i &5 obout 3.5 MeV m the
vicmity of the fission products (A = 70 o A = T80}, Thie s
about 0.9 MeYinuckeon greater in the fission prochects. The bodil
energy released in the fission reaction is, then, in excess of 200
MeV, The fission fragments are neutren 7ich (see below) and
decay predominaisly by [ emission.  The avernge number of
neutrons, T, emitied in the thermal neutron fission of “U is
approximately 243 and i is the emission of these nsutrons. that
makes o chiin reaction possible. Most wre "prompt” peutraas,
ermilledd a1 the Here of fgsion, but o small frstion are amited ag
"delaved” nentrors from-specific lssion products, The ke are
very tmportant in the control of nucker reactors

For small &, the binding energy per nucleon rises rapidiy
with mass number as shown in Figere 15 In fisdon resctions,
light nuchdes are combimed & form beavier miclubes.  The
products are more fightly bound and energy 18 released in e
reactaon. Soame nnportant examples of fusion seactions e

H+*H= "H+p (0= 403 MeV)

‘H="H—+"He +n (Q=327 McV)
1+ *H=s "He + 0 (0= 176 MeV)
H o+ He = "He + p (0= 154 MeV)

While the energy released in there fusion reactions & much bess
than that released in o fission resction, the energy yield per unit
masg of materal s greater m fosion than i fisson,

'™ The mprtion for MIUAZ] neglects 1 Bisling ooergy of S s basson in e hprbogen
s End the bnfing enerey of 81 elecmons i e piom specafisd by 4 il £ Them
e are small oomipeesd Lo ofher e bs he Amatisn
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Unstable (Radioactive) Nuclides

Figure 16 shows s graph of the velues of (M,Z) for all
nuchides given on the Chart. The filled squares indicate stable
nuclides, wiile the open sguasss comespond to the unstable or
radicctive nuclides, For a pven A, the binding ensrgy BIAZ) is
largest for the stable nuchdes and decreases for both barger amd
amallesr valses of £ i the Ogare, those micldes  with
cortesponding squores. Jping above e stable auclides have oo
mury protons for stability (proton-rick), while those with squarnes
lying below the stmble aoclides have too masy mestrons for
stability {newiraa-ruch).
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Figure 16, Plot of Mewiron Number versus Proton Momber
for -all Koown Noclides. Filled spudres  represent stable
anaecTidew comed epen s correxpond i westafie meclide

I & third dimension, mass, were adled 1oihe graph i Figure
16, the resulting surface would resemble & valley with the swble
nuclides abeng the batioon of the valley. Rizing on tac sidé of the
valley waonld be. e peotavi-tHeh nuelides and on the other would
Tz thee neutrome-rich auelides These unstabbe nuclides on the sides
of the valley undergo radicsctive decay bringing the final prodoct
choser o n stable canfiguration, moving towards the bottom of the
wvalley. The medes of radisactive decay to achicve this differ,
depamding on the mass region of the Char.

Rera Decay and Electron Chaphiire

Below #=83, mdioactive muchides move towands siability by
ineredsing or decreasing the nuechesr chorge through beta decay
(B, B oor elescton capure (81, In these processes cither a
positive or pegative electron 5 emitted from the sucleus or an
orbital electron i caplured by the nucleas. Muclides having an
eucesd of newtrons (those belaw the slable suclides shown in
Figure 16} tend to undergo f° decay. . For - decay, a neutron
within the nucheus decays as!

n—=p+i+¥

where ¥ isan antimeutring, 16 this process, the afomnio number of
thee imitial nuclide ipereases by one, while A ks unchangee;

P e | A

In terms of atoenac masses, the condition for [ decay fo-be
prossibbe fs:

MeA Z 2 MIAZ+1)




Fission products are neutron=rich muclides and tend to undergo
successive 7 decays forming the decay clains described caclier.
Muclides having am excess of profons (those above the siable
mlides in Figure 16, page 2E) tend fo undergo f° decay or
electron capture. For {7 decay, o proton in the nualens decays us

p—=n+fi =y

where v 158 nutrine.  In this process, the sbomic number of the
initinl muctide is decreased by one:

AN Y+t
In terms of plomic masses, the condition for B decayis

M{AET2 MIA Z-T)+2m,

where m, is the mass of an electron.'”
In electron capiure, €, an Akomic sleciron 18 capnened by a
prodomn [ the nuclous:

pte —n+y

resulting in the stommic number of the onginal nuclide decreasing
by ome. In tenms of alomic masses, for electron caphure o be
peasibke

MiAZ) = MAZ-1)

Nute that [i decay 15 possible only of the imitial and final masses
differ by Im, (1.022 MeWV), while glectron capiure, £, I8 possible
if the initial mass is just greater than the final mass. 17 B decay
is possible, electron caphure is also, MNisolei that canmot undergo
B decay enn, bowever, underge decay by elecinon caplira.

In the mass ragion where beta decay is the domomant miode,
there are no more than three stable lsobars Tor a gives A, The
number of stable isobars is defermined By the oddmess or
cveineds of A,

Figure 17 presents & plot of the masses of isobars with & =
61 a5 5 function of Z. For thig value of A, only one seable suelide
exists—"'Mi with Z= 28, Wuclides with laorger 7 values (peoton-
rich) decay by ' emission while nuchides with smoller values of
£ (neutrea-rich) decay by B emsssion, Hoth Depes of decay
mides move owards stable Wi Generally, for a given odd
value of A (Z-add, N-even or Z-oven, M-odd), a plot of: the
mmasses of the soborg versns the otomie nomber paves a parabaola-
like curve with tle mos) stsble isobar at the bomom of the duryve,
Typically, for a specific odd A only one stable isolar exigts.

For even values of A, fwo or three siable isobars arc typucally
foumd s nemare. Bven A nuclides have either 2 amd N odd, or 2
and N even,  Masses, of the isobars with A = 40 gre plotted in
Figure 18, The upper curve conmects the masses of the odd-odd
nuachides, while the lower curvie conpeeds the misses of the even-
even nuclides. Two stable nuchides, “Ca and **Ar. exist for this
valug of A; both nre even-even, The odd-odd muchide, *'K, lics
betwoen them. 1t decivs either by [i° emission w ¥ar or by [
erission to *¥Ca,

The Chart lists 33 puchides that undergo both [F° oand [
decay, g "Cl, K, "Go, “As. These are all odd-odd nuchidos
unid nre §ocated betwesn beta-stable, even-even isobars for a given
{even) valoe of A

The modes of decay for isobars with A = 124 are shown in

Figure 19 Neither i decay of "'Xe nor f decay of "'$n s

encreetically possible.  ¥'Sb decays by ' emission omd '

' The T, eeliecte ilic gt that fae irs-of (e ek hae eceaas] W i, Uhioagh the
creztigm nl o proton gigd the simese ruinber of the produsi-aucless has dosesnd by o
unif, oran ddditionsl deconass of my i Be mess ef the fem e shioke
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Flgure 18, Masses of [sobars whih A = #),  The sialle
isobars, ““Ca and *“dr, exisr,
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Figure 19. Masses of Isobars with A = 124, Throw siably
Leobars, "™ Xe, "' Ta and "5n, exist
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decavs by e and 7, bodh to “*Te, Three sable even-cven isobars,
then, exist for this valoe of A—""Xe, “*Te and *&n,

In the discussion of fssion vields above, shigkded muslides
were mentioned, Exammples of these nuclides are “Br, "Rb, ™Tc,
15k, and "0y, all are odd-odd nuclides, These muclides all have
uﬂmhhﬂnnmnmhbWﬁhﬂ!mHmHMynmmﬂH{hmﬂ
ak o doughter product m e beta decay chain, The Assion vialds of
these muehides wredoe v ther direct Tormstion ws - primory fiesion
producta.

Betn decay processes are classified peconding 1o the
differences in spin and parity between the intieal and fmal susies.
Within & given class, the bolf-lifs is roughly proportional to the
reciprocal of the 5t power of the decay anergy. The fastest
dacays are those for which there is no chargs it spin or pasity:
Fipure 20 shows the relationship between decay enstgics oad
half-lives for the 0 states of a series of N = £ odd-odd nuclides
which decoy predominantly o the 0= groond states of even-even
daughters. The solid line & ¢, ~ TSVE™ {1y in seconds, E in
MeV) A great majonty of all bets decay half-lives falls near or
above this curve.
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Figure 20, ' Decay Holi-Lives of I States of Z =N Odd-Dxdd
Moclides Versud Decay Energy.
Alpha Decay

For muclides with karge A, alpho decay is o possible mode of
decay. For alpha decay,

K=Y+ He
and for the decay bo occar, the masses must safisfy the following:
M{AZ) = MUA- 4,221+ M)

Ax mentoned sbove, the binding energy per awclecn for the alpha
portiche iz about 7.1 MeV and the fofal binding erergy iz about
283 MeV. For some nuclides with A =144, the binding energy
per nuclean g of the order of 7 MeV and decay by alpha emissien
15 pazmble,  Alpha decay becomes o dominant decay made for
prawn-rich nuclides with A = 160 &nd for peutron=rich nochdes
with & = 180,

Alpha decay half-lives depend strongly on the atomic number
of the dawghier nucleds, on the available energy, and on other
fagtors such ns whether Z and A ore ewen or odd. For o given
stomic namber, the dependence of half-life on the energy of the
emilted alphn particle is extremely steep. As shown in Figuee 21,
irmireasmg the alpha encrgy fom <4 MeV to =0 MV for even-A
urnim isotepes is ussocisted with o decrease of aboat fwenty
oeders of magnitude m half-life, comparsd to only about two
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Figure 21, Alpha Decay HalfLives of Even-A Urandom
Isotopes Versus Alpha Energy,
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Figure 12, Alpha Decay Hall-Lives of Even-A, Even-F,

MuscHdes With 568 MeV = E, < 581 Me¥ Versus £ of the

D hiter,
orders of magniteds for beta decay over & similar energy tange,
For s given alpba enerpy, the halftlife inerceses rowghly
exponendially with the dsughier afomie numbes,  Figuss 32
illusirstes this effect for a series of even-A, evan-£-alpha emiters
with samilar alpha encigles.

Sponiawess Flesion
For heavy nuelesi, spontanecus fssion (SF)

& a’ LT
PR R RN S s

becomes possible if

BACALED = MIALE Y+ MLA A 2= T

Becanse the maximum n the binding energy per mucleon occurs.

near A& = 40 {see Figure 13, page 27}, all mechides with A greates
than appioximately MMk are unsiabie with nespect o spomianeous
fisgsion.  However, mensurable mies of spontancous fission s
found only for the heavizst nuclides (A > 210 because of the
high Ceailomb barriers for the emisson of the fission fragments
For very heavy nuclei, then: spomtunecis fission becomes 8 major
musde of decay




Table 5. Cluster Decay Nuclides (Sve Reference 172)
Nuchide | Cluster | Q[MeV) ::h";“““i:'ﬁ:'h h] Ret,
Bz | "C | Wa.a08 | ~3E4 173
| "Fr | MC | 3128 | (.14 LI)E3 | 174
T | e 3239 | (1150901 E-12 | 174
EEE 305 | (37106)E-1D | 175

e | PC [ 3183 (B5+2.50E=10 | 193
B T 30,54 (61 LOYE-10 | 17§
e | e 048 {60x13E-12 | 176 |
e | e 2811 @O LOEH | 177
[ | "o 4472 (LI3T02HE-13 | 178
T 51:84 (9970 JE-15 170
I T e 57.78 (56£1.0)E-13 | IBD
B | M'%Nc | 55625597 <282 E-12 1B
T T 6042 | (13sLDATIELL | 179
O Ne | 6231 | (20+0.5) B2 | 182
WU | ®Fhe | 60506075 | (1542513 | 183
[T | e | SERA, 94T | (906 6.60) E-l4 | 184
|70 | ®PNe | 57365783 | (8062 432)E-12 | 1BS
Wiy | e | 55963673 | <wdEiz | 185
Ty | g | 32 | <LIBE3 L1
T | M 74,24 <| A E-15 18T
U Mg | 743 (LSE05)E-13 | 184
T | g [ 7220, T2 SIBE-12_ | 185
TR e | 7168, 7251 20E13 i8G
e 75402 <18 E-14 160
Fpy | Mg M7 10E-14 189
Fpu | g 1593, 03 | (S61IOTHE-LT | 100
Fpu | Tsi | e1d] (138 £ 0500 E-l6 | 190
Ry | i 0005 <HE-15 | 18]
am | P 93.84 <26 E-13 192
Clhuster Dacay

In mddition b [m'l."ir."lz decay, cerlain hzu:u‘].' rimeid maele
havee been abssrved th decay by emitting “C, C, 0, MNe, M,
or 81 &t extrernely low rates. This form of decay has been
designated “Closter Radicactivity,” and was first obaerved ™ m
the emission of "'C from Ra, Sivce 1984, Cluster Radioact vity
has beair obierved im0 22 aouchdes.  Cluster Radissctivily beging
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with the formation of a ¢huster of nueleons within the nuclous,
with the cluster mneling through the podential barter o decay, ™
Tabls & shows the branching ratios for cluster decay relagive to o
decay are on the arder of 107" and lower and detecting this type
of decay requires sensitive equipment. The able lisfs the nuclides
otserved 10 decay thmough Cluster Radioactivity, e emitted
bsoboped and the Q-value for the decay, Both eaperimental and
theseetical Iteraticre can ke foumd in Reference 172,

Dirip Lines

For a given valae of the mass number, A, there are Hmils on
the pessible values of the profon mumber, &, anid the mewims
mmbgr, M, Tor whech bound auckd can exist, The valee of Z of
W for which the last aucleon b o longer bound (the Binding
energy 12 nogatres) and for wiich the Beeloss decaye o tse e
seale of W secomds o faster, defines the “disp line." Mear the
predon drig i, the Coulomd force Himdts the additon of probons;
mear the neuwtron drip fine, the gain o binding energy with the
addition of neurons B not lapge enough we achaally bind the
nouirons.  The predictions of various nuclear models ws o the
exoct lecoticess of the drip lmes vary greatly.  Experimental
knowksdge  of the dip line locations becosmes  inceessinglhy
uncersin with increasing mass,  MNuckear reacticl experiments
esing high-energy beams of heavy jons give a distribution of
products whose vields vary smoothly for paricle-stable nuclides,
but drop shruptlyv to zero af the dap o, For A wp oo ~30, vields
of nuclides just inzide the drip lines lave often been high ensugl
o provids a clear contrast with the zers yields bavend the drip
limes.  Berweon A=30 and  A=50, the yickls in oecent
eaperiments” for nuctides near the predicted drip lings have been
barely ohove the detection Limit (Ave or fewsr ions), The namber
of noglides thet are predicted to be bound bat that hove oot been
ohserved at oll grows mpidly sbove A~50, Fulure ingresses -in
beam intensibies and debection sensitivities: should establish the
ddrip linve Socatioms up o igher masses.

