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REVISED DRAFl' OF GLOSSARY IN TERMS OF 

REACTm Tm~ORI 

Ificholas 110 Smith, Jr() 

,. .'~"" 

The attached glossary ot terma used in rea~tor theo17 hall 

been compiled 08 part of a larger g108sary of term. in Nuclear 

Energy and EngineGring, the drafting of which has been sponsored 

b.J the Associatlol1 of Mechanical Engineers and the work carried 

out b.v a Glossary Committee of which Professor John Dunning of 

Columbia Univ~rllity is chairman" 

The terms have been placed in aeven groups tor the purpose 

of compiling aDd revi~wing the d.tin1tioD8~ 

10 General P~8ics 

II .. Reactor Theol'J 

Illo Nuclear Reactor Engineering 

IV .. General Chemtat17L'" 
: , ' " .,. 

Vo Chemical EngineeriQg 
I ...• • . .!(~~, . 

Vlo Biologioal aDd Medical 

VUo lnatrwuntat1cn 

Similar work b;y other working &roup., Ilotably by IoR.E o and 

AoloEoEo on instrumentation w11l be incorporated" 
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After deolassifioation, where DeoesSar1, the various section. 

will be submitted to referees elected ~ the .Rational Research Counci l, 

edited, combined in alphabetical form, aDd then subDitted to a 

Glossary Review Committee appointed b.J the National Research Council 

and having representation b.r all of the interested professional 

locieties (including the AoE.C.)o Thil committee will endorse the 

glossary on behalf of the 80cieties represented, and then turn it 

over to the American Standards Association for publicatioDo 

It il felt that in addition to filling an important need at the 

present time)the gloaaary ia significant in that it i8 an initial 

step i~ the direction of declassified handbook compilation 1D this 

fie1d e 

The style chosen in this section 11 more tor the trained engiaeer 

who is first approaching a study of reactor theOl'7o Bowevcar, whenever 

possible, the discussion is started with a general word definition 

which should serve the less technical readero 

An attempt has been made to link closely related concepts aDd 

in this sense the work is of a sl1ghtl1' encyclopedia Datureo III. 

particular a few terms like -Boltzmann equatioll.- and -perturbatioa 

theo17 ," etc 0 have been described in more detail 0 

There is little room for originality in a work cf this sort and 

the aUthor has draun heavil1' from all available sourc... the project 

~. 

4M,!' ' -,' 

-.." 
. ' :", ';.V~ 

. . ;<j., , 
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reports, .tandard taxte, and partioularly the lecture notes Oil . Pile 

Physics I b7 Soodak aDd Campbell and OIl Pile PbJalca .II b7 A. 110 

We inber,o In a few instances it was found that it waa neeesaB17 to 

,eneralize some concepts' which were in use in the deJa of large, 

thermal, almost bare pile.o 

This printing is a first nv1.ed draft am i. lim! ted to a few 

copies for deolassification purpose. and for .ubmission to committee 

members and referees o 
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leutrona of such enerD that they are etroual1' abaorbable 

1:r,r silvero Ualie i. obaoleteQ See "D.eutron .Der87 groupo· 

abaWpt191l 

A nuclear proce.s in which a particle (l.ea a neutron, 

proton, alpha particle, me.otron, electron, or gamma ray, etc.) 

losses it. identity qy combining with another particle .or 

nucl.u.o A common neutron absorption occurs when a neutron 

enter. into a nueleua am a gamma ray 1. emitted (capture). 

Whenever a neutron entera a DUeleus (1a absorbed b,y) and 

another neutron a emitted the proeeaa 1. called ·1Delastic . 

• cattering" although it i. a true absorption proce ••• inc. the 

ldentity ot the or1ginal neutron 1. losto 
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Glossaz'7. Reactor Theol")' 

abeorptiqo ooe{fioieDt 

The negative or the logarithmio ohana- in tbe intensit7 of 

radiation due to ablorption proceeses (poor geometry) in p8net r atiDS 

a tbiD lamina or material I 

"'" ::: .-, d lOB I _ 1 dT 

"x - co --=*-dx I ax 

where 1: ie the l~near ,blJorpt1on ooerficient I the intensi t7 . 
z 

and ax the thiokDeas or the lamina,> If instead or the distance 

one usee the maS8 per unit area, dm, the mass abaorpt1oD 92-

e1'1'lc1e9\, 1: is given by m 

't'm:: ., + ~ 
If the absorption ooerfioient 1s oonstaDt t~ exponential 

@Orpt10D law reaul ta s 

II 
... 1: x 

10 =. x 
.. 'tam 

• 
Ian;y different symbols are U88d for the absorption coefficients 0 

See alsoa eroll-seetio!. ,bsorptioa 

porption cross-Mctiea 

Seel cross-slotlon. absorption. 
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GloS&ar1, Reactor Theor,r 

Actl1atiQBp A c 

B.1 activation i8 meant a measure of the radioactivit7 produced 

In a detector (such 8S indium or gold) by' neutron bombardmeDt D The I 

saturated activity i8 the value ot the activit,. UIlder constant 

bombardment for an infinite timee For practical purposes the 

saturated activity is reached in a tew (five or six) mean lives o 

The activi'tJ, A, of a thin foil havillg N atoms placed for a time 

t in a flux tt, measured at a time T after removal from the nux 
bath will be 

A~n.A ~Haaf(lQe ... ),t)e~AT , 
where 0-, is the microscopic absorption crosSe-section, ). 1s the 

radioactive decay constant, and n is the number of atDlm' present 

which are subject to radioactive deoafo The saturated activity 

1s reached whenever 

... ).t <.<" 1 e 

say, when e- At = oOlp or wben t = ~ ioeo when 

t == 6 0 7 ~ ; whene "t ill the half-life. Since waiting 80 10Di 1. 

&Il inett!c1ont use of bombardment time, one is uaual17 satisfied 

with 

e" ).t -= 0 0 1 or t:= 303?: Q 
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Glossar.r. Reaetor Theor.y 

active lattig! 

See 2 lattice. auAZo 

adjo1nt equation 

Seea Rertvrbat10n theon. 

/ 

adjoint tl.u!Qtiaa 

eolutioJl of the adjoint equat1oDo See: pertUfbati91 

theouo 

adjoint operator 

Properly speaking, adjointness is a relation held between 

two operators" An operator p+ 1s adjoint to aD operator P if 

f u+ 

t 

• P ... d 1: - 1 v' p+ u+ 

1: 

where u is 11 solution of p+ . u'" = ~ u + 

and v Is a solution ot p., ::: A 'Yo 

Se.1 perttn'httlon theoryo 

d't 
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Gloaaar,y, Reaetor Theo.r,r 

an (fermi). 1:, 

ODe sixth the mean square radial distance between birth at 

enerG' 1:0 aDd the poil1t where the neutron eros ... enerD 10 

~ 1. a function of .nerD aDd has \1D1 t. of leqtb ~uared 0 

1: (E) ::; 
fO 
! 

where B 18 the eoerlY ' 

).t 

3C~ 
.JL 

B 

).t 11 the transport meaft-tree-path 

~ 11 the logarithmic slo~ng-dOWD deeremel1t 

and Z the macroscopic 8cattering cros •• sectioao • 
~he Fermi Ase gets its name since it haa a .pacial distri-

butiOn of the slowing 90111l dena1t1, q(E), a similar relation a8 

that of time in the diffusion ot heato 

where 

Soodak defines the age suoh that d 1; (Soodak):::: c» d'i (above) • 

.E 

1: (I)Soodak '" S 
Eth 

_At 

)~~ .. 
Ith 1s the thermal enerD (1/40 tWo) 

+ 
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Gloss8Z7, Reactor TheOl'J 

A (Soodak) 
jS (Weinberg) 

The ratio of the baok ourrent of radi.t1on aaron 4 boUlld&17 

bet.ea two JIIIdia to the torward cg iDOldent eurNDt, tbe reo:> 

fiection coeffIcient ot a bo1UlC!ar7. 'fbi albedo is a l'UIlctioJl of 

tbl geomet17 of the bouildu, surtace aDd the angular distribution 

ot the incident neutron. aa _11 •• a function of the scattering 

aDd absorption properti&8 of the two media o 

The albedo ot an illf1ni te block ot a .ubatance with a plane 

race to an inoident ourrent of mutroDIJ in the apprcrx1mation of 

e1eme .. tar;y diff'ue1on theo17 i8 siven lv'i 

1 - 2/3 At J(' 

;S '" 1 +- 2/3 ). t )( 

where ). t i. the tr8.ll8port me ..... bee-path aDd )( -= L ... 1 1. the 

reoiprocal of the dif£uaioD leQgtbo 

• 



-//-

G108Sar,y. Reactor Thear,r 

associated Legendre functiona, ~ (x) 

.pberioal harmonioa 

II -..,. ••• 

alao known a. aS80ciated 

The as80ciated Legemr. tUDOtlODI are partlou1al' solutiona 

of the differential eQuations 

(1 .. x),- + 2lc;yv + [~ (.,l +- 1) Co .2 J"1 ;II o. 
1 <» x2 

The particular solution reterred to 18 

'¥ = (1 0:> ~)a/2 da PI (x) 

dr'l 
:::: I:l (x) , 

where P j. (x) is Legendre Pol1Domial (knom al80 a. surface zonal 

harmonic, en: Legendre ooefficients) and 1s given b1 the finite 

series obtained trom: 

1£ (x)::: 4 

The functioD8 
dm p£ (x) -drn 

d,t {C,2.,. l}L I 
dX£ 

al'e denoted bf some authors aa 

(11) 
p.£ (x) am are oa11ed II He 1mbolt I functions" 0 

atteDuat10p 

The reduction of intensit1 of rad1atioa (neutrons, gamma r~a9 

other particles, BOund waveBp radio waves, electrical signals,etoo) 

by means of aD interposed medium or oircuito 
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Glosaar)", Reactor The017 

attipuation fagtQ1" 

The ratio of the incident 1ntena1t7 to the tranBmitted 

1ut ens it)"o The attenuation factor ia alW8Js greater than unit)". 

augmeptatiop dlstanpe 

Sees extrapolated bound!£Fo 

Bessel functioDS 

SolutiOnB of the dirfer~nt1al equation 

fi..,. .l.. 
dz2 z 

2 
.Jtt.. + (1 ... ..s:...) l' :;: o. 
dl 1112 

See, for instance, Whitaker and WatsOD, "A Course of ModerD 

AnalJrsia," Chapter XVII, po 355 rro Macmillan Company, H. Y. Co 

Also Watson, "Bessel Functions" Macmillan CompaDl, H. Y. Co, 19450 

See also d1sous810n under Jive eguatloDo 

biologioal sh!eld 

The material plaoed around 8 source of radiation to reduce 

the intensity of radiation leaking out to an amount permiss1ble 

ph,.io1ogicallyo 
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Gloss&r,1, Reactor Theor,v 

Ipltl""PP egua'U2n of neutron 41ffus1gp 

&Q vector flux; 

b o scalar nUl 

Co LegeMr! Rplxnpmigl. UPaPsiop 

do 8.,;. d. I, gf h etoo .cattering 

eo one dim'llSioD!l SoltiRM equatiQD 

f. ~ran8Rort theoa 

go d1ffy·s1sm mean:fw .. path 

ho ~nvraliied Fick·, law 

1. transport mean:fre'''Ritl! 

30 ,l,m,ntatr diffusion theQ£Z 

0- ~ ....... ;" # 

An integroodifferential equation of diffusion which takes 

into account the velocit,. and angular distribution of the Deu·trona 

1n the (isotropio) dedlum, one form of which is: 

LJ. 0 t (t, •• .:a:..) + R cr J'{J:, y ,.:!?;.) -

J . J rll;, y' .~l B 0-. (v. '1" .~.~ldv· d fi,.' .,. S(r, v,.;;:) • 

VII ./1..' 

where l.{J:,v,,;~J 18th! vector flux of neutrons = .(r,v,;;~Jv ..ll-

10 e o == neutron density in phase spacea .(r,v,~)v~ d(volume ) 

== the number of Deutrons/em Whose velocities 11e in unit range 

around the vect or y.A J ,,:it:: .peed of neutrona J and -=:.::. = un! t 

vect or in arbi trary direction. 

(continued) 
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Qlo8s~, .Reactor Theor,r 

BgltmnJ1 !9ust1on (continued) 

!': = position voctor from origitl 

N :: number of e.toms/erJ of meci1W1 

FC..v,~) 2:" sealsI' part of vector flux (it-s magnitude) 

(J -.::: total (atomio) oroas-section 'Of atoms ·ot medium with 

respect to neutron 001118iool 

O-s(Y.Vle~,~)dvdvtdJ1d~. ~ differentIal acatteriDg 

cross-section per atom of the medium .for process of ' eeatteri 

a neutron from :1ts original wlocity between 111 and I U + d .. 1! 

(speed v O. and dIrectionA') to its finalveloc1t1 between 

1 and % + 2, aDd. 

S(I,V.~)d(volum8)dvd~ = source strength at t 1n number 

at neutrons per ~m per second produced in the volume elemeDt 

with spseci between v and. + ciT with d1reetiOlJ. bGtnen ::!::. 

ana ~ ~ d..fl..(j , 

Wheil the neutron distribution dapende on17 t)D one · coordinate". 

ay the x coordinate 1n the three-d1mona1onal medIum the angular 

distribution of the neutrons depends onl7 on the eosine of the 
, . 

anglct between -:::... aftd tha ~ the · directions before and after 

scattering, deslaMted bt}Jo",- If thG differential 

sflattering croBs ... eeot1on 1a expressed in terms of )lo !'ather thaD 

~ there reaulte& 

o-S{V ~ Vi ,.Pc) 
. I 

21toe(V.~1I,A • .a:J, 

eontlnued) 
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Glossar.J, Reactor Theor,r 

Boltz'DR !QUIttOR (continued) 

where O"""e('Y,'Y' ')10)d.,. 1a the yl into v crola-sectS.on for scatteri ng 

Ileutrons from their original directiOD into an elementary ring 

on the un! t sphere wfdch aubtenda an angle between oos -1 'fo and 

ooa-1<po + 4)10> with the orJ.&1Dll. direct1oDo 

If this latter croas-section 1s expressed .. a SUII or Leaewe 

pol.ynom1als 

cra(v,vl'fo) = ~ 2.1 2+- 1 OS..e (v,yO) ~ ~o) 

.., have by th<! orthogonal1 t,. theorem 

"i..t (v.v·) = ! rr.(v ... • '/,0) ~ "0)'" • 

The coetricient CJ.,t. (v,V O) ot the L.th barmonic gives the COD­

tribution to the total acattering trom .velocit,. yl into v ot 

that particular harmonic. It is customary to use speotroscopic 

terminolog:r and refer to 0-;0 as the cross-section for s 
", 

(spheric,ll1 symmetrio) scattering, oral the crosa section for 

p-scattering, etc., where the letters s,p,.d,f,g,h etc" are used 

for values of 0,1,2,3,4,5 etc. respective~" 

It can be easilY shown that cr;o(v,v l ) is the total cross­

aection for scattering from v' into v, and that the cros8=secti on 

for p-acattering. O-s1 is equal to the total acattering cross-

(cont inued) 
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Glossal")', Reactor Theory 

Boltzmann equation (continued) 

.... c 
( -' . 

section times the average cosine of the scattering angle, ioeo 

OSl ('1,'1 1
) = }10 0-;0('1,"')0 

It the Boltzmann equation is. integrated with respect to the 

azimuthal angle around the x-axis b.v _kina use of the addition 

theorem of Legendre functions in order to express )10 in terms of 

r the cosine of the angle between £ and the x- axia, and if the 

further restriction is made that a-;.t. ('1,'11) is zero unless 

v ='1' (i.e. no energy loss) there results the one-dimensional 

Boltzmann equation: 

1 

! (x, Y 'r) + II 0- F(x, y ,,.) ~ 1/2 ~ (V~ -1-1) II cr; (v)P.,e 'f) f. P.e If' ) 
... 1 

r(x,V,pi>,' 1- S(x,v,p); 

The central problem of transport theor,J 18 the calculation of the 

aDgUlar diBtribut~oD of neutron velocity vectors in a mediumo 

Integrating the source tree transport equation with respect 

to " aDd defining 

,2 _ 
1 

~ F-r(x, v,p.>,. 
- 1 

1 
J. F(X,V'r )dr 

... 1 

(continued) 
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Glo8sarJ', Reactor TheOl7 

Bolt-un equation (continued) 
' . . , 

am the ditfuaion ..... tree-path, Ad(v) 1'7 . 

1 
).d(Y) = (1 - r) -+- 10-;. 

• Oio ro 

there results the "eDeralized Fick's law whioh states that the 

diffusion current is proportional to the aradient of the fluxi 

(provided ~ is not a function ot poaition)z 

where'o =-

J(x,v) = - Ad I :0 
1 

{1 r(r.,v,r)d)l0 

Thus the diffusion coefficient of speed Y 1s stYen 1>7 

Do (",:c A "'J d I 0 

It the absorption i. Degligible) the d1ftuaion mean-free-path 

becomes the transport mean-free-path, ). t (v): 

1 
At (v):. R 0-;.0(1 ... ilo> -- ). -

1 Co".o 

rickls law, the basic equation of elementar,r diffusion 

theor,r, holds rigorousl1 only ,for the case ot monoergic neutrons 

and 1f furthermore, in the one dimensional case, ~ 1s independent 

of positi ono A more general restr1ction must be applied 1n the 

three dimensional caseG 



- I! - . 

Gloa8al7, Reactor The017 

1\P1\a!PR eQua;t1op ot peJtron dlftualQh amgptgtl0 solution of 

u,q,totl0 .olutioDa of the BoltlDlaftll eq,.tiOD are solut iou -assuming the oOl18taD01 of f' the IDIN1Il square of the cosine. 

ayerapd w1 th reapeO't to the aDplar c11strl but10n of the neutron 

flux at a poInt. It.., be ahcJq (tal" ODe dtttualon in one 

direction) that 

? (X,T) ;: + (1 + 2 '2(x, .. ) ] 
Po(x,v) 

where ',,(x,v) aDd '2(~'Y) ar~ the zeroth and second Legendre 

oomponent o~ the tl~ l(x,V,p). -rhus the constanol" of ? depeDds 
! t 

on the oonetan01 of "bit ratlC) '2(X'V)Po(x,v)o. There· are two 

1mportaat cases in which this ratio 1s co_tant. 

10 r(x." • .,.) = + r~(x,,,) + + "l(x,v) PI(r) 

In this f1rst case it may be shown that the med1um must be nOD­

capturing, ioe., for this caae simple diffusion theor.J applies 

onl;r to IlOJlDoaptur1ng med1U111o 

110 F(x,v.,) ie a product of a function of x (of spacial 

ooordinate.) and a function ot '0 This case app~iea to a capturina 

medium, and the elementar,y diffusion solutioD 

F(x,v,p) :: t(p) er~ 

(continued) 
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Glossar,r, Reactor Theor.J 

po~tzmanD equatIon 9' neutron dIffup19n, 88lMptptl0 19lution of (contiDu~) 

L ::: )( - 1 

D = o 
No;. 
X2 

It the capture orossQsectioD 1s Bmall compared to the 80attering 

cross-section, the traDSceDdental equation (1) can be solved b7 

aeries expansion, yieldina, correct to terms of the first dearee 

ill fTi/rrl 

2 X ::: )N<r(l CD 11) 10- ~ .. a ..[i .+ 0;,';;" + } 
loa tl S 0- (1 - 1"0) .... • .. .•. 

Since ' the angular d1stributions in the&e two cases are very 

speoial ones, involying on17 a simple multIplicative constant, they 

are not suff1clent~ general to emble one to satisfy the boundary 

oondi tiona mar a souroe or a bounda17" Bence, elemental')" 

diffusion the01"1, based on Fickls taw, holds strictly only for 

the aaymptot~ solutions of the Boltssmarm equation. 
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Glossar.y. Reactor Theor,y 

bombardment damage 

The effect of radiation (neutrons, fiaalon fragment s , 

a particle , etco) on a substance}Cr implication undesirable o 

boundarY oonditionp 

Batural or artificial oonstraint. to a physical situation 

made at the discontinuities (1 oeD, the boundaries or inter­

faces betwwen media) A Thus a piano string olamped at two points 

b.Y bridges impose the boundary condition that the displacement 

of the string be always zero at these pointso For a bare pile 

the boundary condition at the surface is that the retU!'n current 

of neutrons is zeroo 

breeder pile (mother. mature) 

A nuclear reactor whose net breeding gain is greater than 

one, i oe . , a reactor which produces more new fissionable atoms 

thnn are con6umed in the chain reaotion. 

breedi ng gain. C 

The ratio of the fissionable atoms produced from fertile 

material to fissionable atoms de8tr~edo 

" :s ?... ~ ." losses 

where 7 = neutron. per thermal neutron abaorbed in fissionable 

material 0 The losa!s 1nolude the neutron oaptures not leading to 

fission, or leading to the formation of a fissionable atom, aa 

"+1 as leakaGe neutrons not absorbed in fertile material . Thus 

7 - 1 is the absolute maximum for a breeding gaino 
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Glossary, Reactor Theor" 

brewing rat! 

The rate at which fertile material 1s tranaformed into 

fissionable material ln, say, gram. per second. 

bucklig. geometrioal, s: (IOJIle author. use 8 instead of B2) 

See discussion UDder wave equationo The Beometric buckliDg 

is an eigenvalue rflsulting trom a .olution of the space form 

of the wave equation (the scalar Helmholtz equation) with boundar,y 

conditione. The connitlon of criticality of a nuclear reactor 

is that the geometrical and the material buckling shall be equalp 

(Soodak uses the name wLaplacian" and writes the Boalar Helmholt z 

wave equation aa .6 ~ .. + tp = 0) 0 

where the 87111001 4 i8 the Laplacian and 1s the negative of 

the buckling B2
0 Since the name LaplaciaD leads to confusioa g . 

