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T11i.r palwr i.s ntl attenrpt fo  .sutiit~iurize the c~.c..setiticrl.s of rcJactor /1/71,.ric..v, ant1 
tIic,i~. it1J1uc.tic.c. oti the, cr.s.voc~icrtrt/ otiginccritig proh/c~ti~.s. Quc.rfio17.s c!f'co~ifrol tint/ 
~,~rm.sic~nt c~oticlition.s, i t~.rr~~uti~etitutio~~, atit1 hculth /)lr~,.sic,.s, U// ~f ' i t , / i ic/~ arc, ~ / ' f i r r ( l t  
i ~ i o r t u ~ i c c .  a n o  I 1 i s I r c 1 .  7%~' uit~l hu.s h ~ ~ t i  to ,~ivc, ~ t i o u , ~ h  of' t l l ~  
hu.ric, cot7cc,/1r.s ntlcl t1e~itiitioti.c. t o  eict a.s a ,yuidr to the col~iou.r ~)uhli.sl~rtl litotr/ui.c,. 

AI'OMIC STRUC'rUI1E AND TIIE SOUIICE OF NUCLEAI< POWEI<:( 
It  will bc appreciated that reactor scie'ncc is the first instance in mechanical 

technology where tllc application cngincering is a t  or~ly  one remove from tlrc 
transcendental laws of nature. Therefore, although it is necessary to llave some 
visualization of the physical basis of the process used, sue11 visualization mi~s t  
bc accepted only as a more or less successful cfTort at describing the, at present. 
'~lndescribahlc'. 

Despite many failings in detail. tlrc Bolir Rutherford atomic model is still 
~ lscd  wit11 rcmarltable s ~ ~ c c c s s  in cxplaininz and cven prcdicling atomic behaviour 
and. froni t l ~ c  engineer's viewpoint, is a rcli;~hle and perfectly ndequntc founda- 
tion. This modcl consists of an cxcecdingly dense mass of protons and 
~leutrons,  tcl-mcd t l ~ c  tlucleus, surrounded by a dif'use region of orbital elcc- 
Irons. cqunl in n ~ ~ n i b c r  to thc protons. thc resultant clectric charfc being zero. 

A ni~nihcr of other ultimate particles at-e considered to cxist. some a~lthoritics 
allowing L I J ~  to twenty-tllr-CC. i~ltlro~tgli 11i:lny 01' these have indcpciident exis- 
tences liniited to a fraction of a microsecond. I 'ort~~natcly, these other 
p;~rticlcs liave little signilicancc in  a non-filndamctital view of I-eactor tllcory. 
but a ~tnil'ying and simj?lifying theory of atomic str~lcturc involvin~ tlris wide 
and expanding ranye of particles is being cncrsetically sousllt. 

Tllc mass and  charge ol' the till-cc hasic atc.)mic components arc tab~llalcd 
helo\v : 

,~./N.s.s ~ ' / l l l l '~~( '  
I'rotc)n 1 ,007593 . ~ l  
Ncutl-on I . O 0 X c ) X 2  0 
Electron 00054XX I 

tlic iiias\es hcing in terms of t l ~ c  ntomic mass unit (A.M.IJ . ) .  wlricli. is ticfined 

;I\ one-hixtccntlr tlic niass ol. the oxyscn atom "C). or I .(>h 1 0  2 1  

X gn1. 

T l ~ c  c1rcmic;ll nature of tlic alorrl i \  ticcidccl by ille nlrnil,c~.. Z, of tlic 01-bitxl 
electrons. allcl tlii' Inass o f  t l ~ c  atom hy tile total. or mn.;s, n~~mhcl - .  A. ol.proto~is 
and nc~ttrori\ (rcli-rrctl to ioiritly ;l\ nilclcons). I 'hc ;ltom protlucccl 11)- a p:trti- 
culat- systcm of nuclcon\ uncicr consiclcr;ttioli is termed n nuclidc. The \yml~ol  

1,r any a tom is tlrcn '\S. or SA \\.licrc S i h  the clicniical sy~iibol for t l ~ c  clcmcnt. I 
I--or cxn~nplc. 0 is tlic cl~cmical symbol for o s y c n .  whose cliemical nature is 
decided hy its pos\cssili: eight orbital clcctt-o!ls. -Tlic commonest fol-111 ofoxyycn 
atom lias a nucleus of' eight neutrons and eigh( protons (11 10). ;~nci is 

the[-cl;,rc dcnt,tcif by I6O. or 0 1  0 .  X 



Uesl~itc their chemical irnlm~-ta~rcc. tile orbital electrons are of negligible 
iml~or t ;u~ce  in reactor physics. whicll is csscnti;~lly a study in dynamics, owing 
to their very sriiall mass. and it is generally poss~ble and prclkrable to consider 
atomic behaviour in terms of t l ~ c  11~1clcus only. In contrast. Sot- Lllc chcmisl. 
owing to llle stability of tlrc n~tcleus u~lder  normal conditions. i t  is ccl~lally 
legitimate to consider the clcctrons orlly. 

