


ORNL-TM-2034 

C o n t r a c t  No. W-7405-eng-26 

OPERATIONS D I V I S I O N  

REACTOR OPERATOR STUDY HAWDBOOK 

( P r o g r a m m e d  I n s t r u c t i o n  Version) 

VOLUME I11 - REACTOR P H Y S I C S  

R e  A. C o s t n e r ,  Jr. 
E. N.  C r a m e r  
R ,  L. S c o t t ,  Jr.  

Editors 

C. D. C a g f e  
S o  D. Sheppard 

JUNE 1968 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge ,  Tennessee 

opera ted  by 
UNION CARBIDE CORPORATION 

f o r  the  
U , S ,  ATOMIC ENERGY COMMISSION 



FOREWORD 

It fs suggested t h a t  t h i s  programmed t e x t  b e  used as an aid i n  t h e  

s tudy of r e a c t o r  technology. I t  i s  no t  t h e  i n t e n t  of t he  au tho r  and 

e d i t a r s  t h a t  t h e  t e x t  b e  considered a f i n i s h e d  product .  While f i e l d  

t e s t i n g  of both t h e  s u b j e c t  matter and t h e  c o n t i n u i t y  of  thought has  

been l i m i t e d ,  the. need f o r  s tudy  material i n  programmed form was a b a s i c  

c o n s i d e r a t i o n  i n  the d e c i s i o n  t o  p u b l i s h  t h e  text, Revisions may be 

made a t  any t i m e  t o  correct ~ T T Q T B ,  t o  expand t h e  s u b j e c t  matter coverage, 

o r  t o  update  t h e  r e a c t o r  technology. If t he  t e x t  i s  used wi th  t h e s e  

r e s e r v a t i o n s ,  and i n  con junc t ion  w i t h  o t h e r  s tudy  h e l p s ,  it. can be  che 

b a s i s  f o r  very rewarding i n d i v i d u a l  s t u d y  on t h e  p a r t  of t h e  scudent ,  
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REACTOR OPEFWIUR STUDY HANDBOOK 

(P rogramed  Lnstructicn Version)  

A s  a parts of the Rezctsr cPpcratsr Trafning Program of Operations 

Division, Oak Ridge Na t iona l  Laboratory,  f i v e  areas of i n s t r u c t i o n  have 

been programmed f o r  i n d i v i d u a l  s t u d y "  They are: 

Volume 1 - Elementary Mathematics Review 

Volume IX - Radia t ion  Sa fe ty  and Cont ro l  

Valunae 111 - Reactor Physics 

Volume ?V - Neat Theory and E'luid Flcw 

Volume V - Ins t rumenra t ion  and Controls 

These programmed studies aye a p a r t  of a course in.  reactor  o p e r a t i o n  

t h a t  i nc ludes  classwork,  l e c t . ~ r e s ,  and on-the-job t r a i n i n g .  A t  t h e  end 

of the course ,  t h e  operator trainee i s  tested f o r  competence i n  a l l  areas 

of reac",sr operations b e f o r e  b e i n g  certified t o  o p e r a t e  a particular 

r e a c t o r  

It i s  sugges ted  that  t h e  programs be  s t u d i e d  in the  sequence given 

above; however, s e q u e n t i a l  dependenre has  been minimized so that they may 

be  s t u d i e d  e i ther  fndfwidualLy o r  as an in t eg ra t ed  group,  

The awchors and editoli-s would l i k e  t u  e s p e c i a l l y  acknowledge t h e  

pa t ience  and assistance G f  t h e  members of the  ope ra t ions  Div is ion  c l e r i ca l  

s t a f f  who worked an t h i s  r e p a r t ;  namely, Gladys Carpenter, Linda Cornstock, 

Mi l inda  Campton, Joanne Nelson, a d  Barbara Burns, 



1, Presencing i deas  or infcrmation in sm.kz11,  e a s i l y  d i g e s t i b l e  

s t e p s  ca l l ed  " f L ~ a m @ s l l ,  

2, ALlowPng you t o  s e t  ycur own pace, 

3 ,  Encouraging 3"espoPSe i n  ilTl ac:tj.ve wag. sc t h a t  YOU haVe B 

stronger impressicr? of t h e  i d e a  presented .  

4 % ,  Letting ycv kncw 3mmediatcly i f  y o u r  answer is r i g h t ,  thus  

reinforcing your impression, 

5,  Presenting many clues at f i r s t  to h e l p  you ar r ive  a t  t he  

c o r r e c t  answer, (As you prqgress ,  the nrtmber sf c lues  1s 

reduced  j 

A f e w  salnp1.e frames are  found  cn  the next  page. These will be  used 

t o  i l l u s t r a t e  t h e  propei use. oE "progxamnied ins t : rueLInn" .  Mcst frames 

will requi re  you to ~ e s p r e n d  by fiE31ng i n  a blaok,  or b l a n k s ,  to complete 

a sentence. Other f t a m e s  w 3 1 1  g ive  y o c  a t:"holce of s eve ra l  responses ,  A 

f e w  frames are  fop $ n f ~ ~ r m i 3 ~ . i o n a S  yurpesea o n l y  and t - p q u i ~ e  PQ r e s p o n s ~ ,  

The C C I K Y ~ G ~  nres~onse t o  a gxven frame I s  always fcund on rhr r i g h t  s i d e  

of the  page ad3acent  eo the t g l l c w i n g  me, When readfng a frame, a 

sheet (or strip) of p a p ~ r  4 ~ e u F d  be used t o  cover T h e  area below the 

d o t t e d  line which  f o l l c w s  the T P ~ I X ~ C .  Af 'Ler  csrrrpletely readfng a frame,  

Y O U  should w r i t e  )OUT r e s p o n s p  on a p i ~ c c  Gf paper  Yext, move the  paper  

dawn the page r rnt i I  y s u  reach  t h e  Qext d o t t e d  l f n e  os t u r n  rhe  page. 

This  will uncover the  next frame and f h e  c o r r e c t  response f o r  tEe frame 

you have j u s t  complefcd, Compare ycjl;s response w i t h  the corses t  response.  

L f  they dct not match, ~ e a d  that  frame aga in  be fo re  moving c n  t o  the next  

one; do not-x:cceed unePl  y o u  vnderstand the infurrmation In the frame you 

ace reading ,  I f  t h e  r e s p o n s e s  do m3t.cxh, p roceed  t.a the frame you have 

j u s t  uncovered 



Vi 1 

A t  the  end of each section, there  are se l f - tes t  q u e s r t o n s  f o r  revfew, 

If you m i s s  cnne of the self- tes t  questionsa, repeat the pe r t inen t  frames, 

It is no t  emugh to respond c o r r e c ~ l y  as you p roceed  through the m a t e r i a l ;  

you must remember c o r r e c t l y  a t  t h e  end o f  t h e  program and even l a t e r .  You 

should  atccempt t o  cornplese each section once you have s t a r r e d .  

SAMPLE FRAMES 

i e Programmed i 17b t r u ~  tion is a method 0f presenting 

informat i o n  i n  s l i ~ r t  paragraphs c a l l e d  “frames*’ 

These 

concepts f o r  the s fudenr  rô r grasp, 

U S U ~ P I ~  ccnalain O i I P y  OLZE two -- 

- - - 1 - - __ .- - 

if, By requiring you t o  t h i n k  of the a p p r o p r i a r e  response 

on a piece of p a p e r ,  and to wrire  that 

you t a k e  an a c t i v e  part: in the prcgrarn, and thereby 

r e i n f o r c e  your  learnigig,  

-----_y---- 

i v .  Frogrammed I n s t r u c  tian p r o v i d e s  the a p p r o p r i a t e  

response i r rmediateky and t b*us s h c u l d  r e in fo rce  

t h e  student’s ----- 
- - - _ - - - - _  

programmed 

learning 



SECT:-OM 1 P . T - l  

NEUTRON REACTIONS 

1, I." Types of Reactions --- 
The purpitse of r h i s  hcetacrn i s  t o  d e s c r i b e  the rescrfons of neu t rons ,  

which are of p a r t i c u l a r  i n t e r e s t  I n  the ope ra t ion  of nivclear reactors, and 

t c  inrrodtice some of the terms w h i c h  w i l l  be used throughout  the s t u d y  of 

reactor physics. 

1. What i s  a neut r t in?  

2. Although fieu'rons occur  i n  t h e  n u c l e i  of ~ t o i i i ~ ,  some uncharged, 
a u c  1 eP types  of r s d l o a c t i v e  aforne may decay and release s o m  

neutrons so that. hhey a ~ e  -- f r e e  to e i t h e z  exist by 

t h e m ~ e l ~ ~ ? ~  f o r  a s h o r t  rime CSY I C ~  react wfLh ~ t h e ~  

atoms. Therefore ,  we may say tha t  f zre  neutrons are 

sometimes prcadrsced when s m e  t y p e 5  of r a d i c a c t i v e  



An abso rp t ion  1-eact isn i s  cne tn which a n e u t r o n  i s  

absorbed i r p t ~ j  a r . u r l m ~  forming a d i f f e r e n t  i s o t o p e  

which may be  seable ,  may ~ d t  radiaticn (a lpha,  beta,  

o r  gamma), o r  may undergo fissien, I 

free 
neut rons  



6 ,  Msph the neutron and the b y d ~ o g e n  n e r ~ l e u s  have 

a mass o f  e b s u t  one atonic mass u n f t  (amu) A 

'"U nisclets h a s  a mas5 of 238 amu's which  makes 

it 238 times as heavy as a neutron. So, 

compared f c  a neu t ron ,  we can ehink of the  238U 

nucleus  as a b i g  hea.;y bowling ball. 

7 .  Now, if y ~ u  rhrow t h e  ping-peng baJ4 (neutron)  a t  

the bowllng b a l l  (13FIl o u c l e k s ~ ,  you vfl.1 nc t ice  

t h a t  t.he neutron b a l l  bounces o f r  i n  a d i f f e r e n t  

direction (a sca t re r i r ig  a o l l f a i o a )  w i r h  almost 

no less of speed,  You a lsc  may have noticed t h a t  

s h e  238U bow%zng b a l l  d a d  n o t  nose, 

-_ 

8 T r ,  thEs particular reaction, t.he bouncing of  the  

neutron o f f  r b e  fieavler n u c l e u s  was called a 

very little 

almost; no 
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1 2 .  Another analogy would be  a cue b a l l  striking a 

b i l l i a r d  b a l l .  

and the b i l l i a r d  b a l l  a re  

c o l l i s i o n  than  the speed of t h e  cue b a l l  was 

The speeds of both  the cue b a l l  

- a f t e r  the 
I 

befo re ,  

_ _ _ - - - - - -  

13.  The neu t ron  b a l l  has  slowed down as a r e s u l t  of 

i t s  

Figure  111-1 illustrates t h e s e  s c a t t e r i n g  r e a c t i o n s ,  

I r e a c t i o n  wi th  the hydrogen b a l l .  

- _ . - - - - - - -  

Incoming 
N % U t P O I l  

Incoming 
N ec t P on 

less 

S c a t t e r e d  s c a t t e r i n g  
N e t n t r  on 

Scat tered 
weu tr on 

v-\ 
t H i  
i’ Scar te red  

Nucleus \ 

Wyd r ogen 
Nucleus 

F ig .  111-1. S c a t t e r i n g  React ions 



14. The r e a c t i o n  of the neu t ron  with t h e  2 3 g U  nucleus 

r e a c t i o n  
I_ 

is c a l l e d  a 

1.5. The r e a c t i o n  of t h e  neutron wi th  t h e  hydrogen 

nucleus i s  c a l l e d  a r e a c t i o n  

- - - - - - - . . . -  

A -  

16,  The s c a t t e r i n g  r e a c t i o n  witb the  csFIU nucleus 

r e s u l t e d  in (an i n c r e a s e ,  a dec rease ,  no change) 

i n  the  speed of t h e  neutron.  

- _ - - - - - - -  

17. The s c a t t e r i n g  r e a c t i o n  wi th  the  hydrogen nucleus 

r e s u l t e d  i n  a (dec rease ,  i n c r e a s e )  of t h e  

neu t ron  speed 

- - - - - - - - -  

18. From t h e  above frames, i t  i s  r a t h e r  easy t o  i n f e r  

t h a t  a neu t ron  is  slowed down I I I Q ~ ~  i f  i t  c o l l i d e s  

w i t h  a ( l a r g e ,  small) nucleus, 

- _ - _ - - - - -  

1 9 .  The speed of a very  fast-moving neu t ron  can b e  

reduced d r a s t i c a l l y  by s e v e r a l  

r e a c t i o a s  w i t h  l i g h t  n u c l e i .  

20. Scattering is  a f a i r l y  common every-day-type 

r e a c t i o n ,  Some a d d i t i o n a l  examples of s c a t t e r i n g  

r e a c t i o n s  a r e :  cars bounchng of f  te lephone po le s  

or bouncing o f f  other cars,  p e o p l e  walking i n t o  

each o t h e r  and bouncing back,  e t e ,  
- - - - - - - - -  

s c a t t e r i n g  

s c a t t e r i n g  

no change 

deer  eas e 

s m a l l  

s c a t t e r i n g  
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21, A scatterfng e04135ion familiar t.o many small 

boys is the "skipping" of s t o n e s  across a l a k e  

01- g ~ h e r  body of water. The greater ehe speed 

of t he  s tme,  t h e  grearer  the p r o b a b i l i t y  t h a t  

is w i l l  rebound from the water surface t w a  OP 

three times, 
- - - - - _ _ - -  

2 2 .  As the s tone  loses speed ,  i t  is less  Likely t o  

from the s u r f a i e  of the water. 
Iql 

25. As the s tone  loses speed,  there is  a greater 

p r o b a b i l i t y  thaf- it. w i l l  plunge i n t o  the water 

( w i l l  be absorbed by t h e  l a k e ) ,  

- - - - - - - e -  

scatter o r  
rebound 

2 4 ,  A n e u t r o n  a b s o r p t i o n  reaction i s  one i n  which  a 

neut ron  is 

atom. 

- i n t o  the nuc leus  of an 

- - - - - I - - -  

25,  Since neutrons are (charged,  uncharged)  , they absorbed 

are not r e p e l l e d  from or  a t l x a c t e d  t o  the n u c l e u s ,  

Somewhat l i k e  t h e  s t o n e  "skipping" a c r o s s  t h e  

l a k e ,  if t h e  neutran slows down enough and comes 

close enough eo t h e  nucleus, i t  w i l l  probably 

26. The a b i l i t y  of atoms t o  absaxb W U ~ ~ Q I - L S  i s  

d l f fe rene :  f s r  d i f f e r e n t  t y p e s  of atoms. 

- - I - - . - " - - -  

uncharged 
absorbed 
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27. Ateras ox matcvjials wh ich  have a atrang eendeney 

to absorb rreut.rpcns a re  general  1.y c a l l e d  neu.r.T;on 

poisons" f n  rear  t w  recminoiogy A n e ~ c r o n  I 1  

poison i s  theretore, a S ~ X  on8 neut 1 on 

2 8 ,  Materials s u c h  as h m m ,  cadmium, xenon, and 

samarium have 

by abso rp t ion  

6 0  as neutrcin 

II a s t r o n g  tendency t~ 

reactions and a r t "  usual 1.y 1 &erred 

devour" neutrons 

2 9 ,  When a neut ron  is absorbed jnto t h e  nucleus of 

an  atom, the atom is transfotmed t o  a heavier  

i s o t o p e ,  The newly formed i s o t o p e  will usua l ly  

be highly e x c i t e d  and will emit one  o r  more types  

of z a d i a t i o n  5n order ro reach a more nearly 

s t a b l e  s t a t e  or condition, 

- - - - - - - - -  

30. A t y p i c a l  example of a nentron abso rp t ion  reaction 

is  the absc rp t ion  of a neut ron  by an atom 6 5  

alurednurn. T h e  r e a c t i o n  Is represented by the  

equaticzn 

1, + 2 "1 ----* 2"l .+ om( I 

This  e q u a t i o n  says that a neut ron  wi th  a mass of 

1 amu (atomic mass u n i t s )  i s  absorbed by a n  atom 

of aluminum which h a s  a mass of 27 mu and 

beccjmes transformed ( i n d i c a t e d  by --A 1 to an atom 

of aluminasrn w-fth a mas5 of 28 a.mu, 

w a s  added t t s  i n d i c a t e  that. g e n e r a l l y  rhe nawly- 

formed i s o t o p e  2 F 3 ~ 1  is exc.ited and em.i.ts a 

gamma r a y  immediately. 

The symbol 'y 

- -  - - _ _ - -  - 

ab sorber 

ab s o r b  EPS 
o r  poisons 



reaction of a neutron w i t h  a uaanfum atom which  

h a s  a mass cf  235 amu T h e  equation is 

.- I-.-I_-- This equation says 

.__-- 

Yes, that i s  right; the  equa t ion  says 
that t h e  a b s o r p t i o n  of a r r~vtwon by a n  

This ,  h n w e v r r ,  i s  on$y rhc beginning 
of anorher  type  of rravfion called 
the IsffsBionll r e a c f l s n ,  

u f o r m s  the  i so tope  

-- -~ - - - - - - - - -  
32,  T h e  word "fission," a c c o r d i n g  to t he  dictionary, 

means "to break f n t o  p a r t s , "  and this is j u s t  

exactly what happens  t o  the newly-formed isotope, 

3 3 .  About 85 percent: of the time a newly-formed 23hU 

atom w i l l  break up to form two smaller atoms, and 

at the same time a h e r e  will be from t w o  ro three 

takes p lace ,  -neu"cffons emitted when the __I.____ 

- - - - - - - - -  
--- __I.-- 
While 23iU is a s t r o n g  neutron absorber ,  
it is not a p a i s o n  because  he ' 3 6 ~  
formed u s u e b i y  f i s s i o n s  and emits two O K  

three neutrons,  A poison i s  a s t  rong 
n e ~ t r ~ n  absorber which  does not emit 
neutrons.  

-I_- 

f i s s i o n s  

fission 
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35, Krypton and barium were used  o n l y  as i l l u s t r a -  

t i ons .  

breaks i n t o  r o u g h l y  e q u a l  p a r t s  and the products  

formed may be  a h o s t  any o f  t h e  i s o t o p e s  as long  

as t h e  combined mass is  233 o r  234--depending 

on whether t h r e e  or t w o  

are emi t t ed ,  

men t h e  2 3 h ~  atom f i s s i o n s ,  i t  u s u a l l y  

-___l__-_l-- -..___.---- __. 

3 4 .  The main s t e p s  t o  remember abou t  t.he f i s s i o n  

r e a c t i o n  are that 3, neu t ron  i s  absorbed by a 

23511 atom, t h e  t a k e s  place, and 
I_--p 

neut rons  are r e l e a s e d ,  A s imple  

i l l u s t r a t i o n  of the  fission ~eaction is shown 

in Fig. 111-2. 

neut rons  

neut  TO11 

(1) /O Uranium ~ r a c ~ e u s  (4.5 Var ia t ions  i n  o s c i l l a -  
i n  normal s p h e r i c a l  t i o n s  r e s u l t  i n  
shape capLures a 
neut ron .  

unequal d i s t r i b u t i o n  
of mass; e l e c t r i c a l  
r e p u l s i o n  a c t s  t o  
push ends farther 
a p a r t  I_ 

(2) The energy imparted (5)  F rac tu re  occurs  
to the r-ucleus 
a p p e a l s  as motion of 
the en t i r e  d r o p l e t ,  

( 3 )  V i 0  l a i s  osc i Bla t i o n  

f i s s i o n  fragments ,  

The fragments a t tempt  
t o  acquire s t a b i l i t y  
by emission of 
neu t rons ,  b e t a  
p a z t i c l e s ,  and gamma 
r a d  f a t i  on I 

may draw the  d r o p l e t  
a dumbell shape. 

R 
F i g ,  1 1 1 - 2 .  Liquid-Drop Analogy of Fission 

3 7 ,  Neutrons are involved  i n  the f i s s i o n  r e a c t i o n  

i n  twc ways. Neutrons a r e  f i r s t  
3 

fission, 
cwo or cbree 



these neut r u n s  can cause o t h e r  f i s s i o n  r e a c t i o n s ,  

a chain reaction is p:sslble, 

39 Chain reac t ions  are contintlous-type reactfons 

i n  wh ich  a preceding s e a c ~ i o n  causes a second 

r e a c t i o n  of  t h e  same kind t o  happen The second 

causes a t h i r d ,  e t c .  For  example, a long row ~f 

dominoes, where domino A f a l l s  against B ,  w h i c h  

falls a g a i n s t  C ,  e tc  ., is  a C Q K I ~ ~ ~ L C I L I S  r e a c t i o n  

which may be  c a l l e d  a ---_____ --- 

40 .  F i g u r e  111-3 is an i l l u s t r a r i o m  of a fission chain 

reaction. Note t h a t ,  of t h e  twlz or three neut rons  

released when fission ~ ~ C C U P S ,  a t  l eas t  one neurron 

is absorbed in. another 2 ' 5 U  atom t o  i;uxatinue the 

chain sf reactions. 
- _ - - - - - _ -  

4 2 ,  I f  a t  beast one neu t ron  is absorbed, frcm each 

f i s s i o n ,  to cause a n ~ t ' n e r  f i s s i o n ,  a 

4 2 ,  If an average of more than one neutron becomes 

a v a i l a b l e  t o  cause fission fc r  each neutron 

causing fission, we would  f x p e ~ t  t h e  nrimber of 

f i s s i o n s  p e r  second to (remain the s a m e ,  decrease,  

increase] as time passes .  

chain 
reaction 

c h a i n  
rea@ t i o n  



:JIass of 
// Uranium 



1 2  

4 3 ,  With the pxoper c.candirions (from t h e  t w o  o r  

three neutrans produced a t  fission, only  

neutron causes another  f i s s i o n ) ,  

t h e  fission chain r~action can be canrrcvlled 

so t ha t  it is ~ o n t i n e ~ o u s  rand s e l t - s u s t a i n i n g .  

- - - - - - - - -  

4% The reason w e  want t o  csumfrio2 t h e  f -ass ion 

chain reaction is so t h a t  w e  can e f f e c t i v e l y  use 

t h e  large ~ I I I Q U ~ ~ P  iirf energy ( a b i l i t y  t c r  do work) 

which is a l s o  released when fissigcn occurs ,  

- 

1 , 2 ,  Pasc and Thermal Neutrons 

4 5 ,  The t w o  or khree neutrons which are released 

when fission occurs  Eire t r a v e l i n g  a t  a very 

high speed ,  For eh i s  reascn, they axe u s u a l l y  

Cauea Y ~ S  t i l  n ~ r e n s  a 

- - _ - - _ - - -  

4 6 ,  N ~ U ~ ~ Q I I S  which travel a t  a I_ slaw speed a r e  usually 

neutrons c 
II 

called 

4 7 ,  The distinction lastwceza s l o w  and fasr. neut rons  

i s  made because,  a l though f a s t  neutnons ia~e 

emitted by fission, slow neutrons are needed 

tr;: cause Eiss fcn  most. efflefently i n  nuc lea r  

TeaCtOOfs D 

_ - - - - - - - -  

i ne  P e as e 

one 

slow 

48. Since slow neut-rons are amst e f f l c i a n t  in causfng 

22sU trs f i s s i c n ,  a chain retistion w i l l  be s u s t a i n e d  

wi th  a smaller quantity of /'-W if the  fas t  
" i c  

neeatrsns emitted L c o m  ffssion axe - - 
- - - - - - - - -  
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Fast neutrons can be  slcwed down by 

The b e s t  material f c r  sl.owing dawn fast neutrons 

is that which is made up of ( b i g ,  small) atoms. 

The process  of slowing down a fast neutron 

scattering rezctions %si c a l l e d  moderation. 

Materials which a e  used f o r  s l o w i r ~ g  down f a s t  

ceut rons  are c a l l e d  ( f u e l ,  moderatcrs).  

I n  order fo r  a fas t  neutron t.0 b e  slowed down, 

i t  must eoPLli.de w i t h  a t cm:  rmd m c h  timc. i t  

makes a collision t he re  is a possibility of t h e  

neutron becoming absorbed and thus  l o s t ,  

a e - 9 -  moderator i s  one nhich  s lows neutrons 

quickly and a t  t h e  same time does n o t  r e a d i l y  

The re fo re ,  

them - 
- _ - _ _ - - - -  

Water $H,o) e o n t a b s  an abundant supply of 

hydrogen atoms; and s i n c e  hydrogen does not 

,&soy.b neut rcns  exces%ivel.Y bu t  does S l Q W  

neutrons q u i c k l y ,  water  i s  a good 

- - - - - - I - - 

54, To be, a good moderator, a material  must 

t o o  qu ick ly  and m u s t  not. 

many n e U T k B f i s  0 

slowed dawn 

s c a t t e r i n g  

small 

absorb 

moderator 
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55, Carbon in t h e   for^ of g r a p h i t e  i s  a good moderator; 

deuterium (an isotctpe of hydsogen) is another", 

B e r y l l i u m  and ord ina ry  wafer  a r e  a l s o  good 

- - - - - - - - -  

56, The moderation or slrw-lag-dawn p r o c e s s  %s sometimes 

referred CQ as "therr i rsdirat i>n.  '' T ~ E  term 

"rhermalizexion" results f r o m  the  f a c t  t h a t  atoms 

in any material are mcvirzg car v i b r a r i n g  with a 

speed w h i c h  can be  varied. by increasing o r  

decreasing the  temperarure C F  t h e  material. 

F i g u r e  1 1 I - h  is an i1.l_uz,Ic1at ion cas v i b r a t i n g  

atoms in a mater ia l ,  

- . . - - I - - - -  I 

$7. The spEed ar xhfch arms of. any material are 

v i b r a t i n g  can be var i ed  by healing c c  cool ing  

the material a 

day when ~ ' L B  boil .  water, 

water, the stoms (and,  thesefore,  the molecules) 

s ta r t  moving around so fas t  tha t  they break 

through the  sur face  and appear. as steam. 

This pheriomenon l e  n o t i c e d  every 

By adding  h e a t  t o  the 

.~ - - - - I - 

58, Heat is thermal energy. So, when a neutron 

slows down so that it is In equilibrium Cat the 

same temperature) wich  the  atoms of she inaterial 

it is traveling f n ,  then t h e  nectron is  s a i d  

to be  In t h e r m a l  equ~libritm, This is as much 

as she average neutron cdn be slowed down, 

slow neutrons, 
absorb 

modera tors  
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.--- 
r / / >  A t o m  ,)& - +\&--2_----- P / r- / 

Lines to Show 
le----?- Atom Lccations Y-- I in a Crystal 

I 
@l?t z1. - ( c i  

5 L‘ 
------ -------------- -- 

Nigh-Temperature Vibrations 

-- I----- I ---..--.--I_ _____ 
- 

? 

, \  A t o m  
/‘ 

L i n e s  t o  Show 

i n  a Crys ta l  
i ---7- Atom Locat ions -.. 

’ I  
1 

,’ 

Low-Temperature V i b r a t i o n s  

Fig.  111-4. Vibra t ions  of Atoms 

.............................. ................. ....................... . . ~  ..................... 
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60, A group of neutrores which have been bhermallzed 

in a material should have speeds w h i c h  are  

(very d i f f e r e n t ,  & o u t  equal.) 

61. Neutrons i n  thermal e q u i l i b r i u m  wish  a m a t e r i a l  

are  cal led (fast, thermal)  neu t rons*  These are 

u s u a l l y  what a re  meant when one speaks of slow 

neutrons" 

62, Tc i l l u s t r a t e  the e f f e c t  of  Peniperature on t h e  

s p e e d  of a n e u t r o n ,  l e t  us assume that a neut ron  

i s  moving around in therrrzl equilibrium w i t h  

the  air, I f  t h e  temperature  i s  68"P, t h e  

neut ron  has a speed o r  velocity of  about  4600 

miles  p e r  hour ,  I f  the temperature  w e x e  r a i s e d  

t o  392"P,  the neutron's ve loc i ty  would be  

d w b l e d  

63, When neut rons  are f i r s t  e m i t  t.ed, they  are moving 

t o o  fasr: ts causa f i s s i o n  i n  *"u efficiently, 

They must be t o  a speed  t h a t  w i l l  

a l low them t o  cause f i s s f m  most e f f e c t i v e l y ,  

6 4 .  L e t  us  g c  o v e r  the  f i s s i o n  reaction once more, A 

thermal  neutron i s  absorbed i n t o  the  nucleus e €  

a '13sU atom and a 2 3 6 U  atom is formed 

new 23FU atoms are so unsrable  ( exc i t ed )  that  about  

85% of them immediately s p l i t  i n t o  two srnsPler 

n u c l e i  which are called fission fragments 

remaining 15% manage t o  emit en~ugb Energy as 

g a m a  r a d i a t i o n  t o  prevent  f i s s i s n  f rom o c c u r i n g ,  

These  

The 

( c orit inued 1 

thermal 

about  equal 

thermal  

thermalized, 
slowed down, 
or moderated 
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6 4 .  (cont inued)  

The excess energy of  the 236U nucleus  i s  r e l e a s e d  

i n  t h e  form of k i n e t i c  energy of t h e  f i s s i o n  

f ragments ,  which f l y  a p a r t  a t  g r e a t  speed and 

g e n e r a t e  h e a t  as they  c o l l i d e  wi th  sur rounding  

matter. Gamma r a d i a t i o n  and two o r  t h r e e  neut rons  

are a l s o  r e l e a s e d .  

f a s t  and are thermal ized  by s c a t t e r i n g  r e a c t i o n s  

w i t h  a  rator- or- 

become thermal ized ,  they  react r e a d i l y  w i t h  o t h e r  

2 3 5 U  atoms causing more f i s s i o n ,  and s o  on. 

The f r e e  neut rons  are very  

When t h e  f a s t  neut rons  

- - - - - - - - -  

6 5 ,  Now l e t  us look ,  i n  more d e t a i l ,  a t  t h e  release 

of t h e  two o r  t h r e e  neut rons  from t h e  f i s s i o n  

r e a c t i o n ,  

- - - - - - - - -  

6 6 .  For a l a r g e  number of f i s s i o n  r e a c t i o n s ,  an  

average  of about  2,5 neut rons  are r e l e a s e d .  

From 400 f i s s i o n  r e a c t i o n s ,  t h e  number of 

neut rons  r e l e a s e d  would be  about  

- - - - - - - - -  

1.3 .  Prompt and Delayed Neutrons - 

67. Of t h e  neut rons  r e l e a s e d  when f i s s i o n  occur s ,  

about  99.25% are r e l e a s e d  w i t h i n  about  

seconds,  

they  are  c a l l e d  prompt neutrons. .  

S ince  they  are r e l e a s e d  promptly,  

- - - - - - - - -  

1000 

68, Since seconds i s  a ve ry  s h o r t  t i m e ,  t h e  

t e r m  neutrons i s  ve ry  a p t .  
- - - - - - - - -  



69. Prompt neutrons make up (75%, 99%,  99 .25%,  9 9 . 7 5 % )  

of a l l  t h e  neut rons  emi t ted  i n  t h e  f i s s i o n i n g  of 

23%. 

70. The o t h e r  0.75% of t h e  neut rons  are r e l e a s e d  over  

a per iod  of minutes as the f i s s i o n  fragments ,  o r  

p raduc t s ,  decay. These are c a l l e d  delayed 

neut rons  e 

71. When f i s s i o n  pyoducts decay, they sometimes e m i t  

neu t rons ,  Sirice t h e s e  are emi t ted  a t  a later 

time than t h e  prompt neu t rons ,  they a r e  c a l l e d  

neut rons .  

- - - - - - - - -  

7 2 .  Most f i s s i o n  products  emit nega t ive  b e t a  

p a r t i c l e s .  Normally, t h i s  is  t h e  r e s u l t  of t h e  

neutron-to-proton r a t i o  being t o o  h igh  s o  t h a t  

a w i l l  change i n t o  a pro ton  and e m i t  

a p a r  t i c . l e  No delayed neut rons  are  

emi t ted  by t h i s  r e a c t i o n .  

- - - - - - - - -  

73. However, once i n  a whi le  f i s s i o n  fragments w i l l  

have s o  much energy t h a t  they can e m i t  a whole 

neu t ron  and become. s t a b l e  i n  one energy jump. 

- - - - - - - - -  

74.  F i g u r e  111-5 shows 8 7 B r  f i s s i o n  fragments 

decaying by two p a t h s ,  

they decay f i r s t  t o  

nega t ive  p a r t i c l e  a 

Note t h a t  by both pa ths  

by e m i t t i n g  a 

- - - - - - - - -  

prompt 

99.25% 

delayed 

neut ron ,  
beta 
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S t a b l e  

F i g .  111-5. Mechanism of Delayed-Neutron Emission 

- - - - - - - -  I 

75. By one decay pa th  t h e  8 7 K r  atom has  much more 

energy than by t h e  o t h e r  and can e m i t  a 

The o t h e r  decay pa th  is  by a series of b e t a  

emissions and does not  r e s u l t  i n  t he  emission 

of a 

8 7 K r  o r  
kryp ton-8 7 ,  
b e t a  

t o  become s t a b l e  86 immediately. - 

7 6 .  Since  a l l  neut rons  released from f i s s i o n  are very 

e n e r g e t i c  and f a s t  moving, both prompt and 

delayed neut rons  are ( f a s t ,  s low,  thermal) 

neut rons .  

neut ron ,  

neut ron  
K r  , 

- - - - - - - - -  
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77.  Neutrons r e l e a s e d  as t h e  r e s u l t  of f i s s i o n  are 

f a s t  neutrons ; t he  only d i f f e r e n c e  between prompt 

and delayed i s  a f t e r  f i s s i o n  QCCUTS. 

- I - - - - - - -  

78. Gamma and b e t a  r a d i a t i o n  which accompany t h e  

f i s s i o n  r e a c t i o n  are a l s o  c l a s s i f i e d  as prompt 

and delayed. Both gamma and b e t a  r a d i a t i o n s ,  

g iven  o f f  over a per iod of t i m e  by t h e  r ad io -  

a c t i v e  decay o f '  f i s s i o n  p roduc t s ,  are c a l l e d  

r a d i a t i o n .  

- - - - - - - - -  

79. The t e r m  f i s s i o n  products  a p p l i e s  t o  t h e  va r ious  

decay products  of t h e  f i s s i o n  fragments as w e l l  

as t o  t h e  f i s s i o n  fragments themselves. 

