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Abstract:

This thesis was written to be used as a text for M E. 508, Atomic Power Engineering and consists of
declassified material released by the Atomic Energy Commission, as well as this student’s original
ideas end presentation. The presentation is on a level for a graduate student. All of the complicated
mathematics and physics have been eliminated and only a straight-forward engineering approach
presented.

The introduction starts with the basic concept of the atom and its structure. Also in the introduction are
a table of definitions and conversion tables for converting energy, mass and charge units. The brief
review in the introduction is then used as a background for the remainder of the thesis.

The discussion then turns to a brief history of the findings of radioactivity, isotopes, isomers, artificial
radioactivity, nuclear reactions, neutrons and positrons. Nuclear energy is explained and the type of
reactions needed to produce energy by means of nuclear reaction and fission.

Separation of isotopes and the detection of radiation must be understood before a useful reactor may be
designed. The types of reactors are discussed showing the advantages of one type over the other.

In conclusion all of the aforementioned material is compiled to use nuclear power for industrial uses.

Nuclear power is put to use in aircraft, power stations, locomotives, industrial processes and heating.

Calculations show the amount of nuclear fuel required in comparison to coal and oil, as well as a cost
comparison.
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This thesis was written %o be used as a bext for M, E. 508,
Atomie Power Ingineeripg and consisgts of declassified material released
by the Atomic BEnergy Commission, as well ass this student's original ideas
and presentations The presentation is on-a level for a graduate sbudent.
All of the complicated mathematics end physics have been eliminated and
only a straight~forward engineering approach presented,

The introfuction starts with the basi¢ concept of the atom mnd
LLS structure. Also in the introduction ave a tablé of definitions and
conversion tables Tor converting energy, masg and charge units, The
briel review in the introduction is then used as a background for the re-
mainder of the thesis.

The discussion then turns o a brief history of the findings of
radioactivity, isotopes; isomers, avtifiecigl radiocactivity, nuclear
reastiong, neutrons and positrons. WNuclear energy is explained and the
type of reactlons needsd to produce energy by means of nuclear reaction
and fission,

Separation of ispltopes and the detection of radiation must be
understood before a useful reactor may be designed. The types of reactors
are discussed showing the advantages of one type over the other,

In conelusion all of the aforementioned material is compiled to
use nuclear power for industrial uses, Nuclear power is put to use in air-
eraft, power stations, locomotives, lndustrial processes and heatings
Caleulations show the amount of nucléar fuel required in comparison to
coal and oil, as well as a cost comparison.
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most sbundan’ isotope® of vxyeen having & mass of 16 stomic z’;za__sg' unitge

bémg ¥he sbonle mags %n% {1 e & 1466 % 10

In exsminebion of the smallest and smimplest of the aboms, fhe
hydrogen atom; we £ind thad ity siwmplieity is drewd from *?.:hé- fact fhat it
has only one eleetroms As & resuly it nesds oply one pesitive cherss in
ite nucleus (Hée Flenpe 1)« The hydrogen :&rﬁém hag an algmic. aupber () of
one, the newt atom in Sequénce is the Heliym abem with an atomie nunbep
OF bwos .

The heliun ator hes two electrons and tmo positively eharged

particles 4n ite nugléud and theréfore its welight should be #w‘iée tha® of
bhe hyﬁmezem a‘bomg ,‘ziiafemmg ﬁa m& mss g *'ahe hydragm ahom. 1;@&)83.3

athomie mauy mxm and %ha‘ mmim fatczsm %9@955 ammif; i umts e ean. ‘étéa

T‘fﬁ is uz%.emgstimg "rzﬁ m‘hﬁ ﬁhat "bhe &mme*éw % %he. eleatraﬂ SobitE I8
10,000 times the diamieter of “the nucleus; énd Hhet all madber is mady of
phoms. bud only @ very smell velume of the abom ig eampriseﬁ of thé nualeis
and eiea*bmnﬁsg the rest of the voluwme beimg empby,

2 Isotopes will be discusged later,

5 Ih ehemistyy the mass fs olightdy lavgers Tuis iz bedouse %&e %@
watablished by assigiing the valte 164000 #ot 40 the predominant @ Lo
topgy but $6 oxymen as it ogeurs in pabures The ratip of the 1!1&{58 OFf Bl
:s“bgee'c R the pmramai seale %sea 18s masy on the chomlsal sgale 18 1400087, .
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Guite olemaiit wogeHALisy B poskible difParsness Tn THetd Musleay stiuak
hoves hy eleckrons SR an'wtoR ardings Thelislves ii suicdesive shélls |
sasonaing ho welléenteniishel Yaudi ~Optiunt sndetve anles from alss
buwbenses fn She Guber Parts br his elédiion shiitire] Tebayd Bilhe
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where ¥ 15 the foves 19 dynes, gy ehd 4, QREe on peRbieles L and 8 in
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ssants fhe slgnifidencs of this lew i§ 0 caloulete the Perde between
guairged partieles, vhether Shoy Have $he 1iks of opposite shatgess &s ve
siready koW, 1ike hriges wepel each ofher and opposile tharges ettrects
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brons. The ¢havge wh ¢ proton Is plus 4805 x Eﬁ*m mtstecoilonbs, There
aze ws protens both heving @ positive chergd, therefore, From Goulonb's
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thet twe grems of protons placed ab opposite. peles of the sarth would
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: a%cexas whvradh gach viber very sitoigly o fopn & hydrogen m’ﬁéﬁﬁe (Hy)- o
.Mi hen avbrant ne adiibional stonsy #lye Yo P ions and mw &*m‘é‘iimnﬁ