It is possible. by varyins t l ~ c  numhcrs of protons and ncutroni. to obt;li~r 
atoms of common A hut vnryi~ig Z .  or vice \;crsa. In tile lil-st case. hllcll ;~loms. 
of cclclal mass hut dilTcri112 chcliiical nature. arc tcl-mcd isohal-cs : in tllc seconcl 
case. t l~ose Ilaving idc~ltical chemical tiaturcs bul  dilti-rent masses, :L]-e tctmed 
i\otopes. 01' t l ~ c  92 elements (Z  1 - 9 2 )  occurring in dctcct:~blc aniounls i n  
naturc. tllcre are over 320 n:~t~tr-al isotol~cs. and i f  the six at-tificial clemcnts 
( Z  9 3  102) and all the artificial isotopcs yet j~roducctl a]-c inclutlcd. thc 
total is \vcll o\:cr a i h o ~ ~ s ; r ~ l d .  

II '~lic mahs ol'nll a tom of  kno\\n conipo\itiorl is calc~tlatecl from lhc m;lsscs 
of its co~~sti lutcri t  particles. i~ t id  coti~pared \\,ill> tllc actual mass. llrc latlcr i.; 

c~l\\.nys Sound to he less, e.g.. for oxyzc13 ' g 0  : 

Mass of alom hy dclir~itioti 16 A.hl.l!. 
Mass by additio~r X 1.007593 

' X I.OOX982 
X .00054XX 
-- - - - . . . 

16,136992 A.M. I I .  
l l i i s  illass dillkrcncc or mass defect i-c111-escnts tlrc bintling cnct-gy o f  tlrc 

nuclcus. liheratcd i n  its I'ormatio~r 1'1-0111 iti nuclcons. crnd \vlricll \ \or~ld  be 
rcq~ri rcd it1 order to disr~tpt it ifrto (I IOSC J ~ L I C I C O I ~ S  agiritl. Tlris clicrgy is gi\#c~i 
hy t11c eq~~ivalcncc  E mc" dct-ivcd hy l.he special illcosy of I-clativity. whcrc 
c is tlrc vclocity of ligllt. Whe~r  coniitlc~-ing atomic transt~l~rt;~lions. Lllc spccilic 
binding energy or b.c. 1x1.  ~luclcon. is rnorc co~~vcnicnl .  ant1 ;I curve showing 
the variation of this slxcific b.c. with A is sl~owll in [:I(;. 1 .  11 \ & r i l l  hc seen thal 



the specific b.e. for the lighter and llcavicr elements are lower than for tllose 
in the middle. If: therefore, liglll n~lclei can be combined, o r  llcavy nuclei 
d i s r ~ ~ p t c d ,  to yield nuclei i l l  tllc rniddle range (the total number of nucleons 
being invariant) tlierc will be a surplus of energy, wllicll will be released. The 
first of these processes is ~ ~ s u a l l y  known as fusion, and  is excmplified by 
the llydrogen bomb (note lllc exceptionally s ~ i u ~ l l  s.b.e. of hydrogen A - I), 
various cspcrirncntal devices, and in all probability by the stars, and the latter, 
known as iissior~, by tile a to~nic  bo111b and, in a rnorc controlled manifestation, 
is the basis of power reactors. 

The variation of b.c. call be accoi~ntcd k)r in elementary terms by dynamic 
analysis of tllc ni~clcus as a system o C  clurged (proton) and  ncutral (neutron) 
particles, but in tllc spccial condilio~ts prcv;~iling in the nucleus. this analysis 
can llardly be taken seriously, the true cspl;~nation lying in the Tar more subtle 
thcorics of structure now being developed. 

THIS Frssrc).v I ~ O C E S S  

Tlle fissile fucl, consisting ol' a Ilcavy clement o r  m i x t ~ ~ r c  of elements, in 
clemcntal o r  compound form, is lissioned into lighter elements, t l l t~s releasing 
energy whic l~  mostly appears nllin~ately as heat. The greater part of this is 
~removcd by circulating a fluid coolant. and t l le~l  i~tilized, a t  present, by standard 
thcrmal techniques. 

The key particlc in the process is tllc I I ~ L I ~ I - O I I ,  owing t o  its combillation of 
relatively large mass and no cllarge, i~IlicI1 e11:~bIes it t o  pass comparatively 
freely througll thc fucl. Side ell'ccts due to other particles occur, but are of 
negligible ilnportai~cc in reactor conditions. ( I n  the special conditions existing 
in particlc accclcrators. where \cry l~isll velocities arc generated. fission o r  
t~-;lnsrnutatio~l by other particlcs freqi~cntly occurs). 'The reaction consists of 
tI1e i11i~;lct 01' ;I i t t i 1 t 1 0 1 1  011 it fuel II I ICICI IS .  c i l ~ ~ s i ~ i g  d i \ l i s io~~ of that J ~ L I C I C I I S  into 
two 11~1clci of lighter elements. rclcasc ol' the binding energy in various forms, 
and emission 01' v ; i ~ - i o ~ ~ s  particles. i~lcludins Fu~.tllcr ncutrons. [I'. on the average, 
OIIC or ~i iorc i i c i i t r ~ ~ ~ s  i n  t111.11 GLLISCS :L fissio~i. lllc re;~clio~i is self-s~~staini~~g,". 
and the rcactor in wllicli it occurs is tcr~iicci cdivcrge~~t o r  cl-itical. The con- 
trolled achicvcmcnt of this level ofact i \ i ty is tllc aim of reactor design. 