2 
with the Laplacian ope'rator \l (or L'1 ) this u.aL" is not 

popular 0 
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GlOS8Br,r, Reaotor. Theor,r 

buckl!ng. materi,l, B! (Weinberg), Bm. OJ' - t. (Soodak) 

The value ot s2 in the charaoteristic equatiOD 

- L2a2 - l.-k.' (1.,12) 
p 

where L = diffusion length 

k = multiplioation constaDt 

p = resonanCe e.cape probabilit7 

- 2 P 00 (1,13) = the three d1_n8ioraal Fourier tranaform ot the 

appropriate infinite slowing don. kernel . 

The critioal condition ie that the material buokling shall equal 

the geometrical buokl1Dgo , 
buckling vector. B2 

The vector formed b,y considering as the i th component the 

buckling aS80ciated with the ith dimenaioD. In Chart.eian 

coordinates 

2 _2 2 2 
lC = lBS + .tBr + kB. • 

·0· neutront 

B,y ·C· neutrons is meant the neutrons ·of such energy that 

ther are strollil1' absorbable in oadmium o "C" neutrons have 

.DerBies trom thermal up to 003 eleotron yolt •. 

See I neutron energY grS,. 
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Glosear,v, Reactor Thear,y 

ca4Jn1um rat!S! 

By cadmium ratio 1. meant the ratio = ~ , i .e • • 
Acd • Cd 

the ratio of the neutrou-induced aaturated activit,., All' in an 

unahielded (element .) foil to the saturated activit,. of the 

same foil when it i8 covered with cadmium, Acd z Cd' It is used 

to determine the ratio of the total flux (thermal aDd api-thermal) 

to that ot epi-thermal neutrons alone, or in general to 

differentiate the effects of the total flux of neutrons and the 

total flux les8 the thermal neutroDi. A high cadmium ratio at 

a point in a medium ~eans that the ratio of thermal to fast tlux 

i8 hiBb thereo 

capture oros,-section 

!Wl 

See I cross-section. r,"tattve oaptUEto 

The smallest volume in a heterogeneous pile bavtng aymmet17 

i. called the cell, usually taken ~th the uranium lump aa the 

centero 
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Wip reactiop 

A reaction in whioh one of tlw &lent. enterillg into the 

reaction 1. itself produced q, the reactiOil. • ahaill reaction 

CaD be oonvergent, oritical, or diwrpnt. Referring to the 

Deutrcm-tl.aloD ohaln reactloa, a thermal Ileutroa plus a 

fissionable atom, say uranium 235, . produces a fi8sion which 

71elds two fission tra.pent atoms plus a number of fast neutron. 

plus enerD. The fast DeutroDi can then be slowed down to form 

thermal neutronao The reaction is qritical if the average IlUJIlber 

of neutrons produced i. equal to the avera,e nUliber consumed 

(bf fissionable material, other _tertal, or bJ leakage) 0 If the 

DUmber produced 1e le.. than the IUllber oonsumed, the reaction is 

conyerun!iJ if Ilore ant produced thaD oonaumed the reaotion 1s 

di'Yemnto 

See Figure. 
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Definitions I 

V .,: neutrons/tission 

C ::: fast multiplication constant 

p == resonance escape probab11it7 

I .~. 

p 00 =- P C!IG (B •• If) t I.e o. a function of the enerlJ and the buckling, 

s2 t P GO ia the three-dimeM1.onal Fourier transform of the 

8lowing don JeerMl. P CD (Bs ' J:. &:1) 

Pao (E •• "i) = the probabl1lt)" that a fast neutron born at £0 

reaches enerl7 B. at I: (for an infin1 te Mdiua). 

B2 == the buckling, the lowest eigenvalue at the equation 

2 2 
'V f + B ft? = 0, where tf i. the tluxo 

L2 = the square at the diftualon leDgtho 

r ::::; thermal utilization, the ratio of the abaorption in uranium 

to ibe total absorption ot thermal neutrons .. 

7 or:: tission neutrons per ,thermal neutron absorbed in uranium .. 

'7 e. pt ..: k - the multiplication cOJUttaDto 

The eqnatiOll 

kP 
00 = 1 1. called the .cbaracteristio· equation. 

(1 + L2s2)p 
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channelling eff!,t 

In a medium having maIt7 voided volumes iD81de it the trana ... 

mission of radiation is greater than that of • homogeneous medium 

ot the same average densit1 aDd microsoopi. propertie8 o Thi' 

increase in trabSmissioD over that of the equivalent homogeneoua 

medium 1s called the ohannelling effecto 

channol11na ,tfect flC$gr 

The ratio of the thioknes8 of a .h1~lding medium having voided 
I 

volumes inside 1t to ' the thl~kae8. ofa homogeneous medium baving 

the same average density, the 881lfJ microscopic properties and the 

same attenuation. The ehall.r1elli~ effect factor ia alwqs greater 

than un1. It 

charao~'r!~ie eguati28 

The equatiOll 

2 '-..2 '" -
.. t .tr - 1 :: -- 'GO , P (E" S2) 

1. ~ •• abaracteristlc equation, where 

L 1. the ditf'ueiOil length 

s2 • coutant called the material 1;aok11 DC 

k the multipllcation constant 

p the reaonaDM .soape probabUi tJ 

, 

- a . p <10 (J~., B ) the Fourier tranaf'orm ot the appropriate infinite 

.lowing down kernel 

am S. the eerlY o£the slOW neutZ'CIlo. 

See, pile eguat1op, "Dptotio loMiop 
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compltt.en'H (ot a Bet ot funct~PD!l 

See, onthogOnal1ty apd Oompl,teM8" 

cODwtratio9 factor. c 
... t.rm UMd b¥ Chr18'tJ' to denote the ratlo of the macroBcopic 

absorption in uran1'U1\l to that 111 the moderatar o 

goptrgl. IbtWWr 

By absorber oontrol 1& lleant, 'the control or a nuclear reactor 
I 

bt _au of a au,.tapae ~~9.b .~orbe peutrou. The aubetance 1s 

:. ' ftClllllODlJ oa4Id.UIl or ~, 1" the form of a rae! ooutdll1ng this 
1 

substance inserted into tI3e z.-eaetor I' When the rod haa such great 

abeorpt1oa that all the neutroD8 (thermal) strild..ng it are abaorbed 

theA in a una. the oontrol 18 tv oontiguration alao, s1nce 'the 
, I' 

-.olume ooaupled bJ the rod ~IJ ~en1ed to the thermal neutroDao 

S1noe materials have bigb ~~orpt10D cro ••• sectioDs ~ tor thermal 
. I 

or 8_-taat neutroDII,' OOll~J'Ol b¥ abaorpt1on·1s appUoable 1:0 

0I2l7 thermal aDd illter.cu..te p1le •• 

foptral. eorQClll'Ul. 

CODttauratloa eoratrol,' l. call~ the control of the reaotlv1t1 

of a IIlIDl.U' NWtor tbroua1at 'PI 10 the d1apoai tlO1l of part . 

of the Icti ve '101\l1li8 or ·part of the re1'leotor yolu.o 

" 
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,ontral rod 

Control rods are given Ilames correspOnding to three different 
I , 

essential funetio~8. name~J 

a"oPOl'ler contkol roci: a control rod arfecti~ onlT a small 

change in reactivity which i8 a fine control of reactivit10 

The power control rod 1s normal17 designed 80 that it i8 

impossIble to go from del~ed to prompt critical tr~ougb 

motion through i~ entire rangeo 

bo Saf.V ro4: a control rod held in such a pos! tion that 

ita motion ~ill reduce the reactIv1tl of a reactor to 
! 

below critical. The activation of the rod i8 caused b.Y aome 

emertenq oondi tioD, suob as powel' level too higll, etc .. 

c. Shim rods a control rod affecting a relativel,. large 

change 18 reaoti~t~ of a reactor$ It is UBed for coarae 

controi ot react1vit7o 

conversioA 

A term used b7 soine authors to denote the breeding of 

fissionable material trom tertile material q, a nuclear reactcr 

having a breeding gain les8 than unitT. 
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~ 

!be eomrolut1on ot • t=etl<l1l ,(z) wi t b reapect to a :t\mctiOD 

b(z) ; iD denne4 bJ' 

s 

t(z) "' . f. ,(\) lI(x - .... ) at 
o . 

~be convolution 1a a1.0 kilowtl \!Mer the name "resultant", ItlaltUl2gQ . . 
• J '. 1:1' German end Amerioal1 authors, CIZ" ItCompo81 tion- br the Fnnoho J. 

convol ution (or f bld1ag) i. independent of the Grder in whioh t he 

folding occurs, I.e . 

x . x 

t(x) ~ } bIt) ~(z - 1» dto: ) I(~) h(z 0 t) dt 

o . 0 

I . 

OOJ1\fglut1on of dlff'!¥!l~d aDd. 0aP!81.! lurin! t. alon. down kernels . . . 

Se., kernel., etc. 

gogyo*utlop 9fdifty!lo~ &ad tran'R2rt infinite e1owi!l down kerg!l . 

See I kernels, etco 

c9IJYoltltigD of Gau!aian and trsnem infinite a,lo!1y <1m kernel. 

See, kernel". etg. 
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gr1tioal eauatipn 

The e~uatioD (tor the bare pile) 

B2 s: ~ 
I m 

• i) 1 .0- -~-t:~ t 

1s 'lcnoIm a_ the oritical equation where s: 1_ the geometr i oal 

buckliDl (eigenvalues of the wave eguatiO!) aad ~ il the material 

bucWng (solution of the characteristiC equat l9R)· 

liormall)' a: tor a .peoifio geometry ia used, aM ~ for & 

particular slowil1g down kernel i- used to form & _pecific ori tical 

equation. 

In general a "critical equation" ia one liDldng the 

dimension. of a pile (the core if the reflector ia giveD) 
or the mass or fis.ionable material With the microscopic constanta 

of the material of which the pile is compos.do 

grltical experimeDt 

The operation of an (usually unshielded) experimental nuclear 

. reaotor at very low eners:r levels for purposes of studying it. 
charaoteristio_. determination of critical mass aM/or di meuions, 

flux diatributiona, .to. ia d&11ed a critical experimento 
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ori tical sp. 

The pbJeioal dimension. of the oore of a nuclear reactor 

wbell the k exoea8 ia lero 18 known aa the orl tical ai.e g the 

. material aDd atructure of the oore, alJd the material and thicknesa 

ot the reflector bavlng been sp!olt1ed 0 

9ro,a seotiOJ1 

The probabl11t7 of occurenee of • nuclear reaotlon per atom 

per inoldent particle per aquare centimeter ia called the oros. 

hctiono The un! t is the om2" Since nuolear radii are of the 

order or loS to 8 time, ~12 om, neutron reaction oross sections are 

of t~ ordor at lOQ24 cm2; a un! t often referred to S8 the barn
o 

oroaa-sectioJlD absorptioJl cr; . 

The absorption cross-seotion is the Bum of the oroa,aaections 

far all neutron reaotions with an atom exoept O-;lastio and 

a-inelastic (iDeo, the sum at 0- RS for all reactions in whioh 

the end product is not a neutron and the original atom) 0 

orOSS-HctioD, capture 

See. crosa sectiOD' radiative capture 
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oross-section corrected for kr, o-kr 

The cro8sQ 8ection corrected tor kr 18 the cross-.. ctlon for 

thermal neutrons correoted to that for a monoenergetic group 

having en.rgy = kT where k ia the Boltzmann constant per molecule, 

aDi T the absolute temperature Kelvin of the medium, that is, for 

neutrona having veloci t;y v givell by Y = (2'[;)* = 2200 ... ters/ ••• " 

for T = 2930 A aDd where E(kT) = 0 0 025 electron vo1ta o 

If an abaorber obeying the l/v law i8 placed 'in a nOD-absorbing 

medium of neutrons in thermal equili1:rium and the average eros. 

section ~ measured, then O-kT i. given by 

O"&(kT) = ~ oa =- 1..128 CIa o 

When absorption measurements are made with thermal neutron. 

in equi1ibrimn with paraffin and the oadmium absorbable componeDt 

taken, called "e" neutrons, the average enera corresponding to 

this measurement is around 0 0 04 ev . , then 

08(k'l') := 103 o-;:(C) 

Abaorption cross·~.ection8 measured in a graphi t. or heavy­

water moderated thermal pile are made with neutrons having higher 

energy than 00025 ev .inae uranium preferential~ abaorba slow 

neutrons, here 

a;{kT) = 102 a-;(Pile) o 
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cross-sectioD, differential scattering, o-(vR, v, tt, I) ... . 
B.Y differential scattering oroas-section is meant the TO to 

v and I ' to t scattering crosSesection per unit solid angle, where 

v' and v are the speed before and atter collision, ~i and .t the 

direction unit vector before and after oollisiODo 

See discussion under BoltZmann eQUatios. 

crossosection, fissioD, orr 

The cross-aectioD for the reaction of neutron absorptioD 

followed b.r fiss10D p symbolized the(n,f)reactiono 

cross· section, BYLcroscopic ve c microscopic 

The microsoopic cross-section is the oross section per atom 

of isotope, the macroscopic cros8=section is the product ot the 

microaoopic cross- section b,y the number of atoms per unit Tolume 

1.e., it is the crosl-sectioD per ~o All cross-sections may be 

expressed in either the microscopic or macroscopic form Q 
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crosB-section. per atom of element 

(called also just "croBs~section per atom-) 

The microscopic crosso8eetion for a given nuclear react ion 

rtfferred to the natural elemeDt. although the reaction inVolve. 

oDlJ one of the natural isotopeso It Ai i. the relative abundance 

(~ Ai = 1) of the 1 th isotope. the (isotopio) cross-Hetion, 

Oi, 1. related to the croa,-.ection per atom ~ q, . 

0Ai =.1i Vi 0 

gross-sectiop. rad1a~ive capture 

(also called just ·capture croB8Q 8ectioDG-) 

Tho croa. section tor the reaction D -+- ZA ~ ZA +1 + b"V, 

1a called the oro.sQaection for radiative capture, abbreviated as 

the(n, 1") proces.o 

cross-aection, scattering, 0-., cr;lP <rIne. 

The acattering cross-Hction, 0-, 1& the sum ot the oros.." a 

aeotioa for .1Ifti, acatter1lMI, erel' (energy conserved) pl"" 

that for inelastic acatteriDl, ~nel' (total absorption toll~ed 

b.J emi •• lon ot a neutron ot lower enerlJ)o 
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croaa-pection. scattering. ela,tio 

Sees gro.a-aection. scaiter1ns 

crole.,ectioD. !oatteriDg. iaela.tio 

See:; orp8!= .. ot1op. 8oatt,r1na 

erOSfc::"ctiOD. total 

The total neutron cross-section is the .um of the Cr08fc. 

sectioll8 of all possible reaction. which mIQ' take plao,; that ia 

u;~ OJ 
j 

~ U.1 t- <J inel + <J (n, r ) + q- (n,p) + 0- (n, c() + 0- (n, 2n) T .tc .. 

Gr08a-aectlOJl, tra!18pOl"t acatteriDg, Ol 

The product 

vi ::.-(I. (1 co Po) 
wbere 0. is the .cattering croas ..... ction aDd ;'0 the average cosine 

of the .cattering distribution i8 called the transport aoatterina 

cro88-•• ction~ The factor (1 ... ;'0) 1. arbi trari17 attached to the 

aoatterina craBs-section in order that elementar,y diffusion theor,r 

ID87 be applledo 
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oroBs-section for ',p,d,f»I, eto ecatteriug, 0-.1. 

'l'he croes-HctioD for .,p,d,f ,I, eto. acatteriDl, a -ex ie 

th the coefficient of the . .t .pherioal harmonio in the expaD8ion 

of the differential 8cattering cross-section, where "e- is used 

whell .L == 0, .p. when .;(. :I: 1, -d· when L -= 2p .t" when..t.:;. 3 

and so on through the alphabet for higher values of .L 0 

It can be shown that the cross-aectioD for .. scattering, 

0-.
0

, is the total soattering cro ..... ctiOllJ am. the cr088c>MctioD 

tor p aoattering, 0-;1' the average ooaine tim •• 

0.1 -=- fo 10 0 

See disouaaioD under Bolt_DP !QUltiop_ 

Q .... , etoo, 
eo 

!!p. nevtrODl 

NeutroDS of such eMr" that tbq are strons17 abaorbable 

bT rhocliumo rue term ill now oblo1et. although it appear. ill 

the llteratUl"e. 

See MUtroa 'II!"' "sma. 

danger ooefficient, 3s 

d~l 

• 
The danger coeffioient, Iru, 1a the per cent lOB' in thermal 

utiUaatiOil for one per cent. (b,r weiaht) iJDpurit7 urdformJ.7 diltributed 

in t1eaicmabl.e material. if original thermal utilization ia tmitJo 

See I fZ1'!CU~nt op.tatgr. 
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deland neutroD! 

See. prompt ape! d,lutd D!UtrOU' 

delta 1)mct1on. J (x) 

The 4elta-fuJ'lot1on 1. defined to be Bro everywhere except 

where it. arsumem 1a zero, where it tenda or 1nf1n1t7 in such a 

manner that the integral 

",00 

) cf (.) oil< = 1, 

... 00 

ao that 

+00 f t(z) d (z - .) oil< '" tea). 

-00 

where rex) 115 an arbitr817 fuDction of x. The delta function ia not 

to be oonfused with the Kronecker delta, <:I"i3 0 

The J .. funotion, named by Dirao p haa been in use many 1'eara 

betore the time ot Dirac o It baa aometimea been called aD 1mDulse 

function, or a JacQfupctionQ 
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delta, Kroneoker, J' 1~ 

The 1r0000oker delta, .bol1zed J"13' 1. a di800Dt1lluoua 

~aotor which i8 taken to be UD1 t7 "Il 1 ~ j aDd .. ro when 

1. F j, 1.80 

dij :::: 1, 

::0 

1. = j 
1. j: j ~ 

It i8 not to be oontused with the 'Dirac delt.~tunctloD. 

differential pcatterigg 9£9'f:P,ctioDp 

See. otp".,,;t1sm. d1ftel'!ptW acrtterigs. 

d1tf'u!ioB 

The ,preading out or dispersing of a quantit7, (moleoules g 

neutrons, electro ... , light, eto~) iJl a medium through the action 

of raDdom acattel'iDg. 

ditfuai2P coefficiept of 11lutroD density: ~ 

The diffusion coefficient of neutron denBi't7, D, i8 the product 

ot the neutron velocity and the diffusion ooefficient of the 

neutron flux; the Meati ve of the ratio of the net neutron diffusion 

ourrent at & point and the gradient of the neutron denait70 

J) ... ,. Do 

Y :II>' Deutron velooi t7 

Do = diffusion coefficient of neutron fiuxo 
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d1ff'uaion coeffioient, D. 

The constant of proportlonalit7 ia Fick'. la_, the diffusion 

coefficient of nux ie the negative ot the net d1ffWlion current 

at a point divided bT the gradient of the fluxo It ia related to 

the micro.copic constants ot the medium to a tair~ 800d approximati on 

~ the relations 

Ncr:: 
Do::: .....:.A - At X2 --3 

where B ~ ::::: the macro.cople a~orptlon cron-section of 

the medium, aDd 

K::: thGl reciprocal of tho d1ffua10n length, 

K 2 = J IfCJtNo-. 0 

See. Bolt_nn .gyatiQ!1. ,aY1!1ptot1e solution 0'. 

ditfu!iop length. L (reoiprocal}{ = 11L) 

One sixth the mean .. square distano. bet_sen the birth of 

a thermal neutron and the post tion ot 1 ts abaorpt1ono Far from 

a plane neutron .ource in a suffioientl7 extended med1um the 

'neutron intenait7 "decreaees exponentia1~ with relaxation 

length = Lo 

dlffupioa kernel 

Se.: kern.1. d1ffuaio •• 
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diffue10n me~f'[!!=patb. 

Se.: aee:tn'-P'tb. diffuaiop alld eee aleo Boltzmann '9uationg 

d1'adypt&" ',stor. d 

In a lattic" the ratio ot the average n.utron d.n8it1 in 

the mod.rator to th. average d.nsity in the uranium lump ll it 

d.pend, OD the ,Dlrg or th. n.utrone ae nll aa on the geomet17 

and in a given lattio., its value ia different for the thermal 

and .pi- thermal neutron.. 

dl.plac.mtnt kernel 

A kernel whiob ie & fuaotioD of the distanc. betwe.n two 

pointe in a mediUlio The slowing doft kerml. in general are 

displacement kernela in media of inf1n1 te extent, but not 

necessarily so in finit. media • . lI'cnrfIver,wh.never, the finite 

and infInite alolfiDi down kernel. eatisfy the same linear 'quation 

aDd by meana of image piles, the slowing down kerElel in a finite 

tystem may be taken to be the infin1 te displac.ment kern.l. 

eigenfupctlon 

Th •• olution of a dIff.rential equation with boundar,y 

condi tiona having an eig~nvall» <> 

See alao !ave eguatioQ. 
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.lpll!lly! 

In order to get a aolutiOil of a differential equation with 

bomIdQ17 oonditiona it 1 •• ~t1ml •• 0.sl.17 that aD adjustable 

parameter oan haft 0Dl.7 cli.cret. valUNo The •• di.orete value. 

are called -eigenvaluello. 

See disoussion und.r JIve !9Y1tipp. 

tlwPtm diftuaion th!SI'1 

The diffusion thao17 based OD Flok'e Law, 10'0' the pro-­

portionali t1 between the diff'ualon current and the gradient of 

t.ha flux. It Is Itriot17 valid 0Dl7 for monoenergetio neutrODa 

aM ill • one-dimentJlonal I1stem in media where;; (angular 

distribution) is not • function of poaitioao 

urlohmeDt 

AnJ process whioh ohanges the isotopic ratio} tD reference 

to uranium, is a process which incn.asea the ratio or u2)5 to 

U238 In uranium bj eeparntioD of isotope. 0 Enrichment prooe.se. 

rererred to are thermal d1ffualon, paeOWl 'barrier dlftuaiOA, 

oeatrltugal amd eleotromagnetio MparatiOllo 

epr1Chment factor 

The ratio of the isotopio ratio after enrichment to that 

before enrichmeDtG 
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.pi-thermal neutron. 