1 .4 .  M u l t i p l i c a t i o n  Fac to r  

80. The f a c t  t h a t  an average of 2.5 neutrons is  

r e l e a s e d  per f i s s i o n  means t h a t  i f  10 neutrons 

are absorbed by 235U and cause f i s s i o n ,  25 

neutrons w i l l  be r e l e a s e d ,  I f  a l l  of t h e s e  

25 neutrons cause f i s s i o n ,  t h e r e  w i l l  be 

25 x 2 , 5  which i s  62 ( o r  63) neu t rons ,  I f  

t h e s e  62 neu t rons  a l l  cause f i s s i o n ,  then w e  

w i l l  have 62  x 2.5 = 151 neu t rons ,  etc.  The 

p o i n t  is  t h a t  the number of neutrons i n c r e a s e s .  

- - - - - - - - -  

f a s t  

t h e  t i m e  i t  
t akes  t o  be 
re l eased  

delayed 
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$1. L e t  us  look  a t  t h r e e  examples o€ m u l t i p l i c a t i o n ,  

Example 1 1 x 1 - 1 .  

l x l x l  - 1  

l x l x l x l  = l  

l x l x l x l X l = l  

Example 2 3- x 2 = 2  

l x 2 x 2  = 4  

1 X 2 X 2 X 2  = 8  

1 x 2 x 2 x 2 x 2 =: 16 

Example 3 1 x 0.3 = 0.9 

1 x 0.9  x 0 ,9  = 0.81  

1 x 0.9 x 0.9 0.9 = 0.729 

1 X 0.9 X 0 ,9  x 0.9  X 0.9  = 0.6561 
- - - - - - - - -  

8 2 ,  Example 1 shows t h a t  when t h e  m u l t i p l i c a t i o n  

f a c t o r ,  k ,  i s  one, t h e  r e s u l t  i s  always the same. 

- - - - - - - - -  

83. I f  t h e  m u l t i p l i c a t i o n  f a c t o r ,  k ,  i s  g r e a t e r  than 

one, such as two, i n  Example 2 , t h e  r e s u l t  of 

each succeeding m u l t i p l i c a t i o n  is  (an i n c r e a s e ,  

a dec rease ) .  

84 .  I f  t h e  m u l t i p l i c a t i o n  f a c t o r ,  k ,  is  less than  one, 

as i n  Example 3 ,  t h e  r e s u l t  of each succeeding 

m u l t i p l i c a t i o n  i s  

85. This  p r i n c i p l e  of m u f t i p l i c a t i o n  can also be  app l i ed  

to people ,  r a b b i t s ,  neu t rons ,  etc. Take a look a t  

t h e  fami ly  trees of two dffterent families as shown 

i n  Fig. 111-6. In  one f ami ly ,  the m u l t i p l i c a t i o n  

f a c t o r ,  k, i s  g r e a t e r  than  one and the family tree 

has i nc reased ;  b u t  t h e  u ther  fami ly  has a k less 

than  one, 

a n  i n c r e a s e  

a dec rease  
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-- 

k g rea t e r  than  1 

FJ r s t  

T h i r d  

Fourth 

k less than  1 

F i g .  111-6. Fami ly  Trees 
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86. If  a husband and wi fe  have two c h i l d r e n ,  t h e  

m u l t i p l i c a t i o n  f a c t o r  is  one--they j u s t  r e p l a c e  

themselves,  I f  they have t h r e e  c h i l d r e n ,  the 

m u l t i p l i c a t i o n  factor i s  1 .5  ( 2  pa ren t s  x 1.5  

= 3 c h i l d r e n ) .  

- - . . . - - - - - e  

87. The pspu la t ion  of neut rons  a l s o  i n c r e a s e s  o r  

decreases  i n  a similar manner depending on t h e  

value of t h e  neut ron  

which w e  use t h e  symbol k. 

, f o r  

88. Neutrons are "born" when 235U f i s s i o n s  and they  

"die" when abso rp t ion  r e a c t i o n s  occur .  

t h e  b i r t h  rate is g r e a t e r  than tZle dea th  ra te ,  

t h e  neut ron  m u l t i p l i c a t i o n  f a c t o r ,  k, must be 

Thus, i f  

89.  If more neut rons  are absorbed than  are produced 

from f i s s i o n ,  t h e  neutron m u l t i p l i c a t i o n  f a c t o r  

must b e  

- - - I - - - - -  

90.  Any material which absorbs neutrons without  

producing f i s s i o n  remayes these  neut rons  s o  t h a t  

they are unable  t o  cause f i s s i o n  r e a c t i o n s .  

Therefore ,  i t  i s  d e s i r a b l e  t o  know how r e a d i l y  

v a r i a u s  materials absorb neut rons .  

- - - - - - - - -  

mul t ip l i ca -  
t i o n  f a c t o r  

g r e a t e r  than 
one o r  :1 

less than 
one QIP <I. 
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1.5. Cross Section 

91, The neutron-absorbing ability of materials is 

usua l ly  expressed i n  terms of a "cross section," 

The expression 'tcross section" is used because 

t h e  absorbing atoms are considered to be 

presenting a target area f o r  the neutrons as 

shown in Fig.  111-7. 

One Cubic Centimeter 
of Material 

Bomb a r d ed 

Target Area as Seen 
Ma t e r la1 
Containing 
N Atoms by Incoming Neutron 

fl= @ = Cross Section or 

Neutrons 

Fig. 111-7. Cross Sections 
- - - e . . . - -  ^ -  

9 2 ,  The target area of one atom is called the 
I t  microscopic a I I  Microscopic means 

" s o  small that it is invisible to the naked eye," 
- - - - - - - - -  

9 3 .  The microscopic cross section of one atom is 

u s u a l l y  represented by t h e  symbol. CI (s igma).  

The value of CI is often given in the unit 
"barns, I t  which is square centimeters ( cm2) .  

c ross  section 
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The s t o r y  i s  t o l d  t h a t  t h e  term "barn'' 
w a s  f i r s t  used t o  i l l u s t r a t e  t h e  sP2e of an 
atom i n  TeParisri t o  t h e  s i z e  of t h e  neutron,  
To t h e  neutron,  t h e  atom w a s  "as b i g  as a 
barn ,. 

There has been some endeavor t o  r e p l a c e  
t h e  term "barn" wi th  "Fermi," i n  honor of 
t h a t  famous physicist; however, t h e  term 
''barn" seems t o  be  f i r m l y  e s t a b l i s h e d .  

- 

94 .  Thus, we could f e a d  t h e  mathematical  s t a t emen t ,  

rs = 3 x 10-24cm2 a8 " the  microscopic cross 

s e c t i o n  i s  I1  

95. I f  t h e r e  are N atoms i n  a cub ic  centimeter of 

material  and each has a c r o s s  s e c t i o n  (5, then 

the  sum of t h e  s e c t i o n s  of a l l  of 

t h e  atoms i n  t h a t  cubic  centimeter i s  

01 + a2 + 0 3  + --- o r  N x a. The t o t a l  of t h e  

c r a s s  s e c t i o n s  i n  a cub ic  cen t ime te r ,  t h a t  i s  

N x u ,  i s  c a l l e d  t h e  macresco- cross s e c t i o n .  

- - - - - - - - -  

96. I f  t h e  amount of matzerjal t h a t  w e  are d i s c u s s i n g  

i s  l a r g e  enough t o  be seen  by t h e  naked eye,  and 

w e  can see a cub ic  cen t ime te r  of material ,  we  use 

t h e  word t o  d i f f e r e n t i a t e  between t h i s  

s i z e  and microscopic .  

t h r e e  barns  

microscopic 

97. The macroscopic cross s e c t i o n  i s  usually r ep resen ted  macroscopic 

by the symbol. C ( c a p i t a l  s igma) .  S o ,  i n  equa t ion  

form , 
C = N x a  

where N is  t h e  number of a toms p e r  c m 3  and (r i s  t h e  

~ X B S B  s e c t i o n ,  

- - - - - - I - -  
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98. Since cr is d i f f e r e n t  f o r  d i f f e r e n t  kinds of 

atoms and 

than one kind of atom (water has both hydrogen 

and oxygen), each kind of atom and i t s  

a s s o c i a t e d  cross s e c t i o n  has t o  be  considered 

i n  o r d e r  t o  determine t h e  o v e r a l l  e f f e c t ,  t h a t  

is  C,  

s i n c e  materials u s u a l l y  have more 

9 9 .  For example, t o  determine t h e  absorbing a b i l i t y  

of water, w e  would have t o  know t h e  microscopic 

atoms s i n c e  each water molecule i s  composed of 

two hydrogen atoms and one oxygen atom, 

f o r  both hydrogen atoms and oxygen 

- I - -  - - - - -  

100. Other r e a c t i o n s  bes ides  a b s o r p t i o n  a r e  a l s o  

r ep resen ted  by a microscopic cross s e c t i o n ,  

cr r e p r e s e n t s  t h e  a b s o r p t i o n  C X Q S S  s e c t i o n ,  

0 t h e  f i s s i o n  c r o s s  s e c t i o n ,  and cr t h e  

s c a t t e r i n g  c r o s s  s e c t i o n ,  

f o r  t h e  macroscopic cross s e c t i o n ,  

a 

f s 
The same i s  t r u e  

101. We would read 

CPOSS s e c t i o n  

102, W e  would read 

c r o s s  s e c t i o n  

CH2' as " t h e  macroscopic 
a 

of i I  

t;* as " the macroscopic 
s 

of oxygen ~ 1 1  

- - - -  - - - - _  

103. The symbol f o r  the microscopic 

c r o s s  s e c t i o n  i s  

s c a t t e r i n g  

- - - - I  

microscopic 

C r Q S S  

s e c t i o n s  

abso rp t ion ,  
water 

s c a t t e r i n g  

........................ ...................... ................. .... -. ..................... ...................... ....... 
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...- 

104. The ~ t o s s  s e c t i o n  f o r  s c a t t e r i n g  of neut rons  

produced by a cub ic  centimeter of bery l l ium 

would b e  w r i t t e n  of b e r y  Ilium. 
- - - - - - - I _  

105, According t o  Table 111-1, t h e r e  is no cr f o r  f 

0 
S 

s 
c 

boron. This  is  reasonable  because boron does 

Table  111-1 i s  a list of some thermal  neut ron  cross f i s s i o n  

s e c t i o n s  f o r  various rnateria.ls. 

Table  111-1. Some Frequently Used Cross Sec t ions  

f CJ B 
S S 

0 c a a 
r 

reactions react i o n s  
cm cm 

Element (barns)  (barns)  (barns)  

A I  (aluminum) 0.015 0.210 0.084 1.40 --- 
3r 

HzO (water)  0.022 3.450 q40.0 --- 
B (boron) 103 I 000 750.000 0.346 4.00 --- 
Cd (cadmium) 114.000 2400.000 0.325 7.00 --- 

3 5~ (uranium) 32.100 7.420 0.397 7 . 4 2  5 7 1  

B e  (beryl l ium) 0,009 7.00 --- 
7 t  

For hydrogen bound i n  a molecule,  

- - - - - - - - -  

106. ldhile cr i s  u s u a l l y  cons idered  t h e  t a r g e t  area 

of one atom, w e  should t h i n k  of C as being " the 

number of r e a c t i o n s  which a neutron will 

experience as it rravels a d i s t a n c e  of one 

cen t ime te r .  " 

_ - - _ - - - - _  
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107. 

108. 

109. 

110 * 

From Table 112-1, we see that a neutron traveling 

in boron will have chances to be 

absorbed, while traveling one. em, and only 0.346 

of a chance to be in the same distance. 
- - - - - - - - -  

From this information it seems reasonable that 

boron should be used as an in a 

control rod and (not ,  also) as amoderating 

material. 

- - I - - - - - -  

By thinking of  C as the number of reactions per 

centimeter of travel by a neutron, we can multiply 

by the velocity--which is the number of centi- 

meters traveled per second--and obtain the number 

of reactions p e r  second per neutron. That is, 

reactions cm = reactions 
em-neutron sec se@*neutron c x v =  

If a neutron is traveling in a material with a 

speed of 300 cm/sec (actually a very slow speed 

for a neutron) in a material which has a 

scattering cross section C 

the scattering reactions per sec will be: 

= 10 react%ons/cm, 
S 

103, 
scattered 

absorber, 
not 

cm I reactions cs = lo reactions 
X 300 - - 

secon c m  sec - 
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111 0 

112 I 

113. 

114,  

c x v is t h e  number o f  p o s s i b l e  r e a c t i o n s  p e r  

second fo r  only one neutron.  

t h i s  by t h e  number o f  f r e e  neutrons (n) w e  have 

pe r  cub ic  cen t ime te r  ( c m 3 > ,  w e  w i l l  o b t a i n  t h e  

total number of r e a c t i o n s  pe r  second i n  each 

cubic  cen t ime te r .  That i s ,  

I f  w e  now m u l t i p l y  

neutrons - r e a c t i o n s  - r e a c t i o n s  
s e c * n e u t r o n  cm j 

C x v x n =  
s e c  - e m 3  

- - - - - - - - -  

The q u a n t i t y  n x v ,  which is the neutron d e n s i t y  

times t h e  v e l o c i t y ,  i s  u s u a l l y  c a l l e d  t h e  neu t ron  

f l u x  and i s  r ep resen ted  by t h e  symbol@ 

(pronounced f ee ) .  Thus, nv = 
- - - - - - - - -  

Then @, which i s  equal t o  n x v and i s  t h e  symbol 

f o r  

as t h e  d i s t a n c e  t r a v e l e d  i n  one second by a l l  

t h e  neutrons i n  one cubic  cen t ime te r .  

--- , may be thought of 

Although 

the  neu t ron  f l u x  is  o f t e n  expressed as 
neutrons 

i t  can a l s o  be expressed as ' = cmz x sec' 
neutron sent imetersfsec.  

@ = -  
em ,i 

I f  w e  had 300 neutrons i n  one cubic  cent imeter  

which were t r a v e l i n g  wi th  a v e l o c i t y  of 20 

cen t ime te r s  per  second, t hen  t h e  neutron f l u x  

would be: 

3,000 

neutron f l u x  



30 

1-15 0 If L represents  the nacmscop ic  f i s s i o n  cross 

section, t h a t  is the  nucnber of f i s s i o n  r e a c t i o n s  

per cen t ime te r  of nezstrcn t r a v e l ,  and Q, is t h e  

numbe.r of centimeters t rave led  f n  one second by 

t h e  free neutrons i n  a cuh ie  centimeter, then 

5, x $ i s  t h e  ncmber of E i s s i o n  r e a c t i o n s  p e r  

second i n  one. cub5c cen t ime te r  of m a t e r i a l ,  

(Remember t h a t  neutrons can move r a t h e r  freely 

through the spaces  between atoms and 

can penetrate d e e p l y  i n t o  some solids b e f o r e  

being absorbed i n  t h e  nuclei of some of t h e  

atoms ) 

f 

f 

116. Let us assume that C is 5 seackionsdcm and t h e  
f 

neutron f l u x ,  4, is 10 - 
then i n  one second, the  mmber of f i s s i o n  

neutron cen t ime te r s J sec  
c m  .s Y 

r e a c t i o n s  per  cubic  centimetxr i s  C x Q, 
is 

f 

r e . a C t l O r 9 . S  neutron e e n t i m e t z r s / s e c  x 10 
c m  cm' 

5 

which 

= 50 r e a c t i o n s  
S e C " C l l 1 3  

117, Now we have fsursd t h a t  i n  one cub ic  cen t ime te r  
f f s s ions  
second 

there are 50 - occurring, If we had a 

gallon bucket  f u l l  cf t h i s  material (a gal lon.  

is  equal  to 3785 cm'), then i n  t h e  bucket there 

would b e ,  t o  t h r e e  s i g n i f i c a n t .  f i g u r e s ,  

n cm/see 6000 .,3 

o r  
n 

c m 2  sec 
6000 

3785 cm3 x 50 fissions f fssions 
secmcrn3 see 



118. T h i s  says  thar in a ggallcn b t c k e r  of nate.ria1 

where r is 5 reactior.s/cm and 0 is 10 
neutron cenE+ imet .  ers / s e r  

f 
-r-- , t he re  are  189,000 ern 

fissions occur r ing  each scc-ond. 

one s t e p  fiarther--if we knew t h e  energy r e l e a s e  

per  f i s s io r i ,  thcn we. cscvld deternt8ne the  poxer 

pruduced  by t h a k  hrpcker of m a t e r i a l .  If the 

energy psndvnccd in t h a t  bucket could  be  

converted t o  electrical energy, t h e n  we would 

know hcw many l i g h t  b u l b s  we could l i g h t  o r  

how many c ~ o l j ~ ~ g  f a n s  and a i r  conditi~ners we 

could ope-cate. 

To CXKY t h i s  

1 . 6 .  Neutron S p e c t r u i  
I 

119, Before we leave the. s t u d y  o€ neurrons,  we should 

mention t h e  raiig~. of ene rg ie s  that  we f i n d  

among free iaeutrcns. Tbe eilcrgy of a f ree  

n e u t r o n  is related t o  its velct i5ty;  and while 

we speak of % neutron as hdving a spec i f ic :  

energy such as 0.5 ea) or 4 M e v ,  WE? often do not  

assign an srmergy bsnt speak  of them as b e i n g  

Slaw O r  fCSt Pe12tT(rT;1Ea 

L e  above f rme,  we used t h e  energy -7 
when c.ompar.'ed with t he  ca3.orie and the 
f o o t p o w d  which. are u n i t s  of heat and 
mechanical energy. One e lectron volt 
(ev) is t,he amount: of snergy gained by 
 ne e lnc t ron  when i C  moves through an 
el.ectric c i r c u i t  pawered by a one-volt. 
bat , te ry .  Eyer~ tho~tegh one Mev is a 
mil . l i on  t:i.niec, one w,  it is a small. 
amount of energy since it t-ak.es 2.6  x UP 
Me17 t:o equal. J- caS..~r.i:e., H r ~ e v e r ,  200 Mev 

(cornt:inued) 

- . - . . - . . . . . - ,......._ . . . ..............._ . . . . -- . ..-.., . . . . . . . ...... . . . . . . . . . .,.....,.. . , 
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spec t r urn 

( t h e  energy r e l e a s e  when one atom f i ss ions)  
i s  a tremendous amount of energy t o  be  
produced by nne atom, I n  the ORR, 9,55 x 1017 
atoms fission each second,  and t h e  t o t a l  
energy release i s  about  seven m i l l i o n  
c a l o r i e s  each second. 
._I- 

120,  The term used t o  incllt.de all neutron e n e r g i e s ,  

f rom the s lowes t  t o  the fastest ,  i s  the  neu t ron  

spec t rum,  " 1 1  

121, The whole- range of raeutaron e n e r g i e s ,  from very  

s l o w  neu t rons  t o  very f a s t  neutrons, i s  c a l l e d  

the neut ron  - 
- - I - _ - - - -  

Very g e n e r a l l y  speaking ,  the  neut ron  spectrum 

can be. d iv ided  i n t o  three very broad energy 

groups.  The lowest  neut ron  energy group found 

i n  r e a c t o r s ,  t h a t  of the slow o r  thermal. 

neu t rons ,  has  average e n e r g i e s  from about  

0.026 ev (a t  room temperature)  to about  0.075 ev 

a t  1100°F (a probable  fuel t empera ture) .  These 

ene rg ie s  represent neu t ron  v e l o c i t i e s  of from 

~ 2 2 0 0  to rv4000 meters/sec 

- - - - - . . - - - -  

123. A broader  definition of slow neut rons  includes 

those w i t h  e n e r g i e s  below L ev. 

1 2 4 .  S l o w  o r  thermal neutrons are o f t en  referred t o  

as b e i n g  a t  the . low end o r  s low p o r t i o n  of t h e  

neu t ron  ___ . These neut rons  have the 

energies of a l l  the neut rons  i n  t h e  
Y 

r e a c t o r .  
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125. AC t h e  ather end of t h e  neut ron  spectrum i s  

t h a t  group called the f a s t  neu t rons ,  T h i s  

group inc ludes  those neut rons  with t h e  g r e a t e s t  

ve loc i t ies .  

- - - - - - - - -  

126.  F a s t  neutrons have ene rg ie s  from about  0 .1  Mev 

t o  about- 10 Mev and speeds of about one-tenth 

t h e  speed of l i g h t ,  

- - - - - I - - -  

127.  A 2-Mev neutron would be considered a 

neut ron ,  

128, Neutrons produced hy t h e  f i s s i o n  of f u e l  atoms 

in a reactor  will have energies between about  

0 , l  and 10 Me:? and w t l l  move w i t h  speeds  of 

about  the speed sf l i . g h t ,  

129. The t h i r d  group of neutrons have ene rg ie s  i n  

a range between t h e  s l o w  and f a s t  neutrons, 

T h i s  intermediate neut ron  range includes neut rons  

wfch energies higher  than  1-0 ev and lower than 

0.1 Mev, For t h i s  reason they are often c a l l e d  

-energy neut rons .  

- - - - 1 - - - -  

spectrum, 
lowest  

h i g h e s t  o r  
greatest  

f a s t  

one- t en th  

................................ .._____... _.........,____. .,,,.,.,.,.... _ _ .  . . .::. 
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i n t e r m e d i a t e  130. I n  a r e a c t o r  co re ,  t h e s e  are  the neutrons t h a t  

are  l o s i n g  energy i n  s c a t t e r i n g  c o l l i s i o n s  wi th  

the nuc le f  of atoms sf moderator,  coolan t ,  

structural materials, etc. 

those nec t rons  becomes less than J 

they are no l o n g e r  considered intermediate-energy 

neutrons, having became o r  thermal 

neutrons due t o  energy losses. 

Ifhen t h e  energy of 

-- - - I - I - - - 

131. B r i e f l y ,  then,  the neutron energy range from 

t h e  s lowest  neutrons up through the  group 

c a l l e d  intermediate-energy neutrons t o  t h e  

h i g h e s t  energy s E  t h e  fast neu t rons ,  i s  c a l l e d  

t h e  neu t ron  energy 

- - - - . . . - - - -  

1 3 2 ,  General ly ,  a g raph ic  p l o t  of t h e  neutron 

spectrum i n d i c a t e s  t h e  r e l a t i v e  number of 

neutrons i n  each energy range. 

- - - - - - - - -  

1 ev, 
slow 

s pe e t I: urn 
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A small uncharged particle about  t h e  s i z e  
of a p ~ o t o n ,  about  2000 times h e a v i e r  than  
an eleetrsn.. 
of atoms b u t  may be  obta ined  i n  t h e  f ree  
s t a t e  when released from some types  of 
r a d i o a c t i v e  atoms, 

It ususpl~y e x i s t s  i n  the n u c l e i  

I 

1.7 .  Se l f  T e s t  

133. What i s  a neutron? ( T E  you made an i n c o r r e c t  

response  , r e p e a t  f T a m e  1 1 
- - - - - - - - -  

134. TKG neutron r e a c t i o n s  of i n t e r e s t  i n  r e a c t o r  

o p e r a t i o n  a r e  and 

( I f  you made an  i n c o r r e c t  response ,  r e p e a t  

frame 4 , )  
I - - - - - - - -  

135. A s c a t t e r i n g  reaction i s  one i n  which a neut ron  s c a t t e r i n g ,  
abso rp t ion  

collides with an  atcm and then ccantinues t r a v e l i n g  

u s u a l l y  i n  a . The neut ron  

w f l l  s l o w  down qu icke r  i f  the  r e a c t i o n  i s  w i t h  

a ( l a r g e ,  s m a l L )  a t o m .  (If you made an 

ineorrecr response ,  r e p e a t  frames 5 through 19.1 
- - - - - - - - -  

136. An a b s o r p t i o n  r e a c t i o n  is one i.n which a neut ron  d i f f e r e n t  

i s  . ( I f  you made an i n c ~ r r e c t  

response, repeat: frame 24.) 

direction , 
small 

13s. Strong neutron abso rbe r s  are c a l l e d  absorbed i n t o  

(If you made an incorrect response,  r e p e a t  
t h e  nuc leus  of 
an atom 

frames 27 and 28 . )  
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h neutron is  abosrbed by "A1 which is 
transformed i n t o  2 8 A 1 ,  an e x c i t e d  atom 
which loses energy immediately by e m i t t i n g  
a gamma ray.  

- I - - - - - - -  

c 
139. The term f i s s i o n ,  according t o  t h e  d i c t i o n a r y ,  

means . ( I f  you made a n  i n c o r r e c t  

response,  r e p e a t  frame 32 . )  

- - - - - - - - -  

140. The main even t s  which occur  i n  a f i s s i o n  

r e a c t i o n  are ( I f  you made 

a n  i n c o r r e c t  r e sponse ,  r e p e a t  frame 3 6 , )  
I - - - - - - - -  

are absorbed by 235U atoms, 
takes p l a c e ,  and 2 o r  3 neutrons are r e l e a s e d .  

- - - - - - - - -  

141. Neutrons are  involved i n  f i s s i o n  r e a c t i o n s  i n  

two ways; they are 

( I f  you made an  i n c o r r e c t  r e spcnse ,  r e p e a t  

frame 3 7 . )  

and 

142. Chain r e a c t i o n s  are ( f i s s i o n ,  cont inuous)  

r e a c t i o n s .  Since neu t rons  are r e l e a s e d  when 

f i s s i o n  occurs, a ( f i s s i o n  , chain) r e a c t i o n  

is  p o s s i b l e ,  

r e sponse ,  r e p e a t  frame 39.)  

( I f  you made an i n c o r r e c t  

- - - - - - - - -  

poisons 

b reak  into 
p a r t s  

absorbed, 
r e l e a s e d  
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1 4 3 .  Neutrons r e l e a s e d  from f i s s i o n  are (s low,  f a s t ,  

thermal)  n.eutrons. ( I f  ycu made an i n c o r r e c t  

response ,  repeat frame 4 5 , )  

144. F i s s i o n  of  z35U i s  mafie r e a d i l y  produced by 

( s l o w ,  f a s t )  neu t rons ,  ( L f  you made a n  

i n c o r r e c t  response ,  r e p e a t  frame 4 8 , )  

cont inuous,  
cha in  

f a s t  

145. The process  of slbowing down fast  neutrons is s low 

The materials used for t h i s  

a (If you, made an  

- called 

purpose are called 

i n c o r r e c t  r ~ p o n ~ e ,  r e p e a t  frame 5 1 . )  
_I 

146. A good moderator i s  one which sI.ows neut rons  moderating or 

quiekly and does n o t  r e a d i l y  them. (If 

you made an  i n c o r r e c t  response,  r e p e a t  frame 5 2 , )  

- _ - - - - - - -  

147,  Thermal iza t ion  is t h e  process  of 

w i t h  t h e  material they are i n ,  ( I f  you made an 

incorrect response ,  r e p e a t  frames 55 through 61.)  

148, Prompt neut rons  are . ( I f  you made 

incrorrecc response,  repeat frame 6 7 . )  

7 1 
Released instantaneously w h e n  fission occurs, 
and comprfse 99.25% of t h e  f i s s i o n  neut rons .  
They are  f a s t  neu t rons ,  

moderat ion,  
moderators  

absorb 

slowing down, 
the  rma 1 
equ i l ib r ium 
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1 4 9 .  

150 0 

151. 

1.52. 

153 8 

Delayed neut rons  a re  0 ( I f  you 

made  an  incorrecc respmses repeat frame 70.)  

- - - - - . . . . - - -  

Emitted over a pe r iod  of m i r a t e s  from t h e  
f i s s i o n  p r o d u c t s  and comprise 0.75% of 
t h e  f i s s i o n  neutrons,  They are fas t  
neutrons 

The term f i s s i o n  productls i nc ludes  the decay 

produces as w e l l  as  the  f iss . ion 

( I f  you made an inc-orrect response ,  repeat 

frame 79 .1  

- - - - - - - - -  

I f  t h e  neut ron  m u l r i p l i c a t i o n  f a c t o r ,  k ,  i s  

g r e a t e r  than one,  t h e  p o p u l a t i o n  of neut rons  

w i l l  . I f  k 2s less than  m e ,  i s  

w i l l  a ( I f  you made an i n c o r r e c t  

response,  r e p e a t  frames 80 through 9 0 . )  

- - - - - - - - -  

The neutron-absorbing a b i l i t y  of an atam i s  

u s u a l l y  referred t o  as t h e  microscopic  absorp-  

t io i i  - , which i s  r ep resen ted  

by t h e  symbol 

i n c o r r e c t  response,  r e p e a t  frames YE through 93.) 

. ( I f  you made an - 

- - - - - - - - -  

The whcle abso rp t ion  crcoss s e c t i o n  of a cubic  

fragments 

i n c r e a s e ,  
dec rease  

CPQSS 

s e e t i o n  , cen t ime te r  a€ a m a t e r i a l  i s  c a l l e d  t h e  
0 a 

CKOSS s e c t i o n  and i.s r ep resen ted  by 

t h e  symbo1 _l_ll . 
response ,  repeat: frames 95 t.hrough 9 7 . )  

( I f  ycu made an i n c o r r e c t  
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cross section, 154. C is the 
f 

cross section, C is the 

(If ycrrm ma.de an i ~ ~ ~ r r e c t  response,  repeat 

frames 97 through 102.) 

- - ___-.- 

--- s 

155. The number of scattering ieact ions which a 

neutron will experience as it: travels a distance 

of one centimeter is the scattering 

cross sec t ion .  (If you made an incorrect 

response,  repeat frames 104 through 106. ) 
- - - - - - - - -  

156. T h e  number of reactions per second caused by 

the neutrons i n  a cubic centimeter is (nv, L4) 

(If YOU made an incorrect r ~ s p o n s e ~  repeat 

frames 109 through 111,) 

157 .  The neutron flux is (En, nv) and is represented 

by the symbol . ( I f  YOU made an incorrect 

response, repeat frame 112.) 

158. E f  x $ is (If you made an incorrect 

response, repeat. f ramef; 115 through 118 ) 

ma c ro s cop i c 
a b s o r p t i o n ,  

macroscopic 
fission, 
macroscopic 
scattering 

macroscopic 

The number of f i s s i o n  reactions pel- 
in one c u b i c  cenrirneter of material. 
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SECTION 111-2 

NUCLEAR R-EACTORS 

The purpose of t h i s  s e c t i o n  i s  t o  d i s c u s s  t h e  f a c t o r s  wliich a f f e c t  

a cont inuous ,  s e l f - s u s t a i n i n g  f i s s i o n  cha in  r e a c t i o n  i n  a nuc lea r  r e a c t o r .  

2 . 1 .  Desc r ip t ion  of Reactor  Components 

1. What is a nuc lea r  r e a c t o r ?  A nuc lea r  r e a c t o r  i s  an  

appa ra tus  i n  which f i s s i o n  r e a c t i o n s  can be  s t a r t e d  

and then  c o n t r o l l e d  as a cont inuous s e l f - s u s t a i n i n g  

cha in  r e a c t i o n .  

- - - - - I - - -  

2.  The p r i n c i p a l  p a r t s  of a r e a c t o r  a r e  t h e  f u e l ,  modera- 

t o r ,  r e f l e c t o r ,  coo l ing  system, and c o n t r o l  system. 

3 .  Figure  111-8 i s  a s k e t c h  of a v e r t i c a l  s e c t i o n  

through a ve ry  s i m p l i f i e d  r e a c t o r  showing a p o s s i b l e  

grouping of t h e  components. 

- - - - - I - - _  

4 .  The f u e l  ( f i s s i o n a b l e  m a t e r i a l )  and moderator ( t o  

s low down neut rons)  were d i scussed  i n  Sec t ion  111-1. 

The r e f l e c t o r  i s  a neutron-saving device .  

5. The r e f l e c t o r  causes  many neut rons  t h a t  might be  

l o s t  from t h e  r e a c t o r  c o r e  ( t h e  c o r e  is  the r eg ion  

con ta in ing  t h e  fuel) t o  be  r e tu rned  t o  the c o r e  

where they can cause f i s s i o n ,  T h i s  i s  the reason 

f o r  t h e  above statement t h a t  t h e  r e f l e c t o r  i s  a 

I device 

- - - - - - I - -  
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F i g .  I[ L-8. Simpl i f i ed  Sketch oE Reactor Components i n  a Tank 

- -  - I - - - - - 

6. Neutrons produced near t h e  ou te r  edge of t h e  c o r e  

could t r a v e l  away from t h e  core and have no oppsr- 

t u n i t y  t o  produce fissfon, 

around t h e  c o r e  t o  s c a r t c r  many of t h e s e  neutrons 

back into t h e  c o r e  where they can produce f i s s i o n .  

The r e f l e c t o r  is  p l a c e d  

- - - - - I - - -  

neutron-saving 
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7. The a c t u a l  l ' r e f l ec t ing ' l  p rocess  i s  more complex than  

Frame 6 would I n f e r ;  however, t h e  purpose of t h e  

r e f l e e t o r  is t o  ( i n c r e a s e ,  decrease)  t h e  number of 

neut rons  l o s t  from the core .  

- - - - - - - - -  

8, Neutrons which are most. l i k e l y  t o  be  l o s t  from t h e  

core are those  produced near  t h e  edge of t h e  co re ,  

These f a s t  neut rons  need not on ly  t o  be r e tu rned  t o  

o r  slowed down. t h e  c a r e  b u t  a l s o  t o  be 
I 

- - - - - - - - -  

9. A gocd r e f l e c t o r ,  t h e n ,  i s  one which can a c t  as a 

moderator as w e l l  as a r e f l e c t o r .  Many of t h e  

elements  w i t h  small  n u c l e i ,  such as hydrogen, 

deuter ium, helium, bery l l ium,  and carbon, are good 

moderators as w e l l  as 

- - - - - - .- .. 

dec rease  

thermal ized  

reflectors 10,  Also ,  water (Hi103 and heavy water (D20) are good 

r e f l e c t o r s  and moderators because of t he  hydrogen 

and deuter ium i n  t h e i r  molecules  

- - - - - - - - -  

11, Since water  i s  a gscd heat  absorber  as w e l l  as 

moderator ,  i t  is o f t e n  used as both  coo lan t  and 

moderator.  
/ 

1 2 ,  Water as a coo lan t  must Elow ever t h e  f u e l  s u r f a c e .  