This process is quite tlistinct from that of radio-activity. \vliicl~ consists of 
the sponta~~coils  ticcay of a nl~clcus to one slightly lixlltcr hy the emission o f  
p;~r.ticlcs ant1 I-ndiation. Radio-activity is of grc;tt, t l~ough scco~ldary, impor- 
1:incc. in i t 5  i~illuc~icc or1 : 

The prodlrction of tlcl;~ycd neutrons 
The dccay of lis\io~l products. and 1x)isoning. hot11 of wllicll arc brielly 

discussed below. and 
Tlic Ilealtll ancl safcty o f  opcrato1.s and innintaincrs. n m;\ior problcm 

whicll can only be incntio~lcd hcrc. 
TIlc charnctcri\tic of a radio-ncli\.c process of leading i~ltercst in Lltc reactor. 

co~ltcxt i h  its llalf-life. i.e. tile timc rcqiiil-cd fol- I~alf of any  sivc~i  cl~~:uitity o f  a 
r;tdio-acti\~e ni~cliclc to decay to the nest nuclidc in tllc cllai~i, ~\41icli may or 
may not bc itself r;ltlio-;ictivc. N o  ~ a r i a t i o n  ofanibicnl conditio~is ever acl~icvcd 
011 cilrtll 01- ohser.~cd i l l  tlic \L;1rs ;II)I>C;I~S to Ix~\tc any clreet o n  the half l i t ? .  

I 'hc bcll;~viour ol' fissile f ~ ~ c l ~  \\,it11 neutrons varies greatly wit11 neutron 
~cloci ty .  Tliis \~cIocity is cx~>ressed ;IS tile kinetic energy i n  clcctron-volts. (Thc 
cner-sy clnit ' electron-volt ' (C . \ , . )  \vliicI1 is i n  co1itti1011 use i l l  nt~cIc;~r ])Iiysics is 
tllc kilietic energy gairicii hy a particlc carrying the electronic cllarge ' c ' when 
i l  has been accclcr;~tcd thl-ough a potenti:~l diircrencc of one volt.) There arc 
two ranges of speed in wltich sigrliiicanl iission rates can bc attairied, ter~iietl 



01 - ILCCI IRON VOLTS - + I  10 loo \ago 

MLGA 1LrCTRC)N 
V O L T \  

NEUTRON I N I R G Y  

I .  2 FISSION AND CAP.~IJI<I; NI:LJTRON CROSS-SI-CIIONS (11 11235 ,\XI) 11238 
I .  L o g a r i t h ~ i i i c  scales) 

l., .I\{ (c l iersy exceeding 0 . 5  mesa electron-volts) (Mev) .  and  tlicl-m;11 (energy less 
1Ii:11i I  c . ~ . ) .  T h e  l-angc between, te rmed ep i thcrmal ,  nltI io~l_cl~ no1 at present 
~ i s c d  I'or l is\ ion. i s  o f  PI-ime impol- tancc Si-0111 the p o i n t  of  \.iew o f  n e ~ l i r o n  
lo~scs .  discllsscd hclo\v. 'l'lic tc r ln  t l ie rmal  i s  del- i \ .cd f r o m  t i le l i c t  tIi;ii in 
this ranye l h c  neutral, velocities arc  o f  the sanie ordcl- ;IS those corrcsj?ondins 
t o  11orrn;il ambient  tctii1>eratures in t he  k inet ic  theory .  

SEIITIION CIIOSS-SE(:I'ION 

W l i c n  a ncut ro t i  appro:~chcs n fuel IILICI~LIS. i t  m a y  cit lrcl- pa\s  hy  w i t l i o u i  
;III~ reaction. he ic;lt lcretl o r  dcl leclcd. c;lr~sc i i j s ion .  01. he c a p t i ~ r c t l  (11- ab\ol-bed. 
I . ikc\vi\c. \\.lien ;ippl.o;~chiny a n y  otI1c1- n~ ic l cus .  i t  n iay pass hy. be hcattel-cti, 
01- c : ~ j ? ~ u ~ - c d .  l l i c  prob; ib i l i~)-  01' (IIC\C OCCIII-re~iees i s  e ~ p r c s s e d  ;IS t l i c  cl-OS<- 
s c c l i i ~ n  (I!' the n ~ l c I c u \  f i ~ r  a ner l l ron mo\  ins at a ]?at-titular sl?ccd. A lissilc 
IILICICLI~ 11;~s i t  t ~ l i ~ l  crohs-scct io~i  cot is is l i l ig  01' scattcr i l ig. l i s \ i o ~ i .  t11it1 c a p t r ~ r c  
comlxu ie l i ts .  Tile tc r i i i  cross-section i s  d c r i \ c d  l'[-om the l':lct t l ia t  i t  r cp l - cen ts  
t l ic  cl lcct i \ c  taryet ill-ca fo r  the n u c l e ~ ~ s .  N e ~ l t r o n  c ~ . o \ s - s c c t i o ~ ~ s  ; ~ r c  o l '  dccisi\ 'c 
i n i l m ~ - i ; ~ n c c  i l l  t i l e  dcsigl i  o l 'a l l  p:~i-th O S  a I.~;ICLO~. 1 l ie ~ i t i i t  i~ t l ic I>;II.I~. ple:~s- 
i n g l )  allcgccl t o  Iiavc heell d e l - i ~ e d  l 'rom t l ic  c ~ j > ~ - c \ s i o t i  I hi?  a\ a ha!-11 
ilni,i-'. o ~ i c  h :~ l -n  hci t ig e c l ~ ~ i \ i ~ l c n t  to  a l l  el'l'ectivc ta1.gc1 area ol' 10 " sq cm.  