'hand B wpdbe Linhe he weliuwe nusleuvs with ecompsreble mtma% o ‘&i«’i‘egtm

s kaotops of ur@mitm %Qg will hewe I ifs nudleus 38 prtbw
Yol dlla. 148 medbrdha ub let us exmiing the fovées aebing on thgae pawtie
glesy THe usedidn afom hes an atomis minbse of 92 and en ctomie welght of
288407« e Porde om'w provon in the center wf Lhe auveleus iw the noelear
' fma o abbiuebion -:m* any of i¥e adjasent pepticles {ether protons oF
neutrbns, SUOFY Pauge forces)s b 4 proton on the outslde surface of the
atgleus is 1b conbded with Loss deubvons and profons, and a ﬁ&amn on the .
opposifie side of the asanium nueléus way be bheyond the shord rang& and He
in the mangs P vhis sleebrostabie forces of vepulsion, 'Taiﬁiﬁg:%hia ints
- domstderation % dum be uacm shat some of Shese hﬁav.’cem* a%ams, &lﬁﬁ'ﬂéﬁh
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polnt {the gravitational forde acting on the dvop will bey 7 = mgle The
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e faz “thiy Aigevesion hae tug mein puposes, first to give é
very brief vedud oF the atom (Lo¥ 2 mepe éw&eﬁ! ad aizscncwmn «aee aw

3911%% phyaion dent) ond second by gite the sma, M a%waz navz ﬂv Lngs
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Alplhe rays - A stpemm of aiﬁm wartiches s

Alpha particle = the nueleus of the heliuvin atom (,2:&{@4; ¢
Atom Sumshers - devices used to aceelerale charged partlelés 16 a2 guffice
ient energy for mnelésy .Eeafzt;tgﬁsw

Arpiriciel radioaetivity - m&ioéctim nueled produged by means of Bobs
Beding stable tueled with var*mua papiicless

Badh » & waw used in. mmasﬁm:‘am* Aroshsgentibn and equeld 1o 1o % "o B
nueleusy : Lo L e

Beta pariicles » negatively tharged high ;apcééd Bl etinngy

Beta vays - g strasm of beba particles.
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Grosa-Sectish

fhe smouny of ensrey Pequived to bresk o nhgleus inty:

she fubdemental parbicles (nbibroiy snd protensyy

o faekeus believed to- .e{:'a';'is:t"i’hﬁtaﬁ‘b&ﬁ%uﬁi& auving
aueléar reacticngy, | L

the size for wiich The profuetisny of fres 'i;éﬁﬁi*aés- by
fiseton 8 jus® squel to their loss by escope .and nodw
Flasivn c:apimi'é'&

the probapility thet &n ineident p&&c’::iai@ﬁim gauss s

| nmeleay remptiom with & mipleusy o .

Deuteron i

Blecbrometer -

Enriched Files<

a popltively cherged pariicle tompidsed of ohe proton and
one n&ui‘sxfmg baing tho nueleus of the vare igotope o by
drogen { 13?{}2}5 ﬂ.;}:;zi;: igetopy that comblnss with Aexygez.x 0 pros
duss }1613:?? pabed, masy of 2@(31453;;8?&111}3,5.

an dustiumént for meskuring sn ,elea'.i;fri@ gurrents
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the tse of parbisliy separeded urenium, Iegey thﬁeﬂe’i“’%

tsotope in greater abuidante then that of ubanium as i%
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Tagtobel .

Figsdon <

Flux #

gidube In natibéy

the ratio of the fumber revcdurclns flssion neutrons fo the
Awmbelr of invident nenfrodse

the procdésd whershy s atcleusy generdliy a very hedvy fug
leug, splite into twy iighter “ﬁuéi’é'iss ‘Phe reaghioh differs
From radleaahivify i the Leet thab theve nre fwg prodach
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Gammg, roys - clediionagnetie’ radlationgy sinilep 46 Y-payss

IHam-* life = the a.?.mé régulred $6F 8 radima%;ma substangs. ta i&eeﬁe&me b8

‘ HisEs: ‘fazf fma hﬁi‘.ﬁ'9

AIeﬁiza*ismn # the protess whareby an atomy mhich gbhdrally m‘: neuﬁral chatge,
becowmes charged béestsé 6f the luss of one or m&rg;z;_g_f its
plagetary dlectiohd; lonlzation méy e tatised 'bgr :iighm
Kutpyy o2 any charged particlé and ¥he ionized abom becomes af,

Isobars  « otomp of the sang mese number (A) bub of different atomie
whmbens, Whess sre sfons of diffévent olements, bubt have the
pette pumbey of fuglednty _

:ﬁmm@& « nughel which abe ideniital th megs umbers and -m- atopie
nugber bad have ifferent redicatbhive properties.

Isotape  « otoms of Alfferent weighty (mass pumbers, A), bul of the same

| atomle wymbey (2} Differand leolopes of the same atod sannot
b =&;5:ﬁw¢mﬁ;aﬁe&-w thinfonl, medns begausd they ave
idonbical chemienl behiview, the only differencé bélng thelp
HREBRY .