P a s t  neut rons  from fissions i n  the f u e l  p a s s  from t h e  

f u e l  i n to  t h e  w a t e r  and are 

wi th  hydrogen atoms i n  the w a t e r .  

by collisions 

A neut ron  may have 

t o  p a s s  through several of  t h e  t h i n  l a y e r s  of  w a t e r  

and f u e l  be fo re  be ing  slowed down enough t o  b e  c l a s sed  

as a t hermzl. neut ron  e 
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--- 
The r e a c t o r s  opera ted  at: ORNL by t h e  Reactor  

'Opetat  i ons  Department are c l a s s i f i e d  as  
r e s e a r c h  r e a c t o r s .  The purpose o f  t h e s e  

13.  The des ign  of a r e a c t o r  depends an  many f a c t o r s ,  one slowed down 

of which 1s t h e  purpose of t h e  r e a c t o r .  F igure  111-9 

i s  a schematic  r e p r e s e n t a t i o n  of t h e  core  of t h e  High 

Flux  I so tope  Reactor  (HFIR) .  The fuel. i s  *"U; t h e  

moderakcr-coolant fs l i g h t  water ( H 2 0 )  which flows 

downward through the core ;  and t h e  r e f l e c t o r  i s  be ry l -  

lium. 

- - - - - - - - -  

1 4 ,  I n  some reactors t h e  f u e l  and moderator are homogene- 

ous mixtures ,  1n o t h e r s ,  t h e  f u e l  and moderator are 

s e p a r a t e .  Some reactors are l a r g e ;  others are s m a l l .  

I n  some, t h e  a p e r a t i n g  power l e v e l  is h igh ;  i n  others,  

t h e  power level i s  s o  l o w  as t o  be  i n s i g n i f i c a n t ,  

15. The f u e l  used i n  r e a c t o r s  may be  i n  l i q u i d  or s o l i d  

form, h u t  u s u a l l y  i t  i s  i n  r h e  solfcl fo rm,  The shape  

of t h e  s o l i d  f u e l  may be  p l a t e s ,  p e l l e t s ,  rods ,  e t c , ,  

which are  u s u a l l y  assembled i n t o  u n i t s  c a l l e d  "fuel 

elements". 
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ORNL-OWG 63-8100R /----/--\ SECTION 

SYMMETRY 

-CONTROL REGION SHROUD 

BLACK REGION 

GRAY REGION 

SHIM-SAFETY DRIVE ROD [ 4) 

Fig. 111-9 Schematic Representation of H F I R  Core 



4 5  

16, F i g u r e  111-10 shows an ORR fue l  e lement ;  F ig .  111-11 

shows an H F I R  element.  The ORR elemen% con ta ins  1 9  

f u e l .  plates p laced  as shown i n  F i g .  111-12, The 

channels  between the  p l a t e s  a l low water t o  f low 

through t o  remove h e a t  and, a t  the  same t i m e ,  t o  act  

as t h e  neutron moderator,  

- - - - - - - - -  

1 7 ,  Only the f u e l  r eg ion  i n  a r e a c t o r  i s  c a l l e d  the  core. 

The core may a l s o  c o n t a i n  moderator material, b u t  i t  

does nor  i nc lude  t h e  r e f l e c t o r .  

- - -- - - - - - - 

18. I n  Fig.  111-8, t h e  r eg ion  i n s i d e  t h e  r e f l e c t o r  which 

contains both  f u e l  rods  and moderator is c a l l e d  the  

19 .  The core  of a reactor may con ta in  2 ,  10,  100, o r  any co re  

number of fue l  e lements ,  The core of t h e  ORR, f o r  

example, u s u a l l y  con ta ins  25 to 30 f u e l  e lements  

surrounded by several bery l l ium r e f l e c t o r  e lements ,  

F i g u r e  111-3.3 i l l u s c r a t e s  a loading  of f u e l  and 

be ry l l i um r e f l e c t o r  e l e m e n t s  whlch has  been used i n  

the  om. 

20. A s  noted i n  F ~ a r n e  16 ,  F i g ,  1 1 1 - I I  is  an f l l u s t r a t i o n  

of t h e  HPPR core which c o n s i s t s  of f u e l  p l a t e s  of a 

d i f f e r e n %  d e s i g n  from those of t h e  ORR. This  i s  

actually two elements-an inner and outer element ,  

These two elements  and t h e  moderator between the  

plates comp~amfse t h e  sf t h e  HFPR r e a c t o r ,  
1__-_1_ 

- - - - - - - - -  
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Fig. 111-10. ORR Fuel Element 
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Fig. 111-12. ORR Fuel Element - End V i e w  
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ORNL DWG. 68-4395 

POOL 
W 

E 

Be------- Beryl l ium R e f l e c t o r  Element 

CR -_-_--_ Cont ro l  Rod of P a r t  Cadmium, P a r t  Fuel 

E-------- Experiment Rig 

CR-Al----Control Rod of  P a r t  Cadmium, P a r t  Aluminum 

1 - - - - -- - Radioisotope Product ion F a c i l i t y  

T o t a l  Mass = 4867.85 grams of 235U 

Control-Rod P o s i t i o n s  a t  C r i t i c a l  = 17.25  inches  

Fig.  111-13. O R R  Core Conf igura t ion  a t  S t a r t u p  of Cycle 55-D 
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21. The moderator i n  a r e a c t o r  i s  t h a t  material which 

causes  f a s t  neutrons produced by f i s s i o n  t o  be  

- by s c a t t e r i n g  r e a c t i o n s .  

- _ - - - - - - -  

22, Water, which con ta ins  hydrogen n u c l e i  (about t h e  

same s i z e  as neu t rons ) ,  i s  a very common ( f u e l ,  

moderator) .  

- - - - - - - - -  

23, I n  the sys t em shown i n  F i g .  111-8, water is  used as 

b a t h  moderator and coo lan t ,  I t  i s  a good moderator 

because i f  con ta ins  

2 4 ,  Hydrogen n u c l e i  i n  t h e  water absorb energy from 

neut rons  which wi th  khem and thereby 

cause t h e  neut rons  t o  speed 

- - - - - - - .- 

25 ,  When t h e  co re  of a r e a c t o r  i s  n o t  l a r g e ,  i t  is 

p o s s i b l e  f o r  many neut rons  to b e  l o s t  from the  core 

by " leaking  out" and not b e  a v a i l a b l e  t o  be  

absorbed by f u e l  atams and cause 

- - - - - - - I -  

26, I f  t h e  c o r e  is  surrounded by a material which will 

cause neut rons  t o  bounce back i n t o  t h e  co re ,  they 

w i l l  aga in  be a v a i l a b l e  t o  cause f i s s i o n .  

- - - - - - - - -  

core 

slowed down 

moderator 

hydrogen 

c o l l i d e ,  
10s e 

f i s s i o n  
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27, A good moderating m a t e r i a l  surrounding t h e  core  

w i l l  cause t h e  "leakage" neut rons  to have s c a t t e r i n g  

c u l l i s i o n s  whfeh w i l l  cause many of them t o  bounce 

back i n t o  the  co re ,  Such a surrounding b l anke t  of 

moderating or S c a t t e r i n g  material i s  c a l l e d  a neut ron  

28,  Although water can be  used as a neut ron  r e t l e c t o r ,  

bery l l ium i s  used wherever p o s s i b l e  because i t  i s  

almost as good as water f o r  slowing down neut rons  and 

does no@ absorb as many neutrons as water does,  The 

thermal  neut ron  microscopic  abso rp t ion  c r o s s  s e c t i o n  

of hydrogen i s  33 times la rger  than t h a t  of bery l l ium.  

29. When e i t h e r  f a s t  o r  slow neu t rcns  escape from t h e  core, 

_q_ r e a c t i o n s  with t h e  r e f l e c -  they can have 

t o r  atoms and r e t u r n  t o  t h e  f u e l  reg ion ,  Thus, a 

r e f l e c t o r  s c a t t e r s  neut rons  back i n t o  the 

- - I - - - - - -  

* 
r e f l e c t o r  

30,  When fission c$ccurs, t h e  fission fragments f l y  a p a r t  s c a t t e r i n g ,  
core  o r  f u e l  
r eg ion  and c o l l i d e  w i t h  t h e  surrounding matter in the core, 

The cslZisions of t h e  fragments wi th  the  core  

material generates heat.. This heat is  removed by t h e  

31,  Water i s  probably t h e  mast common coo lan t  material, 

Therefore ,  water may serve Lhree purposes i n  a 

J I U C ~ ~ ~ K  reactor: , -> 

coo lan t  o r  

sys  t e m  
cool ing  



32,  The h ighe r  the pcwet l e v e l  of a r e a c t o r ,  t h e  more c o o l a n t ,  

n 

moderator,  
r e f  l e c t o r  h e a t  a coo l ing  system w i l l  have t o  remove, I f  h e a t  

i s  n o t  removed f a s t  enough, t h e  f u e l  elements i n  a 

r e a c t o r  can m e l t ,  r e s u l t i n g  i n  a prolonged shutdown 

of t h e  r e a c t o r .  

- - - - - - - - -  

33 ,  So,  t h e  power l e v e l  a t  which a r e a c t o r  can o p e r a t e  i s  

l i m i t e d  by t h e  ra te  a t  which can be  removed 

by t h e  ---- 
- - - - - - - - -  

3 4 ,  Ccintrcil o€ the oper-arfng power level of a r e a c t o r  i s  h e a t ,  

achieved by r e g u l a t i n g  t h e  neut ron  popu la t ion  (o r  

f l u x ) ,  Genera l ly ,  a l a r g e  neut ron  flux i n d i c a t e s  a 

h igh  power leve l  and a small f l u x ,  a. low power level ,  

coo l ing  
s y s  tern 

3 5 .  Contro l  of t h e  neutron flux ( o r  power l e v e l )  may be  

achieved by using neutron absorb ing  materials, 

materials which have a h igh  cr f o r  neut rons .  The 

symbol d means 
a 

I- a - - - - - _ - - -  

36"  If a poison  m a t e r i a l  (a  s t r o n g ,  nonf i s s ion ing  absorber  abso rp t ion  
c ros s  
s e c t i o n  

of neut rons)  i s  i n s e r t e d  i n t o  the r e a c t o r ,  neut rons  

w i l l  be  absorbed and t h u s  t h e  neu t ron  popu la t ion  w i l l  

decrease .  

f i s s i o n ,  and t h e  power Zeirel w i l l  

There w i l l  be fewer neut rons  f o r  causleng 

-- 
- - - _ _ _ - _ _  

37. If t h e  p o i s o n  m a t e r i a l  i s  removed from t h e  reactor ,  

fewer neut rons  will be  absorbed,  more will be 

a v a i l a b l e  t o  cause  -_ , and the power level 

W i l l  

dec rease  
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38. Poison materials are  u s u a l l y  i n s e r t e d  i n t o  o r  

removed from a r e a c t o r  by means o f  movable rods 

c a l l e d  con t ro l  r o d s <  

- - - - - - - - -  

f i s s i o n ,  
iner ease 

39, Adjustment: of c o n t r o l  rods  i n  a reactor e i t h e r  

i n s e r t s  o r  removes poison, thus changing t h e  neutron 

loss ra te ,  which r e s u l t s  i n  a change i n  t h e  m u l t i -  

p l i c a t i o n  factor, k. 

r-- 1 

You should r e c a l l  t h a t  the neutron mul t i -  
p l i c a t i o n  f a c t o r ,  k ,  is  the  r a t i o  of the 
neutron producttorn r a t e  t o  t h e  neutron 
l o s s  rate.  ! I--- 

40,  When a c o n t r o l  rod ( p o i s ~ f i )  i s  i n s e r t e d  i n t o  t h e  

r e a c t o r ,  neutrons are absorbed and k (dec reases ,  

i n c r e a s e s ,  remains t h e  same), 

41 ,  When a con t ro l  rod i s  withdrawn, t h e r e  is  less poison dec reases  

i n  the reactor; consequent ly ,  fewer neutrons are 

absorbed and k 
I 

I - - - - - - - -  

4 2 .  When enough poison i s  removed s o  t h a t  k is %, t h e  

~ E U F P O ~  f l u x  w i l l  beccme s t eady  a t  a c o n s t a n t  l e v e l  

and remain a t  t h a t  level even when the neutron 

source  used during s t a r t u p  i s  removed. 

- . . . - - - - - - -  

i n c r e a s e s  

..... 
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4 3 .  When cond i t ions  i n  a r e a c t o r  are e s t a b l i s h e d  so  t h a t  

k i s  equal. t o  one and t h e  neut ron  flux i s  s t eady ,  

then  a cont inuous,  s t eady- s t a t e  f i s s i o n  cha in  r e a c t i o n  

oeeurs .  When t h i s  cond i t ion  e x f s t s ,  t h e  r e a c t o r  is  

s a i d  t o  be  j u s t  c r i t i c a l ,  

- - - - - - - - -  

2,2. R e a c t i v i t y  and C r i t i c a l i t y  

I_ 

4 4 ,  C r i t i c a l i t y  e x i s t s  when k i s  e q u a l  t o  

- - - - - - - - -  

45. When cond i t ions  i n  a reactor a re  such t h a t  a s t eady  

se l f - suppor t ing  f i s s i o n  chain r e a c t i o n  occurs ,  t h e  

reactor i s  s a i d  t o  be 

- - - - - I - - -  

one 

. c r i t i c a l  4 6 ,  C r i t i c a l i t y  i s  th.e cond i t ion  such t h a t  

1, o r  a cont inuous s t e a d y - s t a t e  f i s s i o n  
cha in  reaction OCCUKS. 

- - - - - - - - -  
T 

4TS In orde r  f o r  a p p r e c i a b l e  power t o  be  produced i n  a 

r e a c t o r ,  a neut ron  m u l t i p l i c a t i o n  fac tor  s l i g h t l y  

g r e a t e r  than  one  m u s t  be poss ib l e .  By r a i s i n g  o r  

Lowering t h e  v a l u e  Ff  k o r  ho ld ing  i t s  va lue  cons tan t  

a t  one, the power level  i n  a r e a c t o r  i s  r a i s e d ,  

lowered, o r  he ld  cons t an t .  

- o - - - p - o -  
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c 

48.  I f  k i s  less than one, the power l e v e l  of a r e a c t o r  

w i l l  dec rease  until the r e a c t o r  i s  completely s h u t  

dawn,, I f  k i s  great-er than one, t h e  power l e v e l  

will i n c r e a s e ,  By a d j u s t i n g  t h e  c o n t r o l  r o d s ,  k 

can be made equal  t o  s o  t h a t  a cons t an t  

power l e v e l  i s  maintained,  

- - - - - - - - -  

49.  L e t  us t a k e  a minute h e r e  and imagine t h a t  w e  can 

b u i l d  a reactor so  b i g  that  i t  i s  impOS5ible t o  d e t e r -  

mine where i t  s tar ts  o r  ends,  We would s a y  t h a t  t h i s  

r e a c t o r  i s  i n f i n i t e l y  b i g .  (Obviously, t h i s  is an 

imaginary r e a c t o r . )  

50. Am i n f i n i t e l y  large r e a c t o r  co re  would no t  have any 

s i d e s  because i t  would t a k e  up a l l  of space,  The 

p o i n t  is t h a t  neutrons could n e t  escape from an 

i n f i n i t e  r e a c t o r  c o r e  because there a re  no side5 

from which they can escape,  

- - - - - - - - -  

51, I n  a small r e a c t o r ,  neutrons are l o s t  when they are 

absorbed (by poislan and o t h e r  materials), and some 

are Isst when they I from t h e  core,  

- - - - - - _ - _  

52. In an f n f i n i t e  r e a c t o r  co re ,  neutrons would be  l o s t  

r e a c t i o n s  
-y__ 

only by 

- - - - - - - - -  

one 

escape 
o r  l e a k  

53. Neutrons which are h s t  by escaping from the core are abso rp t ion  

c a l l e d  Itleakage" n e u t r o n s  because,  i n  a manner o f  

speaking,  they d~ au t  f rom t h e  s ides  of t h e  

core. 
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5 4 ,  An i n f i n i t e  r e a c t o r  (does,  does n o t )  have leakage Leak 

neutrons.  

55. In a r e a c t o r ,  whether small  o r  i n f i n i t e ,  neutrons does n o t  

a r e  l o s t  by a b s o r p t i o n  r e a c t i o n s .  T h e s e  neutrons 

may be absorbed by the  poison i n  the  c o n t r o l  rod, 

by t h e  c o o l a n t ,  moderator,  s t r u c t u r a l  material, and 

f u e l .  Some small ,  real r e a c t o r s  l o s e  neutrons by 

r e a c t i o n s  and by ; i n  an 

i n f i n i t e  r e a c t o r ,  neutrons can be l o s t  only be 

56, In  both t h e  i n f i n i t e  and rea l  r e a c t o r s ,  neutrons are a b s o r p t i o n ,  
leakage,  

produced from r e a c t i o n s .  I n  both types absorption 

of r e a c t o r s ,  neu t rons  are l o s t  by 

r e a c t i o n s .  Loss  of neu t rons  by leakage occurs  only 

i n  r e a c t o r s  

- s - - - - - - -  

57. A s  you have l ea rned  a l r e a d y ,  t h e  neutron m u l t i p l i c a -  f i s s i o n ,  

t i o n  f a c t o r ,  k, i n  any type of r e a c t o r  may b e  de f ined  
ab s orp t i o n ,  
real o r  small 

as t h e  r a t i o  of t h e  neu t ron  product ion rate t o  t h e  

neutron l o s s  rate;  t h a t  i s ,  i n  equa t ion  form: 

neu t ron  produet ion rate 
neutron l.oss ra te  

k =  

58. To i d e n t i f y  k f o r  an i n f i n i t e  r e a c t o r ,  k is  u s u a l l y  

w r i t t e n  kc,, where O1 is t h e  symbol f o r  i n f i n i t y .  

pronounced "k i n f i n i t y " .  

i s  w r i t t e n  as keff, where "eff" i s  an  a b b r e v i a t i o n  f o r  

e f f e c t i v e ,  

k is 
M 

The k f o r  an a c t u a l  r e a c t o r  

is  pronounced "k ef f ectivell  
kef f - - - - - - - - -  
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59. Since t h e r e  i s  no neutron leakage from an i n f i n i t e  

r e a c t o r ,  ko: may b e  w r i t t e n  as: 

neutron product ion ra te  
ne ia t rm abso rp t ion  ra te  k, = - 

where "neutron a b s o r p t i o n  rate" has been s u b s t i t u t e d  

for "neutron rate". --- 
- - - - - - - - -  

60. An i n f i n i t e .  r e a c t o r  w i 1 l  b e  c r i t i c a l  when km = 1; l o s s  

t h a t  i s ,  when &he n e u t r o n  product ion r a t e  is  

to the neutron abso rp t ion  r a t e ,  

- I - - - - - - -  

61. In a rea l  r e a c t o r ,  t h e r e  is  neutron leakage s o  

may be w r i t t e n  as:  
kef f 

neutron product ion ra te  
a b s o r p t i o n  rate f leakage r a t e  

= -  
keSf 

- - - - - - - - -  

62a A real  r e a c t o r  w i l l  b e  c r i t i c a l  when k = 1; t h a t  
e f f  

is  when 

_I_ -. 

The neutrsn product ion rate fs e q u a l  t o  the 
a b s o r p t i o n  rate p l u s  t h e  leakage ra te ,  

___I_ 

6 3 ,  The i n f i n i t e  m u l t i p l i c a t i o n  f a c t o r ,  kccy i s  a p rope r ty  

of a n  imaginary r e a c t o r ;  whereas k i s  t h e  p rope r ty  

of a r e a c t o r  which can be b u i l t p  They are r e l a t e d  

t o  each o t h e r  a s  s h m n  by t h e  equat ion:  

P i s  c a l l e d  t h e  "nonleakage p r o b a b i l i t y "  because i t  

is t h e  p r o b a b i l i t y  t h a t  neu t rons  will I_ n o t  l e a k  o u t  

of a r e a c t o r ,  

e f f  

k e f f  = kWP. 

equa l  
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6 4 ,  p r o b a b i l i t y  should no t  b e  hard  t o  understand.  Any 

t i m e  you make a b e t  such as on t h e  weather o r  a t  

c a r d s ,  t h e r e  i s  a p r o b a b i l i t y  t h a r  you w i l l  lose your 

b e t ,  I f  n ine  chances o u t  of t e n  you win, then w e  

could say  t h a t  t h e  p r o b a ~ b i l i t y  of your winning is  

9/10 o r  0 .9 ,  Another way of say ing  the  same th ing  

is " the  p r o b a b i l i t y  of -- not  l o s i n g  i s  0.9"; t h a t  i s ,  

t h e  I_ nonlss ing  p r o b a b i l i t y  i s  

- - - - - - - - -  

65. L e t  us suppose t h a t  t h e r e  are ten neut rons  in a 0.9 

reactor  and two neut rons  are l o s t  by leakage.  By 

d i v i d i n g  the number which d i d  I_ not l eak  o u t  by t h e  

t o t a l  nunber of neutrons',  we can o b t a i n  t h e  - nonleakage 

p r o b a b i l i t y .  In  t h i s  ca se ,  i t  is: 

p = - ;  0.8, 
10 

66. Now, i f  the  nonleakage p r o b a b i l i t y  (P) i s  0,8 and w e  

have 50 neutrons in a r e a c t o r  core, how many nEutrons 

w i l l  probably l eak  o u t ?  ( 4 ,  13,  40,  48)  

- - - - - - - - -  

67, The value of P f o r  a seal  r e a c t o r  is  a l w a y s  less than 40 

cane; however, f o r  an i n f i n i t e  r e a c t o r ,  t h e  va lue  of 

P would be  equal t o  --- 
- - - - - - _ - -  

68. The va lue  of P f o r  a r ea l  r e a c t o r  can be  c a l c u l a t e d  one 

i f  b o t h  the s i z e  and shape of t he  r e a c t o r  c o r e  a r e  

known 

- - - - - - - - -  



59 

69, The m u l t i p l i c a t i o n  f a c t o r ,  km, f o r  an i n f i n i t e  

r e a c t o r  can be c a l c u l a t e d  i f  w e  know t h e  type of 

fuel. and moderator and the manner 4n which they 

are pu t  t o g e t h e r .  

- - - I - - - - -  

'70. The va lue  of krc does n o t  depend upon t h e  s i z e  of 

t h e  co re ,  b u t  P does; and, since k = kwF, the 

v a l u e  of k (does net  depend, depends) on t h e  

s i z e  of t h e  co re ,  

ef f 

e f f  

- - - - - - - - -  

I 

71. I f  we have a very s m a l l  c o n t a i n e r  of f u e l  and 

moderator,  w e  ran c a l c u l a t e  t h e  va lue  of km by 

imagining an i n f i n i t e  r e a c t o r  composed of t h i s  f u e l  

and moderator arranged as i n  t h e  small con ta ine r .  

I f  t h e  v a l u e  ~f kw i s  g r e a t e r  than one, i t  would 

i n d i c a t e  t h a t  c r i t i c a l i t y  could be achieved i n  an 

a c t u a l  r e a c t o r  made of  t h i s  m a t e r i a l .  

depends 

7%. The s i z e  oE t h e  c o n t a i n e r  would then b e  used t o  

c a l c u l a t e  P. P w i l l  be  less than one because only 

f o r  an infinite reactor can P be 

smaller reaetcars, t h e  valrie of P dec reases -  Now i f  

i t  turns ou t  t h a t  k?, P i s  less than one, then 

c r i t f e a l j t y  i n  t h i s  contaainer ( w i l l ,  w i l l  no t )  be 

p o s s i b l e  even though ko, might be g r e a t e r  t han  one, 

. For - 

1 3 ,  I t  should be appa ren t  tha t  c r i t i c a l i t y  cannot be equa l  t o  one, .~ 

w i l l  n o t  
achieved i n  a r e a e t u r  merely by having f u e l  and 

moderator arranged i n  a p a r t i c u l a r  way. There must 

a l s o  he enough of this m a t e r i a l  s o  t h a t  II 

i s  equa l  t o  one, 

_ _ - - - - - - -  
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Q 

7 4 ,  Before w e  consider  t h e  e a l c u l a e i o n  of k, l e t  us  

review t h e  fission process  Neutrons (mostly slow 

ones) are absorbed by 5 3 5 U  atoms which a r e  transformed 

i n t o  2 3 6 U .  About 85% of t h e s e  3 7 6 1 J  atoms f i s s i o n  

r e l e a s i n g  an average sf about 2 . 5  f a s t  neutrons p e r  

f i s s i o n  These f a s t  neutrons experience s c a t t e r i n g  

r e a c t i o n s  a n d  s l o w  down u n t i l  t hey  are l o a t  by 

leakage o r  are absorbed by p o i s o n  materialsB f u e l ,  

e t c .  When t h e y  are absorbed by the f u e l ,  m o ~ e  

f i s s i o n  r eac t ions  occur and t h e  process  is  repeated,  

- - - - - - - I -  

75. Let us assume that a c e r t a i n  number of f a s t  neutrons;, 

which we s h a l l  r e p r e s e n t  by 0, have j u s t  been r e l e a s e d  

by f i s s l o n s  caused by nsutrons. This n may 

be any number 

t-han give you 

r e p r e s e n t  any 

you choCpse--l, lQQ, ete. But r a t h e r  

a s p e c i f i c  example, j u s t  l e t  n 

number ., 

- - - - - - - - -  

76. These n f a s t  f i s s i o n  neut rons  need t o  be slowed down 

t o  thermal ene ig ies  so that t h e  235Ll can absorb them 

more e a s i l y  and cause a d d i . t i a n a l  fissions. However, 

it is p o s s i b l e  rahat- wh i l e  they are still f a s t ,  they 

may cause some 2 3 5 U  t o  f i s s i o n  and even some 238U. 

This  w i l l  ( i n c r e a s e ,  dec rease ,  not change) t h e  number 

of f a s t  f iss i .cn neutrons which are being slowed down- 

_ - - - - - - - -  

incr  eas e 17.  T h e  insrease in t h e  total number of f a s t  neutrons,  

as a result of f i s s i o n s  caused by f a s t  neutrons,  i s  

known as t h e  “ f a s t  f l s s 5 c n  e f f e c t ” ,  

_ I - - - - - -  - 
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84 .  The f a s t  neut rons ,  n x E, are  then  slowed dawn by more, 
E. 

s c a t t e r i n g  r e a c t i o n s  w i t h  t h e  moderator. However, 

n o t  a l l  of them make i t  down. t o  rhe thermal  energy 

level.  Dur ing  t h e  s lowing down process ,  some are 

a l s o  absorbed i n  nonf i se ion  reactions, 
- - - - - - - - -  

85. OE t h e  n x F f a s t  neut rons  t h a t  are  slowing down, 

s ~ m e  awe absorbed i n  t h e  moderator,  coolan t ,  reflec- 

t o r ,  s t r u c t u r a l  components, e t c .  A l l  of t h e s e  

r e a c t i o n s  r e a c t i o n s  are ca lked  --- 
- - - - - - - - a  

86. That  f r a c t i o n  of t h e  f a s t  neut rons  which escape absorp- n o n f i s s i o n  

tion whi le  s lowing down and make i t  down t o  thermal  

e n e r g i e s  i s  r ep resen ted  by t h e  syinbsl p ,  c a l l e d  t h e  

"resonance escape  p r o b a b i l i t y "  and i s  t h e  r a t i o  of 

neut rons  which become thermal  to t h e  t o t a l  number 

of €as t neut r o m  I 

87.. P f  w e  have ten  fast-Eisslon neut rons  (n  A E = l o >  
a v a i l a b l e  f o r  s lowing  down and  one i s  absorbed 

wh i l e  slowing dcwn s o  t h a t  nine escape  abso rp t ion ,  

t h e  resonance escape  p r o b a b i l i t y ,  p s  is 
- - - - - - - - -  

8 8 ,  Looking a t  i t  i n  a d i f f e r e n t  way, i f  %be resonance 9/10 o r  0.9 

escape p r o b a b i l i t y  i s  0 , 8 ,  the chances are t h a t  

e i g h t  out of ten neutrons w i l l  escape abso rp t ion  

wh i l e  s lowing down, 



6 1  

78. The f a s t  f i s s i o n  e f f e c t  r e s u l t s  i n  an i n c r e a s e  i n  

the number of neutrons as a r e s u l t  of 

caused by neutrons (I 

79. The f a s t  f i s s i o n  e f f e c t  i s  r ep resen ted  by t h e  symbol €as t , 
f i s s i o n ,  
f a s t  E. ( e p s i l o n ) ,  which i s  c a l l e d  t h e  f a s t - f i s s i o n  f a c t o r .  

80, The f a s t - f i s s i o n  f a s t o r ,  E, is  de f ined  as t h e  

r a t i o  of t h e  t o t a l  number of f a s t  neutrons produced 

by f i s s i o n s  caused by newtrons of all ene rg ie s  

( f a s t  and thermal) t o  t h e  number r e s u l t i n g  from 

f i s s i o n s  caused only by thermal neu t rons ,  

f a s t  neutrons produced by bo th  f a s t  and thermal neutrons 
E =  

f a s t  neutrons produced by thermal neutrons only 

81. The f a s t  f i s s i o n  f a c t o r ,  , is  always g r e a t e r  

than one. 

- - - I - - - - -  

82, For a r e a c t o r  which uses  n a t x r a l  uranium ( 9 9 , 3 %  238U 

and 0.7% 2 3 5 U ) ,  E i s  about  1 ,03 .  Therefore ,  i f  n 

i n  t h i s  r e a c t o r  i s  100 neu t rons ,  t h e  f a s t  f i s s i o n  

e f f e c t  w i l l  increase t h e  number of f a s t  f i s s i o n  

neutrons p e r  generatLon tca 100 x 1.,03 = 1.03; t h a t  

i s ,  n x E. 

e p s i l o n  
o r  E 

_ _ - - - - - - -  

83, Due t o  t h e  f a s t  f i s s i o n  e f f e c t ,  t h e r e  w i l l  always 

b e  (more, less, t h e  same) f a s t  neu t rons  being 

slowed down than a r e  produced by f i s s i o n s  r e s u l t i n g  

from thermal neu t rons ,  T h e  number w i l l  be t h e  

product  of n 

- - - - - - - - -  
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89. W e  can say  t h a t ,  o u t  of n .i F f a s t  neut rons ,  

n x E x p neutrons w i l l  become thermal  neut rons .  

If p is 0.9 and n x E is 20, neut rons  

w i l l  e scape  resonance absa rp t ion .  

_ - - I - - - - -  

7 
1 

__II 

118, because n x E x p i s  20 
c----- 

0 ,9  = 18 

- - - - - - - - -  

90. The reason  t h e  t e rn  "resonance" w a s  used h e r e  can 

be  understood by cons ide r ing  what a c t u a l l y  happens 

du r ing  t h e  s lowing down process .  Genera l ly ,  as 

the  neu t ron  slows down, the abso rp t ion  c ros s  s ec t ion  

(absorbing a b i l i t y )  of mast materials i n c r e a s e s  

smoothly as shown i n  F ig .  111-14, 

- - - - - - - - -  

cia I 

0 Neutron Veloc i ty  Cor ene rgy)  

Fig .  I I i - 1 4 .  Neutron  Cross Sec t ion  
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92 I 

It: has been found t h a t  a t  c e r t a i n  neut ron  v e l o c i t i e s ,  

t h e  abso rp t ion  i s  very  much g r e a t e r  i n  some materials 

than a t  o t h e r  v e l o c i t i e s ,  both h igher  and lower,  s o  

t h a t  t h e  cross s e c t i o n  a c t u a l l y  var ies  as shown i n  

Fig.  111-15. 

'a 

0 Neutron Veloc i ty  ----+ 

F i g .  111-15. Neutron Cross Sec t ion  

- - - - - - - - -  

1Ls t he  neut ron  s l o w s  down and a t  some s t a g e  acqu i re s  

t h e  v e l o c i t y  which co inc ides  w i t h  t h a t  of a resonance 

abso rp t ion  peak f o r  t h e  material. i t  i s  i n ,  t h e  neutron 

is  very  l i k e l y  t o  be  I_ 

- - - - - - - - -  
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9 3 .  Y o u  might t h i n k  of a neut ron  

material which has  resonance abso rp t ion  peaks as 

a marble r o l l i n g  down a n  i n c l i n e d  p lank  which has  

h o l e s  cf va r ious  s i z e s  i n  i t .  I f  t h e  marble r o l l s  

down t h e  p lank  smoothly,  i t  will most Likely f a l l  

i n t o  one of t h e  ho le s .  But i f  t h e  marble is bounced 

down t h e  p lank ,  i t  i s  more l i k e l y  t o  reach t h e  

bottom because i t  w i l l  bounce ave r  some of t h e  h o l e s ,  

This  i s  similar t o  t h e  r e a c t i o n s  of neut rons .  I f  

the neut rons  are s c a t t e r e d  by heavy n u c l e i ,  such as 

uranium, each energy l o s s  is small. and they  slow 

down slowly and smooth1.y; b u t  i f  they are s c a t t e r e d  

by l i g h t  n u c l e i ,  such as hydrogen, they s l o w  down 

qu ick ly  and i n  l a r g e  jumps.  

t h i s  process  

slowing down i n  a ab s o Y b ed 

F igu re  111-16 i l l u s t r a t e s  

- - - - - - - - a  

Neutron Slowing 
Down i n  L i g h t  
Nuclei  

Resonance 

Neutron 

Pig .  111-16, Resonance Absorpt ion I l l u s t r a t i o n  

- - - - I. - - - 
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94 .  The resonance escape  p r o b a b i l i t y ,  then ,  i s  t h e  

p r o b a b i l i t y  t h a t  neu t rons ,  ~ h i l e  slowing down t o  

thermal  ene rg ie s  , w i l l  n o t  be  __. 
a r e s u l t  of t h e  resonance peaks which occur  i n  

t h e  abso rp t ion  c r o s s  s e c t i o n  

as 

- - - - - - - - -  

9 5 .  Assuming w e  have 20 fas t  neut rons  and 15 of t h e s e  ab sorb  e d 

are slowed down t o  thermal  e n e r g i e s ,  t h e  resonance 

escape  p r o b a b i l i t y ,  p ,  i s  

- - . . . - - - - - -  

96. I f  n x E is  100 f a s t  neutrons and t h e  resonance 

escape  probabi - l i ty  is  0 - 9 ,  then  w e  could expec t  

neut rons ;  t h a t  i s ,  n 6 s: p ( o r  ncp ) ,  ---- 
t o  s l o w  down t o  thermal  ene rg fes ,  

9%.  To review, t h e  original n neut rons  r e s u l t i n g  from 

f i s s i o n  caused by thermal neutrons became nc neut rons  

due t o  t h e  f a s t - f i s s i o n  e f f e c t ,  O f  t hese ,  ncp 

neut rons  escaped resonance abso rp t ion  and were slowed 

down t o  thermal  ene rg ie s ,  Therefore ,  w e  now have 

r t ~ p  slow neut rons  w h i c h  a r e  a v a i l a b l e  f o r  abso rp t ion  

by the f u e l  t o  caisse more r e a c t i o n s ,  

- - - - - - - - -  

- -  l5 - 0.75 20 

90 

98. A l l  of t h e  nep neut rons  are not  absorbed by t h e  f u e l ,  f i s s i o n  

however. Some are abserbed i n  nonEission processes  

by the moderator ,  s t r u c t u r a l  m a t e r i a l s ,  et-@. 