l l ~ e  gcncr;rl Sol-m of' t l lc  \';I!-intio~i o f  c ross-scc i io~ i  fo r  i h c  t\ \ 'o ci~nl j?oncl i i . :  
01' ~ial:i l-; i l u ~ - a ~ i i i ~ ~ i i  1133X ( 9 0 - 3  pcl-  eel i t)  and  11235 (0 .7  ],cl- ce l l i )  i i  \ h i ~ \ v l i  i n  
' I .  2 ,  1ir01ii \vIi icli i t  w i l l  bc sccn l h i ~ t :  

( i i )  Sl i ;~ rp  Ioc;11 j,cahs occul- i n  the 11238 cap lu rc  cross-hcction i n  i h c  epi-  
t l i c i - ~ i i ; ~ l  ranye. I l i i s  l? l lcnonicnon. rcfcl-recl t o  h y  mccl lanical  cr l in l i~gy ; I \  I-chon- 
ancc. c;luscs ;I  risk oSc:~taslropl i ic  c:~l?turc of'ncutrons. I t  is, t l~crcl ' i )rc. necessary 
t o  i s  tlrc majol - i ty  of cpi t l ie l -mal  ncut ro l is  1'1-om the f~1c.l l!' 1~rc> l i i l~ i t i vc  



n e u t r o n  loss is n o t  t o  occur.  Hence, reactors e m p l o y i n g  the rma l  neut rons a re  
character ized b y  hav ing  concentrated fuel c lcments w ide ly  (by  a t o m i c  
standards) separated b y  large masses o f  tnoderator ,  whose p r i m e  f u n c t i o n  is  
t o  decelerate the  fast neutrons generated during l iss io~x t h r o u g h  t h c  cp i the rma l  
range, w i t h o u t  excessive loss b y  absorpt ion.  

( h )  T h c  fissile cross-section o f  U238  v i r tua l l y  vanisl lcs b e l o w  1 M e v ,  w h i l c  
t h a t  'of U235  increases w i t h  n e u t r o n  deceleration. In fact, n o  nuclear fuc l  o f  
w i d c  clccurrencc in nature  is subject t o  thermal  fission. 

FISSILE IiUILLS, KNIIICHMENT, AND BREEDING 

1-llc o n l y  fissile S~lcls a t  a l l  l i ke ly  t o  he used are : 
T r l c rma l  tission : U r a n i ~ ~ n i  U235  a n d  U233 

P I ~ ~ t o n i ~ l m  Pu239 
Fast l ission : T l ~ o r i i ~ m  Th232  

U r a n i u m  U233, 0 2 3 5  a n d  U238  
P l u t o n i ~ ~ n i  Pu239 

Of i.hcse fuels. on ly  1~12.75, U238  a n d  T112.72 occur  in nature  in signif icant 
quan t i t y .  T l l c  o t l l c rs  arc obta ined hy nuclear reactions as fo l l ows  : 

L1233 : Th232 i n ( n e i ~ t s o n )  t 1'1x233 + Pa233 -+ U233 
radio-active 

decay 
Pu2.39 : U238 1 11 - t  11239 -+ N p 2 3 9  - - t  P11239 

T l i e  concent ra t ion  o f  11235 ill natur i r l  111-anium i s  adequate t o  a t t a i n  c r i t i ca l i t y  
w i t l r  g o o d  neut ron cconomy.  a n d  t l rc rmal  reactors can be fuc l l cd  w i t h  na tu ra l  
u r a n i ~ ~ m  if they arc oS adequate size t o  meet th is cond i t i on .  T l l c r m a l  reactors 
w i t h  1)oorcr neut l -on economy. due t o  smal l  size o r  otlrct. factors. a n d  first 
reactors. w i l l  no t  a t ta in  cri t ical i ty, and t l l c i r  i ~ r a n i u r n  fuel  n i ~ ~ s t  be enr ichcd b y  
addin;: mol-e U3.35. A \  this can  o n l y  bc obta ined by elaborate f rac t i ona t ins  
m e t l l o ~ i \  f r o m  n a t ~ l r a l  ~ ~ r a n i u r n .  en~.iclred fuel i s  cxccedingly expensive. a n d  
cnsiclumcnt considc~-at ion5 n iay  \vcll be dccisi\'c in tlrc economics o f  n iob i l c  
c ~ c t r s .  Ucgl-cc of cnr ic l rmcnt i \  cupseised a5 the percentage o f  U235  a toms 
jwcscnt. 