Kegleotion coplurés fhis protsss oddirs In plide of the émrl.a'sicﬂ gt a
positeen dubing the radigedtive dégay of a muelena, Agtuaily
the m@i@ﬁ#‘ vl eeplire s gleqtzon Trom the ¥ ahells thus -
foruing & produet mislens of en adom in the excited sbate; It
will theh reyurn 16 He norma} stabp by the emission of xémaysa

Meson w . & poPbisle with either péaitive o¥ negative a?‘;'ame Pound in

dosmie Peys end having o mass of approximetely 200 ilmes that
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, " fhe nuéleus of the hydrogen aiom (lﬂ Yo
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| % & {10258 x 1077 (288 5 10”)
H éﬁ?-a&.‘i._ (5 | '

The proton whose mass is 1840 times as great as the slechron the
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Table II shows only the ammeréimﬁ of energy unitse - For units

of electric charge mess, ebo. refér 0 'féxhlés IIT and IVs
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. TABLE IIT

WBLETPLY

TG OBTATN

;" Btbteoulombs (esu)

'_ Stateoulombs (esu)
 Goulonbs
legiilémbs
Volts
'Véi%s
Stabvolis (esu)
s'k'_:;#vcits (esu)

Abyolbs (emn)

- Abampere {emu)

fmpere
Statvelts/om
Volbs/em

Eiée tronsvoalss

1/5x 10
% % 10

=10
g -

/3 x 10

g .

6&:3-. ’

1/500

10°
300

Ao
3 %10

Owk "

360

1:0%4 x 10

- PABLE IV

Abeovlombig {emm)

Goulombs
$t‘at¢eu16;n.hs‘i {esu)
Abcoulombs .{,émn)
Fsﬁaw:aafts ‘(e's'u)
ALbvolts .{e’zlniij)i '
Volts B

Abwl’ns‘ { emu)

~ Volts.

Amperes

" Abampere
Dynes/esu {field)
Dynes/ésu
Amn (Phys.)

Flestron eharge.

‘Hleetion, cherge/unsy

= 4.80% % w""w slateoulonbs

#

14802 .x 10

19 ésu‘lombs

e 14602 % 1020 abcouloiibs

W

17598 % 107 -abs emn'/gm»s
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54862 % 10 ~ amu (phie.)
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4847 x 30 aom (eliens)

- Eleetron volts = 10°° yev

) 1qlﬁl % 10 deg. (ags)
= 1768 x 10" g,mp |
2 xﬂvaa 'y 10

1665095 % 10~ 4‘ gill
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Telooity of Light 200776 % 107 cifdee,

Atter axammnaﬁian af wables zx and 1v 3% is intercstina ta ﬁote
that thcra are c@nvﬁraion factcrs Por eanveraing mass uaﬂts tm energy wnlts,
and Vi@e V%rS&s thms in ﬁhe basis ﬁf the energy from.nualear raaetionsa
The name, &ﬁcmxé waer, hag been misuned becanse adbually %he eneryy
gomes from.tha nncleus and’ ncﬁ fhe atowm, this tea% will r@#eP +e it as &
naclear powers . This firs% came abouk whén RQﬁ“ﬁechnlc&i men wroie the
@riginal.publiei%y‘direcﬁlv aftgr the first bomb was drnppeﬁ on Fapan:s

A8 Wechanical gngxnéars, we are interested in the . power aVai1¢
abla from the nueleus, how-lt ey bé ébtéine&, and in whah farm it amists.
Thagrefore, this texs wallieliminate the- conplicated nuolesy phygmgg- o

behind this new Lypg of powér and only toucher the more 1mporﬁﬁnt-i$sﬂeﬁﬁ'

' This bextts primpry purpoae 1a ta presan% ‘begie maberiad f@r-wﬁqhanie&1

Engiveers &0 +hév w§11 be dbla to diaeuss 1uﬁﬁlllgenb1y anﬂ bmﬁe 8
W0rking,knewle&ge af'nualearjpomerg The following maberial is presepted atb

a, level for senloys or gﬁﬂémaﬁé'@tudﬁﬁt%_imuﬁéhhanieal,Eﬁgine@ring and
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elements such as lead, The use of photographic plates also played a proti-
inent part in the debection 6F X~rays. NFigure 5 shows & schemabtic sketoh
of a typical Xwray tube. ¥~rays are produced, im this tube, by the bombe
ardment of the target (T) by high speed electrons, 4 difference in po=
tential {V) beltween the cathede (08) and the anode (A) cause the lestrons
smitted from the heated vathdde to have an energy in ergs of

E=Ve o (2)

P will be in ewxgs if ¥ i in statvolits (esu} and & the charge on one
electron in stateounlouwbs (esu, 4.80% x,10*10)3 see Tables I, IIX, aand IV,
The X~rays produced by these high épeed électrons bhombarding ﬁhe target will
have a Treguency as caleulated hy-the eguation:

"E = hy (3)-
I again being in ergs, h Plensk conglant (6.624 x lQ“zv erg~secs) and v
the frequenéﬁ of the produced X=rays in c¢ycles per second, The wave
length ¢f these waves may be ¢alculated from the eguation: N

=g g (%)

7
Abeing the wave length in em, C bthe velocity of light in cm/sec., andys

»
the freguendy in cycles per second. Under certain conditions it mey be
necessary %o calculate the weloeity of the initial electrons by means of
the egbetion:

B = %mva (%)

B again in ergs, m mass in grams, end v in cm/sec. Combining eguations

(2) ang (5):
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As the Veloc¢tv (v) of the electrons appvoaches the spedd of
light (see Table IV}, the law of rejatlv1ty, as derived by ﬁiustelm nﬂat
be tbtaken into consideration to determine the mass of the elee&ran.at itg
high speed. The equation for‘chqnging rest maéSg taking into consideration
the inertia at veloecity v isi

1 s

()

whave 1 iz the rest mess in graws, v the velocily of the particle in
em/sec.; ¢ the velscity of light in cm/sec., m heing the correcited mass.
Tor a move {detailed discussion of the elemenbary physics equatiqnsrcbneult
and study a"ﬁy Gollege Physied vexts

EZxample No, 1, An X«ray tube hag a difference in pmténﬁiél off
530 volts between the caﬁhp&e and anode, ¥ind the energy of the electrons
in ergs, the eleetrons veloclty and the frequensy of the Xerays.