_ - - - - - I - -  

99. 'The f r a c t i o n  6 f  slaw neutrons which is  absorbed i n  

t h e  f u e l  i s  represenred  by the symbcl, f ,  called t h e  

"thermal u t i l i  a a t b n  f a c t o r * ' -  

_ - - - - - - - -  
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100. The thermal utilization fac tor ,  f ,  is a measure of 

the number of neut rons  absorbed i n  the  

T h i s  factoL,  f ,  is de f ined  as  t h e  r a t i o  of t h e  

number of thermal neut rons  absorbed i n  the f u e l  t o  

t h e  t o t a l  number of thermal neut rons  absorbed i n  

a l l  of t h e  materials, I n  e q u a t i o n  f o r m ,  t h a t  is: 

number of t h E m a l  neut rons  absorbed i n  f u e l  
1.1 f =  number of thermal n e u t r o n s  absorbed i n  f u e l  and all o t h e r  materials 

- - I - - - - - -  

I O L ,  S u p p o ~ e  nap i s  10 neutrons.  I f  six are absorbed f u e l  

by t h e  f u e l  and Lhe o t h e r  f o u r  are absorbed by 

other  materials, then the  thermal u t i ] - i a a t i o n  factor, 

f ,  w o u l d  be 

-- - 0.6 
6 S 4  

102. L f  n ~ p  i s  20 thermal  neut rons  and the thermal utili- 

z a t i o n  factor is 0 , 9 ,  then t h e  t o t a l  number of 

neutrcns absorbed i n  the f u r l  is  

- - - - - - - - -  

104. We can a l s o  say that  n ~ p f  is the  nunibex o€ f u e l  

atoms which have absorbed neut rons  and could  

p o s s i b l y  f t s s i o n ,  A c t u a l l y ,  however, only about  

85% 0f these atoms undergo f i s s i o n ,  

ab so rb  ed by 
t h e  f u e l  



t 

105. The r a t i o  of the  f u e l  macroscopic  fissfon cross 

section t h e  fuel macroscopic a b s s r p t i o n  eross 

s e c t i o n ,  -, is t he  f r a c t i o n  of t h e  f u e l  atoms 

which will undergo f i s s i o n ,  

is about  0 ,85  or 85%- 

1: f 

For 2 3 c U p  this f r a c t i o n  

f 
z 

106, The e x p r e s e f m  -- = 0 - 8 5  means t h a t ,  if 100 neutrons La 
are abso1bed by f u e l  atoms, of t h e s e  

fuel a t ~ m s  tai l la  undergo fissim, 

107, Sirrce an  average of 2,s n e u t r s c s  i s  r e l eased  f o r  
f 

each fission reaction and s i n c e  -may be considered 

as the  r a t i o  of n e u t m n s  causing fission t o  t he  

totab neutrons absorbed,  WE can inul r fp1y  2.5 y -- 
and o b t a i n  she average number of neut rons  

r e l e a s e d  f o r  each neutron absorbed i n  the f u e l .  

Eon: 2 7 5 U  i h j ~ ,  V ~ ~ U P  is about 2 , 5  x 0,85  = 2 , i .  

x 

Zf 
c 
a 

108# The average ncmhez of nclirrons released from fission 
C f  

per  neutron abscrbed i n  t l . ~  f u e l ,  2,5 .X --, I s  u s u a l l y  

r ep resen ted  by rhe symbol rr (pronounced. e t a ) ,  For 
a 1” 

zf - or 0.85 c 
a 

109, rl is the  as-erage mmber of neutrons r e l eased  from 

f i s s i o n  for each  a e u t r n n  absorbed i n  the  e 



69 

110, S i n c e  nFpf is t h e  number of thermal neutrons 

absoxbed by t h e  fuel atoms and q i s  t h e  average 

number of f a s t  neutrons r e l e a s e d  p e r  thermal 

neut ron  absorbed i n  the f u e l ,  w p f r i  i s  t h e  t o t a l  

number of "new" East neut rons  wbich are r e l e a s e d ,  

That i s ,  n t p f n  i s  the number of fasr  neut rons  

r e l e a s e d  as a result- of t h e  

r e a c t i o n s  caused by t h e  nrpf neu t rons ,  

--- 

- - - - - - _ - -  

111. L e t  us s u p p a s e  t h a t  ncpf is 50 neut rons  which are 

absorbed in t h e  fuel, I f  e t a ,  q, i s  2 , 1 9  then  

the new generation of f i s s i o n  neut rons  w i l l  have 

f a se  n e u t r o n s  

1105, because n ~ p f q  i s  50 x 2.1. 
I 

- - - - - - - - -  

112. I n  t h e  p a s t  few frames w e  have s t u d i e d  focr  

f a c t o r s  t h a t  determine wha t  happens t o  neut rons  

from one generaticm of fas t  neutrons t o  t h e  n e x t ,  

While they  are s e i l . l  fresh i n  your mind, l e t  us  

use t h e  next  few frames f o r  review. 

113. The symbol f o r  the f a s t - f i s s i o n  f a c t o r  i s  . 
- - - - - - - - -  

114.  The fast-fission f a c t o r  Qfncreases, decreases) 

rshe number of East n e u t r o n s  t h a t  need t o  be  

thermal3 z e d ,  

fission 

E 
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I 

I 
I 
I 

1 2 1 ,  All of t h e  neutrons absorbed by t h e  f u e l  

(do, do n o t )  cause f i s s i o n .  

down --- Some neutrons I n s t  by resonance a b s o r p t i o n  

122 .  The nex t  symbol w e  are i n t e r e s t e d  i n  is  TI, 

which i s  t h e  f a c t o r  t h a t  determines t h e  number 

Of - neutrons i n  t h e  next gene ra t ion .  

- . . . - - - - - - -  

f a s t  f i s s i o n  
E a c t o r ,  
res on an@ e 
escape 
p r o b a b i l i t y ,  
thermal u t i l i -  
z a t i o n  f a c t o r  

do n o t  

f a s t  
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1 2 4 .  During t h i s  l i f e  c y c l e  of t he  n neu t rons ,  a l l  of 

t h e  n neutrons were l o s t  and nepfq neutrons were 

produced. Since t h e  m u l t i p l i c a t l o n  f a c t o r  k has  

been de f ined  as t h e  p roduc t ion  r a t e  d iv ided  by t h e  

loss  rate,  k w i l l  b e  equa l  t o  

I- 1 
lk = nepfrl =: & P f l l I  

n I 

125. The m u l t i p l i c a t i o n  f a c t o r  k, t hen ,  i s  k = 9 

which is  known as t h e  "f ou r - f ac to r  formula". 

126 .  Nothing i n  t h e  f o u r - f a c t o r  formula has  considered 

neutron leakage from t h e  r e a c t o r ;  and, s i n c e  i t  

has  not y e t  been cons ide red ,  Epfq must be equa l  

t o  (km, k e f f ) .  

00 
127.  The f o u r - f a c t o r  formula f o r  km can be used t o  d e t e r -  

mine whether o r  n o t  r e a c r o r  e r i t i c a l i t y  i s  p o s s i b l e  

from a materials c o n s l d e r a t i o n  only.  I f  c a l c u l a t i o n s  

show t h a t  k, i s  less than  one, t hen  c r i t i c a l i t y  

( w i l l ,  w i l l  n o t >  be p o s s i b l e  f o r  t h e  materials used 

i n  t h e  r e a c t o r .  

k 

128. The materials of a r e a c t o r  and sometimes t h e i r  w i l l  no t  

arrangement w i l l  determine t h e  v a l u e  of E,  p ,  f ,  and 

n ,  and consequent ly ,  kW. 

geomet r i ca l  arrangement of n a t u r a l  uranium and w a t e r  

i s  less than  one, s o  i t  would be a waste of t i m e  t o  

b u i l d  c h i s  kind of r e a c t o r .  

- - 
The v a l u e  of km f o r  any 
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129. I t  is  p o s s i b l e  t o  t ake  some n a t u r a l  uranium which 

con ta ins  99.3X e 3 8 U  and 0,7% 235U and, by a s e p a r a t i o n  

p rocess ,  i n c r e a s e  t h e  amount of 2 3 5 ~  t o  almost any 

enrichment.  I n  t h e  ORR and HFIR r e a c t o r s ,  t h e  f u e l  

i s  7% 238U and 93% 215U, 

neut ron  moderator ,  

Water i s  used as t h e  

- I - - - - - - -  

130. FOP a rea l  r e a c t o r ,  t h e  e f f e c t i v e  m u l t i p l i c a t i o n  

which equa l s  k,P (P i s  t h e  nonleakage 
e f f '  

f a c t o r ,  k 

p r o b a b i l i t y ) ,  m u s t  b e  equa l  t o  one i n  o r d e r  f o r  

t o  b e  achieved.  

- - - - - - - - -  

131. C r i t i c a l i t y  is n o t  n e c e s s a r i l y  guaranteed i f  km 

i s  g r e a t e r  than  one, but i t  does i n d i c a t e  the 

p o s s i b i l i t y .  

have some neut ron  leakage,  

a c t u a l  r e a c t o r  r e q u i r e s  t h a t  be  equal. 

t o  one. 

Any rea l  r e a c t o r  which is b u i l t  w i l l  

SO c r i r i c a l i t y  f o r  an 

c r i t i c a l i t y  

kef f  or  
k, x P 

132. I f  w e  have a r e a x f o r  i n  which P is  equa l  t o  0 .9 ,  then  

f o r  c r i t i c a l i t y  t o  be  p o s s i b l e ,  k, would have to b e  

I- -7 
loll because kef f  must equal  a t  least  one, 
and s i n c e  k,ff = k-P = kmQ.9 = 1 

k = 140s = 1,11 
i(: 

I 

1 3 3 .  Actua l ly ,  b a t h  thermal  neu t r sns  and fast neut rons  l e a k  

o u t  of a r e a c t o r ,  s o  P should  be  broken down so that w e  

X P  = P ;  where P i s  the p r o b a b i l i t y  
"n l th  nlf n l t h  have : 

t h a t  t he  thermal  neut rons  will n o t  l e a k  o u t  and P is  

t h e  
nlE 

-- 
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Probab i . l i t y  t h a t  f a s t  neu t rons  w i l l  n o t  
l e a k  o u t ,  

W e  should now w r i t e  k = f o r  t h e  real 
e f  f kmPnlthPnlf 

r e a c t o r .  Since k, = ~ p f n ,  w e  can a l s o  w r i t e  

135. So, the a l l - i n c l u s i v e  equa t ion  f o r  k is :  
e f f  

The f a c t o r s  f o r  keff are summarized in Table 111-2. 

Table 111-2.  k. Fac to r s  
e€ f 

Symb o 1 N a m e  

E ( e p s i l o n )  P a s t - f i s s i o n  Ra t io  of t h e  t o t a l  number of f a s t  
neutrons due t o  f i s s i o n s  caused by 
neu t rons  of a i l  e n e r g i e s  t o  t h e  
number caused by thermal. neu t rons  
only,  

P 

f 

n ( e t a >  

Resonance escape 
p r o b a b i l i t y  

Thermal u t i l i z a -  
t i o n  f a c t o r  

F rac t ion  of neu t rons  which are n o t  
absorbed b e f o r e  becoming 
thermalized.  

The r a t i o  of t h e  number of thermal 
neutrons absorbed only i n  t h e  f u e l  
t o  t h e  t o t a l  number of thermal 
neutrons absorbed i n  the w h o l e  core. 

The number of  f a s t  neu t rons  from 
f i s s i o n ~  caused by thermal neutrons 
p e r  thermal neu t ron  absorbed i n  t h e  
fuel. 

(cont inued)  
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.- 

A 

Table 111-2. keff  Fac to r s  (cont inued)  

Symbol N a m e  

'nlf 
F a s t  nonleakage The p r o b a b i l i t y  t h a t  f a s t  neutrons w i l l  

n o t  l e a k  o u t  of a core.  

Thermal nonleakage The p r o b a b i l i t y  t h a t  thermal neutrons 
'nlth w i l l  n o t  l e a k  ou t  of a core.  

I___ 

- - - - - - - - -  

e f f '  k ~ )  
136. C r i t i c a l i t y  i n  a rea l  r e a c t o r  occur s  when (k 

i s  equa l  t o  one,  

- - - - - - - - -  

137.  Not only does ke f f  t e l l  us whether o r  n o t  c r i t i c a l i t y  

i s  p o s s i b l e ,  i t  also i s  an  i n d i c a t i o n  of whether t h e  

f i s s i o n  r a t e  i s  r i s i n g ,  f a l l i n g ,  o r  remaining cons t an t .  

ke f f  

138. A r e a c t o r  i s  e i t h e r  s h u t  down o r  i n  t h e  process  of 

s h u t t i n g  down i f  k i s  
e f f  - - - - - - - - -  

139. I f  keff  i s  l e s s  than  one, t h e  neu t ron  f l u x  i s  

e i t h e r  dec reas ing  or  i t  is  a t  a ve ry  low s t a b l e  

l e v e l  s i g n i f i c a n t l y  below what i t  would  b e  a t  

c r i t i c a l i t y .  I n  t h i s  c o n d i t i o n ,  a r e a c t o r  i s  s a i d  

t o  b e  "subcri t icaE".  

- - - - - - - - -  

less than one 
o r  <1 

e f f  is - 140. A r e a c t o r  is s u b c r i t i c a l  i f  k 

- - - - - - - - -  

141. I f  keff is  g r e a t e r  t han  one, t h e  neut.ron f l u x  i s  

i n c r e a s i n g  and the  r e a c t o r  power level  i s  i n c r e a s i n g .  

less than  one 
o r  <1 

When keff i s  g r e a t e r  t han  one, t h e  r e a c t o r  i s  s a i d  

t o  b e  " s u p e r c r i t i c a l " .  

- - - - - - - - -  
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142. A r e a c t o r  is  s u p e r c r i t i c a l  i f  k i s  
e f f  

143. The power l e v e l  of a s u p e r c r i t i c a l  r e a c t o r  is  

144. By a d j u s t i n g  t h e  c o n t r o l  rods con ta in ing  poison, 

t h e  l o s s  ra te  of neutrons can be made t o  ba l ance  

t h e  product ion ra te  s o  t h a t  

and c r i t i c a l i t y  can b e  e x a c t l y  maintained,  

e.quals one 

- - - - - - - - -  

g r e a t e r  than 
one o r  >1 

i n c r e a s i n g  

keff  145. By p o s i t i o n i n g  c o n t r o l  rods so  t h a t  t h e r e  is  more 

poison i n  t h e  r e a c t o r  c0re than a t  c r i t i c a l i t y ,  more 

neutrons w i l l  be  absorbed each second than are 

praduced s o  t h a t  k i s  less than one. The neutron 

flux and power level  w i l l  . When keff 

is  less than  one, t h e  r e a c t o r  i s  

e f f  

- - - - - - - - -  

146, I f  t h e  c o n t r o l  rods are p o s i t i o n e d  s o  t h a t  less dec rease ,  
sub c r i t i ca l  

kef f poison is  i n  t h e  core than  a t  c r i t i c a l i t y ,  

w i l l  b e  g r e a t e r  t han  one and the neutron flux and 

power l e v e l  w i l l  . When keff  i s  

g r e a t e r  than one, t h e  r e a c t o r  i s  

i n c r e a s e ,  
s u p e r c r i t i c a l  

147. The equa t ion  k = kc,P t e l l s  us t h a t  t o  o b t a i n  a 
e f f  

va lue  of k = 1, i t  i s  n o t  enough t o  have some eff 
f i s s i o n a b l e  material; i t  must be arranged i n  a p a r t i -  

c u l a r  manner s o  that kco will have a high value. 

a l s o  must have enough of t h i s  material s o  t h a t  t h e  

neu t ron  leakage i s  n o t  too g r e a t  and t h e  nonleakage 

p r o b a b i l i t y ,  P ,  w i l l  have a h igh  va lue .  

W e  

I - - - _ - - - -  



148.  The smaller t h e  c o r e ,  t h e  more l i k e l y  i t  i s  t h a t  

neu t rons  w i l l  l e a k  out: b e f o r e  they have a chance t o  

b e  absorbed i n  t h e  core .  The re fo re ,  t h e r e  is  a 

minimum s i z e  f o r  any shape ( sphe re ,  cube, c y l i n d e r ,  

e t c . )  below which c r i t i c a l i t y  (k = 1) i s  n o t  

p o s s i b l e  f o r  a given set  of materials. When t h e  

s i z e  of t h e  co re  is  j u s t  b i g  enough t h a t  c r i t i ca l i t y  

can be  achieved,  t h a t  s i z e  is c a l l e d  t h e  " c r i t i c a l  

s i ze" .  

e f f  

149. A mass of f i s s i o n a b l e  material less than t h e  c r i t i c a l  

s i z e  cannot be made c r i t i c a l  because of neutron 

150. We s a i d  t h a t  t h e r e  w a s  a c e r t a i n  minimum s i z e  (and, 

t h e r e f o r e ,  mass o r  weight)  of f u e l  r e q u i r e d  f o r  

c r i t i c a l i t y  t o  be ob ta ined .  L e t  us  cons ide r  t h i s  

s t a t emen t  w h i l e  w e  d i s c u s s  a c o a l  f i r e .  Have you 

eve r  t r i e d  t o  s t a r t  a f i r e  wi th  one l i t t l e  p i e c e  of 

c o a l  t he  s i z e  of a go l f  b a l l ?  

chances are you. w i l l  never g e t  i t  t o  burn.  

Because a p i e c e  of c o a l  w i l l  no t  burn u n l e s s  i t  is  

kep t  ve ry  h o t .  Oh yes ,  i t  produces h e a t  when i t  

bu rns ,  but: i t  r a d i a t e s  h e a t  from a l l  of i t s  s u r f a c e  

s o  f a s t  t h a t  i t  l o s e s  h e a t  a t  a f a s t e r  rate than  i t  

g e n e r a t e s  i t  s o ,  by i t s e l f ,  cannot s t a y  h o t  enough t o  

con t inue  burning.  I f  you make a small p i l e  of c o a l ,  

i t  - w i l l  burn;  b u t  a g a i n ,  if you sp read  t h i s  p i l e  ou t  

on a f l a t  s u r f a c e ,  t h e  flame w i l l  go o u t  even i f  you 

keep t h e  p i e c e s  of coal close together, Stack the 

coal back i n t o  a p i l e  and you w i l l  b e  a b l e  t o  s tar t  

i t  burning aga in .  The reason f o r  t h i s  is  t h a t  as long 

as t h e  c o a l  i s  i n  a p i l e  t h e  o u t e r  s u r f a c e  area i s  

small and h e a t  2s l o s t  on ly  a t  t h e  o u t e r  surface. 

Try i t  some t i m e ;  

Why? 

--- 

leakage 
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151. When you sp read  t h e  c o a l  o u t  on a f l a t  s u r f a c e ,  t h e  

s u r f a c e  area i s  ( i n c r e a s e d ,  decreased)  so t h a t  h e a t  

is  l o s t  a t  a fas ter  ra te  than  i t  is  being generated,  

- - - - - - I - -  

152. The burning of the c o a l  i l l u s t r a t e s  t h e  n e c e s s i t y  of i nc reased  

a c r i t i c a l  mass of coal as w e l l  as c r i t i c a l  s i z e  

and shape. I n  a l i k e  manner, t h e r e  i s  a minimum mas5 

and s i z e  f o r  any shape of f f s s i o n a b l e  material 

i s  I r e q u i r e d  b e f a r e  c r i t i c a l i t y ,  I 

keff --’ 
p o s s i b l e .  

153. L e t  us  keep t h e  i d e a  of a minimum c r i t i c a l  mass i n  one 

the  back of OUT mPnds w h i l e  w e  c o n s t r u c t  an experi-  

ment. Assume t h a t  we have a reactor such as t h e  

ORR which contains a nonfission source  of f r e e  

neu t rons ,  a moderator,  a c o n t r o l  system, and a 

neu t ron  instrument  which t e l l s  u s  t h e  number of 

neutrons f n  the core.  

154. While t h e r e  i s  no f u e l  i n  t h e  c o r e ,  w e  n o t e  t h a t  t he  

neu t ron  i n s t r u n e n t  i s  lndieating the presence of 

t h e  SBUEE neu t rons  only.  Now w e  take a s i n g l e  ORR 

f u e l  element and p l a c e  i t  in t h e  core .  W e  n o t i c e  

t h a t  t h e r e  i s  a sudden, very s l i g h t  i n c r e a s e  i n  

t h e  number of neutrons, b u t  t h e  number does not 

con t inue  t o  i n c r e a s e .  

- - - _ I - - - -  

155. We. would expect a slight increase because some of 

t h e  sou rce  neu t rons  w o u l d  be  absorbed i n  t h e  f u e l  

and would cause some of i t  to 
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156. 

157 .  

158. 

159. 

160. 

161. 

162. 

However, an  ORR f u e l  element bas a l a r g e  s u r f a c e  

area, so w e  would expec t  a l o t  of  

neut rons  from t h e  s u r f a c e .  

f i s s i o n  

Other  f a c t o r s  such as p and f would combine t o  l i m i t  l eakage  

t h e  ou tpu t .  

- - - - - - - - -  

Then w e  add t h r e e  more f u e l  e lements  and we n o t i c e  

t h a t  t h e  neut ron  popu la t ion  i s  cons iderably  

g r e a t e r  t han  i t  was b e f o r e ,  b u t  it still does n o t  

con t inue  t o  i n c r e a s e .  

- - - - I - - - -  

Even w i t h  t h e  f o u r  f u e l  e lements ,  t h e  amount of 

f u e l  i n  t h e  core i s  s t i l l  n o t  a mass (I 

_ - - - - _ I _ _  

As we add t h e  f i f t h ,  s i x t h ,  s even th ,  and e i g h t h ,  

we n o t i c e  t h a t ,  w i t h  each a d d i t i o n  of a f u e l  

dement,  t h e r e  i s  an i n c r e a s e  i n  t h e  

popula t ion .  

- - - - - - - - -  

However, t h e  neu t ron  popu la t ion  does  n o t  i n c r e a s e  

except  when f u e l  i s  added. It i s  as i f  t h e  

neu t ron  o u t p u t ,  as s e e n  by t h e  coun te r ,  i s  merely 

ampl i f i ed  as each f u e l  element i s  added. 

- - - - - - - _ -  

I f  w e  should  c a l c u l a t e  rhe  m u l t i p l i c a t i o n  f a c t o r  

afLer each fue l  element i s  added, we might f i n d  

v a l u e s  l i k e  k = 0.857 a f t e r  t h e  f i r s t  f u e l  element 

i s  added and k = 0.938 a f t e r  t h e  f o u r t h  i s  added. 

neut ron  

c r i t i c a l  

neut ron  
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163. A f t e r  t h e  e i g h t h  f u e l  element i s  added, k might 

equa l  0.986. 

i s  ( i n c r e a s i n g ,  d e c r e a s i n g ) ,  i t  i s  s t i l l  less than 

one and t h e  f u e l  arrangement i s  s t i l l  a s u b c r i t i c a l  

mass. 

Although t h e  m u l t i p l i c a t i o n  f a c t o r  

164. We add t h e  n i n t h  and t e n t h  fuel element,s and n o t e  

t h a t  k = 0.992.  

165. Af t e r  w e  add t h e  e l e v e n t h  and t w e l f t h ,  k = 0.999. 

The f u e l  element c o n f i g u r a t i o n  t h a t  w e  have now is  

ve ry  n e a r l y  a mass, 

- - - - I - - - -  

166. L e t  us imagine t h a t ,  i n  our experiment,  w e  add 

one more f u e l  element t o  t h e  c o n f i g u r a t i o n  and n o t e  

t h a t  t h e  neutron popu la t ion  i n c r e a s e s  aga in ;  b u t ,  

i n s t e a d  of remaining a t  a new s t e a d y - s t a t e  l e v e l ,  

i t  con t inues  t o  i n c r e a s e .  W e  c a l c u l a t e  k and 

f i n d  i t  t o  be 1.00012. 

i n c r e a s i n g  

cr i t i c a l  

167 .  The a d d i t i o n a l  f u e l  has  caused t h e  s u b c r i t i c a l  mass 

t o  become a mass. 

- - - - - - - - -  

168. I n  t h i s  experiment,  each t i m e  a f u e l  element w a s  supe rc r  i t ical  

added t o  t h e  c o r e ,  t h e  neu t ron  popu la t ion  inc reased  

b u t  d i d  n o t  con t inue  t o  i n c r e a s e  u n t i l  t h e  

mass was reached, 
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169. Each t i m e  w e  added a f u e l  e lement ,  w e  i nc reased  

t h e  v a l u e  of k u n t i l  f i n a l l y  c r i t i c a l i t y  w a s  

reached. 

when t h e  amount of f u e l  i n  t h e  c o r e  became a 

The v a l u e  of k became g r e a t e r  than  1 . 0  

m a s s  e 

- - - - - - - - -  

170. By adding t h e  f u e l  i n  t h e  t h i r t e e n t h  element, w e  

went from s u b c r i t i c a l i t y ,  through c r i t i c a l i t y ,  t o  

a s ta te  of s u p e r c r i t i c a l f t y .  I n  t h i s  s t a t e  t h e  

c r i t i c a l  

s u p e r c r i t i c a l  

neut ron  popu la t ion  cont inued t o  

- - - - - - - - -  

1 7 1 .  To prevent  t h e  neu t ron  popu la t ion  from i n c r e a s i n g  increase 

i n d e f i n i t e l y ,  w e  must i n s e r t  some 

material i n  t h e  form of c o n t r o l  rods  s o  t h a t  a 

ba l ance  i s  obta ined  between t h e  f i ss ion-neut ron-  

product ion  r a t e  and the loss  ra te  (due t o  abso rp t ion  

and leakage) .  

172. I f  ad jus tments  of t h e  c o n t r o l  rods  were n o t  made, 

more and more f i s s i o n s  would occur  and more and 

more h e a t  would be  genera ted  u n t i l  f i n a l l y  t h e  

r e a c t o r  would m e l t .  

poison o r  
ab so rb ing  
m a  t er i a l  

173. The i n c r e a s e  i n  t h e  neu t ron  popu la t ion ,  which occurred  

w i t h  each f u e l  a d d i t i o n  b e f o r e  c r i t i c a l i t y  w a s  

reached ,  w a s  a r e s u l t  of what i s  c a l l e d  " s u b c r i t i c a l  

mu1 t i p l i c a  t ion' '  . 
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174 .  A s u b c r i t i c a l  r e a c t o r  w i t h  a source  of neut rons ,  

t h e r e f o r e ,  has  a h i g h e r  neut ron  popula t ion  than  t h a t  

due t o  t h e  sou rce  a lone  as a r e s u l t  of f i s s i o n  

r e a c t i o n s  caused by some of t h e  sou rce  neut rons .  

This  i n c r e a s e  i n  t h e  neut ron  popu la t ion  of a s u b c r i t i -  

c a l  r e a c t o r  above t h e  source  leve l  i s  due t o  

175. The s u b c r i t i c a l  m u l t i p l i c a t i o n  f a c t o r  M i s  def ined  s u b c r i t i c a l  

as t h e  r a t i o  of t h e  neu t ron  popu la t ion  w i t h  fuel to 

t h e  neut ron  popula t fon  wfthout  f u e l .  I n  equat ion  

form, t h i s  is: 

m u l t i p l i c a t i o n  

neu t ron  popu la t ion  w i t h  f u e l  
neut ron  popu la t ion  wi thou t  f u e l  

M -  

1 7 6 .  A s  w e  s a i d  b e f o r e ,  t h e  neu t ron  popu la t ion  i n  a 

r e a c t o r  can be  determined by an  ins t rument  which 

counts  neut rons .  This  ins t rument  can be  made t o  

i n d i c a t e  t h e  neut ron  popu la t ion  (as a f u n c t i o n  of 

t h e  number of neut rons  i t  counts  pe r  s e c )  on a 

r eco rde r  known as a count ing- ra te  (CR) r eco rde r .  

So ,  M i s  sometimes w r i t t e n  as: 

X M = -  
CR 

CRo 

where CRx s t a n d s  f o r  t h e  count ing  ra te  w i t h  x grams 

of f u e l  i n  t h e  r e a c t o r  and CR s t a n d s  f o r  t h e  count ing 

ra te  wi thou t  f u e l .  
0 
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We do not wish to discuss here the operation 
of neutron detection instruments. However, 
one should mention that while no instrument 
can count of the neutrons produced by a 
reactor, instruments can and do count a 
precisely determined fraction of the neutrons. 
From this count, the total number of neutrons, 
or what is of more value, the neutron flux 
of the reactor, can be determined when related 
to other types of neutron measurements within 
the core. 

- - - - - - - - -  

177. Now, suppose that we have a source o f  neutrons which 

causes three counts per  second on the counting-rate 

recorder without any fuel in the core. Then we add 

1000 g of fuel and we find that the counting rate is 

20 counts per second. 
we find that the subcritical multiplication factor 

M is equal to 

CRX By u s i n g  the equation, M = - CRo ’ 

178 

20 countsfsec 
3 counts/sec 6.7 because M = = 6.7 

I- 

When a few more grams of fuel are added, we notice 

the counting rate increases to 240 countsfsec so 

that M is now 
- - - - - - - - -  

80 because -- = 
3 
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179. By observ ing  t h e  neu t ron  popu la t ion  as i n d i c a t e d  by 

- r e c o r d e r ,  w e  can 
I_ 

determine when c r i t i c a l i t y  i s  about  reached. We must 

- know when c r i t i c a l i t y  i s  reached because,  i f  w e  add 

too  much e x t r a  f u e l ,  s o  t h a t  k i s  much g r e a t e r  

than one,  t h e  power level  of t h e  r e a c t o r  might increase 

s o  f a s t  t h a t  t h e  r e a c t o r  co re  would m e l t  down b e f o r e  

c o r r e c t i v e  a c t f o n  could be  taken.  

e f f  

- - - - - - - - -  

It should be  noted  t h a t  an increase i n  e i t h e r  
power, neut ron  f l u x ,  o r  neut ron  d e n s i t y  causes  
a corresponding increase i n  each of  t h e  o t h e r  
two. If power l eve l  is changed by a f a c t o r  o f  
2 o r  200, bo th  neut ron  f l u x  and neu t ron  d e n s i t y  
change by t h e  same f a c t o r .  

- - - - - - - - -  

180. One way w e  can determine when c r i t i c a l i t y ,  keff = 1, 

i s  reached i s  by de te rmina t ion  of  t h e  s u b c r i t i c a l  

m u l t i p l f c a t i o n  f a c t o r  and us ing  an  equa t ion  t o  de t e r -  

mine k The equa t ion  is: 
e f f ’  

where k is  t h e  e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

) when x grams of f u e l  are i n  t h e  r e a c t o r ,  and 
(keff  

f a c t o r .  M i s  t h e  

X 

- 
- - c - - - - - -  

181. The equa t ion ,  M = should be  remembered, so l - k ’  
X 

l e t  us  work a few problems us ing  t h i s  equa t ion  i n  

o r d e r  t o  become more f a m i l i a r  w i t h  i t .  

count ing- ra te  

s u b c r i t i c a l  
mu 1 t i p  li cat i o n  
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182. Let us assume that we know the value o f  k and 

determine M. If k = 0.85, a calculation of M 

would be : 

X 

X 

1 1 - I 
E----^-- 

L 

1 - 0.85 0.15 -* 
M =  

So, if we initially had 3 countsleet: from source 

neutrons, we would g e t  an indication on the counting- 

rate recorder of 3 counts/sec x 6.7 or about 

20 countsfset:. 
- - - - - - . - . - -  

183. If w e  now add enough fuel so that kx = 0.99, M is 

equal t o  
- I - - - - - - -  

I - - =  - 1001 1 100 because M Q - o , 9 9  o.ol. 

184. When k is equal t o  0.99, the indication on the 
X 

counting-rate recorder f o r  a 3 counts/sec source 

would be --- counts/sec, hhen kx is 0.999, M 

would be and the recorder would indicate 

counts/sec. 

6.7 

185. You can see that there is an increase in the counting 300, 

3000 
1000, rate as k gets closer and closer t o  one. 

X - - - - - - - - -  
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186. A t y p i c a l  f u e l  bu i ldup  t o  a c r i t i c a l  mass i s  shown 

i n  F ig .  111-18. The d a t a  f o r  t h i s  f i g u r e  were taken 

from a n  a c t u a l  experiment i n  which f u e l  elements 

were added t o  a r e a c t o r  u n t i l  a c r i t i c a l  mass w a s  
reached. The r e c i p r o c a l  count ing  ra te  (-1 1 w a s  

p l o t t e d  a g a i n s t  f u e l  mass because k i s  p r o p o r t i o n a l  cRx 
X 

becomes smaller CRO to 1 - -* , as CR i n c r e a s e s ,  - 
cRX 

CRX x 
and kx approaches 1.0. 