~ T ~ h o r i u n i  232 i s  no t  easily l i i i i onah lc ,  a n d  is no1 s r~ i tab le  fo r  d i rect  use as a 
1 1 l  I t  i .  t l ~ e ~ e l ' o ~ .  c 1 1 i 1 c l  i t  i t  be c l r i~ rgcd  i n t o  a rcnctor  f ~ ~ e l l c d  o n  
III-~III~~II~ o r  p l ~ t t ~ n i ~ i n i .  c ~ l i \ e r t e d  b y  ~ n c i ~ t r o n  capturc  t o  U233  as s l ~ o w n  
abo \e .  I f  a nct z n i n  ol' l ih\ ionablc fucl  i s  nchie\:cci in th is  process. i t  i s  termed 
brccdiny.  Simi lar ly .  \v i th  l i23X. brccd ing i s  acli ic\.ed i f  t l ~ c r c  is a nct  ga in  o f  
fihsionahle ~ i ~ a t c r i a l  i n  the f o r m  01' I '~1230. 11' b rccd ing i s  cst :~hl is l lcd ;IS ;L p r x c t i -  
cahle ],rocc\s. it l bc ]?ohhil?lc t o  b u r n  a l l  IJ21X a n d  T112.72 as l ission f ~ ~ c l .  
r c ~ c s c i t i ~ i  1 l i ~ ~ i r c t l ' l t i  1 1  I c t ~ t i l i t i o ~ r  l i t 1 1 : 1  ~ ~ r a n i u r n .  as \vcll 
;IS ;)l1 the n i l ~ c l i  n iorc  a h l ~ n d ; ~ n t  sl~l,j?licr of t l r ~ r i i ~ n i .  l ' l ~ l t o ~ i i  ~1111 j ? r o t i ~ ~ c t i o n .  
o n  a non-hsceti ins \talc. occurs ill t i l l  (U238 rcactol-5. ancl t l rc halance hct~\ ,cen 
l i \ i i o n  : ~ n d  11e1ice ~ L ) \ V C I .  i l l i d  17111to1ii~11il 171.oduction. c i ~ l i  be var ied b y  i ~ l t e r i n y  
t l i c  reactor paranietcr \ .  ancl the t imc  LII- \vhiclr t l i c  Si~cl  cl i ;~rgc i s  ltcl?t i n  t l i c  
~ c c t  h4ilit;il-y I-cactol-S, e.g. Han1.01-d a n d  Wintlscalc. 211-c ~ \ ~ e i g l i t c t l  ;I\ I ~ c a v i l y  
; I \  jm \ \ i h l c  t o  j > I l ~ t o n i t ~ m  l ~ o d u c t i t r ~ i .   alder I l a l l  i\ a cornl7roniisc. and  the 
later  con in ie rc i i~ l  r c ;~c lo~ -h  arc. \ \ .c i$ l~ tcd s t rong ly  t o  1~1\vcr  p rcduc t ion .  : ~ l t l r o u p l ~  
e \ c n  t l r q  \\.ill inc\ . i tahl? y ic l t i  consit lerahlc cluantitics o l ' p lu ton ium.  P l ~ ~ t o l i i ~ ~ m .  
a l t l ~ o l ~ g l i  a good lissilc l'c~cl. in gcncl.nl. c x l ~ i b i t s  u ~ i l ' o r t ~ ~ n a t c  instabi l i t ies undel- 
e e l - k i n  concl i t ion\ .  pal- t icul :~sly tcnil,c~-at111.c. besides jx~sscs> ing unncccptnbli: 
ingest io l l  I ~ i ~ l a r d s  a n d  t l i l l icu l t  ha l i d l i ns  cl~l:rl it iei. a n d  the success aclrie\wxl ill 
us ins  the lal-ge r luanti t ics inevi tably p r o t l l ~ c c d  bill hc  ~ ~ n o t h c t .  dccisivc l 'acto~- 
in t l l c  cconomic  bala~icc: I'ol- non-mi l i ta l -y  j7urposcs. 



'Tl~e time for wllich a charge is kept in the reactor is expressed eitllcr as the 
percentage of fuel atoms fissioned or, for powcr reactors, as the powcr extracted, 
in megawatt-days per tonne (M.W.D./T). 'To a first approximation, one gram 
of U235 would burn up completely to one M.W.D. : natural uranium fuel, 
tllcrcEorc, has a mnximuni bum-up of 7,000 M.W.D./T, until a11 C1235 is gone. 
Iiowcvcr, owing to tllc formatio~l  o f  Pu239, wllich immediately proceeds to 
act 3s a 1'~lel. this is not the limit of theoretical burn-up. In fact, thc limit of 
burn-up is set, not by availability of fissilc atoms in the fuel, but by poison- 
ing o r  radiation d ; ~ ~ n a g c  (v.i.). 

Materials such as U238 and 'l71232 wllc~l ~ lscd  to make lissile f ~ ~ c l s  ;we termed 
kr-tile ~n;~tcrinls. I t  is ohv io~~s ly  attractive to dispose them round tllc outside 
of the reactor core, whc~-c tlrcy serve the triple purpose of : 

(i) Preventing ncutl-ons and radiation passing O L I ~ ,  viz. shielding 
( i i )  f<ellecting somc neutrons hack illto tllc core, tlrus aiding neutron 

cconomy 
( i i i )  Forming fissile fuel. 
Tllis dis1msition and use of the fcrtile material is termed blanketi~llr. 