V = 200 Volts oones = 1 Statvolt

500 Tolts/Stat-Volts

From equation {(2)
w3 O

it

)

4,805 x 107° ergs

Ve = (1)(4.808 % 10

=
it

From equation {5)

=3
i

. 2
Sy

2_ 2B . (2)(2.808 x 1079
m (9,1066 = 10-29)




wddse
v = 1025 x 10° em/sec,
but we did not inserd the relativily correchion Tor the mass,
Equation {(6)

8
09,1066 x 10 2

‘ / / (1.08% x 10° )‘d
3 (8 % lOlO)P

9,1066 x 10770 91066 x 107
1« 00116 ‘ 0098

9,10662 % 10 °C gms,

[

i

The difference in this ease is negligivle. For future work we may say that

the relativity torrection need not be inserted unless the velocity of the

particle ig greater than 10% of the veéloeity of Jight.
Trom equation (%)

T o= heyr

ﬁ 0800 Y 10 10

o
-

h 6\6 4 x 10™2

.<
i

74285 x 10l6 eyeles/se¢.

it

ve may further colenlate the wave lemgth of these rayss

From Eguation (4) ]
o Bx 1000
A=

70255 x 100

fi

415 x 1070

_ 0
4L.3 A

i

107 oo

it

o
vhere one Angstrom tmlb (ﬁ)
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RADTOACTIVETY . With%n g yesr after Rasbgen's discovery of X-vayse, the
French seientist, Antione Henri Becquerel, while examining Vﬂyiéﬁs s
stznces for possible Tlucrescent and phosphorescent effects,;found
uranium, ite various minerals, and compounds emitied invisihié radiation
capable of affeeting photographic plates and lonlszation of the airs
Beegquerel then foumd that several of the other heavier clements hgve'%his
same behavior and no matter what he did te these subsbtanceds he could net
change this prmpefﬁy‘wﬁieh he then cslled radivechivity, He tried coms
pounding wranjum with various elements and ¢ven rnﬁming experiments with
powered uraniuwm which lead him o believe 1,:’#&:.*@ this property (radiow
activity) must come from the atoms of urvaniums Shortly after this bime
8ir Srnest Rutherford, a British physicist, carried on eﬁperiménﬁs to dew
termine the penetrating properties of these invisible vays and found then
to be of two bypes. -One type was easily sbopped by a thin alvminum foil
which Rufherford ealled alpha rays end the obher wes stopped by aluninum
sheet which he eailei beta rays. ILater ng fﬁuﬁé g third btype of radis
ation which had vefy deep penebrating properiies and reacted similarly to
Roentgen's X~rays but were finally called gswme Pays.

Rutherford used an elecirical method to sﬁuéy these padisilons
based upon the ionizmation produced by the radigbion in its passage Through
a gas (his later work, of a similar type, caﬁgéa ona~¢f the first nvelear
reactions)s Professor Plerre Curland his wife Mue. Curie using a
similay method showed that the swpunt of aetivity of any,uraniuﬁ gompound
varied ﬁir&otiy with the smount of uramium in thé compound, . thus shaﬁing

that this agtivity tust come Trom the atoms themselves.




2

‘ ;The Gurdes then carried on a series of gxperiments with &ii
availabls chemical masberials Bo obbain further evidende of the spistence
of raﬁigaeﬁivity-iﬂ'aﬁher ﬁﬁbﬁi%ﬁﬂeé¢ Tn 3898, Gs B, Behmidb as well as
Mmé;fﬁqrie found the slemént Phoriun ta_eﬁbibﬁt radicachive properbips bebh
emé%ﬁihg the alpha rays, While expar¢menxiug with various uraniv-
ba&vlnp oras and m,nerala, ¥he Gurmev foind these unrefined wraniym
mtn@raie gxhibited grﬂataf vadiogebi viny Phan the veflned uranium metal
tnay-had produced in thedr 1ﬁbﬂf¢ﬁorgq. <~1a Isad to bhe belief that Lhere
muﬁt b@ anpther radiobeblve @lbmﬂnt present in Lhese minerale thel ﬂaa
gr@ap@r sebivity bhan pure weendim, Afber capeful sbudy the Quries weré
ab}é Lo separahe tids new radieactive element wibh blsmibh, Ihs pﬁé@gr%ie&
_wwéelaimilar to biemuth supepd for radiodebiviby, Wume, furie b ban.nawee
this element sfter her nsbive howe Poland, which she called Polomium in
1896, The Curies with several colaberators dissovered and woped vadium,
%ﬂmﬂé wog alsd ﬁcamf; to determine the sbomic weight of vadivm which was found ‘
%m b$ 226, In 1899, Debjerne discoversd ancther rqdiéaetiv& element which
e called acﬁiﬁiu&a Sevaral scianﬁiébﬁ’war@ working in all parbs of Lhe
world on these newly digoovered vadioschive clements ds bo their abomic
w@igﬁﬁ% chemical and physieal propevtiess It is inberesting to note that
svery new slement had already been debermined by-ﬁeadeiieﬁféﬁ~peri@ﬁiﬁ
table in apprmmm;eity 1865 Hendelieffts pepicdic table had Lhe eﬂ'emams
arranged in neriads, starting with bhe Lightedt al meérib, bydrogen,. and
%haﬁ b aértaan regulay inbervals elam&n%a wnukd appear with similar
properiies (bismubh and péloniumy ma@mpm.and bardum) ¢ All\af bhese o