- - - - - - - - -  

187. In t he  experiment,  when t h e  f u e l  loading  reached 

2522 g ,  - = .000306 and kx = 1 - ,000306 = ,999694, 
1 

cRx 

188. When the f u e l  loading  was 2800 g ,  - = .000133. 
cRX 

I 
k is  now = 1 - .000133 = 
X 

189. When t h e  f u e l  loading  w a s  3079, -- = .000068. 
X 

CR 
kx i s  now 

190. You can e a s i l y  see t h a t  as CRx becomes greater ,  as 

c r i t i c a l i t y  i s  approached, k becomes more d i f f i c u l t  

t o  c a l c u l a t e  exac t ly .  

approached by f u e l  a d d i t i o n s ,  e x t r a p o l a t i o n s  (graph 

ex tens ions )  are  made a f t e r  each f u e l  a d d i t i o n  and 

t h e  c r f t i c a l  m a s s  i s  p r e d i c t e d  by no t ing  where t h e  

X 

Usual ly  when c r i t i c a l i t y  i s  

e x t r a p o l a t e d  curves c r o s s  t h e  l i n e  - 1 = 0 .  
cPm - - - - - - - - -  

.999867 
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I n  t h i s  experiment  wh-feh was done a t  t h e  PCA, 
f u e l  w a s  added by p l a c i n g  an  a d d i t i o n a l  f u e l  
element a d j a c e n t  t o  t h e  f u e l  e lements  a l r e a d y  
loaded.  This  method of adding f u e l  i n c r e a s e s  
t h e  s i z e  of  t h e  r e a c t o r  w i t h  each f u e l  addi-  
t i o n .  It a l s o  causes  t h e  l a s t  f u e l  a d d i t i o n s  
t o  be  i n  less  impor tan t  p o s i t i o n s  than  t h e  
ear l ie r  a d d i t i o n s  s i n c e  t h e  f u e l  e lements  
must be p laced  f a r t h e r  and f a r t h e r  from t h e  
center of t h e  co re ,  These circumstances 
cause  each e x t r a p o l a t i o n  of t h e  graph to  
underes t imate  t h e  c r i t i c a l  m a s s .  I f  t h e  
a d d i t i o n a l  f u e l  could be  s i m p l y  d i s t r i b u t e d  
throughout  t h e  e x i s t i n g  c o r e  r a t h e r  than  
adding a new f u e l  element, t h e  e x t r a p o l a t e d  
curve  would p r e d i c t  t h e  c r i t i c a l  mass q u i t e  
closely. -- 

191. From t h e  graph ,  P ig .  111-18, w e  would p r e d i c t  t h a t  

a n  e x t r a p o l a t i o n  of  t h e  curve  would probably cross 

t h e  zero  l i n e  between t h e  3460-g mark and t h e  3580-g 

mark, probably a t  about  3500 g.  W e  would cons ider  

a 3460-g loading  a - 
loading  a mass e 

m a s s  and a 3580-g 

- - - - - - - - -  

192. I n  t h i s  experiment ,  the c r i t i c a l  m a s s  was shown t o  

be  3495 grams of f u e l ,  v e r y  nea r  Q U ~ C  p r e d i c t e d  

3500 g.  

- _ - - _ - - - -  

193. During t h e  r o u t i n e  loadings  of some r e a c t o r s  such 

as t h e  ORR i n  which t h e  c r i t i c a l  mass i s  a l r eady  

known, t h e  c o n t r o l  rods  are p o s i t i o n e d  s o  t h a t  a l l  

of t h e  poison  used f o r  c o n t r o l  i s  i n s e r t e d  i n t o  

t h e  f u e l  r eg ion .  Then t h e  f u e l  e lements  ( u s u a l l y  

about  25)  are  p laced  i n  t h e  c o r e ,  one by one,  whi le  

t h e  count%ng-race r eco rde r  i s  observed for any 

s i g n i f i c a n t  changes.  

- - - - - - - - -  

s u b c r i t i c a l  
s u p e r c r i t i c a l  
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194.  When t h e  co re  i s  f u l l y  loaded,  t h e  c o n t r o l  rods are 

withdrawn u n t i l  c r i t i c a l i t y  i s  reached. By 

observing t h e  coun t ing - ra t e  r eco rde r  as t h e  rods 

are withdrawn, a p r e d i c t i o n  can b e  made as t o  

what t h e  p o s i t i o n  of t h e  rods w i l l  be  when c r i t i -  

c a l i t y  i s  reached,  

c r i t i c a l i t y "  by poison-rod withdrawal from a f u l l y  

loaded r e a c t o r  has similar c h a r a c t e r i s t i c s  t o  an 

approach t o  c r i t i c a l i t y  by f u e l  a d d i t i o n s  alone.  

Therefore ,  "approach t o  

195. I n  o r d e r  t o  p r e d i c t  t he  rod p o s i t i o n  a t  c r i t i c a l i t y ,  

when k 

r a t e  when t h e  rods are y inches  Withdrawn and CRo 

t h e  count ing rate when t h e  rods are zero inches  

withdrawn. We u s e  t h e  equa t ion :  

= keff = 1, we l e t  CR 
Y Y 

r e p r e s e n t  t h e  count ing 

so  t h a t ,  as t h e  r o d s  are withdrawn, t h e  count ing 

r a t e  CR 

approach zero as M I n c r e a s e s  i n  va lue .  

1 
w i l l  i n c r e a s e  and t h e  v a l u e  f o r  - w i l l  M 

Y 

- - - - - - - - - 

196. In o t h e r  words, as t h e  count ing ra te  i n c r e a s e s ,  t h e  

r e a c t o r  g e t s  c l o s e r  t o  . This can 

r e a d i l y  b e  seen when each s t e p  is  p l o t t e d  on a 

graph as i n  F ig .  111-19. 

_ - - - - - - I -  

- 

197.  When CR is s o  l a r g e  t h a t  i s  ze ro ,  t hen  1 - keff c r  i t ica1. i  t y 
Y 

is  zero which i s  t h e  p o i n t  a t  which t h e  r e a c t o r  i s  

eff because IC =: 

_ _ _ _ - - - -  - 
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198. An experiment such as t h i s  was conducted a t  the  

ORR. The r e s u l t s  are shown i n  F i g .  111-19. 

C r i t i c a l i t y  was p r e d i c t e d  t o  be  when t h e  rods were 

about 15  inches o u t ;  t h e  r e a c t o r  a c t u a l l y  went 

c r i t i c a l  when t h e  rods were 14.89 inches ou t .  

c r i t i c a l  
1 

- - - I - - - - -  

1.0 

.8  

. 6  

.2  

.1 

0 

C r i t i c a l  a t  1 4 , 8 9  i n .  t a rch  1 6 ,  1961 

1 I 1 I \\ 1 
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I 
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I 
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Rod P o s i t f o n  ( i n . )  

0 
CR 

F i g .  111-19. P l o t  of -Versus Rod P o s i t i o n  During Approach 
cRv 

J 

t o  C r i t i c a l i t y  by Control-Rod Withdrawal 

0 
CR 

199. I n  F ig .  111-19, -- i s  p l o t t e d  w i t h  r e f e r e n c e  t o  
CRY 

eontrol-rod p o ~ f t i o n  i n  inches  withdrawn. 

t h e  whole graph i s  n o t  a s t r a i g h t  l i n e .  

as -becomes smaller ( the  counts  on the  coun t ing - ra t e  

r e c o r d e r  are g e t t i n g  very l a r g e ) ,  t h e  las t  t h r e e  

o r  fou r  p o i n t s  p l o t t e d  are  ve ry  n e a r l y  i n  a s t r a i g h t  

line. 

Obviously 

However, 
1 
M 



91 

200. A s t r a i g h t  l i n e  drawn through t h e s e  l a s t  t h r e e  p o i n t s  

w i l l  g i v e  a ve ry  c l o s e  approximation of t h e  d i s t a n c e  

t h e  rods w i l l  be  withdrawn when - - 
t h e  r e a c t o r  i s  

and 
CRo - 

For those  of you who are i n t e r e s t e d ,  t h e  
i n i t i a l  c r i t i c a l i t y  experiments conducted 
a t  t h e  ORR t o  e s t a b l i s h  t h e  c r i t i ca l  mass 
are d i scussed  i n  d e t a i l  i n  t h e  r e p o r t  
ORNL-2559, e n t i t l e d  " I n i t i a l  Post-Neutron 
Me as u r  emen t s I' 

- - - - - - - - -  

2 . 4 .  Se l f  T e s t  -.-. -II 

201. What i s  a nuc lea r  r e a c t o r ?  ( I f  you made an i n c o r r e c t  

response,  r e p e a t  Frame 1.) 

A r e a c t o r  i s  an appa ra tus  i n  which f i s s i o n  
r e a c t i o n s  are s t a r t e d  and c o n t r o l l e d  as a 
continuous s e l f - s u s t a i n i n g  c h a i n  r e a c t i o n .  

-I 

_ - - - - - - - -  

2 0 2 ,  The p r i n c i p a l  p a r t s  of a r e a c t o r  are 

(If  you made an  i n c o r r e c t  response,  r e p e a t  Frame 2 . )  

_ - _ -  - - - - -  

2 0 3 .  The r eg ion  con ta in ing  f u e l  i n  a r e a c t o r  i s  c a l l e d  

t h e  . ( I f  you made an 

i n c o r r e c t  r e sponse ,  r e p e a t  Frame 5 . )  

zero , c r i t i c a l  

f u e l ,  modera- 
t o r ,  r e f l e c t o r ,  
coo l ing  s y s t e m ,  
c o n t r o l  system 

* 
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204. Material which is  p laced  around a core  f o r  t h e  

purpose of s c a t t e r i n g  neu t rons  back i n t o  t h e  co re  

i s  c a l l e d  t h e  . ( I f  you made 

an i n c o r r e c t  response,  r e p e a t  Frames 5-17.) 

205. Heat generated i n  a r e a c t o r  i s  removed by t h e  

. Water i s  a - 
common moderator,  r e f l e c t o r ,  and 

( I f  you made an i n c o r r e c t  response,  r e p e a t  

Frames 11 and 1 2 . )  

206, A poison i s  a s t r o n g  of neutrons.  

Control  of t h e  neu t ron  f l u x  i n  a r e a c t o r  may be 

achieved by us ing  . ( I f  you made 

an i n c o r r e c t  response,  r e p e a t  Frames 35-41.) 

- - - - - - - - -  

207. Con t ro l  of t h e  m u l t i p l i c a t i o n  € a c t o r  of a r e a c t o r  

i s  accomplished by a d j u s t i n g  

( I f  you made an i n c o r r e c t  response,  repeat 

Frames 35-41. ) 

c o r e  

r e f l e c t o r  

coo l ing  s y s  tern, 
coo lan t  

a b s o r b e r ,  
poison o r  
neu t ron  
abso rbe r s  

208. When c o n d i t i o n s  i n  a r e a c t o r  are such t h a t  k = 1 and c o n t r o l  rods  

t h e r e  is a continuous f i s s i o n  cha in  r e a c t i o n ,  a 

r e a c t o r  is  s a i d  t o  b e  . ( I f  you 

made an  i n c o r r e c t  r e sponse ,  r e p e a t  Frame 43.) 

- - - - - - - - -  

. 

. . - . . . . . . . . 
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209.  An imaginary r e a c t o r ,  s o  b i g  t h a t  i t  i s  impossible  

t o  determine where i t  s ta r t s  and where i t  ends,  i s  

r e a c t o r .  Loss of c a l l e d  an  

neu t rons  i n  an  i n f i n i t e  r e a c t o r  can occur only by 

c r i t i c a l  

--- 

; t h e r e  can be no l o s s  by 

( I f  you made an i n c o r r e c t  response,  . 
r e p e a t  Frames 49-56.) 

210. The neu t ron  m u l t i p l i c a t i o n  f a c t o r  of a r e a c t o r  i s  i n f i n i t e  

de f ined  as t h e  r a t i o  of t h e  r a t e  abso rp t ion  , 
leakage 

t o  t h e  rate.  ( I f  you made an 

i n c o r r e c t  response,  r e p e a t  Frame 5 7 . )  

211. I n  an i n f i n i t e  r e a c t o r ,  km = l w h e n  t h e  product ion 

rate equa l s  t h e  abso rp t ion  ra te .  

r e a c t o r ,  

t h e  - a ( I f  you made an i n c o r r e c t  

response,  repeat Frame 6 2 . )  

p roduc t ion ,  
10s s I n  an a c t u a l  

= l w h e n  t h e  product ion ra te  equa l s  
ke f f  

_ _ _ - _ . . .  - - -  

212. The nonleakage p r o b a b i l i t y ,  P ,  i s  t h e  p r o b a b i l i t y  a b s o r p t i o n  

t h a t  neu t rons  . (If you 

made an i n c o r r e c t  response,  r e p e a t  Frame 6 3 . )  

r a t e  p l u s  the  
leakage rate 

213. I f  w e  had 10 neu t rons  and 2 of them leaked ou t  of 

a r e a c t o r  , t h e  nonleakage p r o b a b i l i t y  would b e  

equa l  t o  

r e a c t o r  i s  because 

( I f  you made an i n c o r r e c t  r e sponse ,  repeat 

Frames 64-66 J 

w i l l  n o t  l e a k  
ou t  of a 
r e a c t o r  . P f o r  an i n f i n i t e  -- 
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- 0 . 8 ,  
8 
10 

p = - -  214. The f a s t - f i s s i o n  e f f e c t  is  . ( I f  

you made i n  i n c o r r e c t  response,  r e p e a t  Frames 75-81.) 1, t h e r e  i s  no 
leakage - - - - - - - - -  

i n  t h e  t o t a l  number of 
neutrons as a r e s u l t  of f i s s i o n  caused by 
f a s t  neutrons.  

215. The resonance escape p r o b a b i l i t y ,  p ,  r e p r e s e n t s  t h e  

f r a c t i o n  of neutrons which . ( I f  you 

made an  i n c o r r e c t  response,  r e p e a t  Frames 86-96.)  

Are not absorbed as they slow down t o  thermal 
e n e r g i e s ,  

216. The thermal u t i l i z a t i o n  f a c t o r  r e p r e s e n t s  

( I f  you made an i n c o r r e c t  response,  repeat 

Frames 99-104. ) 

The f r a c t i o n  of thermal neutrons 
i n  t h e  f u e l .  

- - - - . . . _ - - -  
c 

cf  
217. The r a t i o  c f o r  235U r e p r e s e n t s  t h e  f r a c t i o n  of 235U 

atoms whichawfll  undergo compared t o  

t h e  t o t a l  number which absorb neu t rons .  ( I f  you 

made an i n c o r r e c t  response,  repeat Frames 105-108.) 

-. . . ............... 
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219. 

220. 

221. 

222. 

223. 
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The symbol TI r e p r e s e n t s  t h e  average number of 

neu t rons  r e l e a s e d  p e r  neu t ron  by 

t h e  f u e l  atoms. 

r e p e a t  Frames 108-111.) 

( I f  you made an  i n c o r r e c t  response,  

- - - - - - - - -  

f i s s i o n  

The fou r - f ac to r  formula is  k = . (If you absorbed 

made an  i n c o r r e c t  r e sponse ,  r e p e a t  Frames 1 2 4  and 125.) 
- - - - - - - - -  

Reactor c r i t i c a l i t y  i s  n o t  n e c e s s a r i l y  guaranteed if 

km = 1. 

cpfn 

I n  o r d e r  f o r  c r i t i c a l i t y  t o  be  p o s s i b l e  

(P,  k e f f )  must be equa l  t o  . ( I f  you 

made an  i n c o r r e c t  response,  r e p e a t  Frames 130-132.) 

- - - - - - - - -  

I n  equa t ion  form, keff is: kef f , 
one 

P - 
keff - - - - -'nPf n l t h .  

( I f  you made an i n c o r r e c t  r e sponse ,  r e p e a t  Frames 133-135.) 
- - - -  

A r e a c t o r  i s  s a i d  t o  be s u b c r i t i c a l  if . EPfTI 

( I f  you made an i n c o r r e c t  r e sponse ,  repeat 

Frames 139 and 140.) 
- - - - - - - - -  

The neu t ron  popu la t ion  i n  a s u p e r c r i t i c a l  r e a c t o r  

is 

response,  r e p e a t  Frames 141-143.) 

k e f f  i s  less 

. (If you made an  i n c o r r e c t  t han  one 
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224.  The materials and arrangement i n  a r e a c t o r  de t e r -  i n c r e a s i n g  

mine t h e  va lue  of km, b u t  t h e  nonleakage p r o b a b i l i t y  

depends only on t h e  . ( I f  you made an 

i n c o r r e c t  response,  r e p e a t ,  Frames 147-152.) 

s i z e  and 
shape 

225. S u b c r i t i c a l  m u l t i p l i c a t i o n  due t o  t h e  a d d i t i o n  of  

some f u e l  causes  t h e  neu t ron  popu la t ion  t o  t o  

a h ighe r  s t e a d y  l e v e l  even though t h e  r e a c t o r  i s  

s t i l l  - . ( I f  you made an i n c o r r e c t  

response,  r e p e a t  Frames 173-175.) 

- - - - - - - - -  

226. The s u b c r i t i c a l  m u l t i p l i c a t i o n  f a c t o r  M is deffned i n c r e a s e ,  
sub c r i t i c a l  as . ( I f  you made an 

i n c o r r e c t  r e sponse ,  r e p e a t  Frame 175.)  

- . . . - - - - - - -  

The neu t ron  popu la t ion  wi th  f u e l  d iv ided  
neu t ron  popu la t ion  wi thou t  f u e l .  7 

- I - - - - I I 

227. The equa t ion  showing t h e  r e l a t i o n s h i p  between M and 

k i s M =  . ( I f  you made an 

i n c o r r e c t  response,  r e p e a t  Frames 180-184.) 

1 
1 - k  

1 CRO , where CR and - = - M C R -  0 

1 - kx 1 
M 228. Remembering t h a t  - = 

is  t h e  count ing ra te  wi th  no f u e l  and ER, is  t h e  

count ing ra te  wi th  f u e l ,  how can you t e l l  when 

c r i t i c a l i t y  i s  n e a r l y  reached as f u e l  i s  being 

added? ( I f  you made an i n c o r r e c t  r e sponse ,  repeat 

Frames 186-200.) 

_ I - - - - - - -  
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- 
1 

By plotting on a graph the v a l u e  3 and 
observing when 1 i s  n e a r l y  zero so  that k 
i s  n e a r l y  one. M X 
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SECTION 111-3 

REACTIVITY AND REACTOR PERIOD 

The purpose of t h i s  s e c t i o n  i s  t o  g ive  you an understanding of  t h e  

t e r m s  r e a c t i v i t y  and p e r i o d  by d i scuss ing  t h e  e f f e c t s  of r e a c t i v i t y  on t h e  

ra te  of change of t h e  neut ron  popula t ion  and t h e  r e s u l t i n g  e f f e c t s  on t h e  

ope ra t ion  of a r e a c t o r .  

3 . 1 .  R e a c t i v i t y  Ca lcu la t ions  

1. R e a c t i v i t y  i s  a t e r m  used t o  express  t h e  a b i l i t y  of 

a r e a c t o r  to increase i t s  neutron popula t ion .  Thus 

when a r e a c t o r  i s  made s u p e r c r i t i c a l ,  i t s  

has  been made g r e a t e r  than zero.  

- - - - - - - - -  

2. In  equat ion  form, r e a c t i v i t y ,  p ( r h o ) ,  is  expressed as r e a c t i v i t y  

where t h e  m u l t i p l i c a t i o n  f a c t o r  of t h e  r e a c t o r  b e f o r e  

t h e  change was 1 and k i s  t h e  f a c t o r  a f t e r  t h e  change. 
e f f  

3 .  I f  w e  had made t h e  change when t h e  r e a c t o r  was a l ready  

s u p e r c r i t i c a l ,  w e  would have t o  w r i t e :  

- 
keff 2 - 1  k e f f l  - 1  k e f f 2  k e f f ,  

k e f f 2  kef f  1 kef f l ke f f  3 

- - - ? 2  - P 1  =z A? = 

i n  which: 

Ap = the change i n  r e a c , t i v i t y  

- - keff  b e f o r e  t h e  change 

- a€ ter t h e  change, 
k e f f r  

e f f 2  - k e f i  
k 
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4 .  When a r e a c t o r  is  e x a c t l y  c r i t i c a l ,  ke f f  = 1 so  t h a t :  

1 - 1  k - 1  
e f f  - - =  

- 1  P = -  
k e f f  

5. L e t  us  assume t h a t  ke f f  i n  a r e a c t o r  i s  1 and an 

adjustment  of t h e  c o n t r o l  rods  i s  made u n t i l  ke f f  

becomes 1.005. The r e a c t i v i t y  as a r e s u l t  of t h e  

change i n  k would b e  - 

1.005 - 1 - - -- 0.005 = o , o o 4 9 7 1  
= 1.005 1.005 

6. The equa t ion ,  p = kef f  - i s  u s u a l l y  w r i t t e n  Ak/k, 
kef f 

pronounced " d e l t a  k over krr ( u s u a l l y  A means " t h e  

change in" ) .  

change i n  t h e  m u l t i p l i c a t i o n  f a c t o r ,  t h a t  i s ,  

The q u a n t i t y  Ak is  equa l  t o  t h e  r e s u l t i n g  

ke f f  - 1 = Ak. 

Ak 
7. I n  equa t ion  form, r e a c t i v i t y  = - k 

- - - - I - - - -  

8. R e a c t i v i t y ,  Ak/k, i s  sometimes expressed as a pe rcen t .  ke f f  - ' 
keff  I f  Ak/k i s  0.15, then i t  might a l s o  b e  expressed as 

15%, s i n c e  0,15 x 100% = 15%. 
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9. Control  of a r e a c t o r  i s  u s u a l l y  accomplished by i n s e r t i n g  

o r  withdrawing a c o n t r o l  rod con ta in ing  a neutron- 

absorbing material, which r e s u l t s  i n  a change i n  t h e  

m u l t i p l i c a t i o n  f a c t o r ,  k. 

(k = 1) can b e  made s u b c r i t i c a l  by i n s e r t i n g  t h e  

c o n t r o l  rod (po i son) ,  t hus  causing k t o  become 

A r e a c t o r  which i s  c r i t i c a l  

- . The r e a c t o r  becomes s u p e r c r i t i c a l  when 

the  c o n t r o l  r o d  i s  withdrawn, causing k t o  become 

10. Knowledge of t h e  e f f e c t s  of c o n t r o l  rods  on r e a c t i v i t y  

i s  e s s e n t i a l  t o  t h e  s a f e  o p e r a t i o n  of a r e a c t o r .  

F igu re  111-20 shows some va lues  of t h e  r e a c t i v i t y  

worths of c o n t r o l  rods a t  t h e  ORR r e a c t o r .  

less than  one, 
g r e a t  e r than 
one 

- I - - - - - -  - 

11. Since t h e  withdrawal of a c o n t r o l  rod r e s u l t s  i n  an  

i n c r e a s e  i n  k, i t  i s  s a i d  t o  have a p o s i t i v e  

e f f e c t .  
- _ - - - - - - -  

1 2 .  The i n s e r t i o n  of a c o n t r o l  rod (poison) i n t o  a r e a c t o r  

r e s u l t s  i n  a 

because k 

- r e a c t i v i t y  e f f e c t  

- - - - - - - - -  

13. The i n s e r t i o n  of a c o n t r o l  rod r e s u l t s  i n  a n e g a t i v e  

r e a c t i v i t y  e f f e c t ,  whereas withdrawal r e s u l t s  i n  a 

p o s l t i v e  r e a c t i v i t y  e f f e c t .  

p u t t i n g  o t h e r  materials i n t o  a r e a c t o r  o r  removing 

them may a l s o  cause Either a p o s i t i v e  o r  a n e g a t i v e  

e f f e c t .  

I n  a similar manner, 

- - - - - - - - -  

r e a c t i v i t y  

n e g a t i v e  , 
decr  eas es 
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DISTANCE WITHDRAWN (in.) 

ORNL-LR-DWG 35!82 

DISTANCE WITHDRAWN (in.) 

Number 5 Rod C a l i b r a t i o n  f o r  Clean Number 6 Rod C a l i b r a t i o n  f o r  Clean 
Operat ing Core. 
c e n t r a l  s lope ,  (0.47% Ak/k ) / in .  

T o t a l  worth, 7.16% Ak/k; Operat ing Core. 
c e n t r a l  s lope ,  (0.39% Ak/k)/in. 

T o t a l  worth,  6.14% Ak/k; 

ORNL-LR-DWG 35375 

DISTANCE WITHDRAWN (in.) 

ORNL-LR--DWG 35463 

DISTANCE WITHDRAWN (in.) 

Gang Rod C a l i b r a t i o n  f o r  4 x’ 7 T e s t  Gang Rod C a l i b r a t i o n  f o r  Operat ing 
Core. c o r e  worth, 13.94% Ak/k; c e n t r a l  Core  w i th  Experiments. Core worth, 7.72% 

s lope ,  (1.73% Ak/k ) / in .  Ak/k; c e n t r a l  s l o p e ,  (1.30% Ak/k) f i n .  

F i g .  111-20. Control-Rod R e a c t i v i t y  Worths 
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14. Anything which w i l l  i n c r e a s e  t h e  m u l t i p l i c a t i o n  r e a c t i v i t y  

f a c t o r  of a r e a c t o r  i s  s a i d  t o  have a I 

- e f f e c t .  Anything which w i l l  decrease  

t h e  m u l t i p l i c a t i o n  f a c t o r  of a r e a c t o r  is  s a i d  t o  have 

a e f f e c t .  _--- 
I - - - - - - - -  

15. F i s s ionab le  material u s u a l l y  has  the  oppos i t e  e f f e c t  p o s i t i v e  
r e a c t i v i t y ,  
nega t ive  t o  t h a t  of a neut ron  poison when put  i n t o  a r e a c t o r .  

I f  f i s s i o n a b l e  material i s  added t o  a r e a c t o r  core ,  r e a c t i v i t y  

t h e  r e s u l t  u s u a l l y  i s  a 

e f f e c t .  I f  f u e l  is  removed from t h e  r e a c t o r  core,  

t h e  r e s u l t  u s u a l l y  i s  a 

e f f e c t .  ( I n  some types  of r e a c t o r s  adding more f u e l  

may reduce t h e  r e a c t i v i t y  i f  i t  d i s p l a c e s  some of 

the moderator.)  

16. Almost anything can cause a r e a c t i v i t y  change i f  i t  

i s  in t roduced  i n t o  OK placed  n e a r  t h e  f u e l  r eg ion  of 

a r e a c t o r .  The r e a c t i v i t y  e f f e c t  w i l l  b e  p o s i t i v e  r e a c t i v i  t y  

p o s i t i v e  
r e a c t i v i t y ,  
negative 

o r  nega t ive ,  depending on whether t h e  neutron 

i s  inc reased  o r  
-1 

decreased.  

1 9 .  To o b t a i n  c r i t i c a l i . t y ,  k = 1, i t  i s  necessary  t o  m u l t i p l i c a t i o n  
f a c t o r  ef f 

have a c e r t a i n  amount of f u e l ,  Now, i f  t h e r e  were no 

a d d i t i o n a l  f u e l  b e s i d e s  t h a t  r equ i r ed  f o r  a c r i t i c a l  

mass, t h e  r e a c t o r  would not o p e r a t e  very  long b e f o r e  

becoming s u b c r i t i c a l  and shutting down. 

guess t h e  reason  why? 

Can you 

- - - - - - - - - 
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18. The answer i s  " f u e l  burnup". As f i s s i o n i n g  occurs  i n  

a r e a c t o r ,  t h e  f u e l  i s  consumed (atoms of 235U are 

changed t o  atoms of f i s s i o n  products)  u n t i l  f i n a l l y  

t h e  amount of f u e l  i s  less than t h e  c r i t i c a l  mass. 

When t h i s  occur s ,  k becomes 

neu t ron  popu la t ion  (and f i s s i o n  r e a c t i o n s )  decrease.  

- and t h e  

- - - - - - - - I  

19. To keep a r e a c t o r  o p e r a t i n g  f o r  any l e n g t h  of t i m e ,  

t h e r e  must b e  some e x t r a  

t h e  c r i t i c a l  mass. 

less than one 

- i n  a d d i t i o n  t o  

- - - I - - - - -  

20. I f  e x t r a  f u e l  is  added t o  a c r i t i c a l  mass, t h e  mult i -  f u e l  

p l i c a t i o n  f a c t o r  w i l l  u s u a l l y  i n c r e a s e  because t h e  

a d d i t i o n  of f u e l  u s u a l l y  has a 

e f f e c t  . 
- - - - . . . - - - -  

21. To maintain c r i t i c a l i t y  ( t h a t  i s ,  t o  prevent  an p o s i t i v e  

re a c t  i v  i t y  i n c r e a s e  i n  t h e  f i s s i o n  ra te  as a r e s u l t  of t h e  e x t r a  

f u e l )  a c o n t r o l  rod i s  i n s e r t e d  t o  compensate f o r  t h e  

p o s i t i v e  r e a c t i v i t y  e f f e c t  of t h e  f u e l  a d d i t i o n .  

- - - _ - - - - -  

22. A s  t h e  fuel. i s  burned up, causing a 

i n  keff ( a  n e g a t i v e  r e a c t i v i t y  change),  t h e  c o n t r o l  

rod i s  s lowly withdrawn (a p o s i t i v e  r e a c t i v i t y  change) 

j u s t  enough t o  ma in ta in  k e f  f a t  one. 

_ I _ - -  - - - -  
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23 .  I n  a d d i t i o n  t o  f u e l  burnup, t h e r e  are o t h e r  t h i n g s  dec rease  

which can cause r e a c t i v i t y  changes and must b e  com- 

pensated f o r  by t h e  c o n t r o l  rods .  

experiments which are i n s e r t e d  i n t o  a r e sea rch  r e a c t o r  

cause e i t h e r  a p o s i t i v e  o r  n e g a t i v e  r e a c t i v i t y  change 

depending on whether t h e  experiment con ta ins  an 

a p p r e c i a b l e  amount of f i s s i o n a b l e  material o r  poison 

material o r  i f  i t  d i s p l a c e s  o r  adds neutron-moderating 

material e 

For example, most 

24.  An i n c r e a s e  i n  t h e  temperature  of t h e  c o r e ,  as when 

t h e  power l e v e l  i s  r a i s e d ,  g e n e r a l l y  r e s u l t s  i n  a 

n e g a t i v e  r e a c t i v i t y  e f f e c t .  

- - - - - - - - -  

25. Many f i s s i o n  products  such as 135Xe  and 14.9Sm are 

s t r o n g  neu t ron  abso rbe r s .  These f i s s i o n  products  

would have a e f f ec. t . 
- - - - - - -  - -  

26. I n  o r d e r  t o  compensate f o r  t h e  v a r i o u s  r e a c t i v i t y  

changes in a r e a c t o r  such as those caused by experi-  

ments,  remperature ,  f i s s i o n  products ,  and f u e l  

burnup, an e x t r a  amount of f u e l  i s  loaded i n t o  t h e  

co re  b e f o r e  o p e r a t i o n  i s  s t a r t e d .  

t i v i t y  e f f e c t  of adding t h e  e x t r a  f u e l  i s  balanced 

by i n s e r t i o n  o f  t h e  

be withdrawn or  i n s e r t e d  as needed when o t h e r  

r e a c t i v i t y  changes occur. 

The p o s i t i v e  reac- 

which may a l s o  

n e g a t i v e  



105 

27. The p o s i t i v e  r e a c t i v i t y  e f f e c t  r e s u l t i n g  from loading c o n t r o l  rods 

e x t r a  f u e l  i n t o  t h e  co re  t o  compensate f o r  l a t e r  f u e l  

burnup may be considered as a v a i l a b l e  r e a c t i v i t y .  I t  

i s  

used u n t i l  t h e  c o n t r o l  rod i s  withdrawn t o  i n c r e a s e  k 

r e a c t i v i t y  because i t  w i l l  no t  b e  

t o  ma in ta in  c r i t l c a l i t y  as t h e  f u e l  is  dep le t ed .  

I-- -I 

We have used t h e  term " a v a i l a b l e  r e a c t i v i t y "  
'because when some people speak of excess  
r e a c t i v i t y  they r e a l l y  mean keXCCgSr which 
is  Ak o r  k - 1. 
101" Ak/k, f o r  a person t o  say excess  reac- 
t i v i t y  when h e  r e a l l y  means keXcess (k - 1 OT 

i s  t o  g i v e  t h e  word " r e a c t i v i t y ' $  two 

S ince  r e a c t i v i t y  i s  (k - l ) / k  

meanings 

28. Avai l ab le  r e a c t i v i t y  must be compensated f o r  a t  all 

times because,  i f  i t  is  n o t ,  t h e  neu t ron  popu la t ion  and 

power l e v e l  would i n c r e a s e  t o  such an  e x t e n t  t h a t  t h e  

r e a c t o r  would m e l t  down. Ava i l ab le  r e a c t i v i t y  is  

necessa ry  b u t  can be hazardous i f  i t  is not c o n t r o l l e d .  

29. It  might b e  of i n t e r e s t  at: t h i s  p o i n t  t o  cons ide r  t h e  

t h e o r e t i c a l  de t e rmina t ion  of r e a c t i v i t y ,  hklk .  You 

should remember t h a t  keff = kmP; where km depends only 

upon t h e  materials used and t h e i r  p h y s i c a l  arrangement. 

P depends upon t h e  size and shape o f  t h e  r e a c t o r ,  

t h e  equa t ion ,  p = 

and u s e  kLff f o r  t h e  m u l t i p l i c a t i o n  f a c t o r  a t  c r i t i -  

c a l i t y ,  which is  W e  now have: 

I n  
keff - 

l e t  us r e p l a c e  p w i t h  Ak/k 
kef € 

a v a i l a b l e  

(cont inued)  
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By s u b s t i t u t i n g  km,P f o r  k e f f ,  we can w r i t e :  

k - k' 
50 Ak - =  

k k m  

We know t h a t  km = qcpf ,  sa  w e  can w r i t e :  

q is  c o n s t a n t  f o r  a p a r t i c u l a r  f i s s i o n a b l e  material; 

and i f  w e  assume t h a t  t h e  product  E x p w i l l  n o t  

a p p r e c i a b l y  change ( s m a l l  changes i n  t h e  amount of 

f u e l  have o p p o s i t e  e f f e c t s  on t h e  f a c t o r s  s o  t h a t  

t h e  product  does n o t  change apprec iab ly )  t hen  

q ~ p  = ~ ' E ' P ' ;  and w e  can w r i t e :  

Ak f - f '  -- = 
k f 

30. It i s  shown i n  OWL-2559 t h a t  f '  is  e q u i v a l e n t  t o  c 
-ap where C 

s e c t i o n  f o r  poisonous material, and Cac  i s  t h e  

macroscopic cross s e c t i o n  f o r  a l l  material i n  t h e  

core .  

is  t h e  macroscopic abso rp t ion  c r o s s  
'ac a P  

So w e  can now w r i t e :  

c 
31. The equat ion:  

poison material w e  could determine t h e  r e a c t i v i t y  e f f e c t  

ak = ap t e l l s  us t h a t  i f  w e  had some 
k Lac 

of t h i s  material by d i v i d i n g  t h e  va lue  of C by Cat' 
aP  

- - - - - - I  - -  
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32. L e t  us  say t h a t  w e  have enough boron t o  g ive  a C 

of 3200. 

a poison. 