For spine nuckel mear he proten or newiron drig lines, the
wenkly bound gonstituent profons or peutrons are in spotially
extended diffise arbitale or “halos™"™ around the core, Newiron
halos have been found in 'L, ''Be, “Be, "B, "C and 5C. Ther
is evidence for a proton halo in B, The 'Li nucleus appears 1o
be a "L core with two weakly bound neutrons forming the halo,
The racius of the "' Li halo is maone than twice thatof the core and
the "'Li nucleus is almost s lasge as the *Pb nucleus (which
coptaine 197 more nuckeons).

An Tuland of Stahility for Soperbeavy Elcments

The detection, by | Curie and F. Joliol, of o short-lived
radicactive fsotope, “P, produwced by the bombardment of
aluminum with slphn porficies {sze pape 12} showsd that new
isotopes could be arificielly” produced.  In 19234, Fermi
presdieed & new isotope of lead by bombarding & thallinm target
willi skow neutrons.  The copturs of the newiran by the thallium
nucleus, followed by [ decay, producéd the new nuclide which
wias ong asemis mumber higher than the original target.

Muglides with £ > 92 do not exist in nadure. Beginning in
about 1940, siudics were undertaken b produce these materinls
wsing selovtad puclesr resctions.  These snedies (abong with
primary refenesnozs) are summarized m Table 6, page 37, As
slescribed earkier; Mocmilkan and Abelson at the Universaty of
California 2t Berkeley (LBNL) first produced “*Mp (2 = 93) from
the [ decay of *™U which had been formed by thermal neutran
capture of “'"U. Pluonium wae the next tmnsuranium clement o
be discovered. At the Luwrence Berkeley Lobomtory, s =U

= The prpcess ol tes Govelies is sl anknown. Teo lesding Sedties Aol i (ke
Sormation nlihe clester fo anider 1 O Sreeien of a "He panicle i s Teles | priar
o 0 decay] of Saar ihe siclcon s osme sogeitor vinthe liipid drop mechasiem (smilar o
i thasory oF Magkodi - S Redooenoe T2 fora mete detailed disceesen.

b HAlink, 1. Migs. GBS 420 {joday

5 A Aust ad Cieorge T Bertsch, Sob. Aaw, pg. 30405, Juse, 1591,
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Table 6. Symthesis of Isvtopes with & > 92
: Longest Lived Isobope
2 | Eemint Name First Isotope Synthesized Known
Isotope | Hall-Life | Date Laborutory Reaction lsotops | Haolf-Life
EL 11 B
3 | Nepunium (Mp) | np | 23554 | 1940 LBNL"™ ;’1‘-:';—': ;E:j‘ E_‘-f DiNn | 2.14E6a
-“ :| _I. —
— | E— : : MR TH P Np + 2 :
o |~ Platwiigm Py | = e TR TS TR LBNL" H'big—jjll"u . m My |ITIES _
mMetallurgical Trgvn—"Pary ;
95 | Amencium (Am) | “'Am | 43778 | 1945 |Labomsories, Univ, “pu+a— Mpu+y *Am | 73763e
of Chicage'" Hipy s M Am +
Merallurgical
o6 | Corium(Cm) | ™Cm | 1628d | 1944 |[Laboratories, Univ.| *"Pu+ ‘e = *Cm+n ¥iCm | 1LS6ETa
- . LI efChicage™ . _
97 | BerkeliumBk) | Bk | 45h | 1949 LENL ™ Ham+ He = OBk + In Wy | LAE34
R | Catiformum (Cf | *YCF | #4m 1450 LBNL™ Hiom + He — 00+ n =of 0.0E2 0
20 | Binsieinium (E=) | *PEs | 20474 | 1952 LBEEC’,‘W”L' “Mike™ thermomuclear explosion |  ““Es 1294
101 Mendetevium (Mdf Md | 1308 | 1955 LBNL™ g+ “He = "Md + n i 51354d
102} Nobelium(No) | *iNo | 232 [19s8] JINR™ MCm+PC 3" Natan | TNo | 355
103 | Lawrencium (Lep | 'L | 398 | t961 | LBNL™, JINR Biee T S 5 T 36h
14 [Rutherfordium (RA] “"RE | 47s | 1969 | LBNL™, IINR "er+ C— " Ri+ 40 SR Il m
104]  Dubnium (Db | Db 1.53 1970 | LBNL™, JINR MWOFL P —™Dh + 40 ity ETE
106 Senhorgium (Sg) | 5 08 s |974 LRNL™ o+ D "8 + dn b 2l
107] Bobrium (Bhy | ““Bh | 010 | 1081 Gar R+ 20 - MEh 4 "B 175
108] Hossiwn (Hs) | "Hs | 1.6ms | 1984 e b+ FFe = MHs 40 "THa 16,5 8
108 ] Meimerium (Mr) | ™Mt | 3ams | 1982 Gsi™ Bi+ " Fe — "Mt +n Iy 0.07 2
110 |Darmstadtiom (D ™D | 270000 ps | 1005 | G TINR ph -+ TN — ®Dg+ o i 1.6m
111 T | estime | 1995 | GSIM,JINR hi + "N - 7] 40 T | L3ms
112 — T2 | M0 s | 1996 | GSITY, JINR ph+ "Zn = 112 40 i 15.4m
1]5r T | — ‘.I .-..:m__i: :'l'] == = = = - — = - I z -
114 — 14| 3e4s | 1909 | JINRE LLML T o T 14 304 5
iF : R T T T T FRT S R ot RS
Lié - F116 | 465ms | 2000 | FINR Higm « Sgu— 116 tdn | 116 | 469 ms
target was bombarded by deuterons to mee © Mp, which Studics of the debris from the "Mike" thermonuckear
subaequently underwent [ decay 1o form ™ Pu (£ = ) explosion carried out in the Pagific in 1952 Ted to the discovery of
twi new elememz.  In o colloborative study cormed oub by
By g e sl seientists from Argonne Maticmal Laboratary {ANLY, I.n?l.-\h_mnﬁ
ey Mutional Labomtory {LANL} and the Liniversity of Californin at

il | Thi T
aHp g Pu+ T4V

W ST Seibirg, Chan Fay Mews 23 200 {1984k BB Cemeampham, Metilierical
Rigoet CR-TILE, rp. 5-4 {10945)
- A A Chionad, gn (2T, Seaborg; Phie, Bes. 77 434 (1950).
" 205G Themgesn, K Steet, fro & Chiann, mid 6T Scsherg, Phys, Bav, 78 208
a5,
!"A-I'-i‘rlmhn'n'- Phys v, #49, [{4E (] 455)
A Obioran, K10 Hareey, G0 Choppin, 553 Themem, and (1.7, Sadborg. Mhow Bavy,
o R ETE RN H]
0. Domers, VoA Sebegale, mnd VAL Ermalior, Asomedsa Energiva Th 195 (1884,
A Oiocss, T, Sikkelind, AE Larsh, and A6 Laitmer, Poys. Bev Laf, & 470
1915
5‘“ A e, M. Bumen, | Hare, B Esbols, and P Bitla Plips. Rew, Le 221317
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ihyTnh
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Berkeley, the isotopes “Es (Z = 99) snd ““Fm (Z = 100) were
found in the debris. Beginning with ““U, these mclides were
formeed in the exploston throwepgh & combination of maoy néatron
capure reagtions, mode pessible beconse of the extremely high
méutrom ﬂu;q:,_ amd ﬂ'ﬁu;u}' of some of the n.'-uul.llrlg |:|rr.r|:‘|.|.r|:l'.:i,

Some isotopes in the £ = 93 to 99 remion can be produced m
weighahle quantities, To synthesize the rew dlements up o £ =
101, & “sieppimg-stone” procedure was oged.  Reactions: of
peutromz,  deatercis, or  alpha particles meident o pewly
spndbesized high-2 meterials produced new ouchides with sl
bigher 2 values, By the mid-1950"s elemenis up to £ = 100 had
been produced {ses Seaborg and Loveland' " for details).

Prsducing saeighable guantinees of Batopes with £=100 5 not
possibie disz 1o the short alpha decay and fssion half-lives of
these beaviar elenieits, so light panicle induced reactions camnot
e wsed b produce new, higher & materials. To produece ¢lements
with =101, heavy son acegletators were required. Between 1958
and 1974, at Begkeley and the Joint Institute for Nuclzar Rescarch
{IINE} at Dubnz, Russia, muclides wath 102 = £ < 106 wers
produced with benms of carbon, Boson, pitrogen of oxygen ons
bornbanding colifermium and carum Ergels.




Liat] abour 1978 4t was thought that 8 lanit bx the peclodic
talile woulbd be reached & about element 108, Beyoml this, it was
rcasined, te hnli-lives of the heavier materials, partioulasly fos
decay by spontoneows feston, would probably be so short 25 o
prevent them Foam beidg observed.

As mentioned eaclier, shell model calenlations seecessfially
explamnad the relative stabiliny of those asclides having “magic”™
prowea o newtoon menbers 2, 8, 20, 0 and 82 and, for neatrons,
126, The caleulations ylso prodicied that the next mapc aumber
for protons would be 126 and for nemiross, 184, A number of
auchear aructure caleulations carmed out in the Iate 1960°s and
carfy 19705, bowever, suggested both £ = 114 and 126 &=
pogzible closed subshells, with more recent work® — supporting a
closed subshell a1 # = 114, Muockel with |14 protens and (84
nestrons - were predectied 1o have filled both neutran and proton
dhefls (doubly magse) and would be pasticularly stoble.  Some
early calculstions indicted that these supethensy nuclides, having
“shell stabilization,” coold have half-lves of the order of fhe
age " of the Universe. In this mess region, then, noclides with
relatively long half-hives should exist, forming an “islamd of
stnbility' riging oo of the “sea of insability” Moo roceni
caloulations, while still supporting the existence of the island of
atnhility, predict sormewhat shorter halflives,

The reactions that had besn used o prodoce the eléments
above £ = 92 and below £ = |07 used heavy targeds, 92 5 25 95,
angl “light” incident particles {see Table 6, page 32 The we of
these Dol reactions o prodece @lemenis with £ 2 LT was nol
succesaiul. For the “Tosioen™ of te target and projeciile fo pocar,
cnough energy most be avhilable to overcome the Coulomb
repilsion betwesn the twa doms.  The edulting aew conspound
gvstem will be highly exeiled, bowever, and will likaly undergs
fisgian to reach 8 nwore stable configamike.

To synthesize the heavier ebements,; scientists at the Instioee
of Heavy lon Research (GS[) in Dormstodt, Germany and the
JIMR st Dubno. Bussis osed heaviar incident particles to bombard
sornewhnt ghter targets.  This resubts i lower excitation energy
i the compound system, decreasing the tendency to undetgs
fission, If the excitation enetpy is kow enoogh, most of the excess
energy i5 lest by the cmission of newtrors from the noe leus—ael
by fission,

Baodh the production and detection of the high £ élements are
extremely ditficult, The low cross sectwns for the renctions
mvalved  have led o the development of jon soumees  and
accelerators capable of delivering high currents of heavy jomg,”"
Efficient means of isolstmg and deteciing the products of these
reactions are also npecessary.’"  The idenfification of a new
auchde & carmied oul by comelatmg s decay with the decays of
daighies products whisse smassions, energizs and hall-lves are
kicwn Trcsm previous messiremenis H|:||:|.r1!|.ll|.1 [ = 10 was
first produced an GSEusing the reaction”™

™0i+*Cr<»™Bh* > ™Bh+n
Five decay choins of *“Bh were ohserved, one of which is showm
in Figure 23. Specific decays in each of rhr.' ﬂel:a:.- -:h.umu were
garmelsed with known decays-in either - “Fm, or “"Md.
The original parent was, then, assigned with a hrg:h probabifity 1o
be ““Bh.