Neutrona haviDg energies above the thermal rang'J al.o the 

term ia .ometilll88 used to mean neutrons baviDg eDers1.ee aboTe 

the principle indium resonance (lQ4 ",o) as mea.ured br the 

cadmium ratio method o 

Euler" equation 

See I yariat10p (WI), .tbod 

fIPOPInt1al pile 

A pile ot .1ze lea a than critical which is used to measure 

the material buoklina of a given material (uranium plu. moderator 

at' diluent) and thus to determine the cr1 tical size 0 11 th the 

wrual. plac.ment of the '0Ul'0', and .hape of pile, the d.cline 

in neutron d.aait7 1n ODe· directioa 1. exponential; henoe, the 

DaIIlte 

ml'lJ)9l.att4 bouT'n (IWIIleatatiop dl.t&DC!) 

Th. suplac. M.id. • 1IQI)1ear reaotor (aoti ve yolUIIB plus 

reflector) on which the DeUtron flux would be _1'0 it extrapolated 

11n8ar17 t.rom the true wrtace of the pile. The d1stanc. betwe.n 

the extrapolated boubia17 am the true bound817 11 the augmentation 

distanc.. The augmentation di.'tance tor a .em1 ... 1IltiD1te mediua 

baving a plaDe eurrac. 1. 07104 ,A t where A t i. the tranaport 

lDIan tree pat;h. The augmentation distanc. i. in general a function 

ot the curvature of ' t he true surface and approach.s 4/3 At for a 

.urface of infinite curvaturo (z~ro radiu~)~ 
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tlPt er1)ot 

The increase in the maber of neutrODa 111 a th.rmal pile 

produced ~ fiBsion with tlet neutraa. 1. called the f,st err.oto 

tilt multtpl1cat1op fagtgr 

The number of neutrone elowd don to re.onaDC. energy (ill 

absence of leakage) per neutron produced b.Y tberal. tiSSiOD, it 

i. greater tbaD uni t;r beoaus. of £1e8101U1 caused qy rut n.utrona 0 

'I.t .. Q!Btrop 

Se.. Reutrop. fa.t. 

r'rmi II! 
See a ilia 
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fermi age model 

A mod.l for the elowing down of nwtroD8 in a medium 'b7 

. l aeti. collision. in whicb the .10wiDs down ie assumed to follov 

a continuous fwlctiODo If qo 1. the slowing down d'D8it7 divided 

br the resonance •• cape probabl11t7 ( = q(I)/p(E» tbaa it 1. 

a •• umed that 

flo = pc:.) ~(E) er. 
where 4~' (E) i. the flux of neutrons baving enerQ bet •• n E and 

B +dE 

£e (E) 1. the macroscopic .cattering cross .ection 

~ i. the average logarithmic .nergy 10sl per oollision, 

aDd 

I 1. the .neru. 

Th.r. re.ults that the lpacial distribution of neutrons ot 

•• rl7 E from • point source of neutrons of .nar87 Eo i. ai v.n 

bJ • tbre ... dimendow Gaussian distrlbutiollo The term -age· 

arie.. from the fact that the differential .quation tor the alowiDg 

down d.aalt1 in terma of tba -age- 't , where 

1.. 

,t (I) = t 
I 

A'r 
e $""" 

3!, '-II 

2 (."" q 
" " co ...:.:....:2 -= 0 I V " 0 3 .(; • 

(oontl nuad) 

.A­
I 
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lermi M' IlO4el (cont1D.ued) 

that 11. the Wage" 't tab. a s1ld.lar positIon to tiJle in the 

differentIal equat101l tor the tlow of beat whioh 1. identioal with 

the difter.ut1al ... equatloa. 

See I kerpel. g.ua.1tp, 

tertil, material 

A material which can be converted into fi.sionable material 

tv radiative capture (a, r> aM subsequent dlsintearatloDo 

Uranium 238 i8 an example. 

tf38 -+- Ii --) 0239 234~ ~ 1p239 __ 2.3~,dq. > Pu239 

Wi tb tbAt quasi-stable ead product beiDa plutoni\Do 
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liqk t , tI· 
Th. atatement tbat the net dUtualoD current 1, proportional 

to the negative or the aradient of the neutron densi t7 1. knowa 

•• Flct' 8 law, aDd i8 the -'al. of .J..meD'tar7 dlftuaion theOl'7o 

It i8 mol ttea, 

! :: .., D arad lao 

,wen! ie the vector net dlffuaioll current, D the diffusion 

coeffici.nt of neutrQn densl t;y, aDC1 Do ' the neutron densi t7 0 In 

neutron diffusion theol'1 it is more convenient to write the la. 1a 

term. of neutron flux, getting the geDer.llz.d Fickos I •• : 

!::: co Do(Y) grad ~ , 

.her. Do("') i8 the diftuaioll coeffici.nt of neutrOD flux of .peed 

Y, aDd ~ i. the neutron flmo 

tinite lif,mtime 

s... life-time of a neutron in , finit • med1umo 

tiseil. material 

Be.. fissionable !!Iterial., 
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tis!ion orosa~8e9tl0. 

Sees crosBoBectlon, fi88ioD. 

r18S10p p01lona 

Fission fragments whioh have approclabl. parasitic capture 

of neutrons are oalled fission poiaonso 

l1@.ion Iptctrua (or fission neutrons) 

Because the fis.ion neutrons are ·wvaporatedW off of tbe 

excited fission fragment., the,y are not produoed with discrete 

enerl1, but have energies ranging over a wide energy intervalo 

The probabilit7 function, t(E) dE, giving the probabillt7 that 

a tission neutron once produced bas eneri7 between E and E +- dE 

18 mown a. the fission 8pectrum. t(E) may be normalized to 

unit,; to 1 (the fission neutrons produced per thermal neutroD 

absorbed); cr to 1/ (the neutrons produced per fission) " 

,1ssiep Yield 
The tis,lon 71eld at the 1th t1aslon product is defined ·aa 

the DUmber of atoma of the 1th product formed per f1saiODQ The 

direot fi88ioh fragments forms the parent ot a ehmin or radio= 

active transrormations o Parent atoma maJ be tormed at several 

place. ill the .ame chaiDo The sum of the yields of the parent 

riaaioD fragments i8 within experimental error equal to 2000: 

indicating binary fission, 
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:~'.10Dlbl. mater1!! (fl,,1le material) 

Th. term "fissionabl. material- i8 uaualq employed to 

refer to an element whioh will underio fi8siOil on the abaorptioD 

of a slow Deutrollo 'lb. word "fiedl.- i. pref.rred by some 

authors who res.rve "f18,10nable" to refer to .pontaneoua 

f1ssion .. 
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'putier tTlDs fgrmati2D 

A Fourier transformation may be regarded 8S a special cas. 

it a Laplace transformation in which the tranaformvarlable is 

a pure imaPDaI'71 

Provided that I(t) ia piecewise continuous and that the 

tOO 

integral J let) dt exists, we have 

-00 

tOO 

0("") ::: 1 . f t(t} e 
- if4Jt 

dt 
(211 

"00 

+(1) 

! f 
... l 41 t I(t) ::: 0(1cJ) • dta 

{i1J' 
- 00 

The Fourier Intesral theorem reau! ts troll combIning the two 

expressionaa 

t(t):IiI -L 
{ff( 

+00 +00 f f· -1'" (t.-x) r(xl cl"'cIr 

- 00 "00 

Tables of lourier traDatorm mat.8 JDa7 be totmd ill, 

Georae A. Campbell and Ro 10 Foster, "Fourier IntesraJ,s tor 

Practical Applications·, Bell Telephone 8,yst.m Technical PublI-. 
cations, lIenograph Bo584, September 1931; now published in book 

tom l:t" Do Van NOltrand Coo , Inc. , Be. York. 

See s kRIDc, tranaform,tiop. 

I 
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tU""amental mode (or a nuclear reactor) 

See. peuttOB d1Bt t1bution, tupdfJl!.Dtal Api higher mod,! .. 

Gauss'" sU.tributloll (normal etrw oum) 

The Gauasian distribution is the probabilitJ distributioD 

given tor ODe dimeneion btl 

+00 

p(u)=ff 
QO&U2 

e • , f p(u)du = 1 

"'00 

where p(u) 1s the probability that the quantity under cOD.iderat1o~ 

.hall have values between u aDd u t du" The parameter ! i. 

measure of both the maximum and the width of the di&tribut1ono 

When u ~ 0, the maximum value of p(u) = {. occurs 0 Whe. 
1'-

U :: r:-, p( u):::: -;-~ ~ that 1s 1/(' of the maximumo The 

probable error is defined as that raDie of u for which the total 

probab1l1t;r 1. 1/2" SettiDg 

from the tables that 

PoE" _ 

.,.PoE., 
( p( u) du:: 1/2 J we find 

.,.'P.Eo 

J.'lJtl 
'ra 

If the transformation x =: U fi ie made, the Gaussian 

d1!tribut1on take. the form! 

(continued) 
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gaUlS!" di.trlbyticm (n9lJH:~ !!Tor curve) (oontinued) 

p(x) = .J:... 
(fF 

t 

.-~ 

t 

.. ,,'. ', j . 

Tables 01 2 f p(x) dlI 

o 
- ~ ....z... ... x 

11" dx mq be fOUlld ill 

o 

Pierce "A, Short Table ot IntegralsDft Ginn and Oo1JPlV', lew York, 

1929. 

The Gaussian distribution haa be.n exploited wid.l7 in the 

representation of fluctuat,iona ot physical measurement. although 

experi,ace baa shown that very tew set. of experimental data 

appear to follow the 1awo 

The distribution of velocities of the molecules in a gas 

at equilibrium waa ShOWD b.J Maxwell to be a three.dimensional 

Gaussian dlstrlbutiODo 

The Random Walk in the limit ot infiniteslmally small step. 

also approacheD the Gsusslan dlstrlbutloDo 

Gausa1aa alowipg down kf!rpel 

See. kernel. ,lowing dgwp=-aRteial ca,e J Gaussiap 

Qaua91ap kernel with fiBeton 'p!ctrum sprtad 

Seat kern;l. slowing dowa ~ special caa. ; Gaussian with 

ti8810n epeetrum 'pread . 
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~ ~~. 

'lbe generation time is & "8Sm:-. of the average time between 

lUCoessiv. generations or a DButron fission a,vcl.o ~ generation 

time is essential17 a property of the whole reactor, io' o a 

macroscopio propert7. It may, howevco, be d.fined aa a micro-­

scopic propert)" by taking a B1IIall volume of mat.rial fran around 

a given point in a pile and building a homogeneous pile out of 

similar material. The generation time ot the large pile thea 

becomes the generation time correapoDding to the pointo Let 6(t) dt 

be the probability that a neutron exists for t a.coDds , th •• 

undergoes an absorption resulting in ris.ion in the interval dto 

Since there are oth'r types ot absorptions or 10Bse., the integral 

at I{t) dt trom zero to infin1t7 will be less thaD on., 887 a 

value F 0 The geMration time is thea defin.d by ~ 

(I) 

..£0 '" + f t R(t) dto 

o 

Not. that the gemeration time is not the av.rag. lif.=ti me of the 

B8utron, sinoe those neutrons absorbed or lost in a manner other 

than that producing fission have been discard.do 

The time variable ~ be transformed into aspac. variable 

b;y the relation x = Yto For the thermal (one group) case ther e 

result • • 

(continued) 
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a.rat1sm tiM (oontim.wd) 

• O""t ; 

,to = 1 

where. Of 1. the _or~oop10 fi •• ion orot .... ction, and ; the . 
averace yelooitJ ot the Deutrou. 

B7 meaD8 of the ori tical relation tor tba .tational'1 tJ1.ate 

or a larp thermal pile (one group case) one can show that 'the 

generation time. 't/be mean life 1n an infinite lattioe p .£ J and 

the mean life 1n a ,tin! te reactor. ,L*, called the finite life.,. 

time, are related aa rollon, 

• /: ~ 
'lE. 

.L 

1+£2 B2 

where 7 i. the number or thermal neutrona per neutron absorbed 9 

£ 1. the fast mult1pUcatiOD factor, L the diffusion length, aDd 
2 B the buok1ing in the tint. te pUe 0 
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I£Idlent (operator): (callld -del") 

The gradient operator is the veotor difterential operator 

d.fined b.Y the relatioR (in cartesian ooordinates), 

V -::: ! ..sL+JL+kL 
dx . - J~ - J IS 

o 

The gradient OaD operate oDly on a scalar function of the 

ooordinates o Appropriate formulae tor t~ gradient in other 

ooordinate.eta may be obtained from &n1 book on vector ana~.is o 

In general, the gradient of a scalar function evaluated a~ a 

point i8 the rate of increase of the tuDctlon taken in suck 

a direction that this rat. of increase i8 a maximumo 

Gre.! fupet10ns 

Se.: kernels 0 
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grgup aDd phase velocitx 

Th. group velocity i8 tbe velocit1 with lrhich a wave packet 

as a wbole 18 trall8mi tted throuah a medium. The phase veloc! t7 

i8 the velooit)" with which a monochromatio wave is transmitted 

through the mediao 'Ihe phase vel001 t7 i. Ii v.n 'b1 the product of 

the frequeno1, 11 , aDd tb. wave leoath, ). 0 It dispersion 

.xists in a medium through whiah waves are passing, that is, it 

the phase velocit)" is a function of the wave length, then. the , 

group velocity 1s different (in general) from ~ particular 

phase veloci t7.. The group veloo1 V, U I 1s related to phase 

velocity. V, to the wave length, or the wave mDDber k-= 2'J(/). 

b,y the relation: 

u =- v ... A..a: .; 21( ~ 
dA dk 

,.. 

Bankel fupctioe 

Hankel functions are solutioDS of Beaselve equatioDo 

See: discussion uDder wave equatioD, 

Helmholtz !Quation 

See 8 wav. eguatioAo 
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hompgeD!OU! dlfforential equation 

See. linear agd hcpogeDlQU! different!.l '9uatiop. 

hydraulio radius of • hole 

The area of a hole divided b.r 1ts wett.d perimeter i. oalled 

the hYdraulic radiu8 0 

WI8 neutron, 

Reutrons of such energy that they are atronglJ' absorbable 

b7 indium, that is~ of enerl1 in the neighborhood of 1044 evo 

This term is now obaolete, although it JDa1 be foUlld in the 

literature 0 See 2 neutron en!rq groupao 
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3"u aDd neg.t1ye piles 

UDder certain reetricticma ltaW, l1I1Jle:q, that the 

augmentation distance 18 independent of the eller", ot the 

Deutron and the finite aDd 1Df1n1te Ilaw1ng don kernel s obeT 

the lame linear equation, the ao1ution ot the aQIIIPtotic plle 

equations is alBo the solution of the fint te pile equationa 0 

Quoting Weinberg: ·PbJaically, the senae of thi&l theorem ia 

&lomewhat as follow.: the neutron distributioll in a finite pile 

can be calculated under the restrictions atated ~ extending 

the pile out to Infin1 t)' and fiDdinl the .aJ1DP'totic neutron 

distribution in this int1D1te s,atemo This solution osoillatea 

poaitive neutron densitie&l alternating with negative one8 ad 

iDtinitl.lmo The posjtive and negative densitiea are so distributed 

that an the pileboUDdar,r their superposed effect satisfies the 

bourJdarr cond! tioDII •• 

The regions in which the neutron denait)' is Degative may be 

called a -negative- pileo The positive and negative pilea are 

ver, similar to the sTstem of images whi ch are cOlllllOlll¥ used to 

solve ordinarr boundary value problemao Henoe, the use of the 

term nimagen pile a8 ..,nOQJmoua with "negative ~or positive 

pile outside the Pb7sical boundar.y." 
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t.portaDoe function, I(.> 

The importance functiOD, ltE>,i. defined aa the total inorease 

in the neutroD illVeDt0J7 OIlU8eci 'bI' plaoiDi one neutron at post tion 

1: ill • pile .., 

a.e. perturbation thes. 

ipelast10 .oatten. (ot • IlOUtron) 

Inelastio scatt.ring is a nuolear proceall q, whioh the 

neutron is abaorbed into the DUeleD, thus loosing its identit1, 

followed q, the re-tlmission of a neutron of .neru les8 than 

that of the incident neutroDo Inelastic scattering is an 

important procesa in the slowing down of very energetic neutrons 

b,r beaV7 elementlo Por aufficient~ high enerQ of the incident 

neutron, a heavy el.ment (such as iron) 11&7 have much better 

.10w1111 don propertie. throush inelutio .cattering than had 

b,y a light elemeDt like hydrog.n through elastic aoatteringo 

Se. : IIcftterlng. inelastio . 

"infinite" lif.-t1me o 

ae.. 111', .. time of a neutron 1n an 1nf1ni te !Il!diYlP<' 
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'Moure ib, 
ne inhour 1. & UDlt of the Z'eaotint7 (i.e. a measure ot 

the relati ft uoe.8 k) of a pile. ODe 1Dhour 1. the react! vi t7 

whiob wUl r1ve the pile a period of OM houro lor. pUe which 
1. yert Dear~ oritioal. tbe reactJ:ylty 1D iDhour. 1. the inverse 

of the pUe period meaaured ill hour.. far a pile which 18 far 

frOil oritical tbe relation between the reactivit,. in InhourfJ and 
the period 1s more c~l1catedo The 8Inhour formula" gIves" 

reactivi~ in iabours (W.lnbera)o 

-.f.. + I ~i ti 
1 2 

fm(I •• B,) 

keff T 
- 2 

fib:::' 
i if -t- ti Poo{I •• B,) 

-
i.* + I I, t, 

1 2 
P (1) (B.. I,) 
- 2 3600 kerr 1 3600 +- tl Pm (I., B,) 

* wbere .i = 1 1 1. the -finite lire time-
R era 'f' 1 + L2 "a2 

keff = 
- 2 

Ie P OJ (Ke t " B.> 

P (1 + L2 B2) 
i. the ".ffective multiplitation 

OODstanta" 

(continued) 
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amour. lb, (oontinu.d) 

l' i8 the pile period 111 hour. 0 

fil ia the yield of tbe 1 th d.l~ neutron per prompt neutroDo 

tl 1. the dec81 coutant in houri of the i tb delayed neutron. 

- 2 P!o (E., B,) ia the Fourier tranatorm ot the slowing down 

kerDel or the i th del.qOO neutroDa. 

p 00 (Eai ~) ia the Fourier tranatorm ot the slowing dOWD. 

kernel of the prompt fle8ion neutroDa o 

E. ia the energy of the thermal neutron a , aDd 

2 
B, 1a the geometrical buckllnc ., 

1Dhour tormula 

See a 1pboyr • 

Wento", peutron 

The neutron invent017 1a the total number ot neutrons in a 

reactor at &I'Z7 one time 0 It ia a convenient quantity for use in 

pile kinetieso 



-6~ -
,. ,.. .. ~ 

• 
01088&17, Reactor The017 

~ 

(a) kdelaftd 

(b) Letfeotlv. 

(0) lLtmc •• a 

(d) lLfiD:lt. 

(e) )Llnfinite 

(t) k prompt 

Seer mult~D11cat1QR oQ~ta~o 
\ 

Bma ~ 
J 

The reciprocal of the dIffusion length. 

Se. a diffuaicl! lepgth 0 

",sela ~ Qreenup tygptiopa (aa applied to random WAlk or neutrons) 

A Green a 8 1'unction i 's the solution of , linear differential 

equation and its boundar,y conditiona in which the 8ourc~ term 

ia taken to be the d.lta function in one or more dimension. (time 

111A7 be included wben attxiying neutron wave.). Sinc. tbe differential 

equation ia linear then, superposition of solutions ia a solution, 

aDd, therefore, aJl7 arbitrar,y sourc. function may be taken a8 a 

superposition of delta functioDSo 

It G (x, % 8 ) 1s the Gre.n's function solution for the delta 

function souro. at xu; then the aolution for an arbi tr&r1 sourc. 

(continued) 
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amel., GreeD r. tupctioll! (continued) 

r(x') detined betweell a aDd b will be 

b 

f C:E) = f tC:E') II (:E. :E') hi • 

& 

. " ... .. ' . . " 

It in addition it 80 happens in the ~8ical problem that 

£(x ' ) i8 proportional to + (x) - aa it i8 in a homogeneous nuclear 

reactor - then the above equation become. an iategral equation in 

which the Greenvs function i8 the kerne10 Bence, in nmxtl'oa 

physic. the Green i 8 functlona are called kerne110 

Whenever the Green's functions are funotions of x 0 XU they 

are oalled di.plaoe~nt kemela 0 A Green 88 function is always 

81JDIIIetrical with re.~ot to interohange of x aDd x, ... Green Q• 

tunotiol1l have the prOpert7 that tbeJ have a finite di.continuit1 

in their .lope when x = x· ot value [p(x)] 0

1
, where the function 

2 
p(x) 1. the ooeffioient ot ~,the .econd derivative of the 

dx 

dependent variable , In ~ equations p(x) i. un1t7o 

The Greeno. functions obwioualJ depend on the differential 

equation and on the geometr,y ot the delta funotion .ource~ 

A particular Green's function i. called b.Y the name of the 

differential equation and the geometr,y of the .ource o . 

( continued) 
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lcernela. Green i, functions (continued) 

The Green's functions of a~ one differential equation may 

be converted from al\Y one geometry to another bT simple integraos 

tion or differentiation. Letting the subscript Q refer to point 

geometr,r (unit point lource); pl to plane; IS to Ipherical shell. 

:! to line w. have 

Q) 

'\1 (~) = 211' [ f 0p(P) d/' 
, ? 