slements Fell in an Open space iﬂ‘%ﬁ&% pericdic bable, Todayte Perdodic
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polonium (Radiwm Wesrsssen
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#10
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=
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2349'3.‘," ﬁﬁ:{g
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Ga7 Bours

845 b 1@‘5 ge:]
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339,58 doys

(Courtesy of Westinghouwse Rleubrie Corp.)
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THORIUM SERIES

WABS

ATOMTY

2 : ‘ VAT T TR
_E&EMEET Numbep Numbep RADIATION ,iﬁﬁlﬁ,LIFE
ThOI‘{i‘um eréne cEdwPoCoD @ eaa EBZ 99 a 195893:].010
- yedry. (longest)
BRadivm (Mesothorium I)ees. 228 88 @ 6.7 years
Actinium (Mesobhorium 2).5 228 89 Q@ 6.13 hours
Thorium (Rediothorium).s.. 228 90 a 1.90 years
R&aium.(Thoriumix)y,.,“.,.' 284 B8 a 3.64 days
Radon (ThOTON} semssvnssnse 220 88 a 54,50 seconds
Polonivm (Thorium A)esesss AR 84 a3 0s145 seconds
Load (Thorium B) svesswvess 212 88 @ 10.6 hours
Blsmuth {(Thoriui-Glwess«es 212 83 a,(3_ 80.6 minutes
Polonium {Thorium " e 212 &4, .a % x 16"7 260,
. ‘ . (shortest)
Thalliom (Thordum G s e 208 81 G 31l minutes
G&d {Thoriﬂm }3) r'E ;1 EREE L] 808 83 Stable
B Tigure 10

Noter The tradltional nemes for the disintesration products are miven in
parenthesess.  These names were assigned before the products were ade
equately identified, and they do not, in general, gorrectly name the
element of which the disintegration produet is an isosopes

(Courtesy of Westinghouse Electrie Corporation)
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ACTINIUM SERLES

"

WASS ETOIRLO

ELEMENT Number = Numbex mm_xmmm" HALPSLITE
_Eraﬁium.(Aeﬁin;um U)a‘aﬁg.’ 235 92 oa Vs}§7zf10$ YTy
Thorium,(ﬂranium.Y)aaes%ae 231 80 ) géeéélﬁburs
Probactiniun scssoniecsise 231, 9l 8 5;2 X 194 yrs
-étiniuD civeredbritairavee 287 89 8,3 1544 s
Thoriumn! iRadioactiniumjia, 227 20 a 18.9 days
Franciom) (Achinium K)eesws 225 87 @ 2L minwtes
iadium,(actiniam.x)..f..,. 225 . 28 a 11.2 daye
Radon (Acﬁinon}...é;u,;»q. 219 86 ;3 3,98 swcouis
Poloniwe (ﬁcﬁinium.A)g...« 21,5 84 & Zel x l@ﬁs.see.
Tead (Actinium B)esesaiess AN a8 GSA 36 .0 minutes
lemuth (Acbinium G)wgse s 21l . B3 ﬁg<3- 216 minutes

i
volonium (Actinium 4% ce. 211 84 & 2 % 1077 secs
hallium (Aekinium C"jhees 267 81 CS 4o 7L minutes

fead (Aetinium D)EE venss s 207 82 stable

Tigure 11

Note: 7The treditional names for the dlsintegratlon produchs ace given in
parventheses. These names were asgipgned before the products were ad= "~
equately identified, and they do not, in general, correctly neme the
element of which the disintegration product is an lsolopee

(Courtesy of Westinghouse Eleetrie Corporation).
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NEPTUNLUM SERTES

TGS ™ AOMLe

BEEMEND Number Nutber  RADIATION mm«am
Plutonium scaveennes B ééﬂl 94 - Q’- Relatiﬁely long
AMericitin seosireion | 241 25 a 500 yeams
Neptunitm ceersprsssns 237 9B a 2:25 x 106 yerrs
PTOﬁaQtiniHMG.i§i;;o 285 o1, <3- 274 days
UPanitiiessnseeseenss B35 02 a 1,63 x 10° yeors
THOTIUMLe o s evseneatee 520 90 a 7 x 10° years
RaQiUMs s vosvssvonese 225 88 @ 14.8 days
ACtiNiUMe,svsevssaens 525 89 a 10 ciays
FrancitMecscsoasence 281 a7 a 4.8 minutes
Astatinesesccerssess 217 85 a l;*&a x 10&8 gecond
~ iﬁmm:hx,.. ersesess 218 8% a, @ 47 minubes
Poloniumk,esssreeess 213 84 2 4ot x 1070 secona

HaLLiti ves vnsnsse 20D 81 @ 1 hour
LeadSeocsrosraveipio 209 8 @f BB h@u:r:s;-\
BlstubtBesincoiosaine 209 B3 Stable

“Figure 12

Named the Nepbunivm Series besause of the long half-life of Hepbunium,
The obher elsments in the serieg include the new "man-madet elements ameri-
civm (Wo, 95) and urenitwm-233, as well as the recently identifisd elements,
astatine (No, 85) =nd the francium {No. 87}, The series differs from %he
three found ir nature in having an end pvoduet other than lead. 'The
final atable product of the nepliziluom series is bismuth=209.