Swbszquent watk of ‘G51, JINR and LLNL has produeced
renpes af elements with & = [0, 169, 190, 111, 102, 114 and
[ The reachions wsed o prduce (hese new materals e
briefly summarized in Tobke & (page 321 Mt of the superheavy
nuchdes symthesieed thus  far decay by alphn cmisston-—ibe
probability of fssion s greatly reduced by the shell smbilization
elfects mentioied above. The rrrtu.‘luurjnn of WBMOpES with £ =
114 by JINR and LINL used & neatron-eich projectile. *'Ca, on
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Figure I3 One of the Decay Chaine Observed in the

Syntheshs of ““Bh (from Reference 207). Alpha decay encrpics
and abgered hul-lves are shinen far aach deeay

targeds of both "'Pu and "“Pu, giving the desired valoe of 2.7
The reaction products were ploser o the “islend of smabiliny’ in
ferms of the number of rewirons, M.

The usz of the “'Ca renction to reach Z= 110, 112, and 114
has heen 1.'.ru.-ll documented and the resilis reproduced o the
literature.”" The elemen Z = 116 wits independently identified™
in 2000 using the **Cmi™ Ea_'.nl' 186 reaction at JIMNR. The
identification of “onc™ decoy o 114 {and subgequent known
dasighier decoys) with o halfdife of 469 ms. wos used for fhe
idenbfication (g Figume 24
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Figure 4. The Reporied Decay Chain for £ = 116 The
decayr from £ = [ bad previonsdy bees ddeetifed ffrem
Heforence 2130 Alpha decoy erarpivs and olserasd falftlves

are pheiwe for sk decay,
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Related Topics

Crrigrin of the Maturally-Oceurrlag Maclides

A "Big Bang" model of the history of the universe™ has
beceme widsly, but not universally, accepted™' According 1o the
Big Bong model, the imiverse stonied ool omimaginably small,
dense and hot, about 14 billion vears ago, and has been expanding
and cooling (on the averape) ever since.™ Creorpe Guomow and
others initially propossd that all the elemenis could hoave been
created during the Big Bang. B Newtrons and prosons would
begin io condense o maclel when the temperature of the
expanding universe dropped below abowt 107 kelvin. However, it
wis soon redlrzed that the buibbiog up ol leavy muslel durng the
B Hang cmild nol hiove contibusd very &, becanse eollsions
betwesn nuacke becarmne e freguend as the univisie cooled, and
he thermal energy of the nuclel became ton lw o overcime the
electoatatic repulion of thelr positive charges, The absence of
oble nuclides with masa 3 or & hindered thi bodklup of the
heavier puchdes. )

As pn allemative souree of heavy elemsents, Burbidge,
Burbidge, Fowler and Hovle, (B°FH), proposed in 1937 a set of
mcchanims by which most of the elenwmnis were formed in stars
and = fiew by cosmic my processes,” . Subsequent observations,
laboratory  experimenfs, and - caleulntional modelmg  have
supporied many of their hypotheses and filled I some of the
details. ™ One difficulty m comparing theory with observation is
that stars have enormous differences in compoasition, density, and
izmperatiere between their imer and outer regiems, but the Tight
we seo comes only from the outer surface,  Sdellar -spectra
garrespond 1o effective tempermiures from <2 x 10" to —4x 107 K,
while fusion resctions begin at =32 x [0 K ond core lemperntoes
may eventumlly approach 1 x 10" K. Although the temperaturs
differences between core and surface are large, the distanoes pre
akso lorge, so thenmal gradienss are rarely large snough to dove
convective mixing of maiter from inner regions 10 the suringe,
Another difficulty s that several of the reasction sequences go
through wnstable noclides that are difficolf to sfudy in fhe
laboratory.  Also, meactions that are too slow o measare with
precision i the labomiory can be mmporinnt n stars, where high
density compensates for low cross sections,

One weakness in the “B*FII™ model become apparent when
more dats on the cument: cosmic dhundances of bght msclicdes
became available, The abundanee of dewterium, in parbeular, is
togr bigh to b expluined by stellsr o cosmic tay processes,
Depberium is consumed more easily than i & producel, and, i
cosmic rays were the source of deuterium, they would also bave
produced much more than the ohserved amount of ‘Li.

Most asivophysicists now atmbuote the formation of the
lightzst muchides to the Hig Hang and the beavier omes @
suhsequent stellar and cosmic rmy processes.  Modem predictions
of the relative abundance of the nuclides formed in the Big Bang
wre highly deperdent on the denanty of the universe as it coolesd
through the temperature rongs where fiasion Toagtions . were
possible. The composition of the early universe can be infermed
froem analvsis of stellar specira, cosmic rays, and meteories, with
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corrections 1o actount for changes believed to have soewrred over
time, The resulting estimates of primosdial abundance for the
five light nuclides 'H, *H, *He, *He, and “Li are all consistent with
abpui_the sume volee of the density of the umiverse.  This
consistency is considered o be strong evidence in favor of the
Bijz Bang madel, This density is low compared fo-the densities 1n
starz, whers fesaon of lighter nuchdes min heavier et |8
occarming foday,

The eneryy necessary to overcome the coulomb bamier
between |'|.|Eh:r-2 nuclel comes from the melease of n'ri tationnl
piodenbial energy @ the slad contracts. More masgive stars are able
b achieve higher femperaiores and greater dessities and do &0 on
a-shorter time scitle than hess massive slars, Only b small subset
aof stars, the mosl oesEsve ones, e bebieved (0 lave produced
most of the nuclides heavier than L1 Much of the leavier maticr
produoced will pevor escape to e dispersed throagh the rest of the
(AT T

Fuosion of hydrogen snio heliam is the Arst source of mclear
encroy in the Nife cycle of o star. The subsequent steps depend
sironghy on the star's mass. The Sun gnd stars-of comparable o
lower mass remnin in the hydrogen-buming sapee for billions of
yeors.  Stars of the Sun's mass have contnbuted little o the
prodductien of hesvier elements since the Big Bang  Mora
massmve s consume thekr bydrogen more mpidly. Farther
grovitationa] comfraction them hests them o the temgeratarcs
rexjuired W fose belium inte hesvier noclides.  IF the sar is
massive enough, 1t evolves through stoges of carbon buming,
neon buming, oxygen burning, and wlicon buming, Lafer sages
take lese time than sarlier stapes and releass less energy per uni
mass of fuel, providing bess resistunce o the  gravitstwonal
contraction,

The details of the curfier stages depend grently on the relative
rates of individual nucleas reactions, but in the later stages when
temperature and density become  sufficiently high, o gquas.
equilibrium state con be resched, whene rates are less important
than binding emexgies, MNucle near the peak of the hindmg enerry
curve dominate the compositon in the quast=squilibriom stale,
Evidence for quassi-equilibrivim comes from the high abundance
of *Fe and nearby nochides, and from the observation of
supertsivi remnanis. The prodigious Bght outpat of the remnants
i5 powerad by rudioactive decay of proton-rich meclides near the
hinding energy peak, such s Wi, *Co, “Ni, and *Ti. This
conclssion = suppericd. both by the mate of decay ond by the
observation of characteristic gamma-ray ines. (1eat and light are
produced when some of the nuclear radiation i3 absorbed by fhe
mestier that was cpected m the explosion, )

Hudropen buming begins with the cyele:

ptp = 'H+P
:H"'P—F‘HI:""T
"He + "He = "He + 2p

The first repction is slow compared to the next two, so the
intermedaate products, *H and “He, remain in low concentrations.
At higher temperntures, ‘Be is formed by the reaction of "He with
*He. Proton reactions on Be and the decay product, 'Li, provide
additional channets for the formation of *He.

Helim burning bepims with the nenr-simattanes fasion of
three “He noclei to form . The thind “He can add to the
unstable 'Be mtermedimle before o decays onby because the
reaction can pass through on excited siate of 50 in the NECERsary
energy mnge.  (This stale was postulaied o exizt in onder o
explaan the astronomécal abservathans belone it was discovenad in
laboratory experiments. o Helium can fuse with “C 1o form "0,

—
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bt early predictions that **Ne woold be produced by fosion of
helium with ™ have not been supported by later smdics. *Ne
‘acks states of the necessary spinand parity in the appropriate
energy range for this reaction o be importaist i gare, Instead,
peon is formed by fsion of pais of carbon mocled and by
FUCCCEsivE prodon capture reactions on the lighter chemenis.

When hydrogen pnd cashon are both  present, hyvdmogen
burning can be catahvired by carbon in the O ewcle:

I.E_'::[FI ﬂl.:lr"‘-
'I:IN ol H"‘ o

N

H-H[FF ‘F]I’G
I,ﬂ i I_r 4 IJH

|“mp,&]?1[|

Thas cyche can be writhen in a mose copvenient o as:

SCp, 1 N Cp, 1 Nip 1O Nipaoa U

A sl fraction of the “N {5 converted to "0 by a (p,) reaction,
bt 15 retarmed io the O evele By the NO cvcle:

| EI:H.,F' _nl JF{E i :|=T|:HIP..|:I:]”H

The CH and NO eyeles requine Mghet (emperatures than he
P+ poreaction but at sufficiently high temperature. they proceed af
nomch greater rate, Af still higher temperatures, the "Mip, ¥1''0
reaction. competes with the beta decay of *'N, 1|1|:I1nlu1g B hat
CWNO cwcle™ that lenves @s o sigmotune a s matin 25,000
times higher thin the sbower betaddimited cvele, The hot CHO
vwele s believed 1o be the mam . swrce of emergy i nova
explogions.

Ay h:-'dn:gdj ik dn:'p.le!.ud and remperiiiire IFICTEaREE, pilkis al
carhon macke begm to fase aia isotopes of neon and magnesam,
with emisaton of alpha particles, prolong, mnd pestrons,  As ihe
temperniare  mereases  Tunher, the gammos-tay  Mux becomes
sulficient to plesodissociate neon.

mHﬂ'r,u}"'D
The released alpha particles then fuse wath other neon meclei-
Mo, ¥ i

Az U lemperature inoresed’ still further, pairs of 0 nueled
begin by fuse, forming isotapes of sadbicon, phesphorus and sulfur,
with the ermssion of alpkas and lghter particles. AL sl higler
temperatnres (3-39 1 10" K), more phorsdissociation reactions
become possible.  Alphas, protoss, and pedirons eeleased by
phiotndissociation then Tuse with stlicon and other aeche, Toming
products up b the binding enerey peak

Four rmeee chain processes -aee required 1o cxplain e
abundances of the miclides bevond the peak of the binding cnergy
curve,  Ome of these s the “s-procesa”, o which a slow
sicoession of allemating neutron captures amd [ decays crentes
muclides Iying nleng the volley of stability, The mam sources of
newtrons for e s-progess are the I"'{.'I:El.,n'l-ml'} el EN:(!‘I..:'L;IHM;
reactions. Stable meelides with magie néutron numbers and low
neutran eross sectiony act s bombenecks in the y-jirscess and sre
produced i the highest weld  The s-process canoot produce
elements bevoad bismuih (£ = &3], becase they decay by i2-
emission back to lighter elements before they can absorb the next
neuiron,

Linder conditions of much higher neutron density, succesive
neutron captures: tike ploce faster than the products can decay,
The rapid newtron copture, or r-process, creotes tuclides near e
mieutran drip ling all the way up &6 the sctinides.. While the 1-
process 15 occwrmng. ik ek prefimenuafly produces nickel with

maapic neatron numshers, bul o with fewer progms than those
preferentiolly produced by the sprocess.  Sabsequent | decay
converts these drip’ line mulei o sioble maclei with neutron
numbers less than the magic neviron numbers, and mass nombers
begs thin the nuckes prodused m maxinmam vield in fhe s-process.

Ko af the nndnh an the proton-rich side of the valley of
stability, such as “'Se and Mo, cannot be produssd by neuron
capture.  These msclides are believed to be produced by proton
capiure and {yn) reactiond, which may be slow {p-process) of fest
(ep-process| relative (o beta decay.

The conditions necessary for the rprocess are believed 1o
cxist during the explosson of & type 1 supermova, when the cone
of 8 massive gtar collapses o8 neutnon sar or & black hole. Tl
rprprocess 18 likely o oocuw in oa  more  admogen-nch
cavirenment, sech s occurs in & neva explosion following
tramafer of bydrogen from o nearly star onio 8 #iar thai has
already evolved bevond hydrosgen burming.

Some of the lghtest nuclides, *Li, *Be, "B. and "B. are
bypassed by the stellsr mclessyntesis chaimsand would e
quickly consumed in sars by oeactons with protons, neltmons,
and alpha pomicles. Their abundances are explained in parc by
fraprsentation o corbon and oxygen noclei in mierstellsr cosmie
ray colliskons.