A 1  i s  500, C 

‘ ac 

aP 
Boron is a good absorber  and i s  considered 

For t h e  t o t a l  c o r e  l e t  us  assume Cac for 

f o r  238U is  200, Cac  f o r  water i s  300, 
a c  

f o r  235U i s  50,000. T o t a l  C a c  = 
- - - - - - - I . -  

3200 = -0,0058. So, i n  t h i s  54,200 
‘ac 

Cac 54,200 
33. The r a t i o  of - - = - 

case,  t h e  n e g a t i v e  r e a c t i v i t y  e f f e c t  of t h e  boron 

3 4 .  I n  t h e  r e p o r t  ORlTL-2559, it i s  a l s o  shown t h a t  i f  0.0058 

some f u e l  (235U) were added to  a co re  the  r e a c t i v i t y  

e f f e c t  could be predetermined by t h e  equat ion:  

L 

where AM i s  t h e  mass of fuel.  added, M t h e  o r i g i n a l  

t o t a l  2 3 s U  f u e l  mass i n  the  co re ,  and F , / F  
of t h e  average neu t ron  f l u x  i n  t h a t  p a r t i c u l a r  f u e l  

p o s i t i o n  t o  t h e  average f l u x  throughout t h e  c o r e ,  c 

is some cons tan t  number found by experiment t o  make 

t h e  equa t ion  true. 

0 
t h e  r a t i o  

1 c. 

- - - - - - - - -  

You, do n o t  have t o  remember how t o  d e r i v e  
t h e s e  equa t ions ,  The equa t ions  were given 
h e r e  j u s t  i n  case you might want t o  t r y  t o  
c a l c u l a t e  Ak/k some t i m e  and check t o  see 
how close you w e r e  t o  t h e  a c t u a l  va lue .  
Also, t o  make you aware t h a t  t h e  e f f e c t  on 
k, i n  making changes i n  co res  o r  experi-  
ments, can be e s t ima ted .  - 

- - - - - - - - -  
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35. I f  t h e  r e a c t i v i t y  of a c r i t i c a l  r e a c t o r  is i n c r e a s e d ,  

t h e  neutron popu la t ion  i n  each succeeding g e n e r a t i o n  

will increase. The q u e s t i o n  i s ,  ''BOW f a s t  does t h e  

neu t ron  popu la t ion  i n c r e a s e ? "  

- - - - - - - - -  

3 6 .  The rate of i n c r e a s e  i n  t h e  neutron popu la t ion  depends 

on t h e  amount: of r e a c t i v i t y  added and t h e  ' * n e u t r ~ n  

l i f e t i m e " .  

37. The neu t ron  l i f e t i m e  is t h e  time i t  takes t h e  neu t ron  

t o  complete i t s  l i f e  cycle from b i r t h  as a f a s t  

neu t ron  t o  a b s o r p t i o n  as a thermal neutron.  

38. To say  i t  ano the r  way, t h e  lifetime of a neutron is  

t h e  t i m e  i t  t akes  f o r  a neu t ron  to b e  b @ r n  from 

f i s s i o n ,  go through t h e  slowing dawn p rocess ,  and be  

e i t h e r  t o  cause a f i s s i o n  r e a c t i o n  
-9 

r e l e a s i n g  more neu t rons  or to be  l o s t  i n .  a n o n f i s s f o n  

r e a c t i o n .  

39. Neutron l i f e t i m e s  are s u r p r i s i n g l y  sho r t - - sho r t e r  

than the t i m e  i t  takes f o r  YOU t o  b l h k  your eye. 

Neutron l i f e t i m e s  a l s o  vary i n  d f f f e r e n t  kinds s f  

r e a c t o r s .  In t h e  OGR, f o r  example, the neu t ron  

l i f e t i m e  w a s  about 0.001 sec. I n  t h e  ORR the 

l i f e t i m e  is  about t e n  times s h o r t e r ,  o r  0.0001 set. 

- - - - - - - - -  

40. I f  t h e  n m l t i p l i c a t i a n  f a c t o r  is much g r e a t e r  than ~ n e ,  

i r  t akes  only a ve ry  s h o r t  t i m e  €QK t h e  neutron popu- 

l a t i o n  d e n s i t y  (and t h e r e f o r e  the  f l u x )  t o  increa.se 

is so short. tremendously, since the  neutron - 

absorbed 

... 
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3 . 2 .  Reactor Pe r iod  

41. L e t  us  assume t h a t  t h e  neu t ron  l i f e t i m e  i n  a make- 

b e l i e v e  r e a c t o r  i s  1 s e c  i n s t e a d  of a more realis- 

t i c  value such as sec. Now, i f  k = 1.1 and 

n ,  t h e  neutron d e n s i t y ,  i s  o r i g i n a l l y  100 neu t rons ,  

t hen  a f t e r  1 sec ,  n w i l l  b e  equa l  t o  110 neutrons;  

a f t e r  2 see, n w i l l  b e  110 x 1.1 = neu t rons ,  

e t c ,  Now l e t  us  compile a t a b l e  (Table 111-3) showing 

t i m e  and neu t ron  d e n s i t y  f o r  k = 1.1 and t h e  neutron 

l i f e t i m e  = 1 sec.  

I - . . . - - - - - -  

42.  A s  w e  can see from t h e  table, t he  t i m e  i t  t akes  f o r  

t h e  number of neutrons t o  i n c r e a s e  by 100 keeps g e t t i n g  

s h o r t e r  and s h o r t e r ;  t h a t  i s ,  t o  go from a d e n s i t y  of 

100 t o  200 t a k e s  about 7 sec ;  t o  go from 200 t o  300 

t akes  about 5 sec;  t o  go from 300 t o  400 takes  

about  3 sec, and so  on. (All t h e  w h i l e  t h e  number 

of f i s s i o n s  per  second i s  i n c r e a s i n g  a t  t h i s  same 

rate;  and, t h e r e f o r e ,  the  power is a l s o . )  

- - - - - - - - -  

4 3 .  Now, i f  w e  cons ide r  the  doubl ing t i m e ,  t h a t  i s ,  t h e  

t i m e  i t  t akes  f o r  t h e  neu t ron  d e n s i t y  t o  become t w i c e  

as much as i t  was before, we see t h a t  TO go from 

100 t o  200 takes about 7 see; t o  go from 200 t o  

400 t akes  about  7 sec ;  t o  go from 400 t o  800 t a k e s  

about 7 sec;  e tc .  The p o i n t  i s  t h a t  t h e  doubling 

t i m e  i s  c o n s t a n t ,  whereas t h e  t i m e  i t  t a k e s  f o r  an 

i n c r e a s e  of 100 keeps changing; s o ,  it: is  much easier 

t o  d i s c u s s  the increase i n  popu la t ion  by t a l k i n g  about 

a - c o n s t a n t  p e r i o d  of t i m e ,  such as t h e  

t i m e ,  than i t  i s  t o  t a l k  a b o u t  the t i m e  f o r  an  i n c r e a s e  

of 100. 

- - - - - - - - -  

l i f e t i m e  

121 
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100’ 

110 

121 

133 

‘ 146 

161  

1 7  7 

,195, 

Table  111-3. Neutron M u l t i p l i c a t i o n  

(Li fe t ime = 1 second and k = 1.1) 
I 

T i m e ,  t Neutron Densi ty  
I (seconds) (1.1 x n) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 2  

14 

15 

17  

1 9  

22 

7 sec Q 7  sec 

5 sec 

3 see 

2 sec 

1 sec { ‘Lg71 602 

823) 

44. We could j u s t  as e a s i l y  t a lk  about  t h e  t i m e  i t  takes doubl ing 

t h e  neut ron  d e n s i t y  t o  t r i p l e  i n  v a l u e  o r  t o  

quadruple ,  b u t  t h e  number 2.72 ( r ep resen ted  by e) i s  

g e n e r a l l y  used because i t  s i m p l i f i e s  many ca l cu la -  

t i o n s .  (This  number r ep resen ted  by e has  no exact 

value, b u t  2 .72  is close enough f o r  our  purposes.  

Wr i t t en  o u t  t o  1 5  decimal places, e = 2.718281828459045 

and s t i l l  keeps going.) 
- - - - - - - - -  



4 5 ,  The term p e r i o d ,  t h e r e f o r e ,  i s  u s u a l l y  considered t o  

b e  t h e  t i m e  i t  t a k e s  f o r  t he  neutron f l u x  (populat ion 

o r  d e n s i t y )  t o  change by a f a c t o r  of e ,  about 2.72. 

- - - - - - - - -  

4 6 ,  The symbol T ( s p e l l e d  t a u  and pronounced tow t o  

rhyme wi th  how) is  used t o  r e p r e s e n t  t h e  pe r iod ,  

The re fo re ,  T is  t h e  t i m e  i t  t akes  f o r  t h e  neutron 

f l u x  t o  

, 

- - - - - - - - -  

Change by a f a c t o r  o f  2,72, E- 
47. I f  w e  know t h e  v a l u e  of T ,  then t h e r e  i s  an equa t ion  

which can be used to determine t h e  neu t ron  d e n s i t y  

or t h e  neutron flux a f t e r  a l a p s e  of t i m e ,  

equa t ion  is :  

The 

n = n  
0 

where n i s  the  neu t ron  d e n s i t y  

a t  t i m e ,  t: =: 0 ,  t i s  t h e  amount 
0 

o r  the neu t ron  f l u x  

of t i m e  we want t o  

cons ide r ;  T i s  t h e  p e r i o d  caused by a change i n  k, 

e = 2.72, and n is  t h e  d e n s i t y  o r  f l u x  which w i l l  

exis t  a f t e r  t he  t i m e  i n t e r v a l  equa l  t o  t which is  

any amount of t i m e  we want t o  choose. Both T and 

t are u s u a l l y  expressed i n  s e c o n d s ,  

- - - - - - - - -  

48. To i l l u s t r a t e  t h e  use of t h e  equa t ion ,  l e t  us  assume 

w e  have a neutron d e n s i t y  of 100 neutrons/cm3 at t i m e  

t = 0 and the r e a c t o r  has a pe r iod  of  t = 10 sec. ._  
t/lO sec 

The equa t ion ,  then, is: n = (100)Ce I* 
- - I - - - - - -  
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*- 

49. Now, if we want to know the neutron density 10 s e c  

from ncw, t = 10 sec, t h e  equation would be: 

10 sec 
10 sec 

) = ( l O O > ( e l )  = - n = (100) (e 

Thus, a f t e r  10 sec, the neutron density is 

neutrons/cm3 
- - - - - - - - -  

50. After 20 sec, the neutron density, us ing  the same 

problem as in Frame 48,  is 

You learned that the roper  units of flux are 
However, 

t he  most common usage is t o  cancel to get 
crn/cm3 = l/cm2 and have ai = neutrons/cm2 see, 
often written (p = n cm-’ set"' because the 
typist can put it a l l  on one l i n e ,  The text 
gill conform to this common usage; however, 
please remember how it should be written. 

that 4 = (neutrons/em 5: >(cm/sec). 

__I 

51. Let us now assume that we have a reactor period of 

30 see and an initial n e u t r o n  flux somewhere in t h e  

reactor of 10  n cm-2 see-l, and we want to know t h e  

neutron flux after a time lapse of 90 sec.  The 

equation is: 

90 see 
30 sec 

n = (10>(e  1 = ( l O I ( e 3 ) .  

Now e 3  = 3 x log 2,72 = 3 x . 4 3 4 6  = 1.3038, so 

272, 
272 

7 40 neutrons / cm 

antilog 1.3038 20.1 

n = ( 1 0 ) ( 2 0 , k )  = - n ernq2 sec-l. 
- - - - . . , - - - -  
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of e3 o r  e X where x may be  any 

number can b e  ob ta ined  from va r ious  books 
such as t h e  Handbook of Phys ics  and 
Chemistry o r  from a slide r u l e .  
that you p r a c t i v e  us ing  e i t h e r  logarithms 
o r  sliderule, 

We sugges t  

I I 

52. If n is 2 and I i s  10, a f te r  a time Lapse of 
0 

20 sec n w i l l  be  

- - - - - - - - -  
I I 20 -1 
In = 2 el0 = (2) (%.72) ’  = ( 2 ) ( 7 . 4 )  = 14.81 

53.  Since power level  is  d i r e c t l y  p r o p o r t i o n a l  to e i t h e r  

the neut ron  flux or the neutron density, this same 

type o f  equa t ion  can b e  used t o  c a l c u l a t e  t h e  f u t u r e  

power level of a reactor ,  ( T h i s  i s  because the  

f i s s i o n  rate depends upon t h e  supply of neut rons . )  

The equa t ion  is  P = P et’’ where P i s  t h e  i n i t i a l  
o 0 

power and P i s  t h e  after a time 

lapse of t s e c ,  

5 4 .  L e t  us  assume t h a t  a reactor i s  o p e r a t i n g  a t  a 

power level of 2 Mw (megawatts) and a p e r i o d  of 

30 see i s  e s t a b l i s h e d ,  

one and one-half minutes, t h e  power l e v e l  w i l l  

be  about  (6  Mb7, 20 M w ,  40 Mw, 60 Mw). 

A f t e r  a time lapse QE 

power l e v e l  
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55. It should b e  apparent  t h a t  i f  t h e r e  i s  a s h o r t  

pe r iod  such as 1 o r  2 see, t h e  power l e v e l  (o r  

neu t ron  flux) w i l l  i n c r e a s e  quickly.  

i f  T i s  2 sec and Po is  1 Nw, af ter  10 see, P 

For example, 

w i l l  be  Mw. 

56. I f  t h e  pe r iod  i s  longe r ,  say 20 s e c ,  P,  a f t e r  t h e  

10 sec allowed i n  t h e  above problem w i l l  be only 

57. I f  t h e  pe r iod  is  e s s e n t i a l l y  i n f i n i t e  ( t o o  long t o  

be measured), t h e  power l e v e l  w i l l  

- - - I - - - - -  

I f  the power l eve l  changes a t  a l l ,  t h e  
is  measurable. 

149 

1.65 Mw 

remain 
c o n s t a n t  

58. A shore  p e r i o d  means t h e  neut ron  f l u x  i s  i n c r e a s i n g  

a t  a (slow, f a s t )  rate. The  longer t h e  p e r i o d ,  t h e  

(s lower,  faster) t h e  rate o f  i n c r e a s e ,  A reactor 

which is j u s t  cri t ical .  w i l l  t h e r e f o r e  h a v e  

pe r iod .  

- - - . . . - - - - -  

59. If a r e a c t o r  is  just cr i t ica l ,  i t  w i l l  have an f a s t ,  

i n f i n i t e l y  long pe r iod ,  If t h e  power leve l  i s  

i n c r e a s i n g ,  then t h e  pe r iod  w i l l  b e  p o s i t i v e  such 

as 4-500 sec, 01- +IO0 s e c ,  o r  an even s h o r t e r  pe r iod  

slower , 
an i n f i n i t e  

such as +10 sec. 
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60. I f  the  power l e v e l  is  decreas ing ,  t h e  pe r iod  is  

nega t ive .  

such as -500 s e c ,  b u t  s t i l l  t h e  power is  decreas ing .  

I f  t h e  pe r iod  i s  -10 s e c ,  the power is  decreas ing  

much (s lower,  faster) than i f  T = -500 sec.. 

It may be  s h o r t  such as -10 sec o r  long 

......... 

61. The p o i n t  is  t h a t  a r e a c t o r  which is j u s t  c r i t i c a l  

has  to have an i n f i n i t e  pe r iod ,  I f  the  va lue  of t h e  

per iod  becomes smaller than i n f i n i t e ,  then t h e  power 

and neut ron  d e n s i t y  w i l l  change a t  a rate depending 

on the  pe r iod ;  and i t  w i l l  d.ecrease i f  the per iod  i s  

faster 

is  and i n c r e a s e  i f  t h e  

- - - - - - - I -  

62. By us ing  an  ins t rument  which d e t e c t s  neut rons ,  a va lue  nega t ive ,  

f o r  the neutron popula t ion  can b e  d isp layed  on a 

r eco rde r .  Figure 111-21  shows a s t r i p  of chart 

paper from a r eco rde r  used f o r  this purpose,  The 

ins t rument  i s  ca l led  a log-N reco rde r  because i t s  

c a l i b r a t i o n  g ives  the logari thm of the  neut ron  ~ G P U -  

Eat ion e 

- - - - - P o - -  

6 3 .  Note t h a t  t h e  scale of  F ig .  111-21. has  numbers which 

are no t  evenly spaced, 

s l i d e  rule,  t h e  spac ing  i s  f o r  t h e  logar i thms of t h e  

numbers. On the log-N instrument: s c a l e ,  t h e  spac ing  

i s  f o r  t h e  of t h e  

popula t ion .  

This  i s  because,  as on a 

- - - - - - - - -  

per iod ,  
p os 1 t i v e  

....... ......................................... ....... ........................... ...... ..... 
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6 4 .  By observ ing  t h e  r eco rde r ,  i t  can be determined 

whether o r  n o t  t he  r e a c t o r  power l e v e l  is  s t eady  

wi th  an (m) per iod ,  decreas ing  

wi th  a pe r iod ,  o r  i n c r e a s i n g  wi th  a 

per iod .  

- - - - - - - - -  

6 5 .  Figure  111-22 shows a p i e c e  of c h a r t  paper from a 

r eco rde r  which i n d i c a t e s  t h e  pe r iod  of a r e a c t o r .  

The r e a c t o r  per iod  is t he  t i m e  necessary  f o r  t h e  

neut ron  popula t ion  t o  i n c r e a s e  by a f a c t o r  of e ,  

which is 
- - - - - - - - -  

The d e t a i l s  of t h e  in s t rumen ta t ion  are 
d i scussed  i n  Parr V ,  e n t i t l e d  Instrumenta- 
t i o n  and Cont ro ls .  
i t  i s  enough to know only t h a t  t h i s  i n f o r -  

7 

mation i s  d i sp layed  on r eco rde r s ,  

For our purposes now, 1 
66. I f  w e  d i d  n o t  have a pe r iod  r eco rde r ,  w e  would have 

t o  c a l c u l a t e  t he  pe r iod  by using an equat ion  and 

observing t h e  t i m e  i n t e r v a l  f o r  a change i n  the neut ron  

f l u x  as i n d i c a t e d  on t h e  log-N reco rde r .  

of c a l c u l a t i o n  can be  r e l a t i v e l y  slow; and, when 

ope ra t ing  a r e a c t o r ,  w e  need t o  know every  i n s t a n t  a t  

what r a t e  t h e  neut ron  f l u x  o r  r e a c t o r  power i s  

inc reas ing .  

This  kind 

- - - - - - - - -  

logar i thm,  
neut ron  

i n f i n i t e  , 
nega t ive  , 
p o s i t i v e  

2.72 

... 
.....I.. ......-..... . . . . . ............., -...-......_. . . . . . ..................... . . . . . . . . . . . .:. . _r. . . . . . . . . . . . , . . . . . 
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67. 

68 

69. 

70 a 

7 1 ,  

I n  o r d e r  t o  become f a m i l i a r  w i th  t h e  r e l a t i o n s h i p  

between t h e  neu t ron  f l u x  as i n d i c a t e d  on io log-N 

reco rde r  and t h e  per iod as i n d i c a t e d  on a pe r iod  

r e c o r d e r ,  l e t  us  cons ide r  an equa t ion  which i l l u s -  

trates t h e  re.1ationshi.p ~ 

per iod  r eco rde r  is based on powers of e and t h e  log-N 

Remembering t h a t  t h e  

r eco rde r  i s  based on powers of PO, w e  must have 

some way t o  relate one t o  t h e  o t h e r ,  The r e l a t i o n  

is: .y = 1 o Y / 2 '  3. 

I f  w e  a l low y = t / T ,  the equa t ion  II = n e t/7 can be 
t/ 3 .3 . c  0 

changed t o  n = n *: 10 It i s  easier t o  r e m e m -  

ber i f  w e  wri te  t h e  r a t i o  n / n  = 
o 

0 - - - - - - - - -  

Now, i f  w e  observed t h a t  i t  takes 23 s e c  f o r  the 
.3 T 

neu t ron  f l u x  t o  i n c r e a s e  from 1 t o  10, then s u b s t i -  

t u t i o n  of t = 23 see, n- = 1, and n 5: LO into t h e  
2 3 / 2  .31 10 

U 

equa t ion  - n = 1 0 ~ 1 2 ' 3 ~  w i l l  g i v e  us 
This is  eq?sivalent: n ts 10 = 10 1 O / T  

- - - - - - - - -  

I€ you remember yaur  loga r i thms ,  you should remember 

t h a t  i f  10" = 10 b then a = b. 

by s u b s t i t u t i n g  any number f o r  a and then d e t e r -  

mining the v a l u e  of b. So, i f  10 = 10 , 1 = 

and, s o l v i n g  f o r  T , T -- 

You can v e r i f y  t h i s  

1 O/T 1 -- 3 

S e C ,  
1___ 

- - -  - - - - - -  

I n  t h e  above problem t h e  r e a c t o r  per iod i s  see, l o / ~ ,  

by a f a c t o r  of e every 10 sec ,  

This means that t h e  neutron population is  
10 
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72. I f ,  i n s t e a d  of t h e  above answer, w e  found t h a t  the 

r e a c t o r  pe r iod  was -10 sec, w e  would know t h a t  t h e  

neu t ron  popu la t ion  w a s  

- - - - - - - - -  

10 , 
i n c r e a s i n g  

decreas ing  7 3 .  We have c a l c u l a t e d  t h e  pe r iod  by t iming t h e  i n c r e a s e  

i n  neut ron  popu la t ion  from 1 t o  10, which took 

23 sec; b u t  w e  had t o  w a i t  23  s e c  and then do t h e  

c a l c u l a t i n g ,  whereas i f  w e  had a per iod  r eco rde r ,  we 

would have known s h o r t l y  a f t e r  the i n c r e a s e  s t a r t e d  

what the popula t ion  would b e  23 see l a t e r  o r  any time 

a f t e r  t h e  i n c r e a s e  s t a r t e d ,  

- - - - e - - - -  

74.  Knowledge of che pe r iod  i s  very ,  very Important  

because i t  tells u s  immediately the 

popula t ion  growth rate s o  t h a t  we can p r e d i c t  n a t  

any l a te r  t i m e ,  

- - - - - - - - -  

75. Suppose t h e  neut ron  f l u x ,  @, i n  a r e a c t o r  h a s  gone 

from 1 t o  100 i n  2 3  see. 

t h e  r e a c t o r  w a s  on du r ing  t h i s  t i m e .  

Ca lcu la t e  the pe r iod  that 

n t/2 * 3 1  - = 10 n 
0 

2 3  secj'2.32 - loo -- -_ 10 
1 

We know t h a t :  
7 

100 = 10 , 
2 s o  w e  s u b s t i t u t e  10 i n  the  above problem as: 

neutron 

10I-i l o 2  = 10 

..... " . . . . . . . . . ...,.......... -.-.- .......................................................... ..,...,...., ,, . .. 



76. A p r e d i c t i o n  of t h e  e v e n t u a l  power l e v e l  of a r e a c t o r  

can a l s o  be  made us ing  t h e  same equa t ion  by s u b s t i -  

t u t i n g  power l e v e l  f o r  neu t rons ,  

5 sec 

77. 

t / 2  . 3  T P = P o l o  

L e t  us assume t h a t  a r e a c t o r  is  c r i t i c a l  and o p e r a t i n g  

a t  some power leve l ,  P . Then the. operator  withdraws 

a c o n t r o l  rod s o  t h a t  t h e  power l e v e l  starts i n c r e a s i n g .  

By observing t h e  log-N recorder ,  h e  n o t i c e s  t h a t  the 

power l e v e l ,  P which was 2 kw befo re  he  p u l l e d  t h e  

rod i s  200 kw 30 sec l a te r .  By us ing  t h e  s a m e  equa- 

t i o n  f o r  t h e  neu t ron  f l u x ,  what T d i d  t h e  reactor have 

du r ing  the  i n c r e a s e ?  

0 

0' 

30 see - - 13 sec 
2 . 3 ~  T 

l3 = 6.5 s e c  
2 

78. Note i n  the above problem t h a t  t h e  power change w a s  

from 2 t o  2 x 10 which i s  an i n c r e a s e  by a f a c t o r  

of 2 powers of 10 (2  decades) .  W e  could have w r i t t e n  

our  equat ion:  

2 

t i m e  ( s e e )  
number of decade changes = 

2 , 3 r  ' 

t i m e  (sec) 
T =  

2 . 3  x number of decade changes' 

- - - - - - - - -  
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79.  A f u r t h e r  s i m p l i f i c a t i o n  g ives :  

where 0.44 is 1/2,3; t is  t i m e  i n  sec; and D i s  t h e  

number of 

- - - - I - - - -  

80, I f  a change i n  neutron popu la t ion  from 10 t o  100 is  

1 decade change, g ive  the decade changes f o r  t h e  

fol lowing:  

n 
0 - n Decade Changes - 
2 200 

50 50,000 

15 1,500 

3 30 

-- 

10 100,000 I 

I t  should  b e  po in ted  out t h a t  t h i s  equa t ion  
(-c = 0 . 4 4 t / D )  should b e  used only when 
cons ide r lng  a whole number of decades,  1, 
2,  or 3 ,  e tc , ;  when a f r a c t i o n  sf a decade 
is  to be used, the equa t ion  n. = n et/- [  
should be used. 

0 

decade changes 

83. On a c e r t a i n  s t a r t u p  you n o t e  t.hat the log-N read ing  

goes from 0.005 t o  0.5 i n  20 sec. During t h a t  t i m e  

2 ,  
3 ,  
2, 
1, 
4 

t h e  r e a c t o r  was on a __ period.  

- - - - - I - - -  



1 2 3  

81. Table  111-4 i s  a p a r t i a l  l i s t i n g  of power levels and 

pe r iods  as would be  observed on t h e  r eco rde r s  of 

an  ope ra t ing  r e a c t o r .  Some of t h e  spaces  were l e f t  

b l ank  purposely s o  that you could use  t h e  equa t ions  

g iven  so f a r  t o  determine t h e s e  va lues  and f i l l  i n  

t h e  b lanks  

4.4 sec 

Table  111-4. Power Levels and T 

Number T i m e  
‘5 Log-N Recorder Reading of Decades Interval 

From: To : 

1 10 1 20 sec 

1 100 2 20 see 

1 1,000 3 20 sec 

1,000 100 -1 200 sec 

10 10 - 1 h r  

- 92  sec 40.5 sec 

100 10,000 - 33.0 sec 

3 30 sec I_uI- 

100 

10 - 

- 
- I - - - - - - -  

83 ,  Now t h a t  w e  have c a l c u l a t e d  the  T of a r e a c t o r  by t iming 

the decade. change and us ing  the  equa t ion  r = 

let us cons ide r  the de te rmina t ion  of t h e  rate a t  which 

a decade change occurs  by observ ing  t h e  per iod .  To do 

t h i s  w e  s o l v e  t h e  equa t ion  f o r  - which is  t h e  rate a t  

0 .44( r )  
D ’  

D 
t’ 

which O @ C U r ,  OUP n e w  

equa t ion  is: 

D 0.44 
t T 
- -  - -  
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84.  This  equa t ion  says  t h a t  t h e  number of decade changes 

i n  an  i n t e r v a l  of t i m e  t i s  equa l  t o  0 , 4 4  div ided  by 

t h e  pe r iod  T .  Now t h e  pe r iod  i s  almost  always g iven  

i n  seconds,  b u t  i t  may t a k e  several minutes  f o r  a 

decade change t o  occur;  s o  by mul t ip ly ing  

decade changes 

0.44 60 (sec)  
T (sec) 1 (rnin) 

we g e t  

D 26 
t T 
- = -  

s o  t h a t  now by d i v i d i n g  26 by t h e  v a l u e  of t h e  pe r iod  

( i n  seconds)  w e  can determine  the number of decade 

changes p e r  minute f o r  t h e  neut ron  f l u x  (or t h e  

d e n s i t y ,  o r  t h e  power l e v e l ) .  

85.  In t h e  equa t ion  t_ = - 26 t i s  t i m e  i n  

and T i s  i n  
T ’  

- - - - - - - - -  

minutes ,  
s e cond s 

86, The number of decades p e r  minute  increase i n  t h e  

neu t ron  f lux  i s  a convenient  measure of t h e  “ s t a r t u p  

rate”,  and s o  w e  w i l l  w r i t e  decades p e r  minute 
I 26 We could also w r i t e :  - 
‘I ( i n  sec)’ 

T = 26 x minutes  i t  t a k e s  €or r e a c t o r  
power t o  i n c r e a s e  one decade. 

87. Suppose w e  are observ ing  a LO-sec per iod  on a per iod  

r e c o r d e r ,  then  w e  could s a y  the s t a r t u p  rate is 
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2.6 decades p e r  minute because decades 
p e r  minute = 26/10 = 2.6. 

- - - . ” . - - - - -  

88. If t h e  power l e v e l  i n  Frame 87  w a s  100 kw when t h e  

10-sec pe r iod  w a s  f i r s t  noted,  a f t e r  a minute t h e  

power l e v e l  would have inc reased  

From 100 kw ( o r  0.1 Mw) t o  1 Mw i s  one decade and 

from 1 t o  10 Mw is  ano the r  decade, 

would be at: some l e v e l  between 10 and LOO Mw, 

decades e 
1_1 

So the power 

89. To c a l c u l a t e  where between 10 Mw and 100 Mw t h e  power 

l e v e l  a c t u a l l y  i s ,  we  will need t o  use logari thms.  

The power i n c r e a s e  s t a r t e d  from 100 kw and went t o  

2,6 

above 100 kw. 
I - - - - - - - -  

90, R e c a l l  t h a t  t he  exponent 2 ,6  i s  t h e  loga r i thm of t h e  

number w e  want and OC6 i n d e n t i f i e s  t h e  number because 

i t  is  t h e  man t i s sa  of t h e  number. 

t a b l e  of common logari thms and the  a n t i l o g  i s  th ree -  

nine-eight .  

level  i s  between 

Look up 0 ,6  i n  a 

W e  haxre a l r e a d y  determined t h a t  the power 

so i t  is and ----* 
a c t u a l l y  Mw* 

- - - - - - - - -  
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91. 

92. 

9 3 .  

94.  

A r e a c t o r  which is on a 13-sec per iod  would have a 

s t a r t u p  r a t e  of 2 decades pe r  minute; a pe r iod  of 

26 sec would g i v e  a s t a r t u p  ra te  of 1. decade p e r  

minute,  What t h i s  says  i s  t h a t  if a reactor  i s  on 

a 13-sec per iod ,  then i n  1 min t h e  power l e v e l  would 

i n c r e a s e  from 1 Mw t o  100 Mw or from 10 M k  t o  

1,000 M w ,  e t c . ;  t h a t  i s ,  t h e  power would i n c r e a s e  

by a f a c t o r  of 100 i n  1 min. 

as 26 sec would give a slower s t a r t u p  r a t e ,  which 

would be 1. decade p e r  minute,  SO t h a t  i n  1 min the  

power l e v e l  would i n c r e a s e  from 1 Mw t o  

from 10 Mw to 

A longer per iod  such 

Or 

___I--- 

- - - - - - - - -  

The r e l a t i o n s h i p  between L e a c t i v i t y  and pe r iod  may 

n o t  have occurred t o  you y e t ,  so  l e t  us d i s c u s s  how 

these  two th ings  are r e l a t e d .  

R e a c t i v i t y  is produced by a change i n  the  m u l t i p l i c a -  

t i o n  factor  from unity. 

c a t i o n  f a c t o r  w i l l  change the r a t e  at which the  neut ron  

Any change i n  t h e  m u l t i p l i -  

popula t ion  changes. The 

of change i n  the  neutron 

- 

per iod  descr ibes  the  r a t e  

pepula t fon ,  

- - - - - - - -  

You recall that when a c o n t r o l  rod i s  withdrawn any 

amount from a c r i t i c a l  r e a c t o r  core, i t  causes a 

( p o s i t i v e ,  nega t ive )  r e a c t i v i t y  change (by the 

removal of p o i s o n ) ,  

r e a c t i v i t y ,  t h e  m u l t i p l i c a t i o n  f a c t o r  may be 

inc reased  t o  a value (equal LO, greater than) one, i n  

which ease the neut ron  popula t ion  starts i n c r e a s i n g "  

I n d i c a t i o n s  of these changes can be  observed on l o g 4  

and pe r iod  recorders. 

By in t roduc ing  t h i s  p o s i t i v e  

10 Mw, 
100 Mw, 
39.8 

10 Mw, 
100 Mw 

-.-..- ......... -...- _,...... - ......___. ..................... .,.........__. . _. . . . . . . , . . . . . . . . __, . . . , 



9 5 .  The e f f e c t s  o f  control-rod withdrawal and i n s e r t i o n  

are shown i n  P i g ' s .  111-23 and 111-24, 

- I - - - - - - -  

96. There is a n  i n t e r e s t i n g  t h i n g  about t h e  pe r iod  r e c o r d e r  

c h a r t  (Fig.  111-24)* 

a f t e r  each rod withdrawal ,  t h e  per iod changes from - 
t o  a s h o r t ,  p o s i t i v e  pe r iod  a t  t h e  i n s t a n t  t h e  c o n t r o l  

rod i s  withdrawn; then i t  sett les back t o  a longe r ,  

s t a b l e  p o s i t i v e  pe r iod ,  You can a l s o  see t h a t  when the 

rod is  i n s e r t e d ,  t h e r e  is  immediately a change i n  the 

period t o  a s h o r t ,  negacive pe r iod ;  then i t  set t les  

back t o  a l o n g e r ,  s t a b l e  n e g a t i v e  per iod.  