I<Ei\Cl'OI< DESIGN V.4RIANTS 

The b:~sic t l ivis io~~ of ~scactors is into fast and thermal types. I t  is intended 
llerc to discus5 PI-incip~~lly the tl~crmal type. to  which all present power reactor.: 
belong. 

1'1-incijxtl dchiyn \,ariarlts arc : 
:\'<,~r/i.riii cl~i,,.:~. : /: ir\/ or //I(,I.III~I/. .fhc 1,rincipal problems in tllc fnst I-eactor, 
oncc 1111: necessity for a concen~rated fast fissile fuel is nccel,tcd, arc tllosc of 
contt-ollins a n d  rctiioving the lleal from the very intense fission zone. Tllc 
thcrrnal rc:tctor. in contrast. is dominated by neutron economy, and arrange- 
tncnLs of'fucl and control to obtain maximum burll-up. 
( ' f i l - i '  ~ l l ~ l ~ t / i l ~ ~ ~ l ~ l < ~ , , t  : / l ~ l l l l ~ , ~ ~ ~ i l < ~ ( ~ l ~  01' / I ~ , / ~ I . o , ~ ~ ~ ~ o L I S .  All working pOWcr 
reactol-s arc Ilctcrogc~ieous. principally for case of design and to allow pliysical 
scj>aralion of f ~ ~ c l   noder rat or atid coolant. 
. ~ / I I I I I .  'I'l~is milst l r a ~ e  the rollo\ving prol>erties :- 

( i )  I l iy l~  scattering cross-section 
( i i )  \!cl-y low captl~rc cross-section 

( i i i )  Stability under ncnti-on irradiation. 
111 atl(liliol1 to tllcse essc~iti;~l n ~ ~ c l c a r  prol,crties. it S I I O L I I ~  : - 

( i \  t3e clicaply obtaiiinblc in hiyll p ~ ~ r i t y  
( Bc cliemic:~lly inel-t to  other rcnctor m;llcrii~lc. especially the coolant, 

if dillcren~ 
( \ i )  \Vitll\tnnd I-cawnably liigli t cmper :~ t~~rcs .  

1 1  i \  I'or-tunalc. I s ~ j r i s i ~ i .  l h i~ t  there is a fail- clloicc of iirodcr;~lors 
~tlcctitlg tlicsc conditions morc oi- Icss. \ iz.  :-- 

(irapliite 
Water. cillicr light. I~I,O or. muclr bcttcr, lica\'y, I>,O 
I3cryIIium oxide 
Various syntlletic orglnic I1~1icls. 

At prcsenl. most po\ver rc:~ctorh in operation on  shore LISC g~-apllite. but 
\\.ater has m:lliy ;~tlr;~ctions. and  if lic;~vy w;itcr wcrc ;~vi~i l ;~hle ;l1 ;I I-casonahlc 
1"-ice i t  \v0~11d S M J C C ~  tllc lield. 



MASS NIJMBCR A 

1-.1(;. 3 - - I ~ . . I s s I ( I ~  PIUIIILJC.I YII . I . I )  I I K I ~ I  0 2 3 5  

I/[,(II /I.(III.S/~,I. I I I C ( / ~ I ( I ~ I  : ~ C I . S ,  I~YII( , I . .  or  l i i /~~i( /  I II~ ' IO/.  Watcl- or  l i q ~ ~ i i t  lnict~~l 
a[-c rrecussitnted hy spacc consitlcrations in 11ia1-inc ;~pplications. and tlic 
cutrcmc t c c l i n o l o ~ i c ~ ~ l  diliicultics or the lattcr 1i;tvc made tllc ilsc 01' watcl- 
allnoht certain in all SU~LII-c desiglis. The Irigh vapour pl-cssul-c of watcl- 
~ ~ n l ' o ~ - t u ~ i ; ~ t c l y  rcquircs ~ 1 1 ~  reactor to be ; I t  :L liigli p r e u r c  if rc;lsonably lriyli 
tcml>cr;~t~~rcs and licncc Carnot clliciencics al-l: to be attained. I.hc \vatcr may  
re~iinin as sucll in tile prcssurizcd water (I'.W.f<.) reactor, or  may boil and 
1ransli-r tlrc ircat largely in late111 fo rm i r ~  thc h o i l i n ~  walcr (I3.W.li.) reactor. 
o r  I-cmain in the Corm of stea~ii t h r o u g h o ~ ~ t .  Tlrc I3.W.R. o lkrs  conhidcl-ahlc 
prohlcrns in securins stable and controlled boiling. but i f  this can be done 
i t  otl'cl-s s i~ch  advantages tllat its ulti~iialc success sccnis a s ~ u r c d .  



Fissile. principlc~. U235, U233, o r  Pu239. 
Forl i le l~rinciplc.. U238 o r  Th232 
I)c.gree of enr ic l~t i~ent  
L)e.ri,qn hur17-ul~. 