A more ihoromgh resinsent of nockeosynthess and stellar
evolutin can be found in Referepce 225 and in the Additional
Reading Material section on page 3T,

Dark Mattor and ihe Solar Mewtrino Problem

Two of the most active areas of camend research af the
overlap of nuclear physics and astronomy are the “dark motter
problem™ and the *solor nevtring problem™, ™ Several fines of
evidenos (the rotntionnl spesds of galaxies, for example) indicate
that the universe comtams more mass than the swm of the mass of
all the huminous stars, - Some of the “dark matter™ must simply be
ordinary sioms and modeenkes that are nod hot eneogh fo emat
tight, However, if all the moss of dark matier were ordinory
madter (mosily peodons and nentrons by owenght) o would be
inconststent with the density of ordinary matter infarred through
the Big Bang mexdel from the relstive pbundances of light
mehides, The senrch continues for ordinery matier, which could
reside in the ouwier regions of galaxies m MACHOs [massive
astropirsacal eompnet ldo obpectss, wnd for more exohe o of
maiter such as WIMPS (wesklyv-intercting massive particles).

Tl sobar neutrine prablem also kighlghts some weaknesses
i currend undersianding,  [n contrast 10 pholena, seutrinos can
eqcape from the very cented of a ar o reach e eanh. Sdace the
1NVa, large-scale cxperiments have sooghi 1o measere the fux
from ihe sun of the neutrines of particolardy high energy prodeced
when B decavs.  These experiments have consistently . found
fewer neuting interactions- i their detectors than predicted.
Blewer experiments are also Fnding fewer interactioms of bower-
engrey peulrings than predicted. The deficit could result from a
shomcoming in the solar models.  However, other lorpe-scale
experiments are beginning to show that it meny instead be doe to
previously  andetecied  propenies of neumnos.  which - ore
aascciated with & very amall, but non-zero mass.™

Counting Atoms Mot Decays

There are many npplicatiens fora techniue that wonld count
ptome of longdived mdisctive miclides, nither than waliing for
their decay, or measuring their decay rate, For caample, the "'C
dnting method™ depends upon the ol of the beia-
counfing nite af comdemponery carbon of haslogical erigin,  Ohe
gram of contempitary earbon hag a befa-disintegration rate of
nhonet 13,5 decivs per minute per gram, However, this low decay
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raie is in the presence of ~6.5E10 atoms of "*C in 0 one gram
sample. Clearly, if "'C atoms coubd be counted efficiently by
same technique, # woald be possible 10 determine the "'C content
of very small guantities of carbon.  This hes now been
gecomphished for milligram carbon samples even though the ratio
of radivactive '"'C to sable "C was ~1E-12. The technigue is
ultrasensitive mass speciramairy using accelerabon,

Anasceberator, such B eyelotron; canact 95 an eomemely
aEnsiive mass spectrometes. Only particles in the on soume with
ihe proper charpe-to-mess mtio (given by the cyckodron resonance
eguation) will be accelerated.  Mosl mdicactive stoms to be
detocted cannot be distinguished from snble coptaminants of the
same chorge-to-mass miio present in misch higher omounts. Use
of an-accalerator to boost the particles to kigh energies makes the
separation poasible by measuring thesr different. energy loss or
ionization rates in a detector. For example, "'C of +4 charge can
be distinguished from "N of the same charge. In effect, the
accelerator octs as o high-energy mass spectrometer charctorized
by both high mass resolution and extremely bw background
coumi mates, The sample eount mite has 1o be b onoaigh 1o avokl
satumation and rcdiation dsmage effects in the detector and the
sarnple has fo be small enough o process through the cyclatron in
o reasomable time.  Forapplication o the rediccasbon dating of
archagological samples, the eycloiron is tuned to occolerate the
carbon iselope of interest, and the sample is introduced into the
lon souree, prefermbly as a gas. The sceeleried jons with ihe
ot sdgnaiore in the energy loss detector arg then counted, In
tlels way, e sensitivity is 50 enhanced over counting decays that
much amalber (milligran) samgles can be used o obinin more
precizs results. The upper range of "apes™ that can be dated is
mow potentially 40000 to 1000 vesirs, mather than =10,000
years.

The technigoe is not Emited to mdiocerbon dating.  Any
bong-tived muclide con polentially be detected in this way,
including H' {tritium), e, Al ’zum. 1, ®Ar "Kr, ™1 and
even “'Fh.  This new technique has implications, then, for
grehacology,  peology, nmclear  waste  disposal,  pollution
manitoring, and messarement of nuclear properties such ag balfs
lives. It is potentindly more valuohle, the longer the halflife of
the redionuclide involved (and the longer it would take to ohserve
decays tather thap atoms). As examples, trithem has been used fo
iell how lonmg it would tnke seepapge to refill underground
ressrvodrs, by measuring the sge of the water. "l coubd be used
in detect leakajzs into demr mear nackear power plants and
waste disposal sites, | 'Be has been used in studies of both sea-
fioor spreading and manganess nodule formation, It potential
ptilization with the ulirasensitive mags spectrometer fechrique
should be practical for ages of 5 to 35 nullon yvears, or mare,
depending upon the stee of the rack samples analyred, Finally a
more precise valise of the half-lifie of “Si has been measured by
two independent groups using this pew technigue,  Readers
imterested in this technique are referred o review articles by AE,
Litherland. ™'

Radintsotople Fower Dats
Radinisniopes have been used to power earih orhil sateflies

as well as experiments Jefl after lumar landmgs,  The kingtc
encrey of the decay products is transformes) into heal energy that
15 comverted 0 electric power by several  techniques.
ﬂm-uuphs e One l,‘.nn'm'rkinn I:I-!'u‘il‘.n&. 'Ll.lh'ile' thermunmic
converers are another.

The fuel fior o mdbmsstopic power gensmior mise be ke,
reliable and low in bolh welght and cost. These requisements
teault in & rejection of radiolsotopes with half-lives leas than 100
davs, becapie they would have to be replaced foo often.  Half~
Hves prester than 100 yvears woald be pejected bocanse the sctivity
would be too low to obtam am mitizl power density greater than
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0.1 wabin/pram. ‘Bome of the candidates that would qualify os fuel
sourees for midficisotopie power peneration and thelr cabeulaied
inifial power dessities in wattz'gram are given in Tahba 7,

Table 7. Radioisstopic Power Dats i
Waits per Grum
Nuclide HialF-1ife Wi
T 1232 n 0,325
“Co Si7la 1745
gr 10,768 0,550
s IRTRn 0.916
oty 1020 1R
"Cs 30,070 0437
e 284 6 d 255
“Pm 262343 0,340
I'm | 286 d 11.86
i |38,38 d 141.3
Pu 8778 0,558
*'Am 4327 a 0113
**Cm 1628 d 1200
*Cm 1818 278

Pre-Fermi (Natural) Moclenr Reactor

In 1956, P.K. Kuroda™' speculuted that an swmemblage of
urandum ond water could easily become a self-supporting chain
reacting system in the early history of fhe Earth, These
speculntions were borne oul by the French dischvery in Okdo
the (inbon Republe mo Afren of amples of natorl wsaniom,
which have been found to be depleted in "“LL  (There i
measurably less ““U in ihese samples than in "ordinary" natural
armmium, ) Ssmples that were sligldly but definitely comched in
) were also foand. The abundances of various suchides found
b the warmples did not spees with the nastural shondsnes of teess
nuglides, The distribation of 1setapes of particular elements, after
correction for peutron caplure and nateral backoroomd, agreed
with the fission vield disribution from U,

Froen the Chart, it can be soded that needyiminm has mamy
stahle Bolopes af the end of shart fssion product claing which
have lopme fizsion yiclds. The analyeis of seodyemivm provided
muich af the mformation abiout the Cldo samples.

Froom  redicactive  dating  methods,  the samples e
determined 1o be abowt 1.7 billion years okl The ™' ahundsnce
i ihis natural resctor would bave been 3% or more {prior o the
U7 decay over the past 1.7 billion yesrs to its present 0.72%
ahundanes). The geobegicsl evidencs implies that laepe quantitics
of water were prescaf fo provide moderation of the fission
meutrons.  After fissioning, the samples would keve been depleted
in **U. Enriched samples would have resulted from the ™*U
transforming info ““Pu by neutron l:afﬂm and decay and
subsequent -alpha decay of “"Pu inte *"U,  This comversion
peaction would ako bave fed the reactor,  Stuadics of the Okl
natural reactor indicated that shout two-thirds of the total
fisgion events were caused by the U initially present in the ore
anil pearly one-thind from * converted from U by neutron
capinne and subscquen decay,

By stwdyving the amounts of the vanows moeclides in the ore, a
wealth of information hes been obtained.  This informeation
inchides values of newtron flux, time-oitegrated  newtron oy,
convession r#ie and Faction of epithermal neutrons.  Fimally, a
determination has been made of the number of fissions that had
umumdwilhmﬂwmammdlh:pﬂum?ﬂwhndhm
eaused by each of the fssioning nuchdes U, “*U), ind *Pu. It
has boen estimated thet a inlal released energy of 15,000

' s kades dmuglivier maliatiom.

WP ol | Chen Pis. T8 81 (193080,

M, Miversns, A, Fevl Mel Sel 26319 (I9TAL R Hagemans and E. Raoth,
Ralicchim Acie 25 243 (197¥); LC. Rulfensch, B Hegemasn, oad E. Rofk, 7. Hat,
AT {198




megawatt years was. generated by the Oklo reacior.  This i
approximately the snme energy as generated by one large madem
reactor in four years, It is inferesting o note teal tes meturadby-
ocouming enriched converter reagtor operated nearly two billion
years before Fermi tmitisted the first man-made neotron chaim
reaction w1942 with natum] omonem fleel Clearly, in this
msmnce, man was the imknowing imatator of e,

At least one other feature of the Oklo npteral reactar hiss
sttmdated interest. This featune his besn the remarkabde sability
of the Oklo ore deposit.  The U and “*U fuels hove been
confined within the grams of cre.  Since almost half of the
recichml “YU in the ranctor zomes. 15 the doughter proaduet of = Pu,
this means that the plufoniom bns been "locked-up® fora fme
comperable i s 241084 vear half-lfie,  Also, al least onehall
of thity or w0 fssion product elements have  remained
immabilized i the ore.  These findings have produced much
titereit fronm sclenbsts wrll;mi'nn the :nrn.plen. pmhl:m af ke
storage and dispossl of radiactive fuel and wastes.
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Conversion Factors

The Intemntionnl Sysiem of Units. developed and msintaimed
by the Geneml Conference on Weights and Mensures (abbrevialed
CGPM from the -:ﬂ‘ﬁl::ni French numa) is miended o3 a basis for
worldwide s of | t_unite._The mame
Imdemnatinal S_','.-.lun af Urits and the miemstional abbrevistion S1
{From the French name Le System Bifernstonale d'Unites) wene
adopted by the T1th OGPM in 1960 51 is based on a sebecred sel
af dumensionally independent 31 Base Unig, These are the meler,
kilograsn, secomd. ampere, kelving candeln, and mole. In fhe S1
sysienm e 19 one and only ome 3] writ for each physical guamtaty.
This ig either the appropriste 51 Base Unil itself or the appropriate
51 Berived Uinit fonmed by multiplication and'er division of tva or
mare S| Base Units, For sxample, newions, pascals, and joukss are
the names of S0 Denved Unsis for foree, pressirs (siress), and
CBErEY,

Prefizes and symbols are used 16 form names of decimml
maltiples: of the Sl units. Thess are listed in the table below

51 Prefines
Multlpliention
Frefs Symbud Factor
VoL Y 1o
rebiz F 1!
exn E n'
peta P 1ot
e T ”:'I:
i {x IF
rfﬁ.;. M i
kil k 1%
hecso h i
deka in iy
deci il !
cent e [0
milli m 107
T It i[5
{ELfi 1 ot
pico i {1
femio r (1
1§ (%] & 10t
zEpin r i
oo y 1

in the following sections, 51 umis are smphoseed, Each
seciion {Length, Area, Angle efc) consists of two parte: one in
which the conversion of other units to the appropriste 51 units are
given and one in which conversion fictors are given lor non-51
units, The conventions used are o folkows: Conversion fetors vl
i bobdfsce are exact, When Tour or more digats are given, they
wre broken wp intw groups ef three for ense of repdability,
Exponentinl nomenclature 15 used, b, 2011 684 EHD] means
2001 6i4 x [0

The reader 15 cmstiomed that the 51 system i3 cmlvim‘arl:l that
there will be chinges from time o Hme a8 this ocours. For
exmmple, the 51 Base Unin for lemgh, the meter, was redefined by
COPM in F9E3 a3 dbe length of the path traveled by bght in &
vicuym during o fime inderval of 17299 792 458 of o second. Fora
e complote disczion of 81 Units, the reader 18 meferred 1o
“Standard For Use of the Inlematiomsl Eg.n.lum of Unlts {51k Tha
Modem  Metric System”, S0 [EEEASTM  Si-10 1997
Additional intnmmhml aon comversion factors can be fousd in the
MIST Handbaok 44,7

= Publissed by The Iatitvie of Elscirical md Flectnonios Engineem, e, 345 Ban 474
Binset, Mew Yook, MV, 18172104 snéd e Amencan Socicly for Tesimg sl Malenala
(ASTHL 100 Her Heroor Dove, Wed' Comhohocken, A 19S35-299, US4 pew
Ihl'rl wraree pamn.org).