, 

"'ere S i8 the perpendicular distanoe from t~e plane to the 

field pointg ~ is the distance from the field point to 8 general 

point in the plaMo S1m1larq 

r + 1'8 

Oa.(r,r·) = J.t "! _. r fOp (f) df ' (r > r') 

r ... rl 

where r' is the radiua of the sPherical shell and r the distance 

tram the center of the shell to the field pOint • 

• '!'he 1:lDe kernel in terms of the po1nt kernel 1s 

Q) 

°1 (~) '" 2 I 
~ 

.too 

f 
~ (f> df ( f2:--~2) 

If DO geomet1'1 1s stat.d, it is und.r.tood that it 1. the 

point saurce kernel to which i. referred 0 
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·.rr~ · 

xerJl!l. Christ;y ... Wheeler ,', 

See~ kernel. slowing dOWD R infinite, ~onvolutioa ofa 

8pecial case; convolution of Gaussian and transR2[t kernel~ 

kerne18. diffusion (YukaWI> 

The diffusion er Yukawa kernel reaults trom unit J ofunct1on 

source solutions of the dittusioa equation» ioe o the equation 

of elementary diffusion theor,Jo Diffusion kernels tor varioua 

geometries are given in the table belowo 

(continued) 
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Name 

PoiD1. 

Plane 

Spherical 
Shell 

Line 

Cylindrical 
Shell 

Symbol 

G(r .. r') 

- ~~-
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Table_ Diffusion Kernela 

Source 
Strength 

1 neutron 

The Kernel 

, "" d{ II ~ 1:91 

41f Doll: .,. £11 
r =nosi tion of field point: ri =D¢sij:,ioll of fJouree Doillt_o 

Gp1 (l' .• r') 
2 

1 neut/om 
,",~{X - Xi) 

e 

2k Do 

x =~!t,ltio~of_r~ld_J)oinkxu_= position of souroe plane 1. t~~ 
1 neutron per 
ahell of 

U.(r, ri) Iradius r' I [e'"' ~/r - ral - H./r e e 
81r'rr i ~( Do 

rtf] 
r =dlstance of field point from center of shell; rQ =: radius of shell 

G (r,r ' ) 1 neutron per 
unit lengtb 

~ _.t I (d< r) 
o 

2 2 2 f = r + r ~ = 2rr i 008 f 
I r = posi tion of fie Id point; r r ::ll vector J. to line 0 

Gc(r,r l
) I per ahell of I r >r ' 1 neutroll ~ f'o(X r) Io(J{ r ' ) ; 

radius ri a 0 

. unit length . 21r Do I (~ri) I (de r) ; r< rl 
I 0 0 

Do ;;: Diffusion ooeffioient of flux 

}( ~ Reoiprocal of diffusion length 

IoCr) = Bessel function of seoond kind of imaginary argtUllent 

Io(r) ~ Bessel fUDctio~ of a first kind of imaginary argument 

.f =- I'" I' 

rf ::. Angle between 1: and 1: I 
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arpl. dbp1ae •• pt 

Sees 41lp1aguat. uml 

bal _.. .lowing don. rimy 

The fill1 te .1mq don brllll 1. d.tiDld a8 the probabili t:r 

that a ti8.1on neutron ereated 111 unit volUJDe at 1:' 1naid. the tiJaite 

pil., beeome8 a 810w _utron 1n unit volume at ,. It 18 denoted 

bt Weinberg a. P(E., E, ,') where '. 1. the .nerD' of • thermal 

neutrOllo The fint te .linting down ke~l i8 Dot in general a 

di.plao.meDt kemel o 
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kerml •• low1M don. infinite 

Th. infinite slowing down kernel 1. defined as the probs-

bility that a fis.ion neutron oreated in unit volume at tl ift 

an infinite hOllogeDlOua medium becOile. a .low n.utron ift unit 

volume at 40 It 18 denoted b,y Weinberg a. P GO [E.,{ I: .. ,tV)] 0 

The iDtin1 t. slowing down kernel is normalized so the integral 

of the kernel over all space 18 equal to the ".ODance .scape 

probabil1 t,., po 

All slowing down kernels are point kernels accord1ng to 

the above definition, ~ point kernel m., be cODVerted to any 

other geometr.r b.Y suitable integrationo 

Se.1 kernel. - qreenta functioy. 

kernel - 'lowiM dam. infin! t.. cODVolution of 

In some media the 'xperimental slowing down data can be 

fa1r17 accurately fitted b,y a kernel resulting trom the assumption 

that neutrons, born at energy Eo' slow down to an intermediate 

energy, E-, according to one kernel, P 1 (Eo' EIt, ~. - £"); then 

alow from this intermediate energy to thennal ener81, Ell according 

to a second kernel, P2(E-, E., t ft .. I). As the point in spac., 

In, oocupied by the neutron when it reaches the intermediate 

enerl7 E- may be aD1' point in the medium one must take a con­

volutioR of tbe kern.l. Pl and P2 over all space. There results 

(continued) 

• 
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HEMl - .~mng dgg. ipfiD1te. oonyolutiop of (oontin1»d): .. ' · 

P(Bo,I.", - ,) = ! P1(lo,.II:' - ,0) • P(Bo,I •• £O-t)~. 
all IpaOe 

fhat 1a, tba convolut10n 1. 0YfJI' t_ 8p&0, ooordinate. OIll.1, with 

E- taken a. an adjustable parameter ~ 

Th. oonvolution ot three kernel. ov.r tb8 apao. coordinatea, 

wi th intermediate 'Derlie. of E- aDd r' i. liven b1 

P(Io,I.,£ I - £) = 

j('·f'~1(IO'I.,t'-£.)'P2(E.'E."t"_t"')'P3(1."I.'£.'-!)dt.dt., 
all 

apao. 

Sino. the Fourier transform of the oonvolution of tunction. 

i. the product or the .. parate lourier tran.form! of the tunctioDl, 

for an n-told convolution, the Fourier tran.tora ia 

P(EO,E.,B2) = Pl (Eo,ER ,B2) oP2(Ea ,E· 8,82) eP
3

(E. g,l tZ ,a2) 000 P n(£1'£0,B2) " 

hom the three fuDdamental kernel. ... the Gaussian, the trall.­

port, and the diffu8iOJl - three important two--told convolution 

kernel. can be oonstructed. In addition, an ~told cODVolutioR 

of the diffusion kernel will result in the multi-group kernel" 
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pml .. ,lonpg dS. iar1p1tl I C9P!olutiop of. apecial caa.; 

oonvolution of diffusioD aDd _upaian kel"l!!l. 

The convolution at a dltfuaion aDd a Gaussian kernel i8: 

p 00 (1~s·1 £-£' /> = f 
-(1_,,,)2 

p , 4'li 

all (/. 1f 1: , j/2 
I 

.pae. 

- Ir."-.. ' I 
Ll , 

41f1 £,.·,'/ti 
d£." 0 

where 1: , the age, and '1. the diftusion length are to be regarded 

as arbitrB1"1 parameters det.rm1ll6d ~ experiment, Es iB the energy 

ot the slow neutron, p the resonanoe eacape probabili t7, 1: the 

vector position of the field point, l' the Yletor posjtioD of 

t.be Bouree point, and I" the yector position of the integration 

variable . The Fourier transform of thi. kerael is: 

- 2 P CIO (E.,B ) 

_1:B2 
:. ..f..! 

1 + x.i B2 

2 
where B is the bucklinao 
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ptllJl !long dm. !arint +.,. conyolutiOD or, 'p!gifl, oaee' 

oo!!!,olutlO! s,t 41f fu!loD ppd trayROFt !ctmel. 

TIl. convolution of the 41tfu8ioD aDd the tran.port kernel la 

,iveD by: 

r .. £-&:" 
Ll 

I - P .! 2 
P 00 (E •• /t-:./) - 41r 1:."-:./ tl 

all 

- Ra-Ir'-J:" dt-
• 2 4 ·11 I , .... ~ ' I 

, 

apao • 

where E. 1. the energy of the .low neutron, p the resonance eacap. 

probability, Ll the diffusion l.ngth aDd 1/10- the mean-tree-path which 

are to be considered arbitrary parametera to be .valuated ex ... 

perimentally, t 18 the vector position of the field point, I' the 

vector position of the aouree point, and ~. the vector position 

of the point or integration. The Fourier tran.rorm of the above 

1e 

- 2 P 00 (E.,B ) 
p 

1 t- L2 B2 
1 

where B2 1a the buckllDg" 

liE:.. tan .. 1 (..L) , 
B Ncr' 
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klrml - alowiy d9!!!. lpt1p1 te. oonvolutioa of. '»19111 cas!: 

aODvo1ution of OauapilP aDd transport kerDR1. 

(The Cb£iaty.Wa,eltr ketg!l) 

" 

The Christy-Ib .. 1er kernel 1s applioabl. to case. where the 

.lowing down can be analyzed into a long first night, during 

which the neutron suffer. no collisioDs I followed by a GauBsian 

diffusion away from the point of first ooll18ioa. The Christy-

Wheeler kernel i. 

p 00 (E., ' ~-£'I ) .:::: P f 
all 

.pac. 

• I !;_~. 1 2 
• 4 

(41( t )372 

If 0- ." Ncrl £-"r.'/ 

4/f !I"-r.-/2 d.t" , 

where B. is the energy of the a10w neutron, p the reso~ce eacape 

probabili tYIl 1: the Fermi age - to be couidered aa an arb! trat'1' 

parameter to be chos.n so as beat fit the observed Blowing dowa 

diatributioD, similarlY the me~free-path (l/No-) is to be 

oonsidered arbitrary and determined .xperimental~J r ia the -
veotor position of the fi.ld point,!' 1s the vector position of 

the source, and!" the vector position of the integration pointQ 

The Fourier transform of the Christy-Wheeler kernel i8a 

p 00 (E.,B2) == p au>?:~ B n- tan"'l (..IL) 
B . NO- ~ 

where a2 ia the buckling 0 
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kernel '" ,lC?l!1ng dgg. infinite. cOUYQlytlop of. ,peoi.l caaes 

gt1-arOUR k.EDel.; ..... fols! oOnY21utiop of the ditrueioa k,mel 

'!'be kernel which 1s tormed by the oonvolution of several 

d1ffusion kamals l.ad. to .the multi-croup kerDBla o The expr.ssion 

tor the oonvolution is obvioU8 (s.. disoussion of OODYolutioa 

kern.l) 0 The Fourier transform of the mult1-group of n group. ia: 

- 2 Poo (I.,B) = 
p 

n ... 1 2 
11 (1 + Lt B ) 

1=: 1 

, 

wh.re E, is th •• ner.,. of the slo. uutroJl, p the resonance •• cape 

probabill tJ, Lt the diffusion l.ngth of tb. 1 + 1st group which 

ID81' be tak.n to be the ohang. of F.ral age appropriate to this 

group, the symbol 1( denote. the multiplicatioa operatoro In the 

limit aa D goes to iDfirrl.ty it II1&y be sbon that the multi .. group 

'lowing- down kernel becomes the Fermi. (Gaussian) keroelo 



-76-

Glola&r7, Reactor Theor.J 

kernel. slow1bi dowB. infinite, Fourier transform ot 

The three dimeneioaal Fourier transform of the slowing-down 

kernel appears in the oharacteristic '9uati2B' 

L's2 .. 1 + .i. P CX) (I •• B2) :::a: 0 
p 

- 2 where P OQ (1S". B ) ia the lourier transform of the alowing don 

kernel, L is the diffusion length, k is the multiplication 

oonstant, p is the resonance eacape probabilit7, 's2 ia the 

buakllD8 aDd E i8 the enerD' of the slow neutrODo The Fourier 

transform of the kernel Poo(la , £) ia given q,: 

- 2 ' rOO 
P (Ea,B )=-

-00 
e
1l01 

p oo(lall f tl) q 

00 

::: 47r f .1n BE P (E r) r2- dr 
Br 00 a' ~ 

e) 

where i =: .1 Bx ""'11). + ! B., and r is the distance between the 

aourae and the field pOint . The Fotn"ier transform of the varioua 

kernels are given UDder the heading pertaining to that speoial 

kernel 0 

The Fourier trall8torm of the infinite alowing down kernel 

may be shown to be the probability that a fast neutron becomes 

thermal inside the pileo 
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kernel ... .1o!1pg dowp. 1nfini te Fourier transform ot. !!!OmeRt form ot 

The moment torm of the Fourier transform of a .10wing down 

kernel i8 obtained b7 expanding 

.1n Blr 

Bir 

appearing in the three dimensional Fourier transform and integrating 

term br tel"Jllo There re8ult. 

GO 

PO) (I, Jt):: P L 
n:=o 

(_)A 2Il 2D 
(2n + 1) 1 B r (I.> 

where 

2n _ 
r (E.) 

4 r r~co(E.,r) r
2
dr 

that i., the 

4 r p CO (E.,r) r
2
dr 

2n th IIOment of the slowing don. kernel, P Q) (E.,r); B. 1. the 

enerD ot the .low .. ut~o The first two teras of the DlOment 

form, when put into the characteristic equation 71e14 

where 

B2 = k - 1 

il 

w;. = L2 + ..2.. 
6 

til 1s called the migration area aDd 

"2 -f- 1. equal to the age, 't , in the Ferat theOl'7. 

The above characteri8tic equation i. apPticable it k i. ver.v 

nearly one, and/or if the pile i8 very 18rle ~ 
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kernel ... alolfipg dO!!!l. Ipf,n1 te. special oaS!: Gauss!!.!! (Fermi) slo!ing 

don kemel 

In the case. where the Fermi age _lowing down theor,r i_ 

applicable the slowing dOWll kernel in the in1'ini te system is 

given by. 

peE) 
Poo(E, ~r')= [411' 11 (E~3/2 

.. (r_r,)2 

e 4" (E) 

where E is the energy of the slowiD« neutroD., 1: ' the poai tioll 

ot birth, 1: the field pointl ~ (E) the Fermi age of a fis8ioD. 

neutron slowed to energy E, and peE) is the resonance esoape 

probabilitJo The above kernel i8 the point.souroe solutioll of 

the age equatio., 

2 
\J q .. aqJ~l' .:. 0" 

The Fourier transform or the Fermi kernel i_ 

_ 2 2 
Poo(E,B) = p(i) 0"" B 1;'(E) 

whero B2 18 the buoklingc 
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uwl - .10Jing dowp. ipN.p1te. .peoiM OIl' I CltV •• !. kernel wi tb 

fl,.io, sp!ctrpm epr!ad 

A more aocurat. representation of the Gaus.ian leer_l i. a 

.uper-po.ition of the .imple Gaussian keru.l lDte,rated over the 

fission Sp8otl"'Ullo Let the probab111 ty that a fieeioa neutron ie 

produced hav1Dg energ qing betWMD I' and BO .;. dEl be r.pre.eDted 

b,-

f(I') dlv 

then tb Gaussian kern.l with fi.eioD .pectrum epread i. 

Poo(E.r) :: peE) r -J' 4-;' (I,EO) 

o 4'r 1:: (I,It )3/2 

t(IV) dEl i 

i2 

where t' (I ,E I) i. the fermi age of a neutron bora at ,nergy E t 

Ud alowed to enerQ E, aDd r 1. (r '" r') t.. .calar distanoe 

between the source poiJrt and the field pointo !ta. Fourier 

tr&ll8f'oJ"DI i.: 
00 

'm(E.B) = p(B) f ._B
2

1;'(I,II') t(S') dE' 

o 
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ktrpel - Ilowil18 dowe. 1 ,nNW, aR!p1&l 9'8" OM crog Urn.l 

In the caa. of ODe arO\lp the 017' , the n.utron 18 ass\DIled to 

bave been born alow aDd the alowing down kernel 1. • delta function 

poo (l "r) = p(E).r (,t) 

where pCE) 18 the reaonance eaoape probab1li t~ It baa the 

Fourier transform; 

p 00 (E ,S2) = l ' pCB) 



-RI -
~. . .. ~~. 

Glossary, Reactor Theo1'7 

Pm1 ... 'loP. don. 1pt1p1 t., .gepial M.e, \!O 1I'O!!p ktre1 

In the two group lIodel neutrona are either -fa.t" fir 11.10" . 
and moderation i8 desoribed as a dittuaion proo"'o A fast 

neutrOD i. a8sumed to diffuse without 10s8 of .nerS1 until it 

baa travelled a mean square distanoe equal to it. actual alo.iag 

down length, at which time it disappears b;y becoming a Blow neutrOllo 

The two group .lowing don kern. 1 18 then: 

pco(E.,r)= p e""'r/~ 
---~ 4TfrIf. 

1 

where p is the resonance escape probabili t7, r 11 the scalar 

distanc. between the source point and the fi.ld point, E. is the 

.nerD of tha slow neutron and Ll 1s the slowing don length given 

b.Y 

2 -L:L = r
2

(E.) 
6 

That iii, the two group slowing don kernel 1s a diffusion k.rnel o 

The Fourier transform of this group kernel, is 

- 2 P 
P (EspB)::: -2_2 

co. 11- Li Jr 

where S2 i& the buokliDIo 
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kempl. tran.potl 

The tranaport kernels result from delta function source 

.olut10Df of the tranaport equatiODQ It can be .hown that tha 

transport kerMl. rnq be obtained trOll the dif1'u81oD kerne1.8 

b.Y the equatioa 

, (x,x') = Do 
I 

ClIO 

) G,(l( ,x,x' ) d~ 0 

10-

That i8, by integration over ~ £1'OIl. 0"' to ex), where N a- i8 the 

total macrosoopio oros. aection and I represents ~ particular 

pometrJ' 0 

The point transport kernel i. 

'P(r,r l
) = 4;' "'Bcr/r-r t / e 

Ir-r l /
2 

aDd the plaM tranaport kernel 

'Pl(X,x')= + Eo(Ra-/x.., x'/) 

where 10 is the exponential integral BoCT)z 

co 

S .-u ...4l! 
u 

7 

Th. Fourier transform of the point trallllport kernel iSI 

p 00 (!:.,s2):: ':- tan-l fa:. '. 
2 

where B i. the buckl1D1o 
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,.fuo. trADItgmatioD8 

It a tunction F(t) . i. d.fined for all positive yalues of the 

Y'"riabl. ~ and of the ordft of ,}'t, il IIlUltiplied bT . - pt am 

int.grated with respect to i trom zero t.o iDfln1V, a new function 

t(p) of the OOlDplex variable p ia obtail'ledJ that i. 

00 

rep) ,= f . -pt r(t)dt. 

o 

This operation i8 call.d the LaPlac. transformation of F(t) o 

F (t) may be obtie.1ned from its LaPlac. transform by the invers, 

lePlac. tran.tgrmatiOD§ 

~+-1 Q) 

ret) =' A}. f ~ rep) lip 

(-1 Q) 

H.N the path of int'aration 18 parall.d to the imaginary axis 

on the complex plan., and the value of '1', a real number, is so 

ohosen that the path is to the right of all polese 

In DlaI\T problema the mathematical operationa required art 

aore .a8i17 acoomplished in transform space than in ordina17 

space. Many types ot probleDIII, particular1,. tho81 involving 

oonvolution recursioD formula., ordiDar,J and partial differential 

'quatioll8 with botmdar7oonditions, eto., are solved b7 means 

(ooDtinutd) 

.. 

, 
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LaPlace trpnofgrmationa (oontinued) 

of the LaPlace tranaformation method b,r purelJ operational 

tecbrJ.que without r •• ort to intuition or iDductiQllo 

Good elementar,r texts OD the LaPlace transform operational 

DVJthod are ~ 

10 Ruel V. Churohill, wModern Operational Mathematics in 
Engineering , · IIcGra.-B111 Book Co!Dp&lV, H •• York, 19440 

20 Bo S. CarslawaDd Jo C. Jaeger, ·Operational MetHods in 
Applied_Mathematica,· Oxford Univerait7 Press, 19410 

W1acW, gomettioal 

Se. a buckling. g.ometricalo See alao wav. !9uatloDo 

14la01M, material 

Seel buokling. materialo Se. a180 pve equationo 

laPlacian operator, 

(a) carteaian ooordinate. 

(b) cr,rliDdrloal ooordinate. 

,(0) vpherical coordinat •• 

~e I pve eguatiQ!. 
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lattie, 

.. . '-:-~l!\.' . . . 
. "' . 

':', .. . 

B.1 }attic. 18 meant a h~t.rogeneoU8 oombination of part. in 
auch a IUlnner that a two ·or three dim.ul1onal rep-ating aymmet11' 
1. d.velopedo The Ima1lest volume having 8yu1J11etry is called the 

lattice QIllo 

Legendre coefficient 

See t pve equation. 

Legepdre oomponent of differential scattering cross-aection 
See: Boltsmann equation and crose-section, differential 

acatt~r1!1go 

Ltgendr' function! 

Se. : wave 'guatio.,,$, 

Llgendr. funptioDo associated 

See: wave !Qust1on. 

Legendre polypomial. 

see: wave eguatiopo 
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letharfZ7 

Lethargy 18 the IIaJQt liven by II. E. ROlSe to the variable u, 

where 

u = log ~ e 
I 

, 

where u is the letharg)", E 1s the energy of the neutron, and Eo 

la its original enerl70 It E =10 the lethargy is zero; if E 

Is zero, then the lethargy 1. Infln1 te, hence it. Dame 0 

Man.y problems involving the slowing down of neutrons are 

more conveDient17 handled when transformed 1n terms ot the 

letharuo 

• 
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* - . 
life-time of a neutron in finite medium, ~ (called alao "finite 

life-time.~ 
The life-time of a neutron in a finite medium is defined as 

the mean time a neutron exists in a pile, all types of loees being 

conslderedo It is given b1 the relation 

00 

l :: [ t p(t) dt, 

o 

* where..f. is the finite life-time, p(t) dt is the probability 

that a neutron exists for t seconds and then is lost to the 

medium through either absorption or leakage in the next interval 

dto 

For a thermal pile it ~ be shown that the finite life~time 

ia given b)r: 

* L -
_.:..1_ 1 
If 0- Y 1 -t L2 82 

a 

- .L -
1 + L2 B2 

-where Nera i8 the total macroscopic absorption cross=sectiono • 

ia the average thermal velocit7, L is the diffusion length, S2 

tM buckling, aDd .P. the mean life for the equivalent infinite 

lattlce o 

H. Soodak uses a Bligh~ly different definition: 

.l* .Ik 
- 2 P (E.llB ) 

ae the fundamental life timeo 
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life- time at a pputrop . in an infInIte lattio, 

(Sometimes called the "infinite lii.- t!ml!) 