CONI'KOL 

Any practicable rcactor is designed to have a neutron mul t ip l icat ion factor 
kClr (the Factor by which each generation o f  ~rcutrons excecds its prcdeccssor) 
sl igl l t ly excccding one, say 1.02. This givcs tlle necessary f lexibil i ty for control, 
wh ich  i s  cxcl-cised by introducing strongly ncutron-absorbent matcrial, usually 
i n  r o d  form, in to t l lc reactor thus reducing the number o f  neutrons available 
for lission. Thc total  volume o f  control rnatcrial is usually dividcd in to two 
~ l ~ l e q u a l  pal-ts, a small volume fo r  continuous control, and  a large volume, 
spring o r  gravity fed, for emergency slrut-down or  ' scram '. 

I ' l lc practicabil i ty o f  co~r t ro l  depends on the cxiste~lcc o f  delayed neutron 
emission. Fission times arc virtually inst:intaneous. a n d  n o  control  system 
coi l ld  f~ inc t i on  i f  t l ~ c  neutrons produced werc rill ablc t o  rcact fo r thwi t l~ .  In 
fact, 2tbo11t 0.7 per cent o f  the ncutl-ons arc pt-oduccd by  a short term radio- 
active process w i t h  a half l i fc  o f  tlre order o f  10 seconds, and  tl leir presence, 
t l~ercfore. incrcascs the average life of a neutron gcneralion t o  about 0.1 second, 
a controllable situation. Should t l ~ c  reactivity o f  a reactor rise to the po in t  
where the ncuti-on factor exceeds one, ncglccting the delayed neutrons, i t  i s  
ternicd prompt critic:ll. and uncontrolled fission and heat releasc w i l l  occur, 
~ ~ n l c s s  i t  i s  sci-arnmetl Sot-tlrwith. 

T l ~ c  other dominant character-istic in the control of  a reactor is its temperature 
coefticicnt. i.e. clrange o f  k , , ~  wi th  varying average corc temperature. I f  tllis i s  
neg;~tivc, tllc reactor \\,ill bc stablc and larscly self-reg~~l:~ting. By good for t~ lne.  
i t  is relatively easy to cnsure that the tlormal types o f  power rcactvr.; do  have 
;I rnegativc ch:~rnctcristic. 

FISSION 1'ROI)UC"TS i \SD 1'C)ISONING 

Tl lc  clement\ formed hy Iissioil. neglcctir~g those o f  \cry  short lik i n ~ o l v e d  
i n  dclayrd nc l i t ron emission. arc distributed o \ c r  a 1-angc o f  :~ppro\ini;itely 
A 3 to  2A -3. ~rck r r i n f  to the lissilc fuel. The distribution for 11235. \\,it11 t l~ermal  
ncuti-ons. i x  \ I i ~ w r i  i n  IFIc;. 3, 

711c tnajority 01' pt-oducts at-c stronglq i-adio-activc. and i n  tlicil- dcc:~y to 
11no1-c stable nl~cl ides emit I-adi~it ion wlriclr is larsely r c i p o n ~ i b l c  fo r  the 
hioloyic;~l  l ia/ ;~rd. I n  \ o n e  ca\e\. notahly the decay o l ' 1 ~ c i l u r i ~ ~ m  l35 to Xcnori 
1.15. accordiny to the sequence : 

~ ~ 1 3 5  t 1135 t Xcl35 t C5135 t l3nl.35 
I n i in  6.7 lrous 9.2 Ilout- 2.10" year I laII '  I i lc 

;I l - I  o f  ]?roducts l ~ r ~ \ . i n g  c~cessivc caplur-c cross-icction.; tnay occ~rr.  
Xc l35  l ia\ ' ing ;I caj>tul.c C.\. 01'3.5. X 10" barns k ) r  thcl-nnal neutron\. I - h i s  riiay 
iiccch\itale repi-occssing o f  f ~ i c 1  1 I-emovc tile li\sion prc)driclx bcl'ore thi \  i \  
ccononiically tlc\il.;il,lc 01-  nnel;lllui-$c;rlly nccc\sai-y. An cc l~~ i l ib i - i i im condit ion 
i \  ~ l \ ua l l y  r ~ ~ ~ c l l e d  unt1c1- criticality conditio[n\. but wlicn a re;~ctor i.; 511~11 c l o \ ~ n  
c I':~ct llnal Xcl.35 i s  I I o n  l - l 1  t l ~ ~ i n  i t \  p:ii.ent ll.q5 iite;ln\ tlrnt its 
conccrltr;~tioi i  \ \ i l l  builcl-LI], with l imc to a pcah \.aluc. T- l~ih 111;1y \\.ell he s~ l c l i  
t l l i ~ t  the i-c;~cIor c;r~l i i~?t attain ~l.itic;t[ity. 511 t i t  i t  i s  t l '  i n  url l i l  t l ic 
poisoning jxod i~c th  l in;~lly tlccay. \\hiel l  may he a period 01' 111:1ny hc~ui-s 01. 
cvein d;iy.;. I l i i x  cnt;iils tllat. i l l  order to allo\v thc necessary l lcsibi l i ty a n d  
availabil i ty 1;)r rn;~rine rise, either :I substantial h:~sc load riiust l>c niaintaincd, 
or (he rc:ictor mllst 1n:rvc a s~~bstalntial incutl-on s i ~ r p l i ~ s  10 ;~ l l ow  rcst;~~.t i~ig 
;~gai~nst maximrtm poisoning concentration. 