L Appgeadin €, Geroral Tables of Unmy ol Masoremes, KT Husthook 443001
Faium, “Sperficaom, Tofceances, And Citwe Techmicnl Keguirmmesis for Wekghing mul
Melsamrnp Devioes™ (s it poretshidoc s 30715 Gppciapee k|

Bl

Angle

The 51 unit of plane angle is the radion (red).™” The mdian is the
pline amgle between g radll of 8 circle, which cod aff on the
cucumberence an arc equ.n] m length ko the radius,

The SI umit of solsd- angl is the steradian (5. The steradian ia
- lig-solial aigle w el lviog 5 veites @ e eonler of 3 spheit, culs
off an area of the sarince of the sphere equal to that of o sguare with
eides of lenprh equal to the radaie of the gphere

Comverston b radiars and steradizas from other nnits

To comvert fram in Mubtiply by
degres (arphe) railza () 1. 7448 320 E-02
grnile raclion (rad) 1,570 7oA E-02
minuse [angk} raddian {rad) 2508 AT E-04
sanganed {umple) raudszn {rad) 4848 137 E-Ob
solid nngle wteradians (=) 1,256 63T E+0]
square degres steradians (=0} 5044 173 B4
Other Unlt Copversiony of dngle
| degree = 6} myinates
| prade (gapd = 0.0 E-01 dejreés
| muingle = &l seconds
I mil jangle} = 36056400 degrees
= 5625 E-62 degrec
| mchan = Xp@0*72m

5729 $TE EHD] degrees

Iuecilopa = 4848 137 B+ microdnchewinch
= (.0 mchesI T.188 73 fimed
| eolid amale = 4 seradings
= 1.256 637 EHIE steradan
S |
| steraglion = 7.957 747 02 solid angls

hl"I'.Inrr:u.he::-Jl.l.ma--r!'m.d.l ihe mii ol sherrbe] fne ilw el The sbeabed doss ral
shisald B abisievuieed nl
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Length

The 81 untt for length s the meter, symbol m,  The meter
currently n use is the length of the path taveled by light in o
vacum dunng o dme imierval of 1/299 792 458 of @ secomd.

Since 1853 the definition of the U5, yerd has been derved
from the meter, In 1959 the definition of the yord was modified to
hring the US. yard and the yord used in other countries into
agreement, The LIS yard was chamged from 363937 mo1a
0.8 44 m excactly,

In 1959 it also was decided tht ooy dute m feet derived from
and published a5 3 result of peodetic serays withm the U.5, would
remain with the old stwndard {1 feot=1 20603537 m) antil further
decision. This foptis named the LLS. survey foot, Conversaons Lo
esztirs for LIS, survey unils are grven in a sepanse able, balow.

1l {imtermational) = L3048 m

Area

The 81 unit of nren is the meter sguared (m®). Conversions for

L5, Survey units ars given-in a scparate sable, balow,

Conversion i syuare meters froe other wmits

Twe convert from
bt

cincular mil™
darry™

heciare

square foot
sguare ihch
saquors mile
siunre yard

L1

suare meter (m')
sauare meter (m')

BquAre meter (m')
BOUATE Meter (1)
squase metes (a1')
square mater (m')
square meter (m')
square meter (m')

Multiply by
L E-18
067 075 E-10
O RA% 235 E-13
L4 E+ad
G290 34 E-02
G451 6 E-04
X5E0 DRY B+
5.36]1 274 B4

Cornwersion fo Sguere meters fram L5 sirvey Wity

1 Foot {115, survey) = 12003937 m = 3,048 b6 E-0) m T comvert fron Lo Multiply by
squinre foot squire meter {m')  0.200341 E-02
ﬁ!mm‘nn.fnmﬂnﬁﬂm ather units square rod square meter (m') 2,529 295 E+D]
Ta convert from Multiply by woare chain square meter {mcy 40446 873 E+02
nAgEEtmm m:b:r im0 E=10 acre square meter (m’) 4046 573 EHI3
agtronomicl unll.  meterim) 1495 9T EFT soure mile sqians meter {or ) 2 588 998 EHM
{intematianal}
fat  myetor (m) 32048 E-i11 helver Undt Conversfoms of Area
inch  meler im) 254 E-o1 Locge = 4356 E+HM squnne sirviey feet
bght vear  meter {m} 9460 528 E+15 | crrcularmil = L E-{H cimgular mches
et ] Q0N dn) - et (m] 254 E-05 = 7853982 B0 square mil=
mik, miermatkoenal (3250 1) meter fm) 10609 Y4 EHIA | spuareinch = |.273 240 E+06 cirpalar miks
mile (international potieal™  meter (m) 1852 E+i = 6 A516 BN spuinre contimeters
parses’  meter fm)  3.0ESETEE+16 1 square yard . = W0 E4M) pqunre feet
vard  mseter dml o B4 E-uo1
T L =Ty [TER H 1 -
Conresion o mams i U vy e
fink  meter{m) 2011 684 E-01
survey foot  maeter {m)p 3048 (W E-O1
rod (16 Y survey fest) meterdm) 5029 210 EH0O
cham {66 survey feat]  meterdm} 2001 684 EHH
stutuie mile (52840 sorvey fest) meterdm) 1609 5347 E+03
Cither Unit Conversions of Lengih
Tinch = 10 E-+HI3 mils
| furlomig = 66l survey leet
| ight vear = 587863 E+12 miles (mtemitsmal]

= LIMAE0] E-0] parsecs
1 mile {infernatsenal = 6076 116 EHS Feat
meyiteal)
1 mida (L18: statube) 1740 003 E+ud wends
280 000 EHII fret
G336 002 E-04 imches
E689 7T E-0] miles {rennical)

* The imemnaiimal ssiitisl veile-sf ] S52E-00 mebeny wis sdopied 110 593 nke 1S
= A ponverdon Fasen fim mits of laed meanoe b ihe section aee hsaad on dic LLE;
ey e died e Slilvwing shienships:

| wind {pesle o perch) = 15 Imbe

I -chaiz = 4 rods = (& fnks

B amles (05, dtavanigy = B0 chaimm = 1) poghs-= S04 fiiks

Foagre = |40 sepanro rogds

e il (U 5; ssmie) = §40 gores

| mestion of [ind = § mile sgiam

1 tevtrship = B rriides almiane = 3 esotinni = 36 wyone miles

kL



Yolume

The 81 unit for volsme is the cubic meter (m'™), Separute
iables-are given for 0.5, anits-of doy volume and liquid volume,
below:

Converslon e culic metors froer other winis of volumg

To convert from in Multiply by
cubic fool  cubic meter (m') 2831 AR5 42
cubic inch™  cublemeter (m’) 1638 706 E-05
cubicyard  cubse meter (m'] 7645 540 B4
Heer™  cubicmefer fm’) 1.0 E-03
slere cobic meter (m1 10 E M)

Comverston fo cubic sreters from oofer aaies o ofey volim e

LT
Tor convert from [ Multiply by
drypint  cubic meter(m'y  5.506 105 E-04
dry quart cubig m:h:rtm’] 1.1@1 221 E-03
peck cobig mcl:o:r[mf'l R .A09 768 E-03
bushel cubic meterim ) -3.523 907 E-O2
Crnversio fo cubic weeters from eifer waits of Nguld volume
IRERALRE
To convert fram t Mudtiply by
flwid ounce e m:l:rim | 2557 351 E-OF
Liquid pint cubic m:l:rim” 4.731 765 E44
ligued gquart cubie meler (m') Sah) 525 E-D4
galion  cubic meterim’) 3,785 412 £03
Chher Linit Cimeersions of Vifume

| cubie ceptimeier = i 02 374 E02 cublc inches
= 33K 402 E-02 fluid oumges

1.728 EHI} cubic inches

2831 685 E«01 liers

T.A80 520 E+00 gallans

B35 540 E-01 busbebs

231 EH¥2 cubde inches

1.336 806 E-01 cobic feet

LTRSS 412 E-00 Liders

1.0 EHK cubdc ceptimeters

3381 402 B+l Mudd ounces

L1356 658 E+(H liqud quarns

2641 721 E-01 liquid galkans

5 Fiquid gaan

LERTS  EHM cubde inches

32 fluid vences

U463 520 B-01 Heers

i

I cube: foot

I gallon

(LI | T

i lier

{1 | A | R | O

I Hquid pint

1 lnguid quart

W The cract conversion lichie s L85 106 & E-05

190 the el Cimfirroas on Weights sl Mosorey wosisbimhied s name s
s 0 syl name b e cubic desinsior. - Meiuegin 1908 aaid 10064 iha lier was slighily
larger | 1000 62F din™); dn the s oF bl pheaoamery wolume dain of i tese el s
It i b hepi in il

Ao

The S unit of mass & the kibogram (kg). [t i5 squal o the
mass of the interoatitna] protodyps of the kilopram, which i a
eylinder of platinum-iridium alloy kept near Paris; France, Three
fystemn of walghts oxist in the ULE, ond Botwin; the avoirdupois,
the apoibecary, and the oy system. The apothecary sysiem:is
e m:nuﬂ:ﬂuﬂ.ﬂm:ga.rhldﬂpmug drigs and the oy system is
used for precious gems and metals. The grain is o umt commsn
o all three systems: While the ounce amd pound are used inoabl
three aysiems, the defintions of these unis m the awalirdupois
sygtem differ from those in the apothecary and troy svetems.

Cumversion mlﬂﬂglu-xr,ﬁ"m mird s Mty

To convert from Mluftiply by
i Iulugrnm (kz) 64T RI] E-D5
dram {27 | 1132 prains}  kilogram (kg) 1971 B45 B3
ounce {16 drmms}  kilogram (kg) 2834 52 E-O2
pound™ (16 0z} kilogrami (kg) 4,535 024 E-0)
humdredweight , short  kilogram (kg) © 4.515024 E+]
(10D Ths)
tom, ned o short (200 kilogram (kgd 9071 847 EHIQ
P}
hundredweight, gross.  kilogran (k) 5080 235 E+01
or kg (112 Ths)
ion, pross orlong  kilogram (k) LOLG 4T EHIG
{22400 The)
ton (metricy  kalogram (kg) 10 E+03
tonme  lalogrom (kg L0 E+i3

Cuanmyérying fo Hngwmﬁ'm apetirecory uwiry
To vanvert frem Moultiply by
grain 6479 891 E-05
seruphe (20 graing) 1295978 E-03
irum 1 seruplid) 3887 935 B0
e B drams) 1110348 B2
ponamel {12 ) 173247 Enl

knlumam (ki)
kilagram {(kg)
kilagrum {kg)
kilogras {kyh
kilagram (ki)

Canrversion o kifogrmny from froy sty
To canvert frim o Multiply by
grain  kilogram (kg 6.479 B9 E-05
pemmyweight (24 praing)  libsprami(kg) 1555 174 B3
oimes (20 pennyweights)  kifegram (ka] 3100 344 B2
kibogram (kg)

pound (12 o) VAT HLITE-M
Ehlrer Unit Conversions of Mass
I gram 3527 196 E-02 punce {avoirdigpais)
1543 236 E+OL praina

B The enadd comremien Gickm-in 4535953 7 E-fi.




Time

The 51 wnit of time is the second {5), The 51 second 15 mow
defined o5 the dumtion of 9,192,631,770 periods of the mdmtion
cormesponding 1o the trunsitiom between the two hyperfine levels
of thie ground state of the cesinm=133 ptom.