CC i . '1* , to • . 

The life- time of the neutron 1ft an infinite medium is defined 

a. that mean life~tlme a neutron in a pile will have if subj.cted 

to .absorption proces.e. o~o It i. d.fined b.1 the relation 

(XI 

~ = f t I(t) dtl 

o 

where .l. is the life- time (Le, the mean lif.) ; lI(t) dt is the 

probabili ty that a neutron en.t. for ~ B.COM. and then UDdergoeB 

absorption in the next int.rval dto The qualif71Dg phase -in an 

infinite medium" sillply impUes that lI(t) ia normalized; that ia, 

that there is no 108. of neutrons through leakaae 0 If B is the 

integral of M(t) dt from zero to infinity. then the life- tim. a. 

d.fined abov. (conaidering onlJ abeorptioa) i. d.tined b.1 

00 

.f.. = + i U(t) dt 

o 

tor aD'1 homogen.ous medium, finite or Infinite o 

Th. time variable rDa1 be transformed into a BpaC' variable by 

the relation x - vto 'or the thermal (one group) case there result. s 

10- ; 
, .£ :::: 1 

a 

where I (J i8 the maoroscopic (total) abaorptioll croBs-section, a -and v the average velocity of the neutroDlo 

For the r.lation betw.en t.he varieua kinds ot mean li vee ot 

neutron. se. Generation time o 
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linear dlf!trentlal 8Quat1op 

Unear and hggoge,neoW! dirteNuti.l eguati09 

A dirterential equation ie linear when i~ would be of the 

first degree if the deppDdent variable and all ita derivatives 

were regorded ae algebraio unknown quant! ti •• 0 

,1""'~~ : 

It it is linear and contains no term which does not involve 

the dependent variable or one or its derivativea, it is Baid 

to be lInear and hQmogeneoU8 o 

logartbmic energY' decrement. C 
The avprage decreaee in the natural logarithm of the energy 

of a neutron per ool1iaio." Hote that the antilog ot e ia !!2! 

the average energy 1088 per colliaioD o Where A. is the atomic 

DUlJlber of an atom» e is given for elastic oollisions and 

isotopic scattering b.J3 

where 

c -- 1 +- ---£ 
1 - r 

r ~ (2 - t t 
( ~ 2 

A 2/3 

log r 

. , A '7 100 
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macroscopic cross- sectios 

See. crose. section. macroscopio. 

"crosoopio !9d micr2sooRio pile theory 

The assumption 1s made that certain factor. called the 

macroscopic properties of a pile can be treated independent~ 

of other factors, oalled microscopio properties of the pile u 

Thus the buokling. wave equatIon solutions, ke/fectlveP 

kexoeaa' reflector savings, etc . are macrosoopic properties , 

whereas k(X), the resonance escape probability p, the fast 

multiplication constant e, thermal utilization, t; slowing 

down kernels, etc. are microscopiC properties of the pil •• 

Rigorously speaking, this assumption of the independenae 

of the maoro and the microsoopic properties is false, although 

it il a ver.y good asaumption for a large pile and break. down 

more and more 'as the pile gets .mallero 
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Maxwellian distribution (of molecular veloc1ti •• ) . 

In a monatomic ga. at thermal equilibrium the probability 

fdVxdv,-d"lz. that a moleoule ahall have velocit,. component. 

171ng between Vx and "Ix + d"x ll ",. aDl "',. + dVy • and betweell 

v. and v. + d",z 1. 

f dv dv dv = ..!YL :: I..JL. '(/2 ... ..,2/W 
N (,2'Tf'Li ) e . dVxdVyd"ls' 

or in one dimension, by the equal partition of enerl7 

fdv = I...:!'.... 'f/2 ~""~2kT 
Jt l 21fld' ) e dvx , 

where m Is the molecular maBs~ k the BoltzmaDD gas oonstant, 

'1' the absolute temperature 0 

Thi. probabi11t,. diatribution i. known as the Maxwellian 

di.tributioa. The Maxwelli.. distribution is a particular use 

ot the Gaussian or .normal diatributioao 
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mean-tree-path, diftuaion, X4 

The diffusion mean-free-path 1a defined by the relation, 

~ 1 , 
''8 • N080 (1 - p)+ 10; 

where Noao is the macrosoopio scattering oross-seotion, 

BOi the total maoroscopio absorption cross-section, aDd 

fa the awrage coaiDe ot the scattering angle. 

See a180 ~oltzmanD 8quatlnn.n 

. '/'-" ') . 
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mean-tree-path, ~catteri~ 

The mean-free-path tor soattering is the mean distance 

traveled between the scattering 00111810n8, 1.e., the t1rat 

moment ot the scattering d1atribution la •• 

- h.-

d! 

~ " • -flr.OS 
= 4a-1 ! . -li""ao" - fI"iio 

o 

where 080 IS the total atomlc cross-seotion tor scattering; 

N: no/cm) of scattering can'tere. 

The mean-free-path tor scattering i& equal to the mean 

distanoe between c01118ion& ~ when the total scattering 

. . !'~ 

cross-section is apnroximately equal to the total cross-section, 

i.e., when the ab80rption cross-section can be neglected with 

respect to the scattering cross-section. Thia a8sumption 18 

not valid tor hlgh· energies ot the nautrono 
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moan-tne-path. to1;Al. X 
The mean-tree-path is the mean distance traveled between 

collisionl!l. Since the probabi1it1 of • colli.ion 18 giftn 

by the exponential law, tbe total .an-tree-fl8th 1s g1ven bJ 

the first moment or thia d18tr1but1on. 

where 

1 .. Io-x 1 x e 

X=2 
~ r e-NO"'x 

o 

: ..l-
10" 

H = no/em' ot 'stoma 

0' c total atom1c cross-sect1on for all pr~ssel!lo 

. . 
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mean-free-path, tranaport, >-, 
The tranlport mean-tree-path i8 detined b7 

1 
~ : 11010 (1 - Po) 

wl»re 0:0 18 the total 8.ttering atomio cro8,-aeot1on and 

fo i8 the awrage ca.lDe ot the scattering angle 0 th. 

, . - "~' ... ' 

taotor (1 -;0> is ar1dtraril1 attaohed to the mean-free-path 
to produce the "tranaport mean-free-path." '8 a length 

it has eipit'ioance on11 in the dirrusioD equationa 0 

See also the discus lion ot ~21trm'RP IQUAtion· 

e,1.g£9SCOpic crOlwectiOQ 

See "croes-8ection, _oroscopio, microscopio" 
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migration area 

The Slll ot the Ferad. age and tbe square ot tbe dUtusion 

length i8 called the migration area 0 The Fermi age used i8 

that obtained b1 aTOr.ging over the t1'8ion spectrum as a 

source 0 The migration area ari • .,. theoretically whenever 

the characteristic equation empla,ing the tirat two terms 

of the moment form ot the Fourier transform of the slOWing 

down kernel i8 a"plicable, that 18 whena~r the multiplica­

tion constant ot the pile ia near unitY' J or where 

the pile is very larp' 

B2 
I = ~, 

2 
Where k is the multiplication constant ond Bg the geometrical 

bucklingo 

migratiop lepgtb 

The migration length 18 the square root ot the migration 

area, i oe ., the square root ot the SUID of the square ot the 

diffusion length and the Fermi age with source energy averaged 

over the fission spectrum. 
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mgde:ra1tioD 

By moderation is meant the slowing dawn of neutronBo 

A substance so used is called a moderator. The substances 

ot low atomic weight make the best moderators since the loss 

ot energy per collision or a neutron increases as the atomic 

weight decreases. However, at neutron energies above _1 Mev, 

a substance having inelastic scattering cross-section (like Fe) 

is a desirable moderatoro 

~~ 

, substance, such as graph! te, used to slow down neutrons 

by means ot elastic collisiona 1s called a moderator o 
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moment form of character11tic p11e equation 

The moment form of the charaoteristic pile equation 1st 

where 

1 il--k 
. l ... L2a2 

I 

CIO 

2:. 
n • 0 

(.)D 

(2n .. 1) l 
2n2D ) B8 r (E. , 

1"2n(E.) is the 2Dtb moment or the slowing down kernel; 

(lie 

4Tr~ ,?n to(E •• r) : Itl£ 
r

2n
(E.): 09 p 

J 2 41f t (Es,r) r dr 
o 

L is the diffusion length 

2 Bg the geometrical buckling 

k the multiplication constant 

E. the energy of the theMsl neutron 

~(EI!!,r) the slowing down kernel 

p the resonance escape probability 

~ 

j r'2Dp (E •• r)ldr 

o 

See also "Immel. sl!l!ing aOlP. moment fom of Fourier t.ranatorm" . 

moments or Fourier tran.tonq of slOWing dop kernel 

See "kernel. sloring down. Fourier tnnstorm of, 

moment t:9m of". 
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MODte-Carlo 1D!thocJ (stochastic and 4'ttmiDiltio method) 

' . '~ . . " 

The "Monte-Carlo" method, suggested by Ulam and von Neumann, 

is a method of solution of a group of physioal problems bJ means 

of a serie. ot etatistioal nperimente. tDallllUcb all the accuracy 

or the rellul ts depend. aD tM JllDber ot trials, the methOd is 

practical only when set up to be pertoraed by computing machines . 

The method conllists or playing a game whose rules are deter-

mined by the particular physical problem encountered q Frequently, 

the physical problem does not c('mpletely data,rmine a quantity 

(the length ot a particular flight of a neutron between collisiona, 

for instance) but givas taetead a probability distribution function 

tor the quantitl considered (in the above mentioned example the 
, -x/'A 

function P(~)dx. ~ I ax is the probability that the 

neutron goes without coll1aion a distance x, then makes a colli­

sion between x and x+ ax) . 
A choicl of a specific value from this probability function 

is made in such a manner that an infinite number or such choices 

would result in the gi'f'8n probability 1\mctiono 

This choice is accampliahed by choosing a ntDber at random 

from the inter.val between (say) zero and unity; then by the 

"stochastic" transformatioh a one-to-one correspondence between 

the set of random numbers and the specific values ot the physical 

quantities is set up. 

(continued) 
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Monte..csrlo method (continued) 

The entire ph,sical problem (tor a single event) 11; tollowed 

in this mannero A large nUllber of such single.event. "eiper:tmenta" 

are thus oompiled, trom which desired .wrage value. IDa, be com­

puted 0 The ftliditJ ot the average values obrloualy depends on 

the number ot trials 0 

For instance, suppose one is following the history ot a 

particular Deutron through a medium. One first selects three 

raDdom numbers to determine the coordinates ot the point of 

origin ot the neutron; two more random DUIIlbers determine the 

direction of its flight. It the neutron 18 born with a proba­

bility spread in its speed a random number is chosen and by 

suitable transformation 8 particular speed is selected from the 

probability distribution o Another r.Ddom number selects its 

flight length from the probability distribution of path lengths; 

an eighth random number determines what happens at the em at 

the flight length (absorption in what element or scattering b.1 

what element and through w~t angle); if scattering, a ninth 

random number determines the aximuthal angle ot scattering. 

The law of conservation of energy and momentum determines ita 

new velocity, etc . The rroce6~ is continued until the n~utrnn 

is absorbed 0 From oomputation of many such experiments the age 

or slowing down kernel ., be evaluatedo 

(cont1mled) 

J 
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Mont.-Carlo meJjhod (continued) 

The Stocbaotio TE,n.torg!tipp 

It is desired to eelect the DUIlber "at rardom", that i., 

with unitOI'lD probabilltl, from the interval ,between 0 and 1, 

and tor eaob value of th4t maber so Ohola.D there COrrtlOPOMS a 

partioular value or the arsument in the probability function. 

The problem is to find the functional relation between 

tho set of pointe on ~e uniform distribution between 0 and 1 

from whioh the random selection 1s made, and the probability 

funot1on. That ie, a D1.DIIber t ' i8 se1eoted at random trom 

the uniform probability distribution 

p( (> • 1 

and by means of the transformation 

x • A( ~) 

we haw 

dS = p(-x:)dx, 

where 0 $ ! ~ lJ a ~ x ~ b. Equation (3) may be solved 
x 

Sex) II 1 p(1C)d-x:o 
a 

(1) 

(2) 

(3) 

(4) 

EqU8tl~no (1), havine a normalization constant or unity insures 

that the range of definitlnn j; 1s B unit range. 

(oontinued) 

.' • OJ; r .. 
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Mgnte-9arlo methgg (continued) 

The Stocba8tic Iran.fgrmat1gp (continued) 

Equation (4) bae the lower l1mi t so ohosen that this range is 

between 0 and 1, 8inot p(-x) 18 norrnaliHch 

.~ p(1<)dx • 1 • 

• 

.., ~~ ~"'~ .. 

X :: A(!) i8 now o:tJtained trom (4), that 18. the transformation 

desired 18 the inverse of the integral ot the probability tunction. 

In case the probability di8trtbuti~n i8 a tunctinn of more 

than one variable, the tranaf'ormation i8 somewhat more complicated. 

The method may aleo be applied to obtain a value for a definite 

integral. Suppose the definite integral involves integration owr 

a large number of coordinate., (say N). To evaluate the integral 

by numerical methods, a prohibitive a1Tlount of' labor 1s required. 

For instance, if N : 20, and the integral is summed tor ten differ­

ent values of' each variable -- a rather coarse grid for a numerical 

integration -- a total of 1020 term. must be summed to obtain an 

anawero 

In the lIonte-Carlo method of evaluation one first trnD.f'orma 

each of the I variables so that the M new variabl .. are defined 

on un! t rang. 0 One then sel ect. N + 1 number. at randomo The rirst 

• are used t o compute a value of f (x1' 0 • • ••• ' xw> which 1. 

then oompared with the (If + 1)8t r andom nwnber, r B + 10 It 
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onte-Carlg method (continued) 

rN"f'l <. f(x
l

, .. ". ",~) the point i8 -inside" the integral , and 

vice versa o The ratio of the point. "inaide" to the tots t number 

of points in the limit as the number of pointe goes to infinity 

gives: 

Lim point. iaaide 
ohoic.. all points 
~oc 

=) 
'-

1 

00.0 2. f (; ! • • • ""ti) Ll ; 

N 

,"0 ~; 

Since the Drando.- number. are limited t o rational decimal 

fractions by the finl te number or digit. in the oalculating mS.f:hine 

the ~ Ki are not infinitesimals . However, if the number of digtts 

1s reasonabl1' large, the above evaluation beeome. very close to 

the desired integralu 

With the hel p of fast oomputing machines now under development , 

the Monte- Carl o method has pr ordse of revolutionizing the whol e 

field of applied mathemati~s ~ 

Refpren<l' 

Ulam and yon Neumann, Bull etin of the Ameri~an Mathemati oal Society. 

53 , 1120 (1947) Q 
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multi-smYRe 011e egUltiona 

The multi-group equations are approximations to the pile 

equati0ns which are solvable for the pile r.1th retlector. In 

-, -- ... 

the multi-group representation. 8 neutron 'of energy '£i is assumed 

.to diffuse with conatnnt energ)' Wlti1 it uniergoee an "absorption" 

which transters 1t from energy Ei, that 18, from the 1th group to 

energy E i+ l' to the next lowest group , The group 01' lowest energy, 

the thermal group, has true abeorptions in which the thel'1lJQ1 neutrons 

a re absorbed and k tast (group 1) neutrons are born . It there are 

M total groups, the multi-group equations take the torm in the 

steady state, 

Di /:l ~1 - No;'i ~i .... k NO'"aM;" = 0 

D1 Arji - Ncra1 ~i + Ncr;(1_1) 1i-1 • 0 

where 

D1 is the diffusion constant ot tlux Pi 
~i ia the i th :flux (J'l8utrons ot energy Ei am speed Vi) 

NOSi is the fictitious macroscopic absorption cross-section 

of the ltb. group 

k 1s the mult1plication constant 

III 18 the subscript of the lO'ffest (thel'Dt:ll) group. 

In setting up the equations for a part1cular calle, the 

problem is that of choosing properly the dlttusion constants 

and the "absorption" cross- sections o 

(continued) 
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mul.t1-amm (contlmMMl) 

Since Di & ~ •• bere ~1 18 the tranaport mean-tree-
3 

path .;)f the ! th group, and since the boundary conditions are taken 

to be 

-
~1 oontinuoua 

~1 p~ continuous 

one sets D1 • 
1 - -
3 ).tl' 

where 

Ei 

~ti = ~ ,,(E) ~(E) dE 

E
1

_
1 

at the boundary 

is the average mean-free-path weighted with the normalized flux­

energy distribution, ?(E), and ~(E) is the ~ 8S a function of 

energy 0 

The "absorption" cross-seotion is determined so thAt the 

chanee in age is satisfied 

1 
1:1 - ~i-l • )Nera! Not! 

o 

The multi-group equationfl a~ solwd. by straight forward 

oolut to::, by matrix methods, or numqrically. 

In the li~lt as the number of ~oups goes to infinity the multi-

group equatione become the Fermi equations. Multi-group the01"1 1s 

usetul in obtaining the fluxes or neutrons or various energies and 

the cri tical oondition for a pile with reflector, f or the effect ot 

control rods, etc. 
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IDy1.ti-croyp sla."ine,1iO!m kCl"p!l 

5ee "kornel, sl<r.ln~~ dn-:.'n. 3nf1nlte, convolutirJn or J special 

easel ol"lnTr)lut1o n of diffusion kernels" . 
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!!Lultfpllcat:l.on constapt of I nucleSAr reaator OS) 

a I k de lay~d and k prompt 

By k delayed 1s meant the UBual definition ot the multl-

plication constant k f in which the delayed a8 well 88 the prompt 

neutrons are eonstderad. 

By k prompt is meant the value the multip1ic'lt1on constant 

would have tn the absence of the delayed neutrons (1 .8. prompt 

neutrons onlj'). The two c"T'lcepts have utility in describing the 

kinetics of a nuclear reactor, since the fast trans ients ar' ~ dcter-

mined more or less by k promrt, while ttle "stabl(''' period is deter-

mined ,by k delayed. We haft 

kd 
kp = 1 t p 

where f3 1s the total number of delayed neutrons produced per 

prompt neutron. 
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mult~pllc§tlop cnnstaPt (k} (continued) 

..bA (1) k etfect!., ~,[r (Weinberg) (mf.ned detlnition) 

The effeotive moltipl1catloD constaDt 18 detined bJ Weinberg 

as the ratio ot the mmaber ot Deutrons produced on the average in 

one generation to the DUIIlber of neutrons .hieh are absorbed and/ar 

leak out (or the finite sy.tem) on the aftrap in one generation. 

- 2 k P~S.,Bg> 
kelr • 0 pel + L2si> 

(2) Some Manhatto.ri Project literature defined ketr 8S 1 

k.tt : & P ... L ~2 p co g. 

(3) Soodak used kert ae 

kerr = k - (1 + L
2
13

2
) - P 2 : f 

Poo (Es,Bg) 

It 

where J> is called the reactivity" . '.';einberg states that S,..,odak 

uses f as "kexces8 ' "a1 thoup,h in S oodak I s notes p is synonymous with the term 

"k.tro" His term, p, is more properly an excess k, since it is zero 

when the pile is critical 

~ k excess, k ex 

~91nberg usee the term kexcess to mean the k effective ot a 

finite system minus one o The critical condition tor 8 nuclear 

reactor 1s that kex shall be zero a 

( cant 1nued) 



- //0-

Gloeaarr. Reactor TbeOl7 

!!!utipllcl41on cOnlttnt (i) (continued) 

Colt excess t kex (continued) 

~ . 
, JI~(. .. • 

Snaiak useiI "kerfeotl .... " synonymously with "reactivity", 

t.fr(Soodak) :: tg('I!einberg) k : I; k 
kerr(Welnberg) fSo0d8k fVlelnberg 

where f represents "re.otiv1~~·o 

aa k finite, k 

The f1.nite mul Uplication ~onstant is defined as tho rrstin ot 

the number of reutrons wh1ch become slow in one gener ation (on the 

average) to the nUDIber of slow neutrons captured in one gemratlon 

(on the average) in a finite system . k(finite) is equal t o 

k( infinite) if, and nn ly if, the neutron energy spectrum in the 

finite system is everywhere equal to the energy spectrum in the 

corresponding inflni te p,ystem 0 In the finite e:ystem t.he fast flux 

and fast leakage w111 nnt in general be proportional to the slow 

flux and leakaP.e, that 1s, the slowing down kernel is a runctirlD 

of the geometry of the fin1 te system, Honce there is 8 difference 

between too and k. 

(continued) 
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~ultip1icati0n constant (k) 

e. k infinite, k <D 

(continued) 

The infinito ~ltip11cutl~n constant 1s defined os the 

ra t io of the nUiliber of neutrons W.1 :i ch become slow (L e . are 

"produced ll ) 1n one generation to the numbor of slow neutrons 

cartured in one ~(;1neratiol1 jn an infinite system .. 