You will n o t i c e  t h a t  immediately 

- - - - - - - I -  

97. The immediate l a r g e  change i n  t h e  pe r iod  i s  r e f e r r e d  

t o  as a t r a n s i e n t  pe r iod  which i s  of very s h o r t  d u r a t i o n ,  

and the l onge r ,  s t a b l e  pe r iod  is c a l l e d  t h e  s t a b l e  

p e r i o d .  

w e  have been d i s c u s s i n g .  W e  s h a l l  now cons ide r  t h e  

cause of the t r a n s i e n t  pe r iod .  

The s t a b l e  pe r iod  i s  t h e  r e a c t o r  pe r iod  t h a t  
-I__ 

- - - - - - I - -  

98. When a control-rod adjustment is  made t o  i n c r e a s e  t h e  

r e a c t i v i t y  of t h e  c o r e ,  t h e  pe r iod  r e c o r d e r  i n d i c a t e s  

a small p o s i t i v e  p e r i o d  f o r  a very s h o r t  t i m e .  T h i s  

pe r iod  i s  c a l l e d  a - p e r i o d  

- - - - - - I - -  

p o s i t i v e ,  
g r e a t e r  than 

99. After t h e  s h o r t  t r a n s i e n t  p e r i o d ,  the r e c o r d e r  pen 

sett les back t o  an i n d i c a t i o n  of a longe r  pe r iod .  

This p e r i o d  does not: change q u i c k l y  and is thus cal led 

a pe r iod  

- - - - - - - - -  

t r a n s i e n t  
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100. The pe r iod  t h a t  changes qu ick ly  w i t h  a control-rod 

change i s  t h e  pe r iod .  The pe r iod  t h a t  

i s  i n d i c a t e d  a f t e r  t h e  control-rod movement has  been 

made, and remains r e l a t i v e l y  constant, is  t h e  

pe r iod .  

- - - - - - - - s  

101. You w i l l  recall t h a t  i n  a cha in  r e a c t i o n  invo lv ing  

b i l l i o n s  of f i s s i o n  r e a c t i o n s  about 99 and 25/100% 

of t h e  neu t rons  emi t t ed  are r e l e a s e d  t h e  i n s t a n t  

(w i th in  sec)  atoms undergo f i s s i o n .  These 

neu t rons  are c a l l e d  neutrons 

- - _ - - - - - -  

Prompt--If you s a i d  f a s t ,  you had b e t t e r  
review S e c t i o n  2.  

- - - - - - - - -  
E 

102. The o t h e r  0.75% of t h e  f i s s i o n  neutrons are r e l e a s e d  

from f i s s i o n  products  over a perfod of several 

minutes.  These neu t rons  are c a l l e d  

neutrons.  

- - - - - - - - -  

103. It should b e  obvious t h a t  both prompt and delayed 

neutrons can cause f i s s i o n  r e a c t i o n s  resulting i n  

more prompt and delayed neutrons.  

between them i s  the amount of t i m e  i t  t akes  f o r  t h e i r  

The only d i f f e r e n c e  

release from t h e  f i s s i o n  r e a c t i o n .  Prompt neutrons 

are r e l e a s e d  , whereas delayed neu t rons  

are r e l e a s e d  

- - - _ - - - - -  

s t a b  l e  

t r a n s i e n t ,  
s t a b l e  

delayed 

Immediately o r  i n s t a n t a n e m s l y  o r  w i t h i n  

Over a pe r iod  of several minutes ,  
sec  3 

- 



131 

c 

104. There are a c t u a l l y  a t  least s i x  d i s t i n c t  groups of 

delayed neutrons.  These groups are c a t e g o r i z e d  

according t o  the decay h a l f - l i f e  of t h e  f i s s i o n  

products  which e m i t  them, 

t h e s e  groups 

t h a t  f r a c t i o n  of t h e  t o t a l  neu t rons  emi t t ed  which 

are delayed because they come from f i s s i o n  fragments.  

Table 111-5 i s  a l i s t  of 

The “delayed neu t ron  f r a c t i o n ”  i s  

Table 111-5. Delayed Neutron Groups from 235U F i s s i o n  

Half L i f e  Delayed Neutron R e s u l t a n t  Negative 
of E m i t t e r  F r a c t i o n  Reactor Per iod 

(see> (a;  3 Following Scram (see> 

1 54.510 O.OOO2575 G3Q 00 

2 21.840 0 e 8014440 ’ ~ 3 1 ~ 0 0  

3 6.00 0.0012’750 ’L 8.70 

4 2.23  0,0027600 ”.J 3 .  20 

5 

6 

0.496 

0.179 

O.OOO8680 

0. QQ01760 

”J  0.71 

“J 0.26 

3 . 3 .  Prompt C r i t i c a l i t y  

105. It should be pointed out t h a t  i f  t h e r e  were 

neu t rons ,  the increase i n  t h e  neutron f l u x  and, 

t h e r e f o r e ,  t h e  power l e v e l  of a reactor would i n c r e a s e  

at a rate dependent on t h e  prompt-neutron gene ra t ion  

t i m e  ( l i f e t i m e )  which, g e n e r a l l y ,  i s  less than 0.001 see. 

(depending on t h e  moderator and o t h e r  f a c t o r s ) .  

delayed 

- - - - - - - - I  

106. This ra te  of increase of power l e v e l  would b e  almost 

t o o  f a s t  t o  c o n t r o l .  A r e a c t o r  t h a t  operated without  

delayed neutrons would be  (easy, difficult, very 

d i f f i c u l t )  t o  c o n t r o l -  

.- ______........ ~ . .  
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107. A s  long as an.y i n c r e a s e  in k i s  small enough, t h e  

delayed neu t rons  make t h e  e f f e c t i v e  g e n e r a t i o n  

t i m e  for neu t rons  r a t h e r  l o n g ,  Thus, f o r  t h e  

r e a c t o r  t o  b e  c o n t r o l l e d ,  k must be  sma.11 enough 

f o r  t h e  power i n c r e a s e  t o  be  dependent on 

very d i f f i c u l t  

neutrons a 

_ _ - - - - - - -  

108. Figure 111-25 shows the r e l a t i v e  rate. of i n c r e a s e  

i n  power l e v e l  (alsz; n and $ )  whicb  would result i f  

t h e r e  were no delayed neu t rons  as compared to an  

a c t u a l  r a t e  of i n c r e a s e .  

( t h e  b l i n k  of an eye) t h e  power l e v e l  would have 

Mote t h a t  i n  about 0 .1  see 

gone f r o m  100% t o  roughly 2. 
- - . , - - - - - - -  

delayed 

109. The f a c t  t h a t  an a c t u a l  r e a c t o r  does have bo th  prompt 200 

and delayed neu t rons  does not: mean t h a t  i t  cannot 

be hazardous,  Ac tua l ly ,  i t  i s  p o s s i b l e  t o  i n t r o d u c e  

ensugh r e a c t i v i t y  i n  a r e a c t o r  s o  t h a t  i t  i s  c r t t i c a l  

on prompt neu t rons  only. 

c r i t i c a l i t y .  

This i s  c a l l e d  prompt 

110. Prompt c r i t i e a l f t y  i s  a c o n d i t i o n  which should  no t  

b e  allowed t o  QCCUP i n  a r e a c t o r  because power i n c r e a s e s  

would occur too  r a p i d l y  f o r  s a f e  - 
- - - - - - - - 

111. The c o n d i t i o n  f o r  prompt  c r i t i c a l i t y  occurs  when c o n t r o l  or 

o p e r a t i o n  
keffYA o r  k excess i s  inc reased  enough t h a t  k e f f  - 1 
is  equa l  EO t h e  f r a c t i o n  of neu t rons  which are 

delayed. 

for  235U, i s  0.0875. 

This fraction i s  r ep resen ted  by 3 ,  which, 

- - - - - - - ... - 
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120 

100% 

t With 

k Changes from 1 to 1.0005 

t Delayed Ne1 
( ~ 0 . 2 -  see p e r i o d )  

t rons  

(As, I f  ASS Neutrons Were prompt) 

Fig. 111-25. Del.ayed Neutron E f f e c t  on Power Increase 
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h- 

While f3 f o r  2 3 5 U  i s  0.0075, f a s t  neutrons frorr 
sou rces  o t h e r  t han  f i s s i o n  are produced i n  
some r e a c t o r s .  I n  water-moderated r e a c t o r s ,  
t h e  predominant sou rce  of nonfission f a s t  
neutrons 2s t h e  r e a c t i o n  of high-energy 
gamma photons w i t h  t h e  s m a l l  amount of 
deuter ium normally p r e s e n t  i n  water. 
t h e  f i s s i o n  p rocess  i t s e l f  and ve ry  short-  
l i v e d  f i s s i o n  p roduc t s  are sources  of very 
high-energy gamma photons,  t h e  neu t rons  
produced by t h e  gamma photon deuterium i n t e r -  
a c t i o n s  are produced almost s imultaneously 
w i t h  t h e  prompt neutrons from f i s s i o n .  This  
sou rce  of neutrons e f f e c t i v e l y  i n c r e a s e s  t h e  
v a l u e  of t h e  prompt-neutron f r a s c i o n ,  1 - 6, 
and 6 is  e f f e c t i v e l y  lowered. Thus, t h e  

I e f f e c t i v e  delayed-neutron f r a c t i o n  (f i e f ,>  
f o r  2 3 s U  i n  a water-moderated r e a c t o r  u s u a l l y  I 

Since 

k a s  a v a l u e  less than  0.0875. 

112. I n  equa t ion  form when k 

unsafe  c o n d i t i o n  which i s  c a l l e d  

- 1 = 6 ,  w e  have t h e  
e f f  

%ff  --I 113. Since Ak/k i s  equa l  t a  -, f o r  t h e  prcmpt- 
kef€ 

c r i t i c a l  c o n d i t i o n  w e  would have: 

If B = 0.0075, t h e  e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

would b e  1.0075. 

114. It  is shown i n  some textbooks t h a t  f o r  a r e a c t o r  

o p e r a t i n g  on prompt neu t rons  a lone ,  the s t a b l e  

pe r iod  would be  

prompt 
c r i t i c a l i t y  

neutron l i f e t i m e  
=--.-XI 

- 

. .. 
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115. I n  a water-moderated r e a c t o r  such as t h e  ORR, t he  

neutron l i f e t i m e  i s  about 

0.0060; so ,  for a p r o m p t - c r i t i c a l  c o n d i t i o n ,  t h e  

s t a b l e  pe r iod  would be: 

sec and B e f f  i s  

= s e c  
0.0001 s e c  

0.0060 T =  

116. I f  a t  s t a r t u p  something should happen t o  p l a c e  t h e  

ORR on a 0.017-sec per iod  when t h e  power l e v e l  w a s  

100 kw, i n  0.23 sec t h e  power level would be: 

2 0,3/0.017 
1 

t/2 3.c 
P = P (10 

0 
P = 100 kW(l0 = 10 kw x 10 

= lo2 kw x l o 6  
P = l o 8  kw o r  100,000 Mw. 

- - - - - - - - -  

117.  Control  of a r e a c t o r  which i s  prompt c r i t i ca l  would 

be extremely d i f f i c u l t ;  t h e r e f o r e ,  s p e c i a l  p recau t ions  

must b e  taken t o  ensu re  t h a t  t h i s  cond i t ion  never 

occurs  i n  r e a c t o r  ope ra t ion .  

- - - - - _ _ _ -  

118. Some of the  p recau t ions  taken t o  p reven t  prompt c r i t i -  

c a l i t y  i n  a r e a c t o r  are s p e c i a l  c o r e  load ing  procedures ,  

l i m i t i n g  control-rod d r i v e  speeds t o  prevent  fast 

r e a c t i v i t y  i n c r e a s e s  by t h e  c o n t r o l  rods ,  automatic  

r e a c t o r  shutdown dev ices ,  and many o t h e r s ,  

- - - - - - I - -  

0.017 

c 
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119. A keff u n i t  c a l l e d  t h e  "do l l a r "  i s  based upon 8 .  

A d o l l a r  i s  equa l  t o  kef f  - 1 div ided  by B o  
equa t ion  form t h i s  is:  

I n  

kexceSS 
$ =  

is keff - 1 and expres ses  how much where kexceS s 
g r e a t e r  than one t h e  m u l t i p l i c a t i o n  f a c t o r  is. 

120,  A "cent" i s  one-hundredth p a r t  of a d o l l a r .  

r e a c t o r  i s  prompt c r i t i c a l ,  i t  has  a k 
excess  

d o l l a r ,  

would give a neutron m u l t i p l i c a t i o n  of :  

When a 

of one 

If B is  0,0075, a kexceSS of f i f t y  c e n t s  

0.50 x 0,0075 = 0.00375 

($1 (6) = kex 

- 1, w e  would have a k of and s i n c e  k ex - - k e f f  e € €  
1.00375 

121. If w e  have a c r i t i c a l  r e a c t o r  which has  a B e f f  of 

0.0060 and k were t o  be i n c r e a s e d  by one d o l l a r ,  t h i s  

would r e s u l t .  i n  an e f f e c t i v e  m u l t i p l i c a t i o n  factor 

(keff) of , The r e a c t o r  would be 

c r i t i c a l ,  

1.006, 
prompt 
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3 . 4 .  Se l f  T e s t  - 

122. The neut ron  mul t ip ly ing  p r o p e r t i e s  ~f a r e a c t o r  can 

be expressed as e Ak/k is  equa l  

( I f  you made an  i n c o r r e c t  . 
t o  f k e f f  
response,  r e p e a t  Frames 1-6.) 

123 .  An i n c r e a s e  i n  k has  a p o s i t i v e  e f f e c t  on . r e a c t i v i t y ,  

A nega t ive  e f f e c t  on r e a c t i v i t y  r e s u l t s  from kef f  

k.  (If you made an i n c o r r e c t  response,  

r e p e a t  Frames 11-14.) 
- - - - - - - - -  

124.  The a d d i t i o n  of f u e l  t o  a c r i t i c a l  mass results i n  a r e a c t i v i t y ,  
decreas ing  

r e a c t i v i t y .  ( I f  you made an inco r -  

r e c t  response,  r e p e a t  Frames 15-18.) 
- - - - - - - - -  

125. To compensate f o r  va r ious  r e a c t i v i t y  changes i n  a 

r e a c t o r  such as those  due t o  f u e l  burnup, tempera- 

t u r e  e f f e c t s ,  etc. ,  ad jus tments  are made wi th  t h e  

. (If you made an  i n c o r r e c t  - 
response ,  r e p e a t  Frames 19-24,)  

p o s i t i v e  

126.  Neutron l i f e t i m e  i s  t h e  t i m e  i t  t akes  f o r  a neut ron  

to  I ( I f  you made an i n c o r r e c t  

response,  r e p e a t  Frame 38.) 

c o n t r o l  rods  

- - - - - - I - - 
r--- -1 
Be born f r o m  fission, go through t h e  s lowing '  
down p rocess ,  and b e  e i t h e r  absorbed o r  lost 
by leakage.  
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1 2 7 .  The t e r m  "period" is cons idered  t o  be 

( I f  you made a n  i n c o r r e c t  response ,  r e p e a t  

Frames 41-46. ) 

The t i m e  i t  t akes  f o r  t h e  neut ron  popu la t ion  
t o  change by a f a c t o r  of 2.72 ( e ) .  

- - - - - - - - -  
E 

128. I f  t h e  neutron popu la t ion  now i s  n 

and t h e  r e a c t o r  is  on a 10-sec pe r iod ,  t h e  neut ron  

popu la t ion  10 s e c  from now w i l l  be  I 

= 100 neutrons/cm3 
0 

( I f  you made an i n c o r r e c t  response ,  repeat: Frames 47-51 ,>  

l o  sec 

n = 100 e1 = lOO(2.72) = 272 neutrons/cm3 

129.  The power l e v e l  of a reactor w i l l  f n c r e a s e  more 

r a p i d l y  if t h e  per iod  i s  (5 s e c ,  20 s e c ) .  I f  t h e  

r e a c t o r  h a s  an i n f i n i t e  pe r iod ,  t h e  power l e v e l  is  

. ( I f  you made an i n c o r r e c t  response ,  

r e p e a t  Frames 53-61,] 

130. The pe r iod  a reactor has g ives  us  an i n d i c a t i o n  of 

what t h e  n e u t r s n  popula t ion  a t  

any l a t e r  t i m e ,  

r e p e a t  Frame 7 4 , )  

( I f  you made an i n c o r r e c t  response ,  

- - - - - - - - -  

5 s e e ,  
s t eady  



139 

131. I f  t h e  n e u t r o n , f l u x  i n c r e a s e s  from 1 t o  100 w i l l  be  

( 2  decades) i n  23 s e c ,  t h e  p e r i o d  of t h e  r e a c t o r  

is 

response,  r e p e a t  Frames 75-85.) 

( I f  you made an i n c o r r e c t  

- - - - - - - - -  
7 1 

t i m e  - - _c- 23 = 5 set/ 
2.3 x number of decades 2.3 X 2 = 

I I 

132 .  The s t a r t u p  ra te  can b e  expressed i n  decades per 

minute and i n  equa t ion  form i s  equa l  to :  

26 
T(in sec) '  

decades p e r  minute = 

So i f  a r e a c t o r  has a 13-see per iod ,  i n  one minute 

t h e  neu t ron  flux w i l l  i n c r e a s e  from 1 neutron/cm2 see 

to . (If you made an i n c o r r e c t  

response,  r e p e a t  Frames 84-90.) 
- - . . . - - - -  - -  

133 .  The d i f f e r e n c e  between a t r a n s i e n t  and s t a b l e  pe r iod  

i s  t h a t  a t r a n s i e n t  pe r iod  e x i s t s  only f o r  a 

( s h o r t ,  long) i n t e r v a l  of t i m e .  

i n c o r r e c t  r e sponsep  r e p e a t  Frames 97-100.) 

100 n/cm2 s e c  

( I f  you made an 

- - _ - - - - - -  

134. Prompt c r i t i c a l i t y  means s h o r t  

( I f  you made an i n c o r r e c t  response,  r e p e a t  Frame 109.) 
. . . - - - - - - - -  

A r e a c t o r  i s  c r i t i c a l  on prompt neutrons 

L 
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135. When a keff i n c r e a s e  i s  equal t o  t h e  delayed neutron 

f r a c t i o n ,  B, a r e a c t o r  w i l l  b e  

c r i t i c a l .  (If you made an  i n c o r r e c t  response,  r e p e a t  

Frames 111-115.) 
- - - - - - - - -  

136. For a r e a c t o r  w i th  $ = 0.006, a dollar's worth of 

kexcess 
you made an i n c o r r e c t  response,  repeat Frames 119-121.) 

prompt 

i s  e q u i v a l e n t  t o  . ( I f  

0.006 
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SECTION 111-4 

FUEL BURNI.JP 

The purpose of t h i s  s e c t i o n  i s  t o  d i s c u s s  t h e  e f f e c t s  on r e a c t i v i t y  

and r e a c t o r  o p e r a t i o n  due t o  fuel burnup i n  a r e a c t o r .  

4.1. Fuel  Requirements f o r  C r i t i c a l  Mass 

1. Fuel  burnup is t h e  dec rease  i n  t he  f u e l  ( f i s s i o n a b l e  

material) as a r e s u l t  of f i s s i o n  r e a c t i o n s  des t roy ing  

fuel atoms. 

- - - - - - - - -  

2. You should know by now t h a t  t h e r e  i s  a minimum amount 

of f i s s i o n a b l e  material  which i s  r e q u i r e d  b e f o r e  a 

cha in  r e a c t i o n  can b e  s u s t a i n e d .  This  minimum mass 

of f u e l  is c a l l e d  t h e  - 
- - - - - - - - -  

3. When f i s s i o n  r e a c t i o n s  occur ,  atoms of t h e  f i s s i o n a b l e  c r i t i c a l  mass 

material are removed from t h e  supply.  

supply w i l l  become less than  t h e  c r i t i c a l  mass. 

t h i s  occu r s ,  t h e  r e a c t o r  w i l l  become ( s u b c r i t i c a l ,  

c r i t i c a l ,  s u p e r c r i t i c a l )  and w i l l  ( s h u t  down, o p e r a t e ,  

s t a r t  up).  

Eventual ly  t h e  

When 

- - - - - - - - -  

4 .  I n  o r d e r  t o  ma in ta in  cont inued o p e r a t i o n  a f t e r  a 

r e a c t o r  i s  made c r i t i c a l ,  i t  is  necessary t o  have 

some extra  fuel (and c o n t r o l  measures) i n  a d d i t i o n  

s u b c r i t i c a l ,  
shut. down 
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5. The r e a c t i v i t y  e f f e c t  of t h e  e x t r a  f u e l  i s  o f f s e t  by 

-5  t he  c o n t r o l  rods.  A s  t h i s  

e x t r a  f u e l  i s  consumed (burned u p ) ,  c o n t r o l  rods are 

withdrawn s o  t h a t  c r i t i c a l i t y  is  maintained. 

- - - - - - - - -  

6. When t h e  c o n t r o l  rods  have been withdrawn as far as 

p o s s i b l e ,  t h e  con t inu ing  burnup of t h e  f u e l  r e s u l t s  

i n  t h e  r e a c t o r  becoming and s h u t t i n g  

down. 

t h a t  o p e r a t i o n  can b e  resumed. 

A new supply of f u e l  must then b e  added so  

- - . , , - I - - - -  

7. Now you might a sk ,  "Why d o n ' t  w e  load enough e x t r a  

f u e l  i n t o  the  core i n i t i a l l y  s o  t h a t  w e  would o p e r a t e  

f o r  very long pe r iods  of t i m e ? "  

d e s i r a b l e ,  b u t  t h e  c o n t r o l  rods can c o n t r o l  only s o  

much r e a c t i v i t y .  I f  w e  were to p l a c e  more f u e l  i n  

t h e  co re  %han the c o n t r o l  rods  could handle ,  t hen  

This  would be  

would be g r e a t e r  t han  one; even wi th  t h e  rods kef f 
i n s e r t e d ,  t h e  neutron popu la t ion  would s t a r t  i n c r e a s i n g ;  

and t h e r e  would b e  no way t o  s t o p  t h e  power-level 

i n c r e a s e  s o  t h e  r e a c t o r  would m e l t  down, 

8. I t  is  g e n e r a l  p r a c t i c e  t o  l i m i t  t h e  amount of 

a v a i l a b l e  t o  the  c o r e  t o  one-half 

of t h e  amount t h a t  t h e  poisons i n  t h e  c o n t r o l  rods 

can balance.  This  p r a c t i c e  is  fo l lowed because of 

c o n s i d e r a t i o n s  f o r  s a f e t y .  A l a r g e  e r r o r  i n  a f u e l  

loading could s t i l l  be c o n t r o l l e d ,  o r  f a i l u r e  of h a l f  

the control rods would not prevent  t he  r e a c t o r  from 

being s h u t  dorm. 

- - - - - - - - -  

c r i t i c a l  mass 

poison 

s u b c r i t i c a l  
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9. Limit ing t h e  amount of r e a c t i v i t y  a v a i l a b l e  t o  a r e a c t i v i t y  

co re  t o  one-half t h e  control-rod r e a c t i v i t y  c o n t r o l  

c a p a b i l i t y  is  g e n e r a l l y  r e f e r r e d  t o  as a shutdown 

-- f a c t o r  of 2--since t h e  control-rod r e a c t i v i t y  worth 

i s  as much as t h e  maximum 

r e a c t i v i t y  which can b e  g iven  t o  t h e  core .  

10.  A shutdown f a c t o r  of 3 would mean t h a t  t h e  r e a c t i v i t y  two t i m e s  o r  
twice 

worth of t h e  c o n t r o l  rod i s  e x a c t l y  - 
t h e  r e a c t i v i t y  worth of t h e  excess  f u e l  loaded i n t o  

t h e  core .  

- - - - _ _ -  - -  

11. A t  t h e  ORR Reactor ,  f o r  example, a shutdown f a c t o r  t h r e e  t i m e s  

of 2 imp l i e s  t h a t  t h e  r e a c t o r  must no t  become c r i t i -  

ca l  u n t i l  a l l  of t h e  c o n t r o l  rods ( 6 ) ,  when withdrawn 

t o g e t h e r ,  are a t  l eas t  halfway ou t  of t h e  co re .  

- - " . - - - - - -  

1 2 .  A f t e r  c r i t i c a l i t y  is  e s t a b l i s h e d  i n  a r e a c t o r ,  

withdrawing a c o n t r o l  rod s l i g h t l y ,  t o  make a posi-  

t i v e  r e a c t i v i t y  change SO t h a t  k becomes g r e a t e r  

t han  one, causes t h e  power l e v e l  t o  

When t h e  power i s  at: t h e  d e s i r e d  level ,  t h e  c o n t r o l  

rod is  i n s e r t e d  j u s t  enough t o  s t o p  t h e  p o s i t i v e  

per iod and t o  r e e s t a b l i s h  c r i t i c a l i t y  (k = 1 and 

'r = m). 

- - - _ - . . . - - -  
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4 .2 .  Fuel  Loading 

13. A s  t h e  r e a c t o r  o p e r a t e s ,  many f i s s i o n  r e a c t i o n s  i n c r e a s e  

occur'. The f u e l  is  consumed (-Ak/k e f f e c t )  a t  a 

f a i r l y  uniform r a t e ,  and t h e  c o n t r o l  rods are 

g radua l ly  withdrawn t o  g ive  a +Ak/k e f f e c t ,  which 

e x a c t l y  ba lances  t h e  e f f e c t  of the - 
consumed. A t  t h e  ORR, the c o n t r o l  rods  are 

withdrawn a t  a unlform r a t e  of 2.0.5 i n .  pe r  day 

t o  compensate f o r  f u e l  burnup, 

- - - - - - - - -  

f u e l  14 .  In  o r d e r  f o r  a r e a c t o r  t o  o p e r a t e  a t  a 30-Mw hea t -  

ou tput  power l e v e l ,  95 -5  x 1016 f i s s i o n s  must occur  

each second--this means t h a t  955,000,000,000,000,000 

atoms of 235U tire consumed every second, 

of 2 5 5 U  has  about  1 2  x 

One pound 

atoms. 

- - - _ - - - - -  

15. I n  t h e  a c t u a l  ope ra t ion  of t h e  ORR Reactor ,  about 

1.26 g of 235U are l o s t  f o r  each megawatt-day (Mwd) 

of ope ra t ion ,  

30 x 1.26 = 37.8 g of 235U.  

Mwd, only 1.07 g/Mwd a c t u a l l y  f i s s i o n  because only 

about 85% of t h e  f u e l  atoms which absorb neut rons  

undergo , The o t h e r  15% remain as 

Operat ion a t  30 Mw f o r  one day consumes 

Of t h e  1 - 2 6  g l o s t  pe r  

2 3 % "  

- - - - - - - - - 

16 .  The ORR w i l l  gene ra l ly  o p e r a t e  f o r  about  14 days 

b e f o r e  r e f u e l i n g  i s  requ i r ed .  Therefore, 1 4  days 

x 37 .8  g/day i s  a t o t a l  of .~529 g (a l i t t l e  over  

one pound) of fuel burnup €or  1 4  days of ope ra t ion  

a t  30 Mw. (About 454 g = 1 l b . )  

- - - - - - - - -  

f i s s i o n  
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__c_ 

When an  atom of  2 3 5 U  undergoes f i s s i o n ,  about 
200 Mev of energy i s  r e l e a s e d  t o  produce h e a t .  
If w e  had 1 g of 2 3 5 U ,  and i f  over  a pe r iod  of 
24 h r s  a l l  of t h e  atoms underwent f i s s i o n  a t  a 
cons t an t  rate,  a pcwer l e v e l  of 1 Mw would 
r e s u l t  (1,000,000 w a t t s ) .  To g ive  you a eom- 
p a r i s o n ,  t h e  energy release due t o  f i s s i o n  of 
a l l  t h e  atoms i n  1 g of  235LJ i s  e q u i v a l e n t  t o  
t e n  thousand 100-watt l i g h t  bu lbs  burning f o r  
an e n t i r e  day. 

- - - - - - - - -  

1 7 .  The l i f e t i m e  of a f u e l  element w i l l  obviously depend 

on t h e  rate a t  which t h e  f u e l  i s  being used--that is, 

t h e  power level of ope ra t ion .  More f i s s i o n  r e a c t i o n s  

p e r  second are r e q u i r e d  f o r  a h i g h e r  power l e v e l ,  

r e s u l t i n g  i n  a f a s t e r  f u e l  ra te  I) 

P 

Another f a c t o r  which a f f e c t s  t h e  u s e f u l  lffe- 
t i m e  of a f u e l  element i s  t h e  maximum burnup 
a l lowab le ,  It may b e  10% o r  40%, e t c .  Qbvi- 
ous ly ,  i t  could n o t  be 100% because of t h e  
c r i t i c a l  mass requirement.  

1.8. I n  t h e  ORR, when about 35% of t h e  235U i n  a f u e l  

element has  been consumed, t h e  element is  considered 

t o  b e  "depleted",  It i s  then  r ep laced .  I n  the  

HFLR t h e  fuel d e p l e t i o n  or  __ 
31% 

i s  about 

- - - - - - - - -  

burnup 
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19. There are several o t h e r  f a c t o r s  which a f f e c t  t h e  

l i f e t i m e  of a f u e l  element. One of t h e  more impor- 

t a n t  i s  the .accumulat ion of f i s s i o n  prod.ucts. Some 

of the f i s s i o n  products  are s t r o n g  neutron abso rbe r s  

such as 3 3 5 X e  and. 14.9Sm. A s  t h e  cha in  r e a c t i o n  

proceeds,  some of t h e s e  products  accumulate i n  t h e  

f u e l  element,  t hus  tending t o  ( l eng then ,  s h o r t e n )  

t h e  l i f e t i m e .  

o t h e r s  do mot.) 

(Xenon-135 decays away b u t  149Sm and 

- - - _ - - - - -  

20, When a f u e l  element is  f i n a l l y  considered t o  b e  

dep le t ed ,  t h a t  i s ,  when i t  is considered uneconomical 

t o  u se  i t  f u r t h e r ,  t h e  element i s  s t o r e d  f a r  a 

"cooling" pe r iod  (I 
- - - - - _ -  - -  

21.  This  coo l ing  pe r iod  ( u s u a l l y  90 days) a l lows t h e  

s h o r t e r  h a l f - l i v e d  r a d i o a c t i v e  i s o t o p e s  t o  decay 

away s o  that: t he  r a d i a t i o n  through t h e  s h i e l d i n g  of 

a sh ipp ing  c o n t a i n e r  is  as l o w  as i s  p r a c t i c a l .  

element is  then  shipped t o  a p rocess ing  p l a n t  and 

t h e  unused 235U is  reel-aimed f o r  r euse .  

The 

I - - _ _ - -  - -  

22. The e f f e c t  on t h e  r e a c t i v i t y  when a f u e l  element r ep lace -  

ment i s  made can b e  e s t ima ted  from t h e  equat ion,  

where Ak/k i s  t h e  r e a c t i v i t y ,  AN i s  t h e  d i f f e r e n c e  i n  t h e  

fuel mass o€ t h e  two elements exchanged, M i s  t h e  total-  - -  
f u e l  m a s s ,  +i/$c i s  t h e  r a t i o  of the neutron f l u x  a t  t h a t  

burnup 

s h o r t e n  

p o s i t i o n  t o  t h e  average f l u x  i n  t h e  entire core ,  and C 

i s  a c o n s t a n t  found by experiment.  (For  t h e  ORR, C 

0.35. ) 

t h e  core t o  t h e  ouker r eg ions  of t h e  core .  

The f l u x  may va ry  c.onsiderably from t h e  c e n t e r  of 
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23. L e t  us  assume t h a t  t h e  f l u x  a t  a p a r t i c u l a r  p o s i t i o n  

i n  t h e  co re  is  t h e  same as t h e  average f l u x  i n  t h e  - -  
c o r e ,  This would mean t h a t  = 1, Now suppose 

a f u e l  element con ta in ing  180 g of 2 3 5 U  were removed 

from t h a t  co re  p o s i t i o n  and r ep laced  w i t h  an element 

con ta in ing  200 g of 2 3 5 U .  The mass of 235U i n  t h e  

co re  b e f o r e  t h e  change w a s  5,000 g (about 10 l b s ) .  

The r e a c t i v i t y  a d d i t i o n  would be: 

Ak 200 - 180 ~ - = 0.35 x 
5,000 k 

24. Now suppose tha t  f o r  t h e  same co re  and p o s i t i o n ,  t h a t  

i s ,  M = 5,000 g ,  Oi/TC = I, a new f u e l  e lement  con- 

t a i n i n g  200 g of 2 3 5 U  w a s  allowed t o  accumulate a 

0,0014 - 

burnup of 30 g. The l o s s  of r e a c t i v i t y  due t o  t h e  

burnup of t h i s  element would b e  minus 

----I 7 

I 1 

_ - - - - - - - -  

2 5 ,  Suppose a n  ORR-type r e a c t o r  con ta in ing  4000 g of 

2 3 s U  had a 5% r e a c t i v i t y  decrease. due t o  f u e l  burnup. 

How many grams of 335U would have t o  b e  added t o  t h e  

co re  t o  compensate f o r  t h i s  burnup? 
- -  

Assume $)i/$)c = 1 

and M = 4,000. 

Ak M - F 0,05  0.35 x 
k 4,000 

M = A__. Oo0 O5 z 570 grams 
0- 35 

..... 
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4 . 3 .  S e l f  Test 
Iy 

26. Fuel  burnup i s  ( I f  you made an 

i n c o r r e c t  response,  repeat Frame 1.) 
_ - - - - - - - -  

i n  f u e l  as a r e s u l t  of f i s s i o n  

- - - - - - I - -  

2 4 .  To ma in ta in  o p e r a t i o n  a f t e r  a, r e a c t o r  is  made c r i t i c a l ,  

e x t r a  f u e l  must b e  provided i n  t h e  co re  i n  a d d i t i o n  t o  

t h e  . ( I f  you made an 

i n c o r r e c t  response,  r e p e a t  Frame 2 . )  

- - - - - - - - -  

28. Continued f u e l  burnup i n  a r e a c t o r  e v e n t u a l l y  r e s u l t s  

i n  a shutdown because - . ( I f  you made 

c r i t i c a l  mass 

an i n c o r r e c t  response,  r e p e a t  Frames 5-8,) 

- I _ - - _ -  - -  

The amount of f u e l  becomes less than  th@ 
c r i t i c a l  mass. 