(Courtesy of Weshinghouse Hlectric Corporation)
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is somewhat of & quantuk sedist. Also the rate of radioaebive disin;te-v.
gration is.igﬁependenﬁ bf z2ll physieal and chemicsl condifions. Take &
" oguffielient m{z}_mber- of radicactive a*‘ooms\: ol any one element and chir_ing 8
:small interval of time, 4%, there will be 2 certain number of atoms dise
integrating; aN, if the number of atoms present st time and & is the
disintegration factor, which veries with each vadicactive element. ‘The

following relation exisbe:

. <~dif = & H¥dt ' (7}
Beparating Varigbles
- =GN = §4at
TN
Tntegrating
g W= ~5% + loge . (7a)

C being the constant of lategration, to evaluate, when t = 0,

Ny = ¢, where Ny is the initisl numbér of atoums:

Log § = - 8t = Log (7b)
- S
N = HNie {8).

Bauation (é) shows that the number of atoms present ab any time
t disintegrates expoﬁeni‘fiallm The number of aboms present is a direet
velation of the mass of the atoms therefore cquation (8) may als¢ be
weitben: ‘ '

u = e 87 | (8a)

where M ls t}fx; mags vemaining afber time ¢ and Wy the initial mass when
t = 0: Taking equabion {7b) and substituting yz-% for W and ¥ for b, the
capital {T) most be the $ime required for one-half of the initial number

of atows o disintegrate, therefore being the half-life:
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! .
log == ~ &1 + Log Ni

H

T log 2 = 0,695

O o 695
R a (2)

Tnder certain conditions the average lifetime of a radioactive

abtom mey be desired which will be denoted by ma and found by integzrabting

the product ta¥ over the limits of from o o ﬁg and dividiveg by Ny

=4 -
L pan
’if‘a = ﬁ'fm
Ni

from equation (8) by differentiating:
- &%

combining the twe above equabions (from page 36):

: bl 5"4’«‘ o0 . Je .
, .aj;\'}’iqafo t&e at & ﬁ; se &% at
Tg = moi N o .

by means of integration by parts:

"“‘ba i = STt s
T o T S

———_— ©

-h, ﬁ.
aa S rman a

s &
a,

6

1 Y
R {10
=g {10)

Taking equations (9) and {10} and equatihg the kalf~1ife may be
put in terms of the average life: '

T = 0,698 T, (11)
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Log ¥ & - &% + Log Ni
My be written:

Jog N = ~61

Because we are only interested in caleulating &, which ism themslape of an
- gebivity {(log N) time eurve, the term Log ¥, will ouly shift this cwive
and not effect its slopes o

Figure 15 shows tlie curve of Log N plodted sgninst time. fhe ffﬁ
glope of this curve will be calculated by .

Slope =& = Aleg U
AT

L+7%  (Values baken from
9 graph)

Uo7 - 414
T8 o

H3

i

i

182

Tor Ralf=life:

, Mok ‘
= ~g= , (9)

)

AN

419

¥
oo

T= 361 minutes
ISOTOPES:

Figures 9, 10, and 11 showing tables of the Urenivm~Rediwm,
Thorium,. and Actinium séries have one thing in comrcon and that being that
they end with steble lead. 'The Afomic welzht of lead had already been s
tablisbhed as 207.21 amu bubt the lead found in conicetion with the Dranitme
Radlum series had an atomie welght of app:f?oximai;el';v 206, At 'fii"sﬁ there
seamed to beé smme'axperimén%ml grror bub trial after twisl proved the same

result. The atomlc weight of the lead from the Thorivm series wes found to
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be approximately 208, ang the lead from the Actinlum series was found bo
be approximately 207. The lead from the Aetiniunm series seemed o be the
only one that sgreed with thé already established abtémic welght of Lemds

Further experiments and study showed that normal ledd was Gcm%‘.-
prised of thyee different atomz; thelir chemical properties being idenbical,
the only difference being bthely mass, This mass aifference is taken aude
vantage of wheh separating these differeént atoms, The different étoms of
one element were nemed isotopes and much laber a foupth isoﬁope‘of lead was
diseovered having an atomic mass number of 204,

If has now been shown most lnown eletments hewve ab least bwo

%,

isotopes. Lesd haz four with ths following percentages:

204: 5 & & B ® & » lh f,‘/s
206 ¢« o 2 ¢ & & éZBpﬁl’%
207 & o v o s o 28.5%
208 * & F % ¢ % 5895%