Before the present 51 unit of time was adogeed, other
definition were in use, incloding mean solar (or tropical) Gme
anel siderenl time, The mean solar day 18 the average elapded
teimie belbwesn i comsecutive overhead pHETSY al the Sum | Fanzid
of the Sun peross the prime meridion),  Beeasse of the Earth's
uneven rolafbon, and small irregulartes in the directien of the
Earth®s axis, the mean sofar day 15 not an mwvasisble i of e
A mtan solar year s the time between suceessive passes of the
Sun through the vemal equinex {marking the beginming of spring
ity thie nerthem hemisphens and defined byt intersection of e
scliptie or plase af the Earth's ochit about the Sun and el
cebestin]l  equator cor - pleng  through  the Eamh's  center,
perpeasdicular (o the Eanh's spon) and s 305242 19 mean solar
diws o,

[ sidereal (ssiral) fime; the "fixed™ {remole} stars form the
frame of reforence. A gidocsal day iz a measure of the elapaed
fime Between two consccutive overbead passey of o poaition in
ihe sky fixed by the e, This &-ahout four minwes kss than a
mean solar day, primarily becawsse the direction beoween e
Earth und the Sun rolsiss a8 the Barth moves about iis arbit. A
sidereal year ropresemts the fime required for the mesn Sun io
retum o the same positon mothe sly relative o the distant stars:
ang &5 365256 3 memn solor days bong. The siderenl year s
slightly longer than the mean selar year becasse the vernil
equingy {the referense for the memn solor year) is moving with
respest {0 the remate: gtors. a5 o result of the precession of the
Earth’s axis of rotion,

Presently, Umivecdal Coonfimoted Time (UTC) which 13
based on the 31 sscomd, = kept mostep with mean solar tme by
the addinon of o second (n feap secondp o the UTC day
whenever pecessry

Conversion o secondy frome afller mRiG
Ta canverd Mo iu Sulriply Iy

B THR B12 & E+3 hours (siderzal)
3652 363 4 E+02 days {mean selar)
1662564 O EHB2 days {aadereal)

| year (sadereal)

mmute  soocHsds {5} [N 1] E4m]
hionlr secomds{e) EF E-+3
day  secomls (8] Habd E-+04
wear [ Hif daysp  seoomds {5 L1536 E+07
record {aiderenll  peconds (5 9T GG B
enenide {sidereall  sosanmds i) SOE3 61T EHM
hour {sidereal}  Sconds (s} 35540 3T E-HY
day {aldercall secomds{s)  H6lh 409 EHM
yiar {sidereal)  seconds {1 L1585 815 EHOT
vear {mean selar or trapienll  secongds {6} 5155 693 EHIT
Other Uit Converstons of Time
I dayimeansohry = 24 hours (mean selar)
= L0 738 B+ clys { siderzal)
= 406571 0 E+0] bosrs | sedencal)
1 day (siderealy = 24 howrs {sicdzrenl)
= Dbl mamEes | sideneal)
=  LAJGER 2 E403 minukes | mean solar}
| week (calepudar) = 7 days (mean seldar)
= 168 houss (menn salar
= T.01% 165 4 EHI0 days {siderzal)
= LBB4 590 T EHIT howrs (sidensal
| year (culendar) = ]ﬁid.l._-.r:{mniblu]
= BTl s {mean sslar)
| poar (mean solw) = 36352421 9 E+02 days { mean solor)
= CHTES B12 6 E4D3 hours {mean goler)
= 16624219 EHD2 daye (sidereal)

Dienskty

The 81 unit Ffor mags per unit volume (density) is kilogrums
per cubie meter (kgm’).

Camversion i Kilagrams per eafic seefer from ofther wwits

Ta comvert from o Multiply by

grams per cwbie  kilogram percobie 1.0 E-+013
cemnloneter raler

pourcls per cishie foot kilogram percobie | 601 846 E+01
meter

potmils per cibic inch  kilogram peroobie 2767 990 EE0d
meter

(ther Unit Conversions af Density
1 gram pes cubic =  6.242 T4 EHH pounds per cubic foot
ceridimetes

= 3612729 02 pounds per cubic inch
1 powsd per cibio = 5787037 E-{M pounds per cubic inch

fonat

WVeluehty
The 81 umit of velocity is meter per second (mis

Canversion & meler per sveeemd from affior b

To convert from Lo Multiply by
fieod per hoar  mieter per gecond (mds) 8466 66T E-02
foot pes mime  meter per second (m's] 5008 E-D3
feot per second - mister per secand (mes) 3048 E-l1l
inch per scoond  meter persccond (mfs) 254 E-i2
Kilometer per  meber per secomndd (me's] 2777 778 E-4M
haour
kmot  meder per second mde] 5044 444 E-0
{imfermationu )
mile per oar  meter per second (mdsl 44704 E-N
(infermationul)
mile per minute meter per seonsd (mds)] - 2682 24 E+0
{intermntionnd }
mile persccond  meter persocond imfs) 1609 344 E+03
{mternational )
fxher Unit Conversiony of Felaciny
[ meter per secomsl = 2236 936 E+00 males (mismattonal)
pior buur
I grde {intemutional) = | 466 66T E+00 feel por second

izt hoar
HE8% Tal E4 knots {intemational )

2,777 778 E-04 miles (nternational)
pes second

1.60% 344 EHM kilometer per houar
I:h:l'l."l'llu’

1 mile {intemational natical) per
Tuaur

L68T 11 E+MY feet per socoms]

I Enot {internatonal) =

& |ihaopgh spesdrmeten ey rmi ko, Sie 81 uni i ma

il




Force

Angular Velocity
The 81 unit of angulor velocity is radian per second (rad/s), The 81 Derived Unit of force is the newton (M), which is the
force which, when apphed in & body Maving & mass of one
Canversion fo radian per second from ocher umdes Kilogram, gives it an acceleration of one meter per second squared,

To convert from o Multipdy by The principal departure of 51 from the gravimetric system of
_resolution per_ radian per second 6283 185 E+00  metric enginesring units 8 the wse of explicitly. disting! umits for

second {rac's)

s wiid foree, In 51 the naine Elogram (s restricted to the unit

revohutaon per ridian per second 1047 198 E01 of mas and the kilogram-force (frem which tie suffiz foce was in
mingte (P&} {racl’s) praciice offen eronesasly dropped) should Bot be used. In i
digres per second radian per second 15320 B02  place the S unit of force, the newton, 15 wsed.
{rucds)
Cmrversion io newien from offter ity
iFther Linit Conversiony of Angular Velociiy To canvert from 1 Multiply by
I P = & degrees per second dyne mEwion (M) I E-05
= |.668 667 E-02 revolutions per scconad kibrgram-forcs newton (M) 9806 65 F4+D0
Kiloprod (ke newlon (M) 9806 65 E+)
ki 1000 ol et (N} dobd B 222 B0
aunge-fogres st (W) 2740 139 E-01
piotensdnl newhon (M) 1382 950 B-0¢f
pound-foree [Ty mewton (W) 4448 122 EHOO
Acceleration
fhher Uit Comversinns of Foree
The 51 unit of acceleration iz the meter per second squarsd | newion, = 1.0 E+B5 dyne
{m/g’). The ST unit of angular socelerstion i mdians per second = 2248 (A9 EAN pound-force
squared {rad/s™y. Idyme = 2245080 E-0G pound-force
= T.233 012 E4S poundal
fmnnﬂ'ﬂfpﬂrﬁmﬂqmﬁunwkrmm = LOE% 716 ED3 gram-force
To eonvert from Muktiply by | pram weight, now calied = 7.093 161 E42 poundal
foot per second meies p.ur gecinil 3048 [ 1] prEm-force
suared squared (mye’) = §.806 650 E+02 dmes
free fall, stnndard meter per secoend QEM G5 EHM = 2204 622 E403 pound-force
(g squared (s’ | poend (avoirdupois) = 3217 404 E+01 pounds]
gal mefer persecond Ll E-112 weight, pow called poand-
squarced (miz’) force
inch per seoond meter per accond 254 E-ii2 = 4535524 E+02 pram-forcs
srjared squared (m's’) I pomdel = 3108 096 EAO2 pound-force
= L40% &0 E+0] pram-firce
Eglver Unit Conversions of Acceleration = L3BZ 550 E+04 dyme
1 foot per second. = 3048 E+HN] centimeter per 1 Ibiflb {thrastiweight = 9806 65 E+M newion per
squnred sacond squared [mass] ratio) keilogrnom (Mg}

.
Thie unkt gal, wol io be cosfiied with Bie gallon, mefen in the loo] socclertion doe = 5 The gy comversean facioe 15 4448 T11 615 260 5 408 Pousd-fice sas fmmesty
pallead proand | sveindugnis) wesght Cirsm-fores wis ey called grm weight

gravity, and i | ooineier por secorl sguamd
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Waork and Energy

The 51 Deaved Unit of cocegy is the joake (13, which is the
wirk dome when the point of application of 4 forgs of one newlon
iz dizplaced a distapce of one mecer in the direction of the force.
The unite of the joule are ke m's .

Comversion o foules frowr etier wits

To convert from [ Multiply by
B (bvfermational Tabley™  joube (5] 1,055 036 E+03
Biu [mean)  joulerd) [0S5ET Es03
Biu (thermochemical)  joule (1) 1054 350 E=03
B {39°Fy  joule(l) 105947 E=03
Btu (3%°F) joule () 105480 E+(03
B {"F) joubs (N 1053468 E+03
calorie {[nternational Table) ook (J) 41868  EH
calorie (mean)  joaba()) 4190 02 E+O0
caloeie (thermochemical)  joula (1) 4184 E-+HD
calarie (15°C)  joule(d) 418380 E+00
calotie (20°CY  joulks () 4181590 E+00
waborie (Kilogram, Intermntionnd  poube (71 40868 EH3
Table)
calone {kibogram, mean)
ealorie {kilogram, thermochemiizal §
electronvali
Ll
fiaet peiaudal
foot pound-force
ketlevwatt bour
thern | Evropean Conranityy™
therm (LS.
tan (nucbear equivabent of THT)
widt hows
wall secomil

419002 E+03
4,184 E+Q3
|62 17T E-19
1.0 E-a7
27214 011 E-02
[355 K18 E+O
LR E-+{16
1055 6 B8
14654 804 E-HIH
4,184 S 1]
LE EHI3
Lo E-+H0

joubs ()
joube (1)
joule (1)
doulz (1)
joulke (1)
jomale (1)
Joule (J)
joule 1)
Joube (1)
Jouka (1)
Joeal (1)
Joabe (1)

Cirhier Unit Conversions of Energy

Ppoule = § sawion metsr

= 1.0 EHIT crg

= 1A EHT dyme centimeter
1 weall seeomnd
1 volt coalpmb
7375 621 E-01 foot poond-foree
2 ARG 624 B-04 calorse (kilogram, mican}
QAT G - E-04 Biu (mean)
2373056 E+ foot poundal
2777 718 E-07 Eilowani-hoor
3.725 8% E-O07 hEd'E:?D'ﬁ'H (electric) hoor
|00 165 E+00 joule™

LN | RN I | Y | A L

I joule
{ Internntionnl|

"= The Fidh Inferrottonsd Copfisrenge o -ihe Properties. of Sieam. in £956 definad ths
salorm (fnlemaipnal Tebley me 40863 | Theosfien, B oxac e R ]
(Brisrationnl Table) m 1055 855 BT a2 E+84

" The therm (Errtpaan Crommareiied i3 lepally defmed mothe Commal of S Eumpemn
Uormrmnitiey Desestive B (8] B2 af Decombar 30, 1938 The thermn (LS &= Legalls
fcfined n M Fedemal Hegimer, 'ol. 25, P |1.|:|_|;|. P, af July 27, 1964, Ahbeugh the
Fipopean #iertt, which |s hased on e imemstisngl Teble Doy, s faquendy wed by
engideery in e U5 ohe i (L0500 b oo begad e e by the LS gea mocdwsiny
““The 51 Derveed Uit the joube, was Tormerdy caibed (he abeoluie joos. modstingmsh i
frooe The Bl boaal Table joule

Power

The SI unit of power i de watt (W or kg m’ 57 The watt is
the power which gives nist to the produciion of enerpgy af the mee
of one jouls per second (J57).

Cimeersion fo widls from ofler writs

To convert from o Multiply by

Biu (nwan) per second  wilt (W) 1055 87 B3

B (latemational Tahkle) per bowr  watt W) 29340711 E-01

B (Infemational Table) per  watt (W5 1.055 056 EH3
wecil

Biu { themmochemecall per oo watt (W) 2928 751 B-01

B (thermochemical] per momste  wait (W) 1,757 250 E+M

B {ihermsalsemical) per seeond  woit (W) 1054350 E+03

calarie (thermachemical) pee  watt (W 6073 333 E-02
miee

vklorie (thermochemicall per  watt (W) 4084 E-HH)
secini

oz per sscond  watt (W L E-07

foot pound-fosce per hoor  watt (W 3,766 161 E-(4

fool pourd-focce per ndmsde  watt (W) 2250507 E.02

fool poumd-foree por secomd  watt (W) 1355 318 EHO

horsepower (550 f B} watt (W 7456999 EH2

bhorsepower (bodbery  wait (W) 2869 50 EHIB

horsepowes (Cleetie)  want (W) 744 E-Hi2

horsepower (imedric)  watt (W) T.154 988 E+02

borsepower (water]  watt (W) T A0 43 E+02

homsepower (LK) wait (W) 74570 E=0Z

kilocalorie (thermachemicall per wmst (W) 6,973 333 E+0
minute

kilocalone (thermochemien) per  wait (W} 4,184 E-HE3
seoond

oo ot retngeration {=12,000 =smit (W} 3516 K53 E+I3
B eour)

fhlrer Umie Conversions of Power

| Btu (Intemational = 2357 141 E-02 hessepower (eleatnic]
Tahle) per mimte

| 758 417 E+01 wabi
T.781 6% B+ fool pound-fotee per
mi e
= 5,682 518 B-09 Biu {menn) per mimuie
= 1431 97 E-09 kdlogrant caborie
{mean) per muate
= T.375 621 E-08 foot pound=force per
secimnd
| homepawer (LK.} = 70602 43 B-01 B (mean) per second
= S50 Tgal pound-force par second
Lousd = L0 E+15 B

I erg por second
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Toreise

Tha 81 wmit for forgiss (or kending moment | i newion mober
I'N'ITI].:”