MA'I'EI<IALS 

I t  is on ly  intended to  ment ion  hcrc somc o f  the speciril material rccluircnients 
imposed b y  reactor condit ions. 

Uehaviour Unrlc.~ Irratlic~tioii 
A l l  materials in a reactor are sub,jcct t o  intense radiat ion. This has a 

deletcr io~ is  ~ f r e c t  in almost a l l  cases, as for  cxample, gradual embritt lemcnt o f  
many  steels, a n d  the Wigncr  distort ion o f  graphite, whiclr  indircctly causcd 
thc fire, a n d  final shutdown, a t  Windscale. Uran ium i tscl f  SLIII'C~S very severe 
asymmetrical swclling and  distort ion, whic l i  in many cases dictates thc end o f  
fuc l  elemcnt effective l i fc. 

Cro.s.s-S~~c~tion.r 
O w i n g  to  the general necd for  neutron economy, a l l  materials in tl ic reactor 

cxcept absorbers must have tolerably small capture cross-sections, and be 
free o f  inipurit ies having highcr cross-sections. One o f  the exaspcrating featurcs 
o f  this is t l u t  elements having near-identidal cllemical and  pllysical propcrtics. 
a n d  hence resisting separation f ro in  each other, may have suclr di lrercnt nuclear 
properties tha t  this separation is imperative. The  best cxarnple o f  this is, o f  
coursc. the mixturc  o f  U235 and  U238. 

EU r t  of' Worliii~g 
The complex geonictry ilrld t ight tolerances o f  bo th  moderator and fuel 

elements dictated by thermal and  nuclcar design rcquircments ncccssitates 
fa i r ly  easily worked material. 

C0r1.o.sio11 
On ly  very l o w  corl-osion rates can he tolerated. 
I h e i e  str inscnt and conl l ict ing rcqr~ircmcnts ncccssitatc. i n  the prescrit state 

o f  the at-1. the use o f  expcnsivc and scarce materials. Howcvcr.  t l lcrc is hope 
tll;tt. eipccial ly by l l lc  use o f  ceramic and ccrmet:tllic materials. tlrc t radi t ional  
p~ -og re \ \  o f  new tcclinologies f r om rat-c t o  relntivcly nornial  materials and 
teclrniquc5 may soon he under way. I n  the commercial l icld. t l ~ i s  is beins 
stronzly i l imu la lcd  by the necd t o  set costs down i f  nnclear p:>\\,c~- i s  t o  be 
compct i t ivc i t  tlris cc~rt i t ry.  

~ Y O / i l ~ ,  c ' 0 / 7  Y / ( L / I l . Y  

Velocity o f  l ight c - 3 10"' cm'scc. 
I l i : tmctc~-  o f  ~ i ~ ~ c l c t t s  1- 30 10 " A :  cm (al l  empirical l'ot-mula dcpcndit iy 

ul'on mass nltti ibcr A). 
I A M  l! 1 .Oh 10 " gm - 9.3 1 M e \  - 1 .40 10 :' cl-:\. 
I li.;sion - 700 M c v  energy rclca\c. 
I Wat t  10' crg sec - 3 10'" lissions;\cc. 

I<(i(/i(//io~i Oi~c~i/.i.i~i,y 111 ( I / / ( /  . 1/.o11ii~/ I<(YI(, /(II . , \  
I r t i c l s  I \ vo  p ~ - o t o ~ i s  c o n ~ b i ~ t c d  \\it11 t ~ v o  neutrons. i.e. nuclei 01 '  11cIi11m 

\c ] -y  lo\v pct1c1 I-:I~ i n g  J>OL\ cr. 
3 r t i c c  L:lectl-on.;. 

;, rays -Hisl i ly pcnett-:tti~ig clcctro-tit:~znctic t.:ttlialiotl ol' the \ a ~ i i c  
n;itr~t-c :is X r a y \ t l l c  major  biological l ~ c ~ / a r d .  

X ]-ay\ -Tlicsc : ~ r c  genc~-;lled i n  a rcnclor hy cstt-a-nuclear ~>~-occcsc.;. 
csl?ccially t1lc tlccclct-ntioti o f  neutronk. a \  opposed to  y trays 
which arc a lway i  nucle:lr in origin. 



Ntcclccrr Rccrclio~z.~ 
l ' l~csc  arc rcprescntcd ill 11111 i h ~ ~ s  :--- 

232 233 23.5 min 233 27.4 days 233 
Th (n,  y )  --t Th - - --f p a p  + U 

This por lm~~nlcau  cxa~nplc, fhr the hrceding of U233 from Th232, shows that : 
'l'horiurn 232 captures n I I C L I ~ I - O I I  atid emits a y ray in forming Th233, 

wllicl~ decays with a half-life of 2 . 5  mi~iittcs to Pnlladii~m 233, c~nitting 
:L /1 1?arliclc. I'he l'a233 decays in turn to U-aniitrn 233 with a half-life 
of 27.4 days, again ernitting a particle. 
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