Lead has an aﬁamic numbéy (Z) of B2, mesning ite nucleus has 83
protons with 82 planetary electrons, and 204 minus 82 or 122 neutrons for
the ligbtest imotope of lead and 124, 123 and 188 nevbrons for.the other
three isotopes. This difference in the number of neutrons accounis for the
differerce in the masses of isotopes of one element, while the same atomic
number of the iséfopes of any one element sceounts for the identical
chemical prcpéfties. Igotopes of the various elements will be denoted
by 82Pb206 where Pbh is the symbol for the élemanm, the nuﬁber ot the lowey
left 1s the atomic (%) and the nuwber &t the upper righﬁ is the mess

number {4).
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TSoMERS

From Figures 9 and 1% in the UranjureRadium Series, there is a
single line of disintegration until Bismuth (Radium @) is reééhed' At this
point the radiation may be either Alpha eor Beta particles, iﬁ the case of
Alpha emission, Thalliuwn {Radium g®) is Tormed while Whep be%ﬁ emigsion
occurs, Poloniuw (Radium ¢) is Tormed. However, the distridution of the-
emission from Bismuth (Radium C) is onl& 0.04% Alpha particles and 99.96%
Beta particles. W®When dual gmigsians cceur from ene isotope, they are
known as isomers.
SECULAR BGUILIBRIUM:

f)l‘
m5{3) emits an

Again 1ln the Uranium<Radium Series, uranivm (gév
slpha particle with a long half-life of 4,55 ¢ 109 years o fcrﬁ,Th¢rium
(goThZSQ) wiich has & short half-life of 22.1 days. In cases of this
nature, fhe rate of emission from the uranitm may be'ﬂonsidered constan’

cand the awount of thordum bullds up to steady amount where the same amount
of thorium disintegrates as iz formed by the éctivity of the aranium.
When this Bakes place the product is gaid to be in seculsr equilibrium

and the following equations hold true:

Wﬁere Eﬁa Nﬁ -~ Qraniuh

81,,’ Ny« thorium

1

w31 rabte at which theriuwm disintegrates

T

dﬁﬁr~ rate at which Granium disintezrates
. or which thorium scoumulsbes

ar
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substltuting equation {7}

~dl =8Ndt " . : {7}

&y
P .

oSN - &Y, (18) .

It sectlar equilibrium exists W is considered constant

Sy at
-~ 8 W
S T

Mulbiplying both sides by a-'sT

Integrating
Log (jijﬂﬁv o Oplly ) = - &b + Log €
) i ,,ib
55 = &fp =0 Ot

Solving for the constant of integration C

or . EE?%Y- 0=0x1
¢ = Sff
o S
N . SN N =T
S’y e = Sp g .
e
6UNU - §fye = &N,
‘ & %
S - T ,
Np =_ S0 Ny (L= i} (1)
&, ,

| IR | Y A— §




As 4t approaches infinity

T= (9)

.;1\;[.?;. [ SU ™~ '“E‘{:T“
NU‘ " TTI

(14)

Example Wo., 3. In the Uranium-Radium Series, g ngrg disin-;
tegrates throngh & series of redicaetive elements Ho Bg?ha%s Where
a urenium ore is found, the ratic of the amount of lead preseat with
respect to the amount of uranivm ig 100 grams to 1000 grams respectively.

Calculate the lengbh of time the wranivm has been in existence
and the radium present per 1000 grams of uraniume ‘

Frow table on Pigure 9'

Half=life of Urapiuvm - 4+55 % 109 years
Halfw«life of Radivm « 1590 yesars

& &t (8)

=Ny

S 093 _ 4698
7 4455 x 10°

The initiel number of atoms (Ni)'- of uranium mush take into cof-

sideration the loss in mass of the parbicles emitted,




o ol

238 -
1000 + 100 568 < 1115.6 grams

H-Z
it

1000

=
#

&t 11158
555 = 11156

o]
ki

_ {Iog 1,1156) (4.5 x 30°)
(+893)

HH

7437 x 108 years

The amount of radium present under conditions of seeulsry

equilibyivwm )
TTA='M¥
111 100G
M = 1890 x 1000
T~ 9

4’,955 X lO I

it

 Bdd x 107 grems

Redioachive disimtegration will be writden in equilibrinm form
for the remaining pertiqh of our study. Takiﬁ@ the disintegration of
vranivm inde thorium by the emission of an alvha may be written:

238 254 4
op0 > goTh o, gHe

' LN S ; N
where JHe  is ¥he nucleus of the helium isotope having the mass number
fours Bguations of bthis type will be written for the nuclel of the gloms

neglecting the planetary elechrons.
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NUCLDAR REBACTIONS AND ARTIFICYAL RADIOAQTIVINY

In 1919 Sir Ernest Rutherford used the knowledge of Radio-
activity to perform 2 series of experiments. His thoughts were to use
these atomic "bullets® from radicactive substances and observe thelr re-
actions when bombarding other nuelei. Bﬁt first he wénted/té study the
range of alpha particles in air so as‘té e able to deal with his other
work more easilys One of the yain Tessons for this work was o be able
to understand more gbout thée atom as to Its construction, which,lead to
our present day concept .(as discussed previously).

Using e closed chamber for his work Rubherford found that while
measuring the range of alpha particles in alr fthere would be an amownt of
hydrogen presents This scemed very strange, s6 he then tried niﬁrogeﬁ
in place of alixr and spain hyldvogen was fouud. No éxplanatiOﬂ could be
giverx at thab time and further experiments Shéwea that when the alr or
nifrogen was replaced by several other gseses such as oOxygen, carbon di-
oxide or corbon monoxide no hydrogen was found. Therefore the hydrogen
formed must have some relafionship with the elphe particles and the ni~
trogen nuclel (§r atoms}+ Later the Wilson Cloud Chamber showed this
reaction to be the absorbiion of the alpha psrticles by the ﬁitrogen
nucleus with the formation of a proton and a much heavier parbticles. Ro=
membering that the probon is the hydrogen nveleus {iﬂl)q {The use of the
Wilson Cloud Chamber will be discussed in detail later). The complete
reaction may be writbten in eguation form as follows:

4 14 - IR U R
sHe 4 LN (gF )——>80 + lﬁ




i

the flourine is known as the compound nucleus. There is mnot sny proof of
its existence bub is believed to exiat for a very short peria@]éﬁimimee
The 7N14 and bhe Bolv are known ss the reacting and product nuéiei
respeetivelys MNuclear reactions of this type are also written im & more
concise method, for the same equation as sbove:

¥ (d,p)0%
In using this eondensed method of writing a nuelesr resction, e sub=
seripts may be omithed because the chemigal symbol esbublishes the valus of
Z, The symbols inside the parentheses deslgnate in order the incigent
and ejeched pavticles, but %hey are not the chemical symbols used in the
longer methods A proton is designated by-th; ;atﬁér D ingtea§ off fﬁl;
The other sywbols used to represent bhe ineiéent and & jected parﬁiéles ares

n « peubtron

d - deuteron

d ~ alpha pariticle

Y ~ gamma rEYS

Whié boing the Tirst ftime that suclel of one element wore conw

verted inbto nuclel of another. Tt might be sald that this change was the
dream of sciewtists in the ﬁast, This change also brought abouﬁtnumerqus
experiments by new seientisbs. The msjowity of this new work was in the
| form of bombardwent with all the known particles on the lighter elements.
The bombardment of beryllium, boron and Lithiwm by alpba particles emitted
a very penetratin@’ray. A% Tirst this radilatloh wes thought to be gaﬁmmn Co
rediation although if was more penelrating then suy BEMMA. TEYS knowi, sad

the Gebails of experimental results were very different and difficult to
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Calenlations made by Bothe arnd Becker (1930) showed that tha‘éaﬁma‘ray
protons o have an énergy of approximately 6.8 Mev when ébsorbeé in léad.
In the Curie~Jolict experidents the assumed gsmma rays ejected protons whén
bowbarded into peraffin with an enexgy of 5.5 Mev (See Figure 16), Omhef
experiments showed the energy to renge from 15 to 90 Mev using the con~
servation of mass, energy and momentum, This inconsistenty lead 4o Turther
atﬁdy, whie¢h showed thab omitbing the pavaffin (Figwﬁe 16} the counts
were relatively swmall, then using a thin lesd sheet only decressed the !
number of counts slightly. Bubl when the pareffin is inseried the nunber
of ecounts lncreases greatly. The explanstion for this ig that the pera-
Frin when.édmbar&e& by thesge unéharged_parﬁicles {nevtrons} ejects protouns
vhich have a charge and may be counted. Whén the paraffin was replaged
by lead the reasen for any cownts &b all is that the neutréns will
collide with parts of the couwnter and éject nuclei which cause the counts;
When the lead is removed and the neubrons move directly into the gotmtber
the approximate number of‘caunﬁs are teken showing that these high enevgy
neubrons are not sthopped by thin shests of lead. ' This is just the
oppesite as would occur if this radiailon WQre_éamma rays. Chadwick then
measured the velooiby of the ejected nrotons from.paraffin and bhen used
nitrogen to replace the parallin and messured the velocity ef the ﬁitr@a
zen nuclel after the vollisions. Using the conservabtion of energy ahd
equation (5)

o
UV 4 0 = fmv” o+ % M{Vév)z




“"11."9'“
"here M and V are the mass and veloelty of the neutron before collision, m
and v the mass and veloclty of the profon, or nitrcgen, nuclel after the

collision, Taking the velooliby of the protoa and nilrogen me zeib befoTe

eollisién,
Mﬁg‘m " - mxvg o 2P 4 vy
AV = v{M +m)
¥ o= L
v M+m

the veloclties Chadwick found were

T 3.5 % lﬂg cm/seéa for the proton

"

Vg = &7 X 108 ot/secy for the nitregen

fi

taking the two experiments and combining in one equation
Vo= Mt By
?ﬁg COM o
where my and my are the messes of fhe protén (hydromen) and nltrogen o=
spectively. Taking nitrogen.as being fourteen times the mass of the proton
M= 116 aim
After more careful and detailed experiments this value for the masg of the
neubron was changed 6 our present value of 1.00883 smu. '
The.mbst imporbant property of the nentron is the faet that it
has no charge,‘wnieh is the main reason fox the'aalay in 1ts discoverys
Phi.s aiso makes them very peneﬁrating, it is impossible to observe {len
direetly and makes them very imperiant os agente in nueleay chang@a An

atom in its normal state is also unecharged, but 1% ls ten thousand bimes

¢
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larger than a neutron and cbﬁsiats of a complex syatem of.negatively
charged electrons widely spaced sround a positively ehafge& nméléus‘
Chavged parbicles (such as protons, éleetr01g; or alpha pavhicles) and
electromagnetic radiations {gexma rays) lose energy passing ﬁhroughznattert
They exert electric forces which ionizé atoms of the material ¥throwgh .
which they pass. (It is sucll lenizativn prodesses that make the air
electrically conddcting in the path of slectric syerks and lightning
flashes): The energy baken up in ianiiatiun aquals the energy lost by the
cherged particles; whieh slows down, or ﬁy'ﬁhe gamma ray, whick is sbsorbed.
The neubron, however, is unaffected by such forces; it is affeetéd only by
the shori~range foree, l.e., a forece that comes_inﬁé play when ths nsubpon