1 t is r;lven by 

k = "pf\, " here 

€. It fast multioliMti.Qn factor 

p • resonance C3C8p9 probability 

r II ther"u1 utilization 

'1: number of noutrons produced por therl'lal Mutron absorl:l'Jd 0 

negati va pi 18 

See 'lh.8 _:e and nn r~atj ve piles". 
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neutron cumot 

Neutron current 1s defined 8S the !let numbar of DeUtrons 

v/hich cross a square centimeter of surface of a elvan plane per 

second Q Its un! ts are the Bame as that of neutron nux; but i8 

differentiated from the flux in that the current is the net now 
.eros. a bourJda17; those neutrons crossing trom one side conaldered 

poSitive, those from the other clDl8idered negative, whereas the flux 

Is the number per .2 allot which go in either direction am which 

penetrate a unit Y011Dlleo· Kxcept tor the ftctor flux, the neutron 

flux is a scalar quantltyo The neutron current is therefore a 

vector quantltyo 

In elementary diffusion theory, the (vector) neutron cur~ent 

is proportional to the r,radlent of the neutron fluxQ Across a 

hourrlary the '1eutron current and fl ux are taken to he cont hruous • 



• 
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neu~ron current (continued) 

Tho voctor net d' ffusl'm Cllrl"ent of sWed v is 

l(1:,V) : 1r Jx(C,v) + !y jy<r,v) + it Jt(r,v) 

where jx(!'v) 1s the net current through a unit urea porpendicular 

to the x axis; i 1s the unit vectnr in the x dlrectl~n, etc; t i8 

the · .. osi tion of the volume olement c"nsidered. 

Th!. vector net total diffusion current (integrated ~i th 

respect tn v) 1s similarly, 

~(t) • ~ j,,(Cl:) -t- .2 jy(1:) + ~ jt(t). 
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lMt11H:op cllIDll\ (ooatbmell) 

''1 of B'QIIIl :IS 

:2 .,. 

The current of neu.t.ronl, :1 ••• tM nUlllber per •• OOM ot 

Dautrone of ,peed " which cwo.. a square oents..ter ot area 1s 

R1wn by the "lations 

P2s1t,i"ge og.rrapt ~t speed ,.. 
. 1 

3+ (",v) & ! P(",v.,.> plf 

negative current of e;.e5 ys 
-1 

3_ (",v) • ~ r(~.v.,.) ,.". 

jzs .an suatrm or nu4 ye 3(x.!l by 

1 

(to r1gbt) 

(to lett) 

j(x ... } • ~(1t,v) - 3.hc,v) a l F(x,v,p),. 

-1 

whare Fb:,Y,p) 18 the neutron dena1ty in Plaia space. 
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neutron curr~nl: ( eont inW'd ) 

£.L. 8JlOl.OgollS T'elat.ions hold rOE th~.....!:Q!.1I1 neutw .£J:!.!:r!!~ 

r~~~tlve Lotul current; 

1 

J ... (~) = ~ ~(,.,,) pdf' 

negative total current: 

-1 

j-("() 

d v th£_net tot!l .. L£!Lrrent 

1 

.. - ) ¢(v"l) ptJrl 

o 

j(~) ~ r r(~.".) plf 

-1 

where ;(~~) is tlw scalar sum of all fluxes of neutron8/~m3 

havin('P (11rection cosin~s bet"een F unri f ... duo 

Jt(x.".) = r yer.v.".) df 
v 
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neutt.Q!L, dons! ty. n 

The munbor of noutrons of 011 velocities per cubic centimeter 4 

neu1.ron density in phase space, lo'(rJ.!..I.lJ. 

The nU:llb~r of neui-ron& per cubic centimeter of scalar speed 

'etwcon v and v + dv ~/hnGC rHrect; "n ) 1es in thf) srl :1 ,1 ~nr)e dfi 

around tr.e Imit vector f1 fl', th~ volume element dx dy liz located 

at x,y,z. 
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m,ytt9n distribution. fyM.ament,al and hi.gher rr.ndep_l!~nics~ 

There ~re tlfO ",ays in eoneral use in \"~hich the neutron d 1str1-

but'orJ in a pHe Inay be divided into COMponents, one of wh ich may 

be callor! the fumar;ental ~1stritmti""n and the othfJrS call ·"Id the 

hi i~her :'l odes~ 'l'c.!s duality has rosulted from t.he fAct thfl t for a 

bare pile the two vlol':poinie become identh.al fl 

Consider a pilo core with -refloctrrr, in gena "81 in ~ transient 

s tate (nnn-critical) , ~lth noutron nistr1bution at snme t i e t ot 

n(.r.,t): 

Au In one viewpoint the neutron c11strlbut tnn 1s e~panded in 

t.enns t')f a sari os of chnractor1.stlc functions Z1 (.t) which are solu .. 

tions of the Uelrnholtz equation: 

2 2 
\] 7(1:) -+- B Z(J:) = 0 

for the bOllnr1ary comHt 'l nns t hat the 7i (.I:) ~ 0 on tho e"{trapolated 

boundary" That is, the distribution 1s G1tPanded in terms of the 

solutIons of the Helmholtz eqn.ati nn ror s bare pilo of s1ze aud 

shape eqUAl to th~ aetual core plus reflectnr o ThPo" solutirns of 

the wave oquaMnn y.Jeld eleenvalues D~ and ei.genfuncti l)!Js Zi(I) ~ 

The 1st :.er form a complete, orthoel)nal set of' functions Q 

(continued) 
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neutro:l rlistributions fundarrental and :'-' i£hw Jlionos (hnr"'lnnlcsl 

Tho neutron distrlbutjon n(.r,t) may then be mlpre~sod 

00 

n(!,t) = 2 n:t(,t,t} Z(.r). 
1 • 0 

By definition the first term no(.I,t) Zoe!) 1s called 1.00 

fundamental, end the ~neral torm nl(X,t) Zt(r) is called the 

(con tinued ) 

h igher -lXie of order 1., for a rcctanc.ular p:I.J 0 form ~ se 'C bear h~e 

a harmonic relut10nshJp (the bu.:kling eir~onV81uo:-J, 6j> form tI. 

harmonic s~r1oa.: 1.1/211/311/4 ok.,) <lnu hence the hir,her . odes 

are then ('slled !.larnnnj cs. 

1n the viawpnint too stHtinnary stAte r)f ann·! ."ith reflector 

cnntaina the f'undam~ntal 9nd all hi tjlar IInde Co::npoDonts, v.·h e-r~um 8 

bare p11c has only t,h~ i'unun:-.ontel comnonent o In the gencl"nl pile 

(wit:1 rofl"'ct"r) the' runda":enttAl And Liphcr "'odes bear nn sj:rple 

relationship tn t!le t:·re I~epcndent behavior of a non-criti ctl l ptle,. 

B. In tho sElcon(\ viewpoint the neutron d istr:1 but inn nCr, t) is 

A"XUlnded in terms of a sartos of tiTTlo-independant rune ti ona ni <J:) I 

co 

nCI, t) = :>-~: a1 b:) tit 
i • 0 

"Ihcre t.ho ni (t} are eiaenfunctlons of the /"en" ral pile oc1uutLm 

(\71th noeativa neutron r'onG5ties permitted). The effect of' t ne 

(continued) 
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neutron distribution! fundamental lind h1eh~r mones (b.'Jl'rrlmd.cs) (c()ntinued) 

delayed noutrons is for lhe moment lrnored n Tho t.irrc docay conal-ants 

)..1 are ra:tked I.n 1ncr~Qs1J"1f1; ordor; thr-t smallest, ~o' is the recipro­

cal of the stabl'3 pcritXl am t.}iI ~ cf1rrespory1inp rJ 1 stributinn no(,I) 

15 called the fundament.l o 

In the stattonary rile, ~ = 0 and on1j' t .ha no(£) distribution 

is presant, since 011 t.he ot her Ai Bra nO~8t i v~ nr ri t.he l',irlier :1, oJe3 

(tho !.ransients) die I")ut 

~ t,·no olle "o'Jld nrefe r t h is ltitt.er viewpoint, H is not al'18Ys 

u~eful" ~ 'Ince t.he (listrtbut1.cms nl (I) and the '\ for the genu11ill 

case cannot be obta ined rigorously" am often cannot eVE"n be 3p~ ,roxl-

mated anl:tlyt.iollllyo 

The fuooamental ann higher rnMe d iatribut 1.nns err. illustrated in 

t.he figure for the two caseel 

(cont inued) 
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Glossary, Reactor 1'hoOJ'l' 

C.,re R'..:flector heflcc1"or Core 

-~ l''undament",l 

J 
1 

-......... 
~ .-/ 

1st ~od 

""-. -..... 
~ 

' 2nd mode 

~ ./ 
~_/ ~ 3m node 

Fig. 2. IJlustratlnn of the Furrlanental a.nd Hip,her :,'odes or 
Neutron ')istribution from Two Viewpoints_ 

. ' ~. . ~ .... 

::i.cf),·ctnr 
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neutron energy crouP! 

In the Aflrly daJ's of noutron o"!Cj.:erimentat1on the neutron 

energy \las G}:~cif'ied b:. a Ill8terlal ,.,het! hud stron" I.Ibsorrt1('o 

')r n<'H"t.rO!1S of that ererlrJ 88 follows: 

Linp.'lr 
Name of Ar!T~lnnte Absnrrtion 

GrO'.lR Abp orbIt: ~D!2rf!Y Coet' (j cWrt: . 

A Silver ;;'10 cm~l 

0 Cadmium 0.3 volts - therllisl 130 cm-1 

D Rhodium 41 em-I 

1 looium 1,,44 volts 

Deutrons p fast 

Usually m"lans neut:rnns with energies hieher t', fin shout 

105 electron volts. 

neutron flux,lo (total) 

'2 total 

The scalar sum Qf ~11 thp flu~es in 6 cubic centimeter. 

/o(r) =.L. n01 (!) vi 

where no1 (X) is the total number of neutrons per em) havine 

sT~ed (scalar) vi em/seo, and ~ is the position vector 

(contlmlod) 
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neutron flux (continued) 

b. tntal flu~ of speed v . FoCr,vi ) 

" ' ,. ' .• ~- ,'I'" '':1'''<'':::'&11; 
;)",,~,·t --s ' . A'.' .; ,- : ~., .• ~ 

The nl3utron flu~{ of speed vi is the product at vi and nOi (r), I,he 

total numb~r of neutrons per emJ having Bcahr speed vi r::IJ/B~C.: 

FO{r,vi ) • nol(~) Vi 

-:,-hcrc r i::; the positI.on vector o 

C", vector fluy. of velocity v. .ttt,v,1\.) 

The vector flw:: of veloal t..y v is the product of the density 

of' the nn'.l tro!";$ in nhase space ( i.e. in unit ranr,a around the 

vector v ·.~ herc v 1s the speed and £1 the unit vector in th& tirection 

of thG velocity) and the velocity vl1& 

fo'(r,v,D.) = n{,t,v,9:) v.f'.!. , 

...,here I 1~ t.he poslt11')n vector . 

d. , t ots 1 vee'tor flux !(I,'o:) 

Tht-) totsl vector fIwc 18 the integral of the voctor flux with 

r"s pect to th6 scalar speed v . It l~lvos the total rlu~ per cubic 

c t:>T'.tim<J t.e r ;, n unit raW;A around the unit voctor.f1 
(Jp 

iCt,dl) • J l (!,v,J}) dv. 
o 

Th~ lnter,ral of the total vector rll~ over all directions i 

,the total flux !o(!) . 

(continued) 
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neutrnn flux (cClntinued) 

St. Leeepcln COJ!Ipopent 0\1'( nL' ~J2Q!l!L!!I. 

If the scalBr part e>f t.:1C vector f111'lC is transfo:nn~d in terms 

of tho coelne of tta snrle w"th respect to tho axis, f' 'u:J th{~ 

GeBler flU'lt is further a funct1!'n x alone, the new functi"'r !!If:iy 

be e'(randed In a series of 1 egondre functinn 

> ,1+.1 F(v,v,p) • ~ ~. ~ (x,v) ~(f) 

.. here the coefr~e1ents Fh:,v) nre ~'\ven by 

1 :e (.,.,v) a ~ 1l Cf) jo'(JC.v,r) dp 
-] 

since tho ~ (tt) are ortho6onalo 

The c"effiet~l"t, t:t(-.c,v), is cllllpd t"~c J,efl:l'!ndre cori'J"1o~r:t 

of nux of sII{~etj v 'mIl t')Td-'r .1,. 

neutron fl.!!L.c!..iWibuticn. fundamental and hi~her !'lodes (harrn"n1c9.l 

~ce '~leutron density distr1buti nns, fW1damental Hnd hanllnnic" Q 

The same diRcussion us a " rli8d too the neutr~n "ensi t.y dietri-

butio"lS s"ply LI1 til,.. n(}utrnn f]u'{ rl1atributio 'n with the ',"oro 

"flux" put In ")lace of "dens 1.ty II , and the correspontllr:I' symbols 

changed .. 
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neutron hardening 

The effFJct c8used by the diffusion of tharr1'-'1 1 n!Jutror.s throuf,h 

an absorber obeying the l/v absorpt!.on law ~ As tho slo'lwr neutrons 

are preferentiall:i absorbad. the average ener~ of the noutrons 

bncomC8 greater 8S they progres~lvely dirruse ~ 

neutron lnventorY 

Soe "inventorYi neutron'. 

neutron. thormal 

St.le "toormal neut-ron n • 

ooutrt)ne ner neslon • .J 

A self-definlnp, conBt~nt 0: tho fission procer,a. 

ncut rnns rer thermal ~eutron ahaorbAd, n 

A ceH-dcfinin~~ ('onst.ant of t.he fission ~roe~ "'s. 1\.3 811 of 

the neutrons ubn'orbcd in uranium do not produco fissl rm. ~ Is 

less than V, the noutrons per fission o 

7- LU~35 JI 

r0Z35 + ~U238 
where J,/ ill the neutronll per fiasioa 

~ is the maorosQopio abeorptioD ~ro811~.ectioD of U235 
U23' 

~ 18 the macroscopic absorption crolls-section of U238 
~8 
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D2R~bre.d!r pill (daughter. ad0l.ao!ng', iptant1,.)( oonverter) 

A pil, in which the inventor,r of fissionable material ia 

the pill d.~!a8eS a8 it produc!s .nerl7, 80metimes oall.d a 

"oonverter.- A pile whioh make. no conversion of f.rtil. 

material to fissionable material at al~ may be oa11ed aa 

-infanti1. pile," although this term is not in general us. ~ 

.. . 

., 
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Dormal error £urve 

SI'S "Gaussian d:istribution". 

nllcl· ... sT' reactor 

S P.8 t'n11 ... " . 

on~-eroup k'1r!!!l 

Sfle "kernels, slovdnr, down, s rlcc1.81 cbse, on(,\- r:r oup" . 

Qrthol~onBlity And cn',nletaneas 

a, orlhownal.1.!l 

~ '. ~.." .,, -< . -. . 

A set of fllncti (ms Sn(-'<) definod between 8~ 'I{ '- b are sai d to 

be orthn~onAl if 

r ~n(") S .. (x)~" = c .. &,." 
8 

where ~ i s tha j\T"on"1cker dalta o 

If, furthermore, cn : 1, then tr~ set I f functl~nr, ore said 

to ba ortho-norma] . 

b ~ nomplotw.§lS! 

A set of functions i s (l8id to be complete it an arh:itrar)" functlo n , 

r(x), at least p1ecentse cor.tlnuous, satisr··ing the same boundary con-

d 1 tiom~ as the function:.) of the set, can be expanded a~ fnllOlfS ~ 
00 

f(x) : 1: 1 8 n Sn(x) 

tr~ 8 n bein~ co~stant coefficients" 
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ort hogQDality theorem 

If 8 set of functiNlS, Snh ), defined between a:: '.If ~b 1s 

ortho-normal and con:plete, an arbitrary function f(x) ,. hi.ch is 

at least piecewise continuous may be ~xpanded In a series 
00 

f(1I:) : L elln Sn(-.c) 
n a 0 

where the coefficients an are determined by 

an = f f(~) Sn(') dx . 
a 

per:1 nd "f a nuclc8~8ctor 

a .. stable period 

The time required for the neutron inventory to change a 

I, .. ' " 

factor e, 8 SF>umtn~ an F}xponential rise . ".henever the nile kinetics 

i s Buch th~..I t the neutron inventory chanr,ae 1n 8 :nRnner described by 

oeve '!"sl exponent i al functions; the longest pt)riod (i . e . the reciprocal 

of the coefficient nf t i n thp. 91Cponent of e) is callod the {3table reriod . 

hi- tranSient periods 

A 11 othor periods are trans tp.nt peri ods . 

,w,rturbat :i lm 

J\. chanP,E! in a knor.n system. 

5 " 6 "~)(?rturb8tlon theory" Q 
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wrturbation theory (os aoplied to reagtor thenryj ir:cluding 

~!l1'bation 

le!r ... ad Joint oner& tor (Herf:\itJan ooorl1 tar) 

ad lo1nt np~r~ 

adjoint oquation 

agjo1.[At function 

~pnrtance function 

A perturbati"n means a change frCltl a familiar s~ tunlion, 

8nd this Is the sense in wh1ch it 18 used 1n [)ftrturbatiml theory . 

Perturbatinn theory is desfened to proceed frail 8 known problem, 

such 8S tho r:loluticm of the pile equatirms, where the eieenvalues 

and tho e igenfunctlons are known t to the. compututlon of new eit;on­

functirms and eigenvalues oroll~ht about hy a r.erturrmtirm, that is t 

IS knn":n chant'e, l.n the system.. Bec8use the op6l"81,j OlIAl corr.plex1ty 

incre8s~s with the magnitude ot tho perturbflt'nn, perturbatlnn 

theory 18 useful \":han the magnitude of the perturbation 1s reason ... 

ably emaIl" 

Thus if the neutron flux and the bucklini" Is s ('lvf~n for a 

p',iven nile, onp- may, by mcanf.'\ nf the nerturbation thoory, corr.putu 

castly 3 1Ch t 'dn['s os t.h~ chanee i.n keff necessary to cOI":)?('msat.a 

for a small absorber plac~d j r. a localized :"osition .. or the Cllunee 

in kerr necessary to compensate for a 8-011 chnn~o 1n th~ concen­

tratton nf r1ssionBb1c material at various points, etc . 

(cC'lntlnuod) 
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Glossary, Reactor ~heory 

p9rturbati2~peOrl (continued) 

Consider ttle multl-Rl'our pile 'iquattrms '''ri tteIl 1n ~ he form: 

an 
Mn =. at ' (l) 

whero r: is tho aoproprlate matri'X operotor and n is the vr~ctor 

(nl' n2' ll:3 u •• ••• rlm) arid 'here m is trw nWUlJer oi' ~~rou.i:> : ... 00 ni 

ia the noutron flux ciitd.ribution of the ith grOUl"'o ~qu~tl('n (1) 

is simply 8 r,!"lnrlensati rn of t.he m .:-rOllT" equtlt1,"rs, sinr~ thp. 

o1uatinn of tho ith t;'rou"l is obt6inpd by 

t r:'1j 
j-1 

a1 ~ ~ 
dt 

hctually, all ;Iut twn ~f the l':lj for constant 1 Mre zero 

Snlut i ons of (1) are nO" ,' c!'ln!'ddered \'Ihi{'h de"fmd nn Lhf' t; ,e 

e~pon8ntiRl1y, th~t is 

)..t 
n1 11 nia e ~ : -\n . 

at 

Since tho group eq\U\tions Bre couplp u by tr,~ ch>-t in r('Act1 nn, 

all the ~'- for the VtlricU!1 p,rours ~re equal, ~o hllv~ then 

n = AD. (2) 

The snlut ;('n of (~) r ..:! fJulLs ill l~norf11 in U.t) oip,onvfl1ue \ 

and cir,enfu'lct1"n 11c, but si!lC'c we are i rtAr(>st",ri U'J nn11~' h 

c('lml'~nsatinp. chanpes '''rich 7I11J keen th~ f'qp 1n a stf)ady state, 

or l.n chllnres 1n the lon"'ost (stnble) per3 od, 'f,e shr.ll henc:eforth 

cl')ns1der only t he lowe:3t ai!','Anvalue Ao' aOO write it simply as ~ ... 

(continued ) 
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perturbQti~..t.b('~r~ (continued) 

Th4' ,'8 1 R lJ d ifflc\11 ty in p;oint: beyond these 8 implc alms II 

~ince tr; use thp f'erturbfLti"n theory to evaluate the ~ ([.'Qrturbed 

eicenfunctions) 1n the p4d:rturb~d p11e, it is necessar:! th~it tho 

11t of tho unport'Jrbed rile form a cor:: ... le ~.(! set, snd U.lr. has not 

boon demonstrated 

Ik'!rnltign ~v'l}r-adjotnt, I')peratc1rj sd.1Qlnt. o~rfltnr; adjoint fun~tion8 

Cnnsiner eqU8tt~n (2) wIth two particular cigenfunctinns "k, fit 

.. DJc = ~"k 

t.: r~:.I ~n£. 

It is '.:'vident on cros:3-r.lulUrllcstion and inteV'.atio) that 

l nl. :: "It d'l: 

J "k r.I nt do 

Subtract1 np, "nPo ~ets 

--

--

>;, ~ "k n.,t d?; 

A.t J "k n.£ d 1: • 

~ nJ. ~: nk d't' - ~ '\ r:. nL d'l;' • (x,. -A..e) ~ nk D.1 d'l: 

1f tho ej fl('n~·1.lncti r' ns a rp. orthop,onal, thn t in, if 

J n; ".t d't" :; O'k~ Sk.Q. 

"'here t\l 1s the KT'onecker delta, thpn it is Avident t.hat 

l nt M "k d '/:: = J "k ~ ni- d 'I: • 

(continued) 

(3) 
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wrturo{Jtinn thana (contir.ued ) 

HfHJ!I1t~.qn sell-ad foint OWl:'ltl)r; 9d 10int operat0ri 

An operHI,nr obeyinl ~ aquatiorl (JJ 1.3 51'.iid to LP.' 