Conversion to resron meter from other wity
Tocomvertfrom ___ te

Pressare

Tha 81 vt off pressuse or stress is the pascal, Pa {newion per
square meter, or N m7 )L

Conversion o pascal frons other uwits

Ta convert fram Liy M

dyne centrmeter  pewton sbsser (N-m) 10 E-07

kilogram-force™ meler powton meter (N-m)  9.506 65 E-HM
omge-fores meh  nesdon meber (om) T.061 352 E-03
pound-foree moh  pewion meter (Moan) 1, 17% 848 E-01

pound-foree fool - newion meter {N-m) - 1,355 18 B+

hfrer Uiy Conversivay of Torque
I dyme centimeter = LGOI T1E E-8 kilogram-foces
miter

7375621 EAR pound-forcs foot
AR50 T48 BT pound-force inch
2373 036 E-kt poundal foot

ED665 E4HIT dyne centimeter
1,355 18 EHYT dyne centimeter
420400 2 E4H0S dyne contimeter
1125 B4Y E+M dyne centimeder

i

I kilogram-foree meter
| peamd-force foot

I poundal foot

I ponmnl-force inch

 The vector produci of fome and mavmem arm e widols demgraie] by e wnli pesion
ey, Thew ueit for besding moseni o wrges reselis in conlislo with de wii
eregy, which & alss rewson mestar, | forgue is eepressed B3 rowiom metes e mdlan. e
relatiomship o energy b clinfied, since the prodect of ioegue und aegaler retalon s
enatgy: (Mmnel) el = Mo 17 e veeies wern diown, e dslncion befwesn mengy
aned tongue woald be oo dnce fe apemition of foooe e length 6 il i de
1% b s
™ Bea Huciishin usder FORCE sectios, Comakloratle doiifiolin exiss in e e of the
erm “weag L™ an a gqromily I mean eibe "free” or "™, In ool il ety
um, the lern weiphl neady alwais meain oees this whe e qeaka of a perem’s
wighl, the quwtiny refimal 0 b mass . Thiv non-iechnieal uss of e wom woeght will
poresl,  In ecience and dechnoliopy. the e "weight of o bedy® has samlly
yrt the Sarcee thak, {applised i the by, swould ghoe i e sceelamion el i the el
poveleration of Fee 12l Cloeal” wraslly means o kocatim on e sefsce of the eanh)y
Whien oS0 umites are gesd, 3 distinetiong st be made bereeen leee @ s
Fuut emanyrle. pomil foree. i depoe fiooe in grevinieine engioseisg umits o pousid o
T

atmosphers, standard  pascal (Pa) 1003 25 E+05
atmoaphere, technical pascal (Pa) 606 65 E-+M

{1 kitopram-forcesiom’)
bar pascal (Pa) 1.0 E+Hi5
centimeter of mercury (0°C): pascal (Poj 133322 E+03
centimeter of witer (47C) pascal (Pa) 9806 38 E+01
dyne perem” pascal (Pa) 1.0 E-lk]
foot of water (3%.2°F) pascal (Pay 2988 98 E+03
gram:force percm’ pascal (Pa) 9506 65 E+01
inch of mercury (32 °F) pascal (Fa) 3386 38 Erg3
inch of mercury (60°F) pascal (Fo)y 3376 85 E+H3
inch of water (392°F) pascal (Po) 249002 E+02
inch of wales :H:I'F! pascal (Pay 24884 EHI2
kilogramsforce perem’ pascal (Pa) 9806 65 E-+HM
kilogram-force per m” pascal (Pa) 9.806 65 E+00
Hllslt'lrh-.ﬁ.'lrn!pﬁrlfm: pascal (Pay .86 65 E406n
kip { 00 poungd-foree) per in pascal (Pay bA% TET E+06

{k=a)
millibar pascal {Pay 1.0 E-+i2
millimesfer of mercury (0°C) pascal (Pa) 33322 E=+02
poundal per 7 pascal (Pa) 14858 164 E+0H)
pound-force per f° pascal (Pa) 4,788 026 E+01
poand-force per in” (pei) pascal (Pa) 6B 757 E4H03
tory (mm Hi, 0°C) piscal (Pa) 133322 E42

ihileer il Converstons of Pressuee oF St
I standard = 10135 250 E+00 bars
atmesphiere
= 1465 395 E+ pound-fores perin’
{psi} .
= 1,013 250 E+ dynes peront
= TGl E+D02 torr (mm Hg, 8°Ch
= 2902 1% EHH inches Hg 32°F
_ = 336995 Et0] feet of wuker (39.2°F)
| dyme perem® = 14530377 E-05 |.'.r|-1'|1-11l.i-ﬁ'll:lzrTr5=1'1'|:|2 [pai)
I hor = 1.0 E+06 dynes per cm®
= 9,569 233 E-01 standard atmosphere
1 pound-force per in® = 6,804 757 B4 dynes per com’




Temperature

The 51 unit of lempernture is 1J1lr kebvin (K}, The keban, o
unit of thermiodynamic lemperture, is the fraction 127316 of the
thermadyamic lemperaiure of the inple pedst of waler, e

Wide use is alse made of the degree Calans {“C), which is the
SI unit for espressing Celslos temperature and  tempesahure
intervals. The Celsies scale {formetly called costigrade) is nelated
dircethy 1w thermodynambe femperaturs (kelving as follows;

The fempemiuse mierval oae degroe Celsius equaks oneg
kebhan exactly,

Celsiis  temporatee () i melated o thermodyniamie
temperanare (T by the equation:

t=T- T:
whens Ty = 27315 K by definition.

Toeomvert from degress Fehrenbeit o doprees Celsiis:

b = [Bp = 3TV 1E
Conversion o kelvin from other femperature weits
To ennvert leom i Llse
degres Celsius kebvin (K) Ti= e+ ZTLES
shepree Fohrenheit kelvin (K) Te={lp+ d50.6TVILH
depree Ranking kebvin (k) Te=T-i'1.B
Temperature Bifferences
A" Celsius{C) =  ALS" Fahrenmheit {F}
= ALB" Rankise (R}
= Al kelvin {K)
fhrher s {.rr.rrr:r'dr.lﬂ'.r af Tempermfiare
rC ITLIS K
- IA:II:
= A9LATR
i = MMLIsk
= II*F
= &714TR
Dk = -37%18°C
= -458.6TF

" The wiphe peing of water-in T7118K (0.0 1%, which s 00 B shove the fnsng pami
ol ‘wiksrt n pronsgin of 131 175 &Pe

Electricml Units

The 51 Base Unid of elecinic current 15 the Ampee {A). The
ampere i4 that constant current which, iF maintained in fwo striight
parallel conduciors of infinite length, of peghpible crculr cros-
section, and placed ong meter apart in a vacuum, would produce
between these conductors o [ece equal 10 2 x 10X newton per
meter of length,

The 51 Denved Unit for quantity of electnicity is the coulomb
(T, which w the gquantity of electricity tmnsported in one secofid
by & current of one ampere.  Other 51 Denived Linits for electrical
|.'||J.B.:'|'[II‘.I.E'| inelude tsat for elesiric copacitance; the Farmd (F), which
is the copacitanee of 3 capscitor bebween the plaks of which there
sppears a difference of pesential of one volt when it is charged by
o quontity oF elecincity squal io one conlemb.  Elecirical
conduetanes: the sieroeitd (S5 wheeh g the electone conductance of
i comducior in which 8 current of one ampere i produced by an
glectric posentisl difference of one volt. Flectrie indusclaics: the
heney {H), which is the imductance ol & closed cireait in which an
eleciromotive force of ase voelt i3 produeed when e elecirc
currend in the circait varses undformly af the rade of one ampere per
gecond.  Elecooamstive foree of electrie potential difference:
valt (W), which & the difference of elecirie potental belween twa
points of & condecter cErying & constant curnant of one ampens,
when the power dissipated. between (sest points 5 cqual W ose
wittt, Eleciric resistance; the ohm (£1), which is the electric
resigianes between two poinis of 8 conductor when o constant
difference of potentin] of one voli, opphied between these two
points, produces m this conductor o current of one ampese, thig
comnthictor not bemng the source of any electromotive foree

Conversion te ST elecorival wnilts from ooher mnits

To canvert from o Multiply by

ahomper= amperz (A} 1.0 E+al

EML afcurrent amgpers (A) 1.0 E+i1

ESU of current ompere (A) 33350640 E-10

gilbert  wmpere (A)  T.H5T 747 B0

stotnmpers ampere (A} 3335641 E-10

oersted ZTIpe per TOR7- 74T EaN)

meter (A/m)
abcmlomb  eonlomb ) 1A E=il
ampen: howr - coukamb ) A6 E=n3
faraday (based en C-12)  combambs () DhdH 531 EHM

fﬁ.r.ml.u.:,.' {L'l1r.-.rrn|:a!:| coulkymb I:E':l G540 5T Bl
farmday (physical) coulsnb () 9652 19 B+l
gtacconlomb  conlomb () 3335641 E-10
abfarad trad {F) 1. E+iy
EMU of capaciunce™ farad {F} 1.0 E+ib
ESL of capacitance tarad {F} L2680 E-12
stuifarad fnrad {F} 112650 E-12

abhenry hiewry TH) 1. E-irt

EML of inductance benry (H]J 1.0 E-rd
E=L of iafucinnce henry (Hi HORT 5351 B+l
stathenry bienry TH] R.OE7 552 B+

nbohm ol (£2] 1.1k E-irt

EMU of resistunce ol (42 1.0 -
ESU ol ressstance ohm (1} BOB7 553 B+l
statohm ohm (L] BORT 557 E+11
abmba memens (5 1.0 E4-0%
mhie  semens (5] 10 i

stk sbEmens (50 1112 a5 E-12

abwndi volt () 1.4¥ E=IkH
EMU of electic poteniial yult (%) 1. E-=li4
ESL of elecorae poteniial valt (V) 2097 925 EH2
stabvalt valf (V) 2070k EHM

1 EML e eltctmimmmetic Gpn uih. ESL swany el ciinsstalsl o 0 LiiL

A5




Magnetie Units

The 51 Demved Linat of magnetic flox is the weber (Whi: the
magnetic Tus which, linking a8 creuit of one wim, produces i i an
electromotive fice of one volt as 1t is redwoed to per 8 & unifioem
rafe in one seeond, The 51 Derived Unit for magnetee lux densiny
i the tesla {T) whech i ihe magnotic flux density given by &
mmignethe M of one wieber (er squsre meer.

Conversion to 5T maguenic sty from oflier puits

To convert from to Multiply by
maswell wiber (Wi 1. E-{3
it pole wiher {Whi 1256 637 E-07
ERmma tezla (T 1.0 E-14
gaLES tezla (T 1.0 E-{4
Radistion Units

The 51 Derived Unit of absarbed dose is the gray™ {Giy)
which i the absorbed dose when the enerpy per unit mass
|r|1.|'.||r!.|:d o matler by fonizang mdution & ome joule per
kilagram.  The 51 Derived Unlt of dose eqguivalent is tlse sy
(5v), which 15 the dose equivalent when the absorbed dose of
wenizng rdiation mudtphied by the dimensaonless fectoms 0
(Chanlity factor) pod W iproduct of any other mulisplying factoes)
atipulstzd by the Imemationel Copmuesion on Radislogical
Prodection (RCRD) 32 soe joule per kilogram.  The 51 Demved
Unit of activity isthe bocgeere] (Baj, which i the activity of o
cilinpuchide decaying ot the rate of one spontanecus nocleas
Cranailion per secod,

Conversion fo 81 radlafion unite from eriver anits

To eomvert from L] Mriadtiply by
i becueie] | Bg) E ) E+1
rad gray (Ui 1.4 E-B2
retn shirvett (Sv) 1.0 E-62
roenlpen - coubsnb per kilogram 2,58 E-i4
(k)

A2 The ey o ok used i the smrceng sdidiin gqueiifess gl oy il
kermu, and sbwarbad dois mdex, which beree fae Bl undl joule per kilogram

i

Oiber 51 Units

The 51 Bass Lnat for amounl ol substance 15 the male {mal),
the #oount of sabitance of a svatem which confaing as many
clemnentary cutities as there are stoma o (RG22 kilograms of
carbon-12, When the mobe &5 esed, the clemenary entitles must bg
gpecified and may be atoms, molecules. lons, slectrons, other
particles, ar specified growp of paoticles.