~l1'-adjQJ.ni-. , and trl3 eii'nnvalu~:;; of 

rn = )..n 

H t.: ir, salf-afi.1nbt end l ha eip,enfunct 1f"n9 arp nrthor'''Tl:ll 

~uppose tha t tho nk do not form 'In orthop,l'mul set 8a 1:) 

:cnerally true of the solutl - n 1'01' an :..lrb1.trary pHc; t!.en we 

~"f1.rl~ tho operator L:t ·.fdeh is adjoint t.o l' (cn111nr u. t.h 

§djo.inL2~!!.!'&!:, b:l ~hl' ··elllf.i"·n 

j nt; 1.1 nR.' 't' III 
( + + J n). fA nk d ?:', 

h~re , now, the llJ!: are the e1t~enfunct1.'"lns 

M+ n+ .A a+ . 

The funct i.ons n+ are called the !djoJ.!'lt (ynstlon!,. 

On r,otng throueh 8. B i milar process as t.hat leau1nl' \,0 the 

dcfinl tion of the llormit1an operator, i.e . , crQ:3s-mul t ipl1ca tlrJn 

and inta~rAt i:"ln , . '7e get 

J nl ~ { d ~ - l rif; l.~ "J. d 'C : (~- )...e) ~ nt nL d 1: 

tha t is, since M uwl y+ are adjoInt, tho rik functions oro ortho­

~onal to the funetil')n "k' 

~ ut: nL d't' = Ch c\e. · (4) 

(continued) 

~ .\ I,..,r~~....' 
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~bat.l("\n theoa (c0ntlnued) 

121.11} perturbat:ton theorx 

The pilo Aquation operator M is in eeneral not selr-adj~lnt~ 

OlCcept for a bare plle, where it dootl give eir,anfunctinns ~'; hioh torm 

a oomplete orthor,ona 1 set. ':. he rc the p110 has B re flp.ctnr tho 01 gen­

fW'lotions are not orthogonal o (;',e might, however, infer their com-

pleteness since we mRy c~nsiderthe reflector a rerturbatinn on 

the bare pile.) Therefore, \":e ctlnsider the adjoint equation of the 

knO\m pile 

,~+ n+ = )..+ ( 5) 

and write down t~e eqwation of the perturbed ~ile 38 

(14 ... V)H = )!N (OJ 

where V is a "sr.wllll addlt:i.on to ti. ... l,iultiplyin,- eq\JLi.tir n (5) 

by N, equatinn (6) by n, 1ntAp,rRt~nl! ann flllbtraot1nr' t.hE) first 

from the BAcnnd: 

1 n"UNd~ r NIl" ,.I'!;" .. J II" VNd't' = ( >.: - >"l ~ n+ Nd"t' 

or ther-efore 

~ -~ 
= 1 n+V/Jd"l:" 

~ n+Nd"l:" 
• 

\':8 now a!:sumo V 1s amall, end that ". may replace, in t.he 

first ,)rder of apnroxirnetion N
J 

by n, gettine the f irst orOor . 

(continued) 
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ty,r\l'lt1"n lcha.2I.l (continued) 

pna Jl!rturllBt1~n thtorx (oontll1W9d) 

perturbot1("1ft 801ut1on of thn chnnr,e in pU. oorlodl 

~DoVnodT 
A)...: r . ' 

J nAn 

, ~ . 

(7) 

Tho zero aubecr11'tu ore addt'd to indie '" :'0 'j ~J",d in 

tho chanMJ 111 t.h., funrtamental n '. , thA nart of omratl)r 

arMed by t hu N'rturbat 1 on I rr.u~' bo :l t .. nnnd hy Ii chanrl' in • .my 

of th'l pilo ('on inks or BOur J etc., 0'" by • 

eom"inatlor. ot all t.hese • r on" of th 1 
t 

nd we T,nt AXoqun .l to zero, CroD eq\mtirm (7) ",1.11 I~iw 

chance. :I n kerr neC"8Sllr:, t.o co 

.2!Dli. t w .... Yt 

"':8 nOYt' look at the Tel 

to 
d.1oint operator ~ II 1, nn m'ltri 

operll tor r •• 

11 

1-adjoint :.' 18 formed by replactng each olel!'~nt of L, 

adjoint of the element, and transposIng (int..l)r~hnnB~ n 

i.e. rows an(' colun.n.<J)o 

.I:ere 

~ 
Il = 

a 

~; II 

I V.kLI~ 
I continued) 

uC"ect1ve' 

tb • 

t 
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oerturbttlon theoa (continued) 

&tioint f~ionl (contirrued) .. 

,. ":-'"1'~1''; 

~ ince 1.t eEln he sh","m that the elements or tt' e pne equBt i f'n 

matr1:x opprator ore all fip,rmitian, then ("Ino simply intnreha ngn " 

rows aM colUlllJl8 In t.he m trix It to cet M + 0 \':hen M .... operates on 

the vector n+ = (~,o~ •••.•• J~) the resulting equations (the 

adjoint equatt ... na) represent an m-grnup chain cycle whlch is 

exactly rev"rsed fror.-! the natural neutron chain rA8ction . That 

is, tho fictitious "adjoint" neutrons ret faster 8nd fsster, com­

~ine other neutrons 111\11 fission fragments to form a fis!ionable 

nucle,., t~n em1t • the""mRl neutron which repeats the chain . 

The extra neutrons 8re supplied by leakage into the system. 

impOaODCI function 

7e now define the importance function 11(I). The importance 

functinn rolresents the net number of neutrons added to the 

neutron inventory (1.e. tho whole pile) brought auC"ut by placing 

nne neutron or energy corrl'sponri "n~ t.,., the ith r,rnup at "osition .1: ,. 

That is , tl(~) is a weighting function for the importance of a 

neutron of energy corresponding to the ith group at t.. Obviously , 

a neutron 1n the center of the pile has ~nre importance than one 

ooar the edge 0 

It can be shown that the importance functions are the normalized 

adjoir.t functions nt I 

n+ ( 
Ii (1:) = 1 1) 

f~(t) d't' • 

(continued) 
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perturbation theon (cf'ntinued) 

imnnrtanS'e func.llrul (continued) 

The importance tunction for a bare pile, or for a larr,e pile 

where the one .. group theory applies D is therefore equal tf.'1 t.he norm-

al1zed fluxo 

phase vel..oslli 

!Joe "group and ph&so velocity"" 

p'le eguation, D@ymptotic (uniform pile) • 
For a case of a uniform pile with transport mean-free.path 

1ndeperxient of energy, tho follow ing "as)'1Ilptotic pile equa tiC'n tI 

holds tar (l.e. one diffusion lenp,th) frofll boundaries, as the 

sl~in~ down kernel is assu~en to be t~~ infinite (displacement) 

slow inc down kernel. 

L
2
6!s(r) - ~(l) + ~ f t.(r·) p~(E.Ir-r·l) d£' 

all 
space 

: 00 

The f'undam8ntal "lihoorem of the pile theory states that the 

asymptotic uniform pile equation is satisfied by a solution of 

6i. + B1. • 0 

(t~ spice form of the "ave equation) provided B2 is a root of 

the characteristI0 equation 

_L
2s2 - 1+ ~ F;(Es ,B2) • 0 

(continued ) 
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Lle ~3uatirn. as}TIptotic (uniform plIo) (cont in,led) 

ond t he slem! n . doom density q ¢'; ,r) 10 gl ven by 

k - 2 d ) 
(loo (E ,r) = n NC7fi P (E ,B ) "'s (I: , 

:J . e . , Gao (E ,r) 15 proportions.! at Qvc!'y energy to ¢s (1:) • 

In the above equations! 

L is the di f rus10n length 

Cl is the 'Laplacian opera tor 

¢ is the flU".( of slO",': ncutr"ns 

X is the pnsition voctor 

k the multiplication ct)nstant 

P tho re:ronance escape prnbab1l1ty 

tt the integration poslti~n vAriable 

Poo (Es,1 £-1:'1> the slowlnl' down kernel 

E" the energy of the slow neutrons. 

2 B ie 6 constant called the buckling; if a root of tho 

characterist:lc equation, it is called the ~te"'1al buekling; 

if an ei (~CnV8lue of the space form "f the ~ave eOUl:ltlf'n, it 

- 2 is co lled p,8oM8tric buckl in"", am POD (Es ,B ) 1s tho t.hree 

~imenall)nal Fourier transform ot P~(F..,'r-r") . 

The a8J'IDptotic pile equation appll.. t'Ji th gnod opproJtiml'ltion 

to 8 large bare pile or to II hrge pilo 'l~ ith reflector slo'111nf~ dnwn 

prnport1as ldentical '111th slO'Riolj down properties of t he active 

lfIttjce. In tho latt.er oase the ufurrlt1ll1ental toonrem of pUe theory" 

must be aancralizod to include all of tho normal nodes of the space 

fnrm of tr.e wave equation. 

(cont inued ) 
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lli~!1uati~n. 89~D~Okic {Yn1f~rm pilel (cont1nuGi' 

Umor tho follon1nr. restrIctions the flnUf" ~lllC (~qUQt~ "'IS 

nd t~e as~rtotiC p110 ~quati hnv\3. tile I!IRl"lO soluM rIO up t" 

itldn a -DI'ltb of tho, boundorys 

Mant of th utrnn J m if ti~o fin!" 

d 1nf1n1to ttar)· t.ho 11no'I'(" 6 t 1sti r n " 

,hfln too 88y-: ptOtiC [:ol.utlon hold re (1.e., in ioe~ltlcal 

, •. lth t.ho solutl ('n or U lO Unite aquatiC'll in critica l p' J 

'Cco nt ''' 1 thin a d1swnue of the o1"icr of a moa t h 1'rcm 

ho bOtAD''ll"Y. '/0 131ow1ne o071n rtortD i t y In tho pile 1s iuentical 

It.h the 1nf1nHp. slNdn"" ~r.r'n r~!ll1tty C,,(CBpt ~~ itl.1 n 11 dlatl.l 'ce 

t:l f tLo order of a t:eon-frce-P6 th from the oouD1,', 17. (t,' o 'lf1berr,) 

....... t: .. r. "-,..-"" ."9 '1 .. ..--.. ,.". Soc also 

" 
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plle eguat1nn. finite 

• 

t, \ ~ 
" . 

The follU1ing equaticns pertaining tn 8 finite nile are c~11~d 

t,ht!l "finite ptle equations" by Y;einbergl 

'7' DoQ~8(I) - NoaL(!) ... q(Es,I) II 0 

q(E,I) -1 ~ Noat,(£!") !'(E • .!:..t' )d.!: 
rile 

1 a¢~ 1 • 
~ ~ • t 

!2s. 1 } 
:fs a~ . 71. At. (Es) q a~ .71 ~(E) 

where 

\l' is the (11 V"3 rgence operator 

\l is the erodlentoperator 

on the physi~al 

bourdar)" 

Do is the d1ftuai"n coefticient of neutron flux 

Ncr.: 15 the macrosoopic absorption coefricient 

!s{I) is the thermal neutron flux at a unit vnlume at position ~. 

q(Es,l) is the source term; the flux of neutrons becom>1r,r-: thermol 

per unit volume at ,. 

Es iG too enDl'8)' of tl:.erTnal neutrons 

k 1s tho finite multipllcatinn cOI~tant 

P 1s the resonance escape ~obabili ty 

It is thp. voct~r ~oslt·on variablo ~r 1btegratl~n 

feE ;,I,}:') is f.he finite slowing dCl':fn kernel 

y is the cnord 1nato normal to the phy81cal boundary 

~ is tl. transport mean-free-path. 

Seo "pile eq'lUltlonl, asympt.()t1c". 
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- . 

Tho r ile eot its namo f~nrn tho eerly days nf the development 

of a nuclear chain reoctlnn . Dince the ";ord adequately described 

the a " peurancc aoo at the S8l'r'C tke avoirled a descriptlrm. nf Ita 

purp"se, "!'Un" served as a ;:ocod camouflar,e name dIJri" r, its secret 

develo):ll1onto Tho ':',ord Is used in varlnus fashions to describe the 

nuclAsr reactor and ita concomitant parts; t.he part (active portion 

containing fissionable materlal plus reflector) Intp.rnel to t he 

shield; or sor:1etimes to the Bctlw portion nn110 The w"rd "core" 

is comtng into r:.en'eral use for the name "f the active -pnrtion, 

reserv1n~ the word "rile" or "nllcle.",r reactor" for the anUra 

structure. 

a. fas\ 

l~ fast pilo 1s 8 nuclf)or reactor in which the largest part of 

~,he rise ions are produced by neutrons hev" n~ '):"ergies A bow 105 ev. 

b. heterogeneous 

A heterogeneous pile is nne in w!1ich the microscopic properties 

as a function of position arc not constant o In this sense all r~al 

piles are het.eroeeneoull 0 A more useful usage ot the term refers t o 

a plle in ··'hlch ~.he tiBs11)lDble ~llterlal 13 lu.":lped and surrow.ded by 

the r.:oderat I n~ material. The smolle3t v"lume heving sY-l"'etry is 

called tl ".2.!tU..". The celle are placed in a regular array or lattice 

to bui'rl up the reactor o 

e • bomocenenus 

1) a homo~nao\~ pil~ is ~Da having con8t~nt microscopic 

propert1e8o ~hls restrictive definition restricts tho term t~ 

(continued) 
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pile (nuele@r reactor) (oontlnued) 

c. bomogeneous .(cC'ntinued) 

description of bare piles at c("lnstant temperat\lre \'1hiC"h in addit lon 

have the r;.nterial compos1nt; it mixed h"mo':eneousl;>. 

2) ,'he torm to uand with less re:;:;trictinn, referring to ri1 '~ B 

.in ", "I tch the moterial 1s rr.11coo h"I'Ii"'l"()r~ous1y (1t i.'l~t t.'lrm have n O 

rofloct,.,r) • 

) The tam refars to n pne 1n ·'.'hich the cnre has its 

material mixed hOMoeeneously (it can then havo 8 refloctor of 

'Hfferent material) .. 

The ', ost useful definition is probably th~ seconu. 

do intermediate 

A nuclear reactor jn w~Jich 8 large number of fissions are 

caused by neutrnnB having energies in t.he intermediate regic. 

(1 to 10', eY.). 

8 0 R!lbbll 

II pebhle pile is a reaotor mane by stackine (reffUlnrlv or at 

random) pA' ,bles made of I"!oderating material and of fissionable 

,.at~irtal, or u homor~eneous mixture of both. •• cool .... r.t if.) cir­

culated thro1.1r,h the rares bot"Jeen tho flP-b . leo to c f~ol 1)11 ! lle 0 

f. t~~~at (al~) 

" nucll"Jsr reactor iT) ~'hich practically all of t he finnil')Tls 

occur fro:·' the absnrptinn of theMsl neutr":'ns .. 
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nile t-eriod 

S~e Itportod. pile" • 

.Q.91soning · 

Pecreases :!.n multIpl1cnt1nn constant caused by impurities, 

i oe., by rorasl t .i c ft bsC'rptlon 01' neutrons. 

Rower control rod 

See "oontrol rod" 

pgj!er leDl (heat) 

The power 1evel nf a p~le is the number of watts (or kilowatts) 

of heat produced by the pile . 

J2rompt and delayed noutrona 

More than 9'" of the neutrons produced in the fission process 

8"'0 "botl~d off" of tr.0:3 mov1nr, f18s1.,..n fra~ nt, am h~n('c aTe 1"ro­

duee~ 1n a time 1"'rnoallU1"8bly short (by proscnt techniques) after the 

"ieslon occurred. These are cs 11 ad "pror.tpt" neutrons. The ramo 1nj ng 

one per cent or eo are d~layed a measurable time, arrearing in several 

t,r<,>ups o:-tith half l1VC'lS from fractions of a second to almost 100 seconds .. 

rheae latter are called "delayed" neutrl':lna. 

During the successIve bota-decaya of the flsei"'·rr frar,ments that 

follow fission it 1s probable that some nuclei are fomed in very 

highly excited states. If the e~citation energy exceeds the blnd ; n~ 

(continued) 
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nrOTnt>t 'lnd delayed neutroN (continued 

enprr.y of ttlo neutron, them the nucl81D will rref'erentio 11y decay 

by neutron emlssl!'ln ~nstead of by oota-t'8rticle om:~sic'tl. The 

Mutron cmissinn follows immediately upon the f"rm~. trion of th 

h ~ 'hly "..,.clt~ nue1eus, be1.ng B nnup'hter nf 8 chain of pr f1vinus 

beta-docays. Henee it is delay~d by the 8"'!lTACiflble tho requ;red 

tor these prednus delays. The delayed neutrons from th~ f t8a:1 .... n of 

u235 are criven in the (declassified) :3r-odak notes (Sf')od <ik :lnd CUMP-

b<:11 lI";lol'1ontery rne 1'heorytl) 0 

~ of F16s10n Identificati ~n of 
lIalf Period ~eutrnns, p 1 ,)o18y~d ~r' l.ttor 

C"5.f. S90 .. 026 Kr~7 

22.0 .17 X.I )7 

4.51 .21 

1052 .24 

.43 .084 

.. 05 0029 

'rotal ~ 
... 

076" -

f"ld:1&tiye capture cro!I-.ect1on 
~ee "croCis-section. radlat1vA ca~". 

ran..inm W8~ 

The i':..Ith follo-::ed by a Plrticle as It :rakes randorr scat! ertng 

co] lis1nnu 1 r. 11 rr-~d1umo The word ·l"aniom" implies that a I cattering 

In aDy dire~tion1. unlformlJ aa probab1~ as a scattering 

am, other dlrect1oDo 
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reacti yiU 

The torm ~tlvitY is used with slightly difforent dc:finit.ior.s 

by d ifferent authors. 

~ e i nberr,1 f(B~) r:>he re13t.iV":! excess fYlult1rlir- n1.i M I c"ns+ent : 

y(B2) = kerr - 1 
g keff 

P (1 1" L:2Bi) 
-1 .. _ 2 , . 

k P~{Es,Bg) 

So~' ak r~activityl 

. f :r 
k .. pCl ... L2B~) 

Poo (Ea ,a2) g 

.. 

The ",elnberg detlnltlrm is c"nven1ont in thnt tho kineticR 

of a pile not too far from critical may be cxpress~d universally, 1.e . 

p(B~) • 

where 

~ ~1 1:1 

7 T1!,! 
(See inhour formula) 

Pi ' is the y1eld of the i th delayed noutron pAr prompt neutron 

Tl is the docay cronstant in hnuro of the ith delayed neutr"n 

T is the nile ne1"1od in h"lJrs. 

s .. : inhoW' 0 

rr.fleotor (~npar} 

A volume or scatterinfl material placed arounrl t.he native volume 

of the pDo (nround thp. core). Tho refl~ctor sArvas t·) scatter baok 

into VI8 acti va volume S0me of the neutrons whioh "ould othr,'rnise be 

lost to the chaIn reacting syetemo Because of the back scatterine 

from t ho retle~tor the oritical size ~f the active volume can be 

reduced over that or the bare pile. 
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r li"loctor slv~. n 

The T'p.flcct('\,. 381/i 11r,:::; is tM amount by which the hnlf-tft \ckneDs 

of t ~le iJ ctlvc volu.T.0 o!' 0 n1JC10n,. rOllctl")r is decreased dUff ~') 1~ 1lI .. 

rofloctnr frt:m ",hu t, it \/ould be ft')r a bnre pile 0 '":vjde'1t ':', U'o 

rerlccto::" 88vl:10G ne:",ends on the reflector thickness i.n .... th 1,lr, 

and 1 n r~$neral, on t,ho "'emnetry of. the nile. 

The rAflpctor sAv1nrfB as n functil")n of +.he thickncs<t of 

reflectnr rises with conatantl:; (lecrensine slope unt.n 1t boeo:ms 

8S:,r.nptoUc to (J constant value 0 'rhe in1 tis1 slope fl')1'" nrcl:l nt.ry 

water is nIllch f~R ter than thfj t of ,.::raphite, ul thou.~h th~ us~ n;r totlc 

VU )Ilt1 reached is junt t.he reverse. Thu3 /:i thin reflector fit ordinary 

','Iater js better them 8 thin reflector of 'raphitej \'1hel'eas a t l ick 

r~f}qctor of r~rap: l ite is t>"+,ter i,hAn a thick rcfl~ct"r ~r "'s1.'1r. 

resonance absorption 

Absorption of tlP,utrol1s in a ::;01"9 or loss narroVl el1Grgy lcv(} l 

T~' l s is tho nrimary proca!>s ft'\,. cllptura of noutrons 1n l~hf) encrm' 

5' 
ran~e bet: een thermal ~nu 10 electron volts . 

rn.sona '1ce eBel! pe l'robA b i Hty. pC::: l 
The tractlrm of the nrlgt na lly fnst nentrnns (prncl uCl')d hy 

fission or othenlse) in fln 1nfln1te nll~ or,h-j ch r9ach,.s (jr.err:Y ;;:, 

Leu it Is the slowing down dens "it,y for 11 sn11rco stren~h ., f 'me 

fast nS'ltron per cm3 per second .. 

Lunping of the uranium 1n a pile results in an increaoe III 

the rCS0nance escape Pl'Obabll1 ty by t,h(~ s creening of t..h ~~ i.nt(~r · ('\I' 

of the lWj1p f rOf11 neutrons of rp.sor.ance en~rgy by the surfs cc ~ nycr , 

(continued) 
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resonance 'agape ornQab1l1U (continued) 

anri by deerea!! ~ng the number of reennanoe neutrons . These advantares 

are gained at the expena. nt toomal utilisation, -::-hi'ch is necre8sed 

by lumping . The net etreet, tnr optimum cont1gurot1 nn, is to increase 

k, the lDultiplication Gona tent, howeftr. 

~.;.Qnbllce tnteeral 

Thfl r es nll8nce i ntegral is nart nr t hp c1(ponp.nt a 'l"msri n~ in the 

"ol"'lln 1a fot" tl1c r'~st' na !':ce ese" pe nrobn bll 1 ty: 

p soxp (-I OJ A \ . 
~ ... tJS iJ 

The :lnt-Qgral 

88)--5 a 
E 

1a the r esonance i nt ..,r,ral; 

if OS » oa, and cr,; = a constant . 1'hen 

t&. ( "ii !lfi.. r or !lfi. 
I Joa-t-o;E ~ E • 

The integral on the right is usually given as t hp. r (,GnnAnCe 

b toeral, alth('lu;"h 1 n c1.l1culntin ns the lont~ form 1s used. 

Ri~z V0r i fltinn method 

3M "vnriati "n (:t1tz) meth,.,d It • 



-/~6 - r ,I ... 

Glossary. Reactor Theory 

Qafet~ ~trol rod 

See "cnnt,rol rod". 

f.r3b r flux 

Sea "neutron rl~, soalRr". 

""., y .... ,r i ~ros8-aecti!"n 

Soe "crnss-sectt rn, scntt,er1 ne" . 

§cRttArinr cross-seoting. el.;tiq 

See "cross-sect!!"n, Bcatterin~n. 

§..9.fUtr-rinB cross-Ieoti"'n, !~lt8tlq 

See ·crc)sB~seati!"n, 9catterinB". 

~~ri G. ela~!12 

A orOC05B 'in ~"hfch the identitv or the cnl1id'n~ "'Art.; oles is . . 
vreservoo. 8n.1 t!10 trtal kinot1c enerey and !T''''J;entu:n is cr"'lscrved. 

~c~tterj~e . ine18~ 

,. process 1n "Ihlch the collId ing •• utro. is '~bsorblld In UIS 

nucleus and a s imiV:tT particle e!!'~ tted. ':'hU5 t~l~ 1c1 entUl' f')r t.he 

incident particle is loat, and kinetilJ energ 1s not rJODa8rved n 
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;elf-adjolnt operator 

Lot u and v be two "acceptable" functinrs, i.p. . solutinnB 

of a 0iven problem, r'eflned over a certain ranee of c"nfiguratlon 

space. Th~ operatnr P is said to be selt-adjoint or Hr,rm1tjan if 

IU* oPvd 
~ 

" 19 · _d 
.~ 

, 

uherc the Qst"'!risk ( .. ) Indicates t,he cn- !,le:lt conjup,ate 0 

See also "perturbAtion theory" . 

shield 

Th~ materilll placed arnuoo 8 nucle3r reactor tn reduce t he 

Tao1otinn •• aaping to • permi •• ible level u 

sh1e Id. therr"!!l 

An inner portion of tho shield desi gned to rA~ove Q large 

fraction of the primary (heat prorluoi!1r. ) gar 'Nl-raya. Iron has 

heen employed as 3 t hl" r ' sl ehleld . 

shim control rod 

See "cl"'ntrol rodll • 

S ~Rm9 pile 

A parallelopiped co:nposed or SO:1e slor/in r.: down :'!18t.e!"ial ·"1t h 

one lone dlmension o It is usod to measuro slO':': inr, dO-:In runees am 

t~ lertil81 (liffusion lengths, and thus i rrlirectly f or t ho c1'llcul utilHl ,f 

abDorption cross-sectionso 
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sl~ing d~wn d~~s1ty. g(F.) 

Tho number of neutrons slcmfJd d ern lJe 1(')"" a r,t von onergy PO r 

em3 per secnnd. In a non-absnrbinr, Jrodiwn of infinlto o~tf::tnt 

(no l'Jakuge) the D1C1.'tn : ~ dorm den~ ~t:; I s obvl ~ !Jal~' u r.rm~] tl.ln1... 

f'OT' t,ll£' CHse nf c~ntinut)tl!1 sln"'i n,. rl n ':'1 (y.'!"r~1. t hoory) t \ r.J s1 (""~ I r. 

doon liensi ty 1~ "l"eJst!:;rl tn the /'lu"{ of nClltrf)r !l ( f onGr,~ f' and 

~peed v by the relation 

n(E)v • ili.L . l 
fi: E 

whore J is the lof~8rl thmic slo~ inr dnWl\ decre'ilElnt, ~o ir, I n 

macroscopic scatter1nc cross-sect10n and n( :; ) is t he JIlJr.1'.vn 4 
• ... r 

noutr0ns ia eaerl7 range dE about B per 0.,).;-

1',han absorption is nresent In the lrodi8, 8n1 f'or tlw easo of 

continuous slow1nl." dO"'m in 8 hO!'lor:enOOU8 nlxture, t he olO';'t.inr f1 r:mn 

lensity 19 given by: 

C) (F. ) 

q(Zo} 
--

_ 1 fO La . 
ef£~-t~ · 

i 
E :p(B), 

.... here Eo is 1-:.e i ni~.i81 onere'J, om .I:a is lo be (wc!opic 

ahsnrptin'" crnss-sceti "n. The r'lt1'1 of q(V.) to q(f o) is by 

dcftniti nn t,hA r " snnllr.ce "scapo nrobnb1Hty !! t ane • 
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; ~ .', , 
, ... ..... 

Slq:.l i ncr dgwn 10083. t ,eEr,n los, in lehe logarithm of tho anergy 
in one 90111s~nnl 

also known as the lOQ!ritbmic energY decrement ner Qollisinn . 

j • 1 + ~ 101 r l A .... 22/3 (A :> 10) 

where 

r _(L=-l)2 
A 2 

a nd A • atoJ!1.1c wei ght . 

s~owing dO""'n kernel 

See "kernol, slO\'f1. L ~ dOVlli" . 

t!ln-r.i.l1j; dm.!!L12QW1r.2:s t 
The product of the macroscopic ecatterlnr, crose-section And 

the logarithmic enerCj· ~ecrell1ent per co111s ion . It is .a measure 

()f the moderotin8 ability of an atomic species per fJtom. The aler" ... 

but down nO'lrer may be regarded 8S the avanr,e loss in Jo~ B pel" 

centimeter of trav.lo 

specific power (I?!W 

;'he speoific power C)f' a pUe is def ined as the number ot' 

k ilowatts of heat. produeod d ivided by -+ h0 i nventory of fi fl s i o:1Qbl e , 

TatqriAl (1n kilop,r~~s ) in th~ ~ile . 
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.,pher,1a1 coordinates 'WIllaci@p operato; exms§ed in) 

See ''!raw eguat1c!,!". 

~"'t * ........ harm!"n1.s.a. 

See "lYaya eg1lat1("nn. 

fit ·~le Derind 

See "~or i ad • ') l~ 

stat,istical wail'!ht (or a reeinn of a~) 

The statistical ffeight of a vnlUlTle R of a pile 10 dcftnad 

as follow .. & 

r ~ ~ d'r 

H = R 

j ¢ ¢ d-Z= 

, 

whole- -
rile 

where ~ 1s t.he voct.nr neutr!"n flux. 

!. {~1' ~2' iii; ••••• ••• • 9I,.J 

anu ¢ the vectl)r adjoint flux 

~ · l ¢1' ¢2' 9lJ ....... 11 .. 1 
5 deterrninod fro ' thO r!l trix mil l ti-n'oup equation, ITIU t rlx 

u lti-fT()lJ- ad ,1"irlt r)oufltirm. 

(eOtt~nued 



- lSi - . " ', '.," 

GlossAry, Reactor Theor,y 

stati§tical weight (of a region of a pile) (continued) 

For 8 large or bBre pile (whose multiplication constant is 

necess~rily n~nr ur.ity) the atatjstjcal wel~ht reduces to that 

for ono grnup theory where the adjoint and normal neutron fluxes 

are identical. 

v; = 
r I d1: 
R 

J ~2 d't 
whole 

pHe 

• 

In this laat esse the statistical Melght may be regarded as 

the relative contribution to ,the bucklin~ by the region R to that 

' of the entire react'.on .. 

See "~rt'urbat1on them,," 

Stochgstlc transtorma~ion 

See "Monte-Carlo methQd" 

;t,a:Tirer 

See ttreflector" 
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~ssRral harmoniss 

FUnct 1 ons famed by the product of cos n¢ or s ~ n n¢ a nO t~:e 

85sociated Legendre functior.8. A tes36ral harmnnic is a special 

case ot a spherical harmonic I 

tessersl harmonic 

n 
Tm : cos n¢ Pg ~) 

nr sin n~ rg (p) 

spherical harmonic 

m 

Ym(O,¢) : L... -'n COB ntJ p:! (p) Bn sin riJ P~ (p) • 
n • -m 

t lteri:lSl column 

A column of mod."r£ltinr. '1loteri.a1 ,...,~tend" n,,: thrf)lI"h the sh ia1d 

into the reflee,to!' or a }'lila. Its nurpnse is t o s l ow dCT:'n to theY'r e) 

energies the neutrons which diffuse t~ll"ou r-h it. 

t l;ormal neutron 

Neutrons wLieh are 1n thorr.')sl ~quU1brium 'lith the rledlum. 

Strictly, th i s tp.rm should anpl: only to Q Ivrea nlh~b' r of ncutrf)ns 

~d t,h a r:oX\'1elUan distribution of velocities \1 t ch corrcspl"nds l. a the 

temperature of the medium; but it 1s ahHl used ' ore loosely to d esiV1£lte 
• 

s ingle neutron groups whose kinetic energy 1s of th~ ('jrof)'r of maen1-

tude or kT 0 
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thermal shield 

S~ "shield. thermal n • 

thermal util1Htion e t 
In the active mater1al, or In a lattice c~]l of a hetero­

eenoous pile, tho ratio of tho thermal neutrons a bsorbcd in 

urtlnium to tho total absorbed (in the cell). The r.lI:4ximum vulue 

of the t.horr • .al util1zatinn occurs (for u r.1 'l/en raUf") of uranium 

to moderat.or) for a h,..,rnoreneous mixture. The 1u.':1p111e of the 

uranium 81ways docreasos the ther..a1 ut11lzatll"1n. 

total gross-section 

See'~ross-section. t~~ 

transient perioa 

See "period. pile". 

transport diffusion equation 

Soe "Boltzmann eguotion"o 

transport kernel 

Sao "!serne 1 .. trnll8poG". 

trensport acat~rin~ cross-~eetton 

S!'e ftgtoss-Mct{l"lh transport scnt,t.er1.nr:". 

. . .... ;.' 
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tlTO-fTOUP slO'dng (l9!n k,rne. 

See ftk2tnel. §lQ!ln~ dm,n. infinite, convoluti~n of, special 

pasol t,,,o-crmro. ponvc'l'llJr-n of dittus! on kernels tl • 

V'...tr 1 a tlon (Ritz) methnd ,,8 '''plied to nyclllftr react-nr theorY) for 

solution of the wave equation 

~ulcrls tguati2Q 

The nltz variation mAthod 1s 8 meens for obtajninp, t he arryro~t­

mate eigenvalues snd e1eentunctlon .olutlou of the wave equattr-n. 

It is 8 useful method for r)btaini.np; the bucl"l1ne end elo~' neutron 

distribution :f.n a bnre pile of compli(llltod share, etc., ani! nn 

'7enerolization, iB useful for obtainln.:; the same vulut;;a for a sllJb 

ane'! spherical pUe '!11th a thick r~rlactor havin!' slo": in ,~-dnfln 

ro~rtle8 similar to thAt in t.hE' act.ive port i on of t ho pjJ e . 

CO"sider tho 1ntep,ral 

! I(~.~.J6,.) d'l: • 1 ~'V 11)2 - (8211)2] d'Z' t (1) 

there V~ is the rradiont of tho slow neutron flux 

B is the buc~llng 

¢ is tho 610\7 neutron flux 

d'l: is the volwne element 

x is one of the coordinates 

¢x is the partial derivative of ¢ with r~ST~ct t o x . 

(continued) 
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variation (Ritz) method (continued) 

If a function ~ 115 selected \Vh1ch 1s not the actusl snluti"n
p 

the integral (1) compUted, then com~red .... ith a similar integral 

obtained with the tunctitm8 ¢2, ~.3' etc., the lowest value 19111 

correspond to the nearest correct solution for a2, but P,reater in 

I'!".agnitude and tho eigenfunction w111 usually approximate tht:: correct 

eigenfunction., 

Inst~ad of trytnp ~any d1rfer~nt ¢1' hownv~r, it 1s easier to 

select a finite set ¢i' which satisfy the boun~8ry condltl~ns, and 

let 

¢ • ..:£ edli • 
1 

One evaluates equstion (1), then varies 8
1 

in such a mannsr 

that the 1nteeral is an oxternal: 

"'&"=0, 
Oal 

getting a finite set ot slmultaneoua equatlf'1ns \7hich can be solved 

for the at-

From the calculus of VAriation, it can be shO'l7n thnt the nec­

essary ,and suffiCient condition that the integral be an ext~mal.a 

& ) l{r,~,_%) ~ • 0 

is ~!ven by Eulerts eguat1('1n. 

~ --'.3l 
a~ dx dr6

x 
= 0 

(aontlriued) 

-' 

(2) 
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v§rtat1~n (Ritz) method (continued) 

where it 1s understood that the differentiation 1s taken ~ver a]l 

of the coordinotee. ..rpl1cation ot Euler's equatir·n to t.he integral, 

(1) I' it yields: 

2 
~ f6 ... B2¢ = 0 , 

i . e. the wave equatt~n . '~8 if Dne 08n dlae~ver a funct30n ¢ 
h.ich satisfies too bourdary oonditions aM makes equatl r n (1) 

an extremal (actuall~' a minimum, "hich csn btl demonstrated) th~n 

it 1s a solution of the wave equation and a2 is the lONest elgen-

value .. 

For the set of simultaneous equations to be independent, the 

I.leterminnnt of the coefficionts of tho 81 must van) all. ':'hc solu­

ticn of this detennlnant elves values of 1$2, ',.he lcm,1st of -;; !11 el 

is an 8"1nrcncimntio1"l to B2, thp bucklinr n~ t.re fun,lnnenta:! r.oc1e . 
o 

By o~rntion of Green's th,orom 

t '\1 rJ ' '\1 If d 1: : ~ (Jvyr 
r 2 ' 

dl! - ) ¢V7 ~ d't 

?: 

tr, i.he ncrmali zed equ8 tinn (1) I 

.5 ~ (IT¢ vrJ - (B2~)~ d?: 
~ 

J sf d?: 

'l:: 

(conti nued) 
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!§littl0' (Rltz)method (continued) 

one get. (sinee the surface integral vaniahea and .ince the 

variation of <mf~)2 1. &ero)p 

[ " if" d't' 
l' :. 

ri d?: 
a tor.m familiar 1. Quantum Mechanic80 

virgin fIg 

The flux of fia.ion neutrons which have made no collisions o 

waye equation (space form of) 'Helmholts eguation) 

The differential equation 

2 2 
V1 ¢+B 9J = 0 

2 where tr 18 the div~rgenoe of the gradient (the Laplacia 

operator, ~ 1s the neutron flux in the pile equation, and 82 a 

oonstant (real) called in reactor physic. the -geometric buckl ingo" 

ltV, negative value is also aometimes referred to as the "Laplacian" 

with aymbo14 0 Since this latter term causes confusi otl wi t h 

the Laplacian operator, it, use i, not popular o 

(oontinued) 
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,av. !Quatio! (spas- form of) (Helmhol t! equatipn) ( continued) 

Th. name "wav. equation- is short for what ia corr.ctly 

d.scribed as "the spac. form of the wave equation," or as the 

scalar "Helmhol t! equation~· Mathematically the equatio 

2 2 
)/ V u - d2 

--1l 
dt2 

- OJ 

where U ia any physioal quantity 9 t the time . and Jl a constant 

called the phase velocity , is known aa the wave .quatl ono 

Wh.n the apace variables are separated from the time variabl.s 

by asauming that 

U = ST 

where S Is a function of spac. coordi nates aDd T a f unct ion of 

t i me onl1 there result. 

2 
']S 

T + w2.r = Of and 

2 
~ S :::: 00 
112 

In cartesian coordinat~ • • (x~ y , 3), the Laplacian of ~ 

become. 

~ 
2 2 

2 a ~ 
\7 lJ= -+-+ 

:2 ,,2 
dX Cl 

(continued) 

2 
d 

dz
2 ) -
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w,ve eguatio! (space form of) (Helmholtz equati on) (continued) 

aDd the solution of the Helmholtz equation i8 

~ = C 
B1 B2 BJ 

±1(B
1

X +Br 4- B
3

B) 

• 

where B~ + 8~ + ~ = B2
J 

Thua if B2 i. p08itive , the aolution l eads to 8ine. and coaine. ; 

it 82 1. negatiTe , the solution l eads to qyperboll~ aines and 

cosines . The imposition of boundary conditions puta restrictions 

on the possible values or the Bi ' a and thus leads t o eigenvalues n 

The solutions fo~ ¢ then are called eigenfunctions . This last 

statement supplies in general to any geometr yo 

The additional restriction that the !.Lux be everywhere ftD1te , 

positive or zero, leada 1n the bare pile to the acceptance of t he 

l owest ordered eig~avalue or fundament al mode o For a bar e 

rectangle of aidea a~ b, and c ~ the eigenvalue (ar t he f undamental 

mode) 18 

2 2 
B2 -= .!!.- + .JL. + 

. 2 b2 

2 
'ff -
e2 

, and 

= ; "0. 2!.L coa .!!'..z- co. o a b G 

(origin in the center) 0 

(cantinued) 
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!!IV, IQwion ('ptce font of) (Belalhol.!L..'"9uaUSUU. (continued) 

In GrUnder ooordinate. (r, 9' , . ) the LaplaC" ian of' 9f 

beoomee. 

,,2_ h + 
ar2 I' 

~t-1.. 
Jr 1"2 

+ 2 
~. 

aM the .olutioD ot the Helmholt. equation can be nitta. 

:!:i(B1Z :t.R fJ) 
_ == C e '..e (8r r) 

where 82 := B2 1- B2 
I' • 

..L = O. l, 2, etoo 

and Z~ (x) ia the Bes •• 1 FunctioD (C)liDdr1 cal harmonic.) of 

order ~ 0 If s2 b positive, Z~ (I\- r) beoome. J)!. (Br r) or 

R.£ (Br 1"), the Beu.l functions of first and 8econd ' kind 

r.apeotivel)'o If B2 ie n.gative, th.n Z,.t (Br r) becomes t~a 

HOIakel functions , 81 the argument 18 imaginaJ7 (or equi valentl)- J 

~be I..L (B r r) aDd '..e. (B r r) tuncti ons ot first and •• coDd ldnd 

respectiv.ly with 1maginary argumenta)Q 

For a bare cyliDdrical reactor of radius R and heIght, 

there r •• ulta .inc.~ ~ 0, the eigenvalue 

(oontinl»d) 
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.ve equat10n (apace fgrm 9t) (Held1olt , eguatimU (cont11'1ued) 

12% 

b2 

,{ ., « "')piIi' .,.... a
2 

am _ :: -0 001 ~. Jo (Ir r) 

Dr 

ID Polar (Ipherlcal) ooardinat •• (r, Q~_) th~ Lapl~e1aQ 

beoome. 

V2~ "' -lJ.2.. (~ EJ!) + r2 L C)r d r 
.;( l O:.;:.lt, ) + -i-:-

) Q :tlll 0 

and the .olution of the a.lmholt. equation oan be wrlttenr. 

=~ -t 
'k t l(g, 91> r Z (i)r) 

11't 
1.=0 

where 

,L 

Ii (Q. Sf) • I 
.,&.Q. 

C
m 
~ (co. Q) .-1m f 

am 11 knOWll a. surtf:ge ,pherlcal harmon'! 2 

Ck..e are constant. 

em are constant. 

( continued) 

~2i l 
dd'- J 
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eguatlgD (.pac. torm or) (Helmholtz equgtionl (continued) 

• ~ (x)= (1 x )a/2 4J'A 

d x· 
and are 

8ph.r1oal harmonic., the tunction. 

d
a 

P.l (x) 
u. oalled Hel.llholt~ functions; 

dx 

where 

':e {x);: 
£1 

cnU"d 
d • £. 

sprfAC. 19001 h!rmoIl.1... or Leg.nor,e p~lIDolft~1L-o.!..,M!l!&.~mn 

e 

where 

Zit t (Br) ~a the })ea •• l fWICt10D or ordflr L + t" 

For 11 bar. 'pheri :)a l r.actc.r of radiu. It, we get 14 :: .i! = OJ 

nd the il1lposi tion of the boundal"Y oondl tlona r.f\ult. 1n (.be 

eigenvalue 

B - 11 
it and the .1gentunct jo 

!.!.I}.J!£ 
Br 

(continued) 



-/6:.;- • . ?:~~"'" 

Glosaary. React.or Theo1"'! 
• I ~. , • . . ' '. • 

(continued 

If the surfa.ce -.. on d and 8I,hpl t eu1 h"rrnunic. are 1IIul tipUl d 

b7 rm or .I',",m.,.l thfty are onlled 4()l1d SOllh '1Jl~ 

apecU v 

The al"Ml, cyl nild .cal , anti aoher.icsl l"lrmordcli are orthogonal 

and .i:,Qlnol!,t.! ~ See MnJ'£tuau , Murph;" '"l'h~ hthematics of Physios 

and Ch~m18tr,y" D. Van No~trand ~o • • He. lark City 

SeeElho oil. l"OUlitioD aM choracter1atl~ _~!Watl.Qb .. 

uiMly fActo 

The ratio of the fractloJU:l~ change 111 the effective multipli-

catioD uonat.ant, J k.r,./kefrJ to tllC! tl-ac tlnnal change in a 

partioular propertJ. J •• o 

Ze ~) 'II the iii oattftring or ubaorptlob 

:)l'ol.ls -seetlolU5, diffusion constanta, or B1\Y oth.r ph,r:itcal 

pro~rt)' in the plle o The weightl~ fEl I;tors ar8 fUllctlona ot 

IICjattlon. ".utl are :: (Imputed by Illenna of perlurbatlon t.hIJI1l7 ~ 

See r 12.* rt 1l!.!!1!. t. Lq,g t.he 
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