The 51 Derived Unit of frequency i the hertz (Hz), which =
the frequency of a petiodie phenomenon of which the period s
o secand,

The 51 Derived Unit of hminous fhas is the lamen {Im),
whizh i the lminous flox emitted in & sohd sgle of one
sterndian by u point source having & uniform miensity of one
candeln

The 51 Derived Unit of illomanance is the s (1), which is

the sllumimanse produced by a lomimess Aux of one lumen
uniiformly distributed over o surface of oné square meder.
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Alphabetical List of the Elements

Name Sym % :‘“ﬁ?‘f‘ Mass (1) Name Sym_ E LR Maws ()
aciimiim A B melinerinm Pt 16
alumrEingm Al 13 I 26,981 5382} meendeleyinm i 101
ATk gl 95 — ALY Hz & 320k S
antimiy b 31 1 1ZL76iN1) ey e Mo E ¥ A L% " T
&TRON AF I8 3 ITSER00 teoid yimiui Bl L] E T T
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tromine Er a5 ] THSML] ) palluidiaim d 6 6 10GdZ(1)
cad mim il 48 K 11240 (8 i plwisus P 15 1 M7 TE1(2)
calgimm 2 an 6 AR OTRIE) platinaim ™ TR ] 1950 TRCE)
califormimm L5 | k] plutisnimm f'a b
carbon C i 2 12000708 polontum o =4
LETiNm Ce 38 4 14k lindl) puItAssIm K ] 3 JEOPRI )
CEsim s i3 | 132905 452 prseodyrmium M 2 1 [20907T 652)
chiorme 1 17 F 1545302 pramethiam Fm fil
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gadnlinium (id i T IST.AS3 gilver A 47 1 T EEEIE
by (i LY 2 G972 1) wodium Wa I ] 22 GRS TN
germanium (e ¥ 3 TEEAD) srmtiiam 57 iE 4 HT.EZ1)
i L o | . i 5512} sulfur 5 16 4 ATDAE5)
heafmizim HF 2 6 17R49{T) tantalsm Ta 73 2 1HDBATI( )
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1 Periodic Table of the Elements
1 H Knolls Atomic Power Laboratory 2 He
1.00784 4.002E02
gdrogon il
eﬂ'ﬁ‘! TS hal f_-\irjlvi 124
B 1T ulng 2 ! 1:3 14 15 1E 1T l.':ﬂ: pam
i 2 A [+ Doxelios Siefes—mnos] common m i 1 144 i i 3 i "
3 LI: aim 4 EH 1= Atomic Number —) 82 u L7 &= Eletiransgilivity |Paibng scals| 5 B i 6 c fL] T o (i) a I:_J nas g " 1M 1" Ml"
6.941 a.012162 238.0281 Atomic Mass 10,811 120707 14.008T 15.9954 189964032 20,9797
Lithiwm Beryllium Uranium Hame Boron Carbon Mitrogen Dxygen Fluaring Moon
1B 4 1534 153 Melig Poad €] — [5138 PIBE | o Alnic R fm) b b i3 | 35804 Frf-Ean #1|-ria T B -2 BT w4 -de e
1543 HH Malrg Poiad (40} — |4130 12053 | & Florl o Mooy el (R kT KT et aarrf-1a8 T pAzf-imame 5T BT TR [Tl T o.a4a
Ll i ] 184k Spvecie Crpvier—- [darsiny | bor Qoo of [FGE - |94.85 IREAT) & Wik f Xevay snengyr (ke b 1.@-1!- Y . ! 000
BT e ] zn Tl Conguaiiviyy M KT} — {378 27| = trivsal sbunatings [ppm by maes) & i 55500 sonfn.iziE b Ll insE0n o navw g6 | 0 0ai
i " 1 14 12 wiza| g AL
11 Na o | 12 Mg L Mote: Cotor of Symbol and Mame indicates goc, Bquid, solid (at 20°C) or artilicially peepsd, 13 Al o | 14 Si e | 158 P 2 |16 S . | 17 Ll Le|18 Ar
22985770 24,3050 *d” on G (£=6) represents diamaond” and “w" on P [Z=15) nepresents Swhils phosghones 26.981638 FB.0BS5S I0.8TITH 32.065 15.453 39.948
Sodium Magnesiem Alumingam Silkzon Phosphomis Suilfur Chloring Argan
.m0 i AR50 101 Eed 1k ] i T s ma|iing v <o mi-sap e T
oams il b Zemm  jsar{im twd|isze  riwlear  Eem| oo saw|ine A
i W] e 239 3 4 -] 6 T 8 9 10 11 12 Fa7 B3| We pgoofpzasw oot 350 @000 B} 7T ak
1 5 1 u i;11 LE s Bid 1431 1T N | - = 1 ¥ dif 135 (X} L 8PS
19 K .|20Ca ,(218¢c |22 Ti . j23 V |24 Cr _|125Mn |26 Fe ,,|27Co (28 Ni . (29Cu |30Zn . (31 Ga , |32Ge , |33 As |34 Se |35 Br |36 Kr
39,0983 40.0TH A2.955970 4T BET 508415 51.9961 545938049 558458 58,9330 5E.6934 63546 65,400 69,723 T264 T4.92160 T8.94 TR.904 B3.798
Potassium Calcium Scandium Thaniuwm Wanadium Chromium | Manganese brom Cobalt Mickel Coppar Zing Gallhum Germarsium Arsanic Selenium Bromina Hryptan
EiS a2 o] S 1028 | 16EE §4a.ny =T (& =28 b1 e a9 | wdda 1341538 1241 ) 14 15| 14588 FRLE| 108 8 TR |41ms s Ja B et B T&a | | #3a.0s EFR AN g F 8 e ] 1T 1I.‘|!-'.:-T:Il ]
o] 2313 | e 1650 | A 4,008 | a7 4 500 A o e £ave | 2o i [ aaad e B 08| E1p 1471 | EhiE 1 cuirh | it 1030 sz 241 | 3633 T T R T B 11207 s B 11807 | -AEA 2 P
DA sabny 133 RULT[I W LR ER Y LR =1 AR L] AT EEITa HEFE| T T4 A= | &0 v | B 02583 A B 7010 DS B00- | ean 10 FEERT ILTRRA. T 1340285 12 150 T (L RE)
10 OB 200 15| 158 FTAEAR e Ealy t2ojE T ina{7az 50 2 B30 | 1 6|7 B | it i3] 11 o) & s EL) i8] 50 18| DEAE [ [RFE ] Do (e
i 3 | ot [} Vi ] b3 i ] L ) EE [P ] =i
37Rb (38 Sr |38 Y _|40Zr _|41Nb _ |42Mo __|43Tc  |44Ru _|45Rh _|as6Pd _|atrAg _|48Cd _(4sIn _[50Sn _|51Sb __|52Te | |53 | __ |54 Xe
B5.46TH #7.62 B8.90585 81.224 B2, 90638 9554 101.07 10290550 106.42 107.2682 112411 114848 f18.710 124.760 127.60 126.90447 134.203
Rubkdium Strontium Yitrium Zirconbum Miobium | Molybdenum | Technatium | Ruthenium Rivodium Pafadium Sklwar Cadmium Imclium Tin Antimony Telluriuwm iodine Lo
5 ] | pen | iR LEHE- -] wgn 2T EFE et 13 21T rang s T4 | 1884 AR L TR 120|617 uaA|ar m ETEIEE T LTl FEAN ] sl | e Ay 1a] | an s WxFl sy A3EE 111, 218
Le4 ¥ nahe 14150 3048 50 | iR LR P i a1 fuirks 17 4 |l ELATE 180 9.5 | 36 R T FILE 2 1o tee £ 00| @E 24,1 kol T [ A e ory | EP3FT| 1844 P BT TR TS T
1530 o FE 1| d A BE. 734 | 5500 i sy inTaofina T w1241 188 1L chrd NFA XU KT T [ BT el AT 6 401 [ RER 2T M ] ] 12380 EE
i i asa 70| 172 Lol r wmEla ] B} EOT] =131 o | 3Ea 0081 | M8 [FRTECIFEd] oorEjoas ors|ELE msfeea Tal e [l F A.001 | D4 [ E] et ram
i ¥ ] i [ Fna FE ] L4 i it T A (%] 59 g AT
55 Cs _|s6Ba _|srLa* _|72 Hf |73Ta _(raW _.|7sRe _ |76 0s |77 Ir |78 Pt |79 Au _|soHg (81 Tl ,|s2Pb |83 Bi , |84 Po _ |85 At _ |86 Fn
132.00545 137.337 138.9055 17548 180.9479 183.84 136.207 184.23 1922497 185.078 10696655 200.58 204.3833 2072 208.0E036
Cesiwm Barlum Lanthanim Hatrlum Tantalum Tungsten Rbenlum Cramium Irfefllwerm Platinum Gold Mercury Thallium Lead Bismuith Palanlum Aztatine Radon
L i af Tar 2173 ma 167.7| o ] i j a3 | 2eit 137 0 {398 a7 an 128 {344n T | 1T 108 1064, 18 al-a3as 1501 204 T azrin it brgl 155 | 25 57 | w2 i il
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87 Fr ., |es Ra |89 Ac*  [104aRf (osDb [10o6Sg horBh |joeHs |[oaMt |[110Ds  [111 112 114 116
Francium Radium Actinium |Butharfordium | Dubslum | Ssaborglum | Bahdum Hazshum Maitharum | Darmstadin
] 2 o0 223f 108 1870
&TT 17000 1140 17 T38| Zras LFE L]
1 Lre= f2233) 10 7 T
= s 12 -
i} 1 iR} ) 3] i A [ ] 1 p 1] i i
58 Ce |59 Pr |60 Nd |61 Pm _ |62 Sm _ |63 Eu 64Gd _(65Tb _ |66 Dy ., |67 Ho .. |68 Er |69 Tm |70 ¥Yb |71 Lu
. 140,118 140 90765 144,24 15036 151.964 157,25 15892534 1625040 16493032 167.259 T68.93431 173.04 174,967
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Fundamental General FII}'HiE!ﬁ' CONSTANT e —

This set of Aundamsmin] constands i cxcerpied from a scli
consisient s¢i prepared by PJ, Mohr and BN, Toylor, pablished
in Journal of Physical nnd Chemical Reference Dag 59 (1999,
CODATA Fecommended Volues of the Fundamentn] Physical
Constanis: 199E", nnd in Rev, Mod, Phos, 72 (20080 The valnes
can alse be found on the Idernet nf hitped phasicsnsS] pow cun
Constantsiincex. himl

The valaes given in parcnihesea after the stated valoe of the
consmts wre the one sigma uneerinimies o the last digitisk
given, The firsi valug of each constond given is in 51 units
Folloanng valoes are in non-81 umits, When= no vales is given im
parenthetes Tor the émror, (f may Be pseumeed that the value is

Exact exoept where toaling " wre mdecabed,

Accelerathon duoe e pravity (standarnd)
g = 9806 65 E-0D meter per sccond sgoared
- %217 405, B0l feed per seconxd s kel
Alpha particle rest mass
"V b4 K55 9R5R) E-27 kilogram
: 3. 717 AT9 0 1 55 E+03 BeW
- .00 56 1747 10) EHI a
Atomic mass unit (AMU= (107 kg mael' VN,
il |6 538 T3 13} E-27 kilogmm
= B 314940 13 (37) E+0L M
Avogadroe constant
M. = B 22 141 i A7 B+23 "entrbes” (milecules,
b, pie. ) per mole
Bohr magneton= g i 2m,

Ha = %274 008 99037 E-26 joules pertesla
Eodizmanm consiant = BT,
k [ 3B G503(24 ) E=23 joules per kelvin

- BT R4 155 E<D5 2lactron vall et BEdv
Characteristh iImpedance of vacuum = (u/eq)”
£o = 3.787 303 1461 E+02 ahims
Clnssical electron radins = uzl:r‘
r. = -LEIT940 28531} E-15 metber
Ieuteron rest neEss
My = 1. 43 SR R IG) E2T Kikagnim
= |, ETA812 76075y E+G MeY
= 20F3553 282 71435) B+l
Electric constant = i’
Cq .84 187 807,412 eiilomb sgusred pEr jouke
per meter
.55 KT BT, E-12 tamnds per meter
Electren charge fo mass ratio

o B = 1LISE B2 1740711 Bl 1 conlosba T Llll:lglu:ll
Eleciren resl mass
my, o= S 10GIR] BRT2) B2 kilogram

™ 5100 RED 022 E-O1 MeV
AR5 TOO |10y B E-Dd A Mg
Elementary charge

e = 1607 [T 465 63) E-1% coulambs
Faraday constarm

F BG4 534 15039 E+M coulombs per moks
Fine strucinre constant (dimeasionless)

o = TAWT 352 53METHYENI

First Bahr radiny= o4z

(Es $290 772 0E3 1) E-11 meeber
Gravitptiona] consiand
LE] G673 10 B=11 newtom meter squared per

kilogrnm :-;r||..J.|r:||
GobT 1) B8 contimetess cubed per gram
second squared, or dyne centimeter squaresd
peT Eram souErsd

Maolar gas comstan

R = 31447215 E4D0 joules per mole per kebvin
Magnetie constamnt
iy (4x) E-U7 henry per meder

(4E) B-07 newion per ampend sguansd
25063 dal 4. E-l6 henry per meler
a7 927 160135 B-27 kilogram
= 5395653 303K B2 Mel
[ .(MFS i 5T TROSS) B0
Mol rest mnss
m, - 674927 16/13)y B-27 |-.|||||L;r.||'r-'.
0,395 653 30038) MeV
= DN ool SIS TR{SS) u
Nuclear magneton= o i /2m,

1] = 050 TR 17N BE-27 joules per tesln
Miinck constant
li = 6,026 (08 TAE2 B2 jaube secnnds. o

posule per Herte
4135 667 271 B-21 MV secomds

Proton menss to electron mass ratho
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