- - - - - - - - -  
r- 
I 

29. A shutdown f a c t o r  of 2 means 

( I f  you made an i n c o r r e c t  response,  repeat 

Frame 9 . )  

The control-rod r e a c t i v i t y  worth is twice as 
much as the a v a i l a b l e  r e a c t f v i t y  provided i n  
t h e  c o r e ,  

- - _ - I - - o -  
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30. 

31. 

32.  

33. 

I n  normal r e a c t o r  o p e r a t i o n ,  c o n t r o l  rods  are 

withdrawn g r a d u a l l y  ( a t  a f a i r l y  uniform r a t e )  t o  

compensate f o r  . ( I f  you 

made an i n c o r r e c t  response,  repeat Frames 12-14.) 

- - - - - - - - -  

The f u e l  burnup rate i s  faster f o r  a (high,  l o w )  f u e l  burnup 

power l e v e l .  

a ( s h o r t ,  long) fuel-element l i f e t i m e .  (If  you 

made an i n c o r r e c t  response,  r e p e a t  Frame 17.) 

A f a s t  f u e l  burnup ra te  results i n  

- - - - - - - I -  

The purpose of a coo l ing  pe r iod  f o r  a dep le t ed  f u e l  

element is  t o  ( I f  you 
high,  
s h o r t  

made an i n c o r r e c t  response,  r e p e a t  Frame 21. )  

- - - - . . - - - - -  

, A l l o w  t h e  s h o r t - h a l f - l i f e  r a d i o i s o t o p e s  to 
decay s o  t h e  r a d i a t i o n  through t h e  sh ipp ing  
c o n t a i n e r  s h i e l d i n g  i s  as low as p r a c t i c a l .  

_ - - - - - - . . a -  

I f  t h e  neutron f l u x  a t  a p a r t i c u l a r  p o s i t i o n  i n  an 

ORR co re  i s  t h e  same as t h e  average f l u x  of t h e  core  

and a 190-g eleme.nt i s  r ep laced  wi th  a 200-g element,  

what i s  t h e  p o s i t i v e  r e a c t i v f t y  e f f e c t ?  

M = 5,000 grams. 

repeat Frames 22-25.) 

Assume 

(If you made an i n c o r r e c t  response,  

I 2oo - I 9 O  = 0.35 x _II lo = 0.00071 
5,000 5,000 

1% = 0.35  

I 
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SECTION 111-5 

XENON AND SAMARIUM POISONING EFFECTS 

The purpose of t h i s  s e c t i o n  is  to d i s c u s s  t h e  accumulation of neutron- 

absorbing f i s s i o n  products  i n  a r e a c t o r  and t h e  r e s u l t i n g  effect 0n r e a c t o r  

o p e r a t i o n ,  

I 5.1. Fission-Product Poisons 

1. When 235U atoms undergo f i s s i o n ,  f i s s i o n  fragments 

(two o r  t h r e e  smaller atoms p e r  f i s s ion - -usua l ly  two)  

are formed which s t a y  i n  t h e  f u e l  element- 

t h e s e  f iss ion-fragment  atoms are r a d i o a c t i v e  and 

decay t o  form more s t a b l e  atoms. 

Most of 

- - - - - - - - -  

2. Many of t h e  f i s s i o n  fragments are SO u n s t a b l e  t h a t  

they must e m i t  several b e t a  p a r t i c l e s  i n  success ion  

b e f o r e  becoming stable atoms. You w i l l  r e ca l l  t h a t  

each emission of a b e t a  p a r t i c l e  from t h e  nucleus of 

an atom changes t h e  atom t e  a d i f f e r e n t  element. 

- - - - _ - - - -  

3. TIae atoms produced by t h e  f i s s i o n  process, whether 

they have a l r e a d y  decayed t o  s t a b l e  forms o r  n o t ,  

are r e f e r r e d  to as " f i s s i o n  products".  

- - - - - - - - -  

4 .  The accumulation of neutron-absorbing f i s s i o n  

products  i n  t h e  co re  has a n e g a t i v e  r e a c t i v i t y  

e f f e c t .  The re fo re ,  reactor o p e r a t i o n  i s  a f f e c t e d  

by the accumulation of neutron-absorbing 
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5. Two of t h e  f i s s i o n  products  which very s e r i o u s l y  

a f f e c t  t h e  o p e r a t i o n  of a r e a c t o r  are 1 3 5 X e  and 

1498m. 

f i s s i o n  
pro duc t s  

6. Xenon-135 and 149Sm are ve ry  s t r o n g  neutron abso rbe r s ;  

t h e r e f o r e ,  t h e  accumulation of t h e s e  f i s s i o n  products  

i n  t h e  f u e l  r e g i o n  of a r e a c t o r  w i l l  have a l a r g e  

r e a c t i v i t y  e f f e c t .  

7. The a b i l i t y  t o  absorb neu t rons  and t o  cause a n e g a t i v e  

r e a c t i v i t y  e f f e c t  should be appa ren t  a f t e r  looking a t  

the va lues  of t h e  neu t ron  a b s o r p t i o n  c r o s s  s e c t i o n s .  

Xenon-135 has  a microscopic  neutron-absorpt ion c r o s s  

s e c t i o n  of about  3 m i l l i o n  "barns". 

a neu t ron  a b s o r p t i o n  c r o s s  s e c t i o n  of %40,80O "barns". 

A s  a comparison, t h e  neutron-absorpt ion c r o s s  s e c t i o n  

of hydrogen (moderator) is about 0.3 ba rns .  You w i l l  

recal l  t h a t  a "barn" i s  a unit, which r e p r e s e n t s  

10-24 cm2. 

n e g a t i v e  

Samarium-149 has  

- . . . - - - - - - -  

8. The s t r o n g e s t  poison of the two f i s s i o n  p roduc t s ,  

13515, and 149~m, is 
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5.2. Buildup and Removal 

9. L e t  us f i r s t  cons ide r  lb9Srn,  This  poison is  formed 135xe 

from t h e  r a d i a t i v e  decay of t h e  f i s s i o n  product  

149Pm. Promethium-149 i s  a 0" emitter,  You w i l l  

recall  t h a t  for t h e  nucleus of an atom t o  e m i t  a 

e', a i n  t h e  nucleus must change t o  

a p ro ton  and a n e g a t i v e  e l e c t r o n  (am> which i s  

emit ted.  The pro ton  l e f t  i n  t h e  nucleus changes t h e  

element t o  t h e  next h i g h e r  element i n  t h e  p e r i o d i c  

c h a r t  of t h e  elements ,  which i s  

10, About 1 .4% of all t h e  f i s s i o n  r e a c t i o n s  r e s u l t  i n  neutron,  
samarium 

t h e  formation of 1Lb9Pm which is  r a d i o a c t i v e  and e m i t s  

a 

The h a l f - l i f e  of Ib9Pm i s  5 3  h r s ,  b u t  1 4 9 S ~  is  

s t a b l e ;  i t  does not decay, The equa t ion  which says  

p a r t i c l e  t o  decay t o  149Sm. 

t h e  same t h i n g  is:  

1.4% of f i s s i o n s  ---+ I4'Prn 53 hrs* 1 4 9 S ~  ( s t a b l e )  

- - - - - - - - -  

11, Some 135Xe is  formed directly from f i s s i o n  i n  about 

0,3% of t h e  f i s s i o n s ,  b u t  most o f  i t  i s  formed from 

t h e  r a d i a t i v e  decay of t h e  f i s s i o n  product  i351. 

1 2 .  Iod ine  i s  element 53 and xenon i s  element 54. I n  

o rde r  t o  change from element 5 3  t o  element 5 4 ,  a 

must b e  added t o  t h e  nucleus,  I n  

this case a neu t ron  must change t o  a 

and an  which i s  emi t t ed  i n  a decay 

process  c a l l e d  b e t a  decay, 

b e t a  o r  $" 
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13. Xenon-135 i s  formed p r i m a r i l y  from t h e  

- of iodine-  

- - I - - - - - -  

14.  About 5.6% of t h e  t o t a l  f i s s i o n  r e a c t i o n s  r e s u l t  i n  

t h e  formation of 13%, which i s  r a d i o a c t i v e  and has  

a h a l f  l i f e  of 6 . 7  h r s .  Iodine-135 e m i t s  a 

p a r t i c l e  t o  decay t o  1 3 5 X e .  

15. You w i l l  recal l  t h a t  p ro tons  and neutrons have ve ry  

n e a r l y  t h e  same mass. The mass number i n  t h e  above 

i l l u s t r a t i o n  i s  f o r  xenon as w e l l  as f o r  

i od ine .  
- - _ - - - -  - -  

16. Xenon-135 is  a l s o  r a d i o a c t i v e  and has  a h a l f  l i f e  of 

9.2 h r s .  It emits a b e t a  p a r t i c l e  t o  decay t o  

cesium- . 
- - - - - - - - -  

17. So you can see t h a t  a t  t h e  same t i m e  t h a t  f i s s i o n  

products  are be ing  formed, they are a l s o  undergoing 

"loss" o r  "removal" p rocesses  by e i t h e r  r a d i a t i v e  

decay o r  by neu t ron  a b s o r p t i o n .  

- - - - - - - . . . . -  

18. These processes  do n o t  a c t u a l l y  p h y s i c a l l y  remove 

atoms, b u t  they do change them to o t h e r  types of 

atoms. For o u r  purposes ,  then,  w e  can cons ide r  t h e  

o r i g i n a l  atoms t o  have been l o s t  or removed. 

_ - _ _ _  - _ - -  

proton,  
pro ton,  
e l e c t r o n  o r  B' 

b e t a  decay, 
135 

b e t a  

135 

135 
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L 

19. 

20. 

2 1  I* 

22. 

23, 

Obviously, s i n c e  bo th  of t h e  poisons have l a r g e  

neutron abso rp t ion  c r o s s  s e c t i o n s ,  they both w i l l  

r e a d i l y  

( t ransformed) t o  become d i f f e r e n t  types of atoms, 

u s u a l l y  w i t h  a lower neutron-absorpt ion cross s e c t i o n .  

neu t rons  and thus  b e  transmuted 

- - I - - - - - -  

Since  149Srn is  n o t  r a d i o a c t i v e  and does not  decay, 

t h e  only KemoWaP p rocess  i s  the  t r ansmuta t ion  due to 

When 149Sm absorbs a neutron,  i t  i s  transformed i n t o  

150Sm, which does n o t  r e a d i l y  absorb neu t rons ;  so  t h e  

149Sm can b e  considered as having been removed. By 

absorbing a neu t ron ,  149Sm i s  transformed t o  a less 

absorbing atom and may be  considered as be ing  

from t h e  f u e l  region.  

I - . " s - - - - -  

When 149Sm absorbs a neutron, i t  remains samarium 

because t h e  number of 

has  n o t  changed. However, its has 

inc reased  by one; and w h i l e  i t  is not  a d i f f e r e n t  

e lement ,  it is  a d i f f e r e n t  

and thus  has  d i f f e r e n t  c h a r a c t e r i s t i c s ,  i n c l u d i n g  

neu t ron  abso rp t ion  CFBSS s e c t i o n .  

i n  the  nucleus 

of samarium 

Xenon-135 i s  r a d i o a c t i v e  and decays t o  a less 

absorbing atom (135Cs) or can absorb a neutron and 

become a different, less absorbing xenon atom. 

Thus 135Xe is  removed both by r a d i a t i v e  

and by 

absorb 

neutron. 
abso rp t ion  

removed 

pro tons 
mass, 
i s o t o p e  o r  
atom 
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24.  The r a d i a t i v e  decay of 135Xe r e s u l t s  i n  t h e  forma- 

t i o n  of 

- - - - - - - - -  

25. The neutron-absorpt ion c r o s s  s e c t i o n  of 135Cs i s  s o  

small  t h a t  it: can b e  neg lec t ed .  So, t h e  neutron- 

absorbing a b i l i t y  of t h e  13sXe atom is  removed when 

i t  i s  transformed i n t o  135Cs by - 
- I - - - - - - -  

26. The a b s o r p t i o n  of a neu t ron  by 1 3 5 X e  t ransforms i t  

i n t o  1 3 6 X e ,  which a l s o  has  such a s m a l l  neutron- 

a b s o r p t i o n  c r o s s  s e c t i o n  t h a t  i t  can b e  ignored,  

The re fo re ,  135Xe is removed by 

and by 

27.  Because t h e r e  are removal p rocesses ,  t h e  accumulation 

of t h e s e  poisons du r ing  o p e r a t i o n  cont inues u n t i l  t h e  

removal rate equa l s  the formation rate. 

occur s ,  t h e r e  w i l l  b e  no f u r t h e r  change i n  t h e  amount 

of t h e s e  poisons p r e s e n t  because t h e  

equa l s  t h e  

be ing  removed as f a s t  as they are be ing  formed. 

When t h i s  

ra te  

rate and t h e  poisons are 

28. When t h e  poison formation rate equa l s  t h e  removal 

rate, t h e  poison i s  s a i d  t o  b e  i n  "equilibrium". 

decay, 
neutron 
abso rp t ion  

135cs 

b e t a  decay o r  
rad i a t i v e  
decay 

neutron 
abso rp t ion ,  
c a d i  a t ive  
decay 

formation,  
removal 

29, The e q u i l i b r i u m  c o n c e n t r a t i o n  of xenon o r  samarium 

occurs when I 

. . . . . . . . . 
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I I 

The removal rate i s  t h e  same as t h e  forma- 
t i o n  o r  "buildup" rate. 

I i 
30. Equil ibr ium xenon o r  samarium r e s u l t s  i n  a cons t an t  

n e g a t i v e  r e a c t i v i t y  e f f e c t  (poisoning) .  
- - - - - - - - -  

10s t due 
excess  31. The amounts of r e s e r v e  r e a c t i v i t y  o r  k 

t o  e q u i l i b r i u m  xenon and e q u i l i b r i u m  samarium are 

d i f f e r e n t ,  p r i m a r i l y  because of t h e  d i f f e r e n c e  in t h e  

formation and removal p rocesses  and t h e  neutron- 

abso rp t ion  c r o s s  s e c t i o n s .  
- - - - - - - - -  

32. The equ i l ib r ium poisoning e f f e c t  of ILt9Sm w i l l  reach 

e s s e n t i a l l y  a c o n s t a n t  v a l u e  f o r  a given r e a c t o r  

f u e l ,  -0.01 Ak/k, r e g a r d l e s s  of t h e  neu t ron  f l u x  

(power l e v e l  of o p e r a t i o n )  if t h e  f u e l  c o n c e n t r a t i o n  

does n o t  change. 

- - - _ _ - -  - -  

33. The e q u i l i b r i u m  - e f f e c t  due t o  

I3'Xe, however, i s  g r e a t l y  a f f e c t e d  by t h e  neu t ron  

f l u x  n 

3 4 .  The poisoning e f f e c t  of e q u i l i b r i u m  X e  and Sm must 

b e  compensated f o r ,  as is  done f o r  f u e l  burnup, by 

loading 

t o  t h e  c r i t i c a l  mass. 

poisoning 

f u e l  i n t o  t h e  core i n  a d d i t i o n  

- - _ _ - - - - -  
R 
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F 

35. Equi l ibr ium Sm i s  reached i n  a h igh- f lux  r e a c t o r  

(Q - 
t i o n ,  whereas equ i l ib r ium X e  i s  reached a f t e r  about 

1 day of ope ra t ion .  

e x t r a  o r  
excess  

n/cm2 * s e c )  a f t e r  about 7 days of opera- 

- - - - - - - - -  

36. F igure  111-26 shows t h e  rate of bu i ldup  t o  e q u i l i -  

brium X e  as compared t o  t h e  bui ldup  of Sm f o r  a 

r e a c t o r  ope ra t ing  a t  a neut ron  f l u x  l e v e l  of 

neut rons  cm-‘ sec-’. 

Negat ive 
React iv i t y 

Ak 
( - -Q 

- 
c____c- 

--”- 

I 
I I 1 I 1 I 

1 day 7 days 

F ig .  111-26 .  X e  and Sm Buildup 

- - - - - - - - -  

37. F igure  111-27 shows, roughly,  t h e  r e l a t i o n s h i p  between 

t h e  equ i l ib r ium X e  poisoning and the  neut ron  f l u x  of  

r e a c t o r s .  T h i s  i s  an i n d i c a t i o n  of t h e  amount of f u e l  

t h a t  has t o  be  added t o  compensate f o r  t h e  equ i l ib r ium 

X e  . 
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t l e o o  t 0.10 

r 

0.01 q u i l i b r i u m  X e  

0 m 001 

5 

N e  ga t i v  e 
React i v i  t y  

Fig.  111-27. Equil ibr ium Xenon f o r  D i f f e r e n t  Power Levels  

38. The i n i t i a l  bu i ldup  of xenon t o  t h e  equ i l ib r ium v a l u e  

can be observed i n d i r e c t l y  q u i t e  e a s i l y  i n  r e a c t o r s  

o p e r a t i n g  a t  neutron f l u x e s  of 1013  neu t rons  cm-2 sec-l 

o r  g r e a t e r .  I n  t h e  ORR, f o r  example, a f t e r  t h e  opera- 

t i n g  power l e v e l  has  been reached,  t h e r e  is a f a i r l y  

r a p i d  withdrawal of t h e  c o n t r o l  rods f o r  about 24 h r s  

t o  compensate f o r  t h e  xenon bui ldup t o  t h e  equ i l ib r ium 

l e v e l .  The rod withdrawal r a t e  t o  compensate f o r  t h i s  

bu i ldup  i s  about 3 i n .  t h e  f i r s t  day. A f t e r  xenon 

equi l ibr i t im i s  reached,  t h e  c o n t r o l  rods are withdrawn 

a t  t h e  rate of about 1/2 i n .  p e r  day t o  compensate 

f u e l  burnup. This is shown i n  Fig.  111-28. 

f o r  

39. Once t h e  equ i l ib r ium xenon concen t r a t ion  has  been 

reached,  i t  w i l l  remain approximately c o n s t a n t  u n l e s s  

the r e a c t o r  power l e v e l  is  changed. 

- - - - - - - - -  

Ak 
(- 
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F i g .  111-28. Cycle XXTI; Rod P o s i t i o n  vs  Time 
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5.3. E f f e c t  of Shutdown on Poison Equi l ibr ium 

40. When t h e  r e a c t o r  is s h u t  down, a p e c u l i a r  t h ing  occurs .  

I n s t e a d  of t h e  amount of xenon and samarium decreas ing  

when f i ss ion- f ragment  product ion  s t o p s ,  i t  inc reases .  

Can you guess why? 

- - _ - _ I _ _ -  

41. L e t  us  f i r s t  cons ider  samarium. Samarium-149 i s  n o t  

r a d i o a c t i v e ,  so  i t  is  n o t  removed by t h e  decay process .  

When t h e  r e a c t o r  i s  s h u t  down, t h e r e  are no more 

neut rons  t o  remove t h e  samarium. There i s ,  however, 

q u i t e  a b i t  of promethium which has  a l r eady  been 

produced and i s  s t i l l  undergoing r a d i a t i v e  decay t o  

form samarium . 
- - - - - - - -  - 

42.  Since  t h e  149Sm i s  n o t  be ing  removed by r a d i a t i v e  

decay o r  neut ron  abso rp t ion ,  t h e  decay of promethium 

w i l l  t h e  amount of Sm i n  t h e  

r e a c t o r .  

4 3 .  I f  t h e  amount of l"tSm w a s  a t  an equ i l ib r ium va lue  

j u s t  p r i o r  t o  shutdown 

no removal processes  b u t  t h e r e  i s  s t i l l  a format ion  

p rocess ,  t h e  am0rrn.t of samarium must 

and a f t e r  shutdown t h e r e  are 

- - - - - - - - -  

i n c r e a s e  
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4 4 .  The n e g a t i v e  r e a c t i v i t y  va lue  of e q u i l i b r i u m  Sm is  i n c r e a s e  

about -0.01 Ak/k. A f t e r  t h e  r e a c t o r  is  s h u t  down, 

t h e  n e g a t i v e  r e a c t i v i t y  e f f e c t  ( a  measure of the  

amount of Sm) i n c r e a s e s  t o  a va lue  which depends upon 

what t h e  o p e r a t i n g  neu t ron  flux w a s .  For a neu t ron  

flux of 2 X l o L 4  neu t rons  cmV2 * sec-l, t h e  Sm e f f e c t  

a f t e r  shutdown w i l l  i n c r e a s e  t o  -0.042 Ak/k. 

- - - - - - - - -  

45.  Figure 111-29 is  a graph showing t h e  bui ldup of 

samarium t o  equ i l ib r ium v a l u e  and then  t h e  f i n a l  

i n c r e a s e  t o  t h e  maximum i n  p r o p o r t i o n  t o  t h e  number 

of days of o p e r a t i o n  of a r e a c t o r  o p e r a t i n g  a t  a 

f l u x  of 2 x 1014 neutrons e sec-'. 

0.04 

0 .03  

- -Ak 0.02 
k 

0.01 Bui Id up t Power Level  1 t 

60 
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Po 
M 
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Fig. 111-29. Samarium Poisoning 
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46 .  The behavior  of 135Xe  i s  d i f f e r e n t  from t h a t  of 

149Sm. 

p rocesses ;  

I n  t h e  f i r s t  p l a c e ,  X e  i s  removed by two 

and 

_ _ - - - - - - -  

4 7 .  I f  e q u i l i b r i u m  X e  has  been reached and t h e  r e a c t o r  neutron 

i s  then  s h u t  down, t h e  removal of X e  by abso rp t ion  abso rp t ion ,  
r a d i a t i v e  

of neutrons i s  e s s e n t i a l l y  terminated;  b u t  t h e  decay 

removal of 1 3 5 X e  by 

con t inues  e 

- 

48.  A s  you may reca l l ,  5.6% of t h e  f i s s i o n  r e a c t i o n s  r a d i a t i v e  
decay r e s u l t  i n  t h e  formation of 1351 which decays t o  

1 3 5 X e ,  which, i n  t u r n ,  decays t o  ' 3 5 C s e  

can b e  expressed as fol lows w i t h  t h e  numbers above 

t h e  arrows r e p r e s e n t i n g  t h e  h a l f  l i v e s  of t h e  decay 

p rocesses  

The process  

- 

49. You can see t h a t  t h e  1351 which i s  formed d i r e c t l y  

from f i s s i o n  decays w i t h  a h a l f  l i f e  of 6 .7  h r s ,  

which i s  s h o r t e r  than t h e  h a l f  l i f e  of 1 3 5 X e  

(T1/2 = 9.2 h r s ) .  

form xenon ( f a s t e r ,  s lower)  t han  t h e  xenon can' 

decay t o  cesium, and s o  w e  g e t  a bui ldup of xenon 

poison a f t e r  t h e  r e a c t o r  i s  s h u t  down. 

This  means t h a t  t h e  i o d i n e  w i l l  

- - - - - - - - -  
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50. A f t e r  t h e  r e a c t o r  is s h u t  down, t h e r e  w i l l  b e  f a s t e r  

p r a c t i c a l l y  no 1351 formed because t h e r e  are essen- 

t i a l l y  no f i s s i o n  r e a c t i o n s .  Eventual ly ,  a l l  of 

t h e  i o d i n e  w i l l  decay s o  t h a t  no more xenon is  

formed, and so a l s o  w i l l  a l l  of t h e  xenon e v e n t u a l l y  

51. When enough of t h e  i o d i n e  has  decayed s o  t h a t  less 

xenon is being formed than i s  decaying each second, 

t h e  c o n c e n t r a t i o n  of xenon w i l l  s t a r t  t o  d e c l i n e  

s i n c e  t h e  decay rate w i l l  be  g r e a t e r  t han  t h e  

decay 

52. The maximum amount of xenon poisoning which occurs  

when t h e  decay rate j u s t  equa l s  t h e  formation rate 

a f t e r  shutdown i s  c a l l e d  peak xenon. 

formation r a t e  

- - - - - - - - -  
5 3 ,  Figure  111-30 shows how t h e  r e l a t i v e  concen t r a t ions  

of xenon and samarium va ry  wi th  t i m e .  

,-----. What Xenon E.ffect  Would 

i Negative 
R e a c t i v i t y  
Worth 

100% 
Power 

T i m e  

Fig. 111-30. How t h e  R e l a t i v e  Concentrat ions of Xenon 
and Samarium Vary w i t h  T i m e  
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54 .  Note t h a t  i n  Fig.  111-30 t h e  xenon concen t r a t ion  

starts t.o a f t e r  peak xenon i s  reached. 

This  i s  because t h e r e  i s  now more xenon decaying than 

is  being formed by t h e  decay of i od ine .  

5 5 .  These changing concen t r a t ions  of xenon--that is ,  t h e  dec rease  

bui ldup t o  equ i l ib r ium,  t h e  bu i ldup  from equ i l ib r ium 

t o  peak xenon, and the  decay a f t e r  peak xenon--are 

r e f e r r e d  t o  as xenon t r a n s i e n t s ,  

- - I - - - - - -  

- 

56.  A t  t he  s tar t  of o p e r a t i o n ,  t h e r e  is  a xenon t r a n s i e n t  

which a f f e c t s  t h e  o p e r a t i o n  of a r e a c t o r  by causing 

t h e  necessary withdrawal of t h e  c o n t r o l  rods u n t i l  

e q u i l i b r i u m  xenon i s  reached; t h i s  was d i scussed  

earlier.  The xenon t r a n s i e n t  fol lowing r e a c t o r  

shutdown (bui ldup t o  peak and t h e  f i n a l  decay) a l s o  

has cons ide rab le  e f f e c t  on t h e  o p e r a t i o n  of a r e a c t o r .  

- - - - - - - - -  

57. A xenon t r a n s i e n t  i s  a change i n  t h e  xenon 

- - - - - - - - -  

58.  The n e g a t i v e  r e a c t i v i t y  va lue  of e q u i l i b r i u m  xenon 

may b e  as much as -0,05 Ak/k, b u t  t h a t  due t o  t h e  

peak xenon may be as high as -0.51 Ak/k f o r  a thermal 

neu t ron  f l u x  of 2 x 1 O I k  neu t rons  cm-2 sec-1. The 

n e g a t i v e  r e a c t i v i t y  v a l u e  of peak xenon, then,  may 

be t i m e s  as g r e a t  as equ i l ib r ium xenon a t  

this f l u x  l e v e l ,  

concen t r a t ion  
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59. S ince  t h i s  nega t ive  r e a c t i v i t y  va lue  of peak xenon t en  

may b e  as much as 10 times t h e  equ i l ib r ium va lue ,  

i t  is d i f f i c u l t  t o  load enough f u e l  i n t o  t h e  r e a c t o r  

t o  overcome t h e  nega t ive  r e a c t i v i t y  e f f e c t  of 

because sf t h e  l i m i t e d  

c o n t r o l  a b i l i t y  of t h e  c o n t r o l  rods.  Usually enough 

f u e l  i s  loaded i n t o  .a r e a c t o r  t o  compensate only 

f o r  a l i t t l e  more than equ i l ib r ium xenon and samarium 

plus  some f o r  f u e l  burnup. 

60. The maximum nega t ive  r e a c t i v i t y  va lue  which occurs  peak xenon 

a t  peak xenon i s  usually reached i n  about  11 h r s  

a f t e r  shutdown. 

61. FOP high-f lux r e a c t o r s ,  t h i s  f a s t  bu i ldup  t o  t h e  

extremely l a r g e  nega t ive  r e a c t i v i t y  va lue  a t  peak 

xenon fol lowing shutdown has  t h e  e f f e c t  of making 

s t a r t u p  imposs ib le  i f  a t tempted a f t e r  a per iod  of 

30 o r  40 minutes fo l lowing  shutdown, However, by 

w a i t i n g  a per iod  of about 2 days,  t h e  concen t r a t ion  

of xenon w i l l  have decayed t o  a va lue  less than 

equ i l ib r ium xenon; and s t a r t u p  may then be  p o s s i b l e ,  

_ - - - I - - - -  

> 

62, Genera l ly ,  it i s  b e t t e r  60 r e p l a c e  some f u e l  elements 

con ta in ing  t h e s e  f i s s i o n  products  than t o  wait 2 days,  
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6 3 .  The replacement of f u e l  elements fol lowing a shutdown 

i s  t h e  g e n e r a l  p r a c t i c e  f o r  t h e  ORR and t h e  HFIR when 

t h e  shutdown is  long enough f o r  xenon poisoning t o  

become too g r e a t  t o  a l low r e s t a r t i n g  of t h e  r e a c t o r .  

The elements removed are allowed t o  - a t  

least  two days. Thus, when a replacement i s  needed 

a g a i n ,  t h e s e  elements may b e  reused. 

6 4 .  Figure 111-31 i l l u s t r a t e s  some tests conducted a t  t h e  decay 

Sodium Reactor  Experiment (SRE). Note t h a t  f o r  t h e  

smaller neu t ron  f l u x e s  (power l e v e l s )  t h e  

worth of peak xenon a f t e r  a power 

dec rease  is  much less than a t  h i g h e r  power l e v e l s .  

- - - - - - - - -  

65. Also,  a t  shutdown from a low power l e v e l ,  peaking of nega t ive  

xenon i s  (high,  medium, almost none) s h o r t l y  a f t e r  
r e a c t i v i t y  

shutdown. 

66. Figure 111-32 i l l u s t r a t e s  t h e  long-term t r a n s i e n t  almost none 

e f f e c t  of xenon and samarium--that xenon d i e s  o f f  t o  

e q u i l i b r i u m  at about 2 1 / 2  days and t h a t  samarium i s  

j u s t  reaching i t s  f i n a l  v a l u e  a f t e r  a week, 

67. According t o  t h i s  f i g u r e ,  equ i l ib r ium xenon had a 

n e g a t i v e  r e a c t i v i t y  e f f e c t  of about %. 
- - - - - - - - -  

68. A f t e r  shutdown, about h r s  are r e q u i r e d  for t h e  5 

t o t a l  e f f e c t  of both t h e  1 3 5 X e  and 125Sm t o  d e c l i n e  

t o  equ i l ib r ium,  

- - - - - - - - -  
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Fig, III-31. R e a c t i v i t y  L o s s  due  t o  Xenon f o r  Various Power Opera t ions  a t  SRE 
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ORNL DWG. 68-4401. 

-4% (% k 

F i g .  111-32. Xenon and Samarium Long-Term T r a n s i e n t s  
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69. A f t e r  about 65 h r s  has  a much g r e a t e r  n e g a t i v e  100 

r e a c t i v i t y  e f f e c t  than 

- - - - - - - - -  

70. Figure 111-33 shows t h e  xenon e f f e c t  due t o  power 

Note t h a t  t h e  dec rease  i n  power r e s u l t s  

1 4 9 ~ m 9  
1 3 5 ~ e  

changes. 

i n  a temporary i n c r e a s e  i n  xenon because t h e r e  are  

less neu t rons  t o  remove t h e  xenon formed from the  

i o d i n e  a l r e a d y  p r e s e n t .  Remember t h a t  t h e  i o d i n e  

a l r e a d y  p r e s e n t  was produced by a h i g h e r  neutron 

f l u x  * 

- - - - - - - - 

C r i t i c a l  
Rod 
Pos i t i o n  

Temporary Xenon I n c r e a s e  
due t o  Decreased Xenon Burnup 

I n c r e a s e  t o  
Equi l ibr ium Xenon 

Xenon Equi l ibr ium Temporary Xenon 
Decrease due t o  t R;q 

Inc reased  Xenon Bui3;dup 

100 1 
% P0wer 1 I 

I 
0 

Fig .  111-33. Xenon Response t o  Power Changes 

- - - - I - - - -  

71.  A r e d u c t i o n  of t h e  r e a c t o r  power l e v e l ,  a f t e r  e q u i l i -  

brium xenon i s  e s t a b l i s h e d ,  may a l s o  r e s u l t  i n  a 

shutdown because 

- - - - - I - - -  



p 

There will be less neutrons to remove the 
xenon, so a buildup occurs which may exceed 
the available reactivity. 

- - - - - I - - -  

5.4 .  Self Test 

72. Xenon-135 and Ib9Sm are strong neutron-absorbing 

. The reactivity effect 

of these isotopes is , (If you made an 

incorrect response, repeat Frame 6 . )  

- - - - - - - - -  

73. Samarium-149 is a (stronger, weaker) neutron poison 

than 135Xen 

repeat Frames 7-8.) 

(If you made an incorrect response, 

I - - - - - - - -  

.- 

. 

74. Most of the fission-product poison 135Xe is formed 

by the radiative decay of , (If you 

made an incorrect response, repeat Frame 11.) 

- - - - - - - - -  

75. Xenon-135 is removed by two processes, 

and neutron . Samarium- 

149 is not radioactive, so it is removed only by 

(If you made an 

incorrect response, repeat Frames 20-26.) 
_ - - - - - - - -  

fission 
products, 
negative 

weaker 

1351 

76* When the 135Xe and Ib9Srn removal rate equals the 

formation rate, we say the concentrations are in 

radiative 
decay, 
ab so r p t i on ,  

absorption 
. (If you made an incorrect response, neutron 

repeat Frame 29.) 



171 

L 

77.  The n e g a t i v e  r e a c t i v i t y  e f f e c t  of equ i l ib r ium xenon 

and samarium has  t o  b e  compensated f o r ,  as w a s  done 

f o r  f u e l  burnup, by . (If you made 

an i n c o r r e c t  response,  r e p e a t  Frame 3 4 . )  

e 

Loading e x t r a  f u e l  i n t o  t h e  co re  i n  
t o  t h e  c r i t i c a l  mass, 

- - - - - - - - -  

78. Once e q u i l i b r i u m  xenon has  been reached, i t  i s  maintained 

u n t i l  t h e  power l e v e l  is  changed. When t h e  r e a c t o r  i s  

s h u t  down, t h e  amounts of both xenon and samarium 

(dec rease ,  i n c r e a s e )  because 

( I f  you made an i n c o r r e c t  response,  r e p e a t  Frames 38-53.) 

Increase--the formation by r a d i o a c t i v e  decay 
of t h e  p a r e n t  f i s s i o n  products  con t inues ,  
b u t  t h e  removal by neutron abso rp t ion  s t o p s .  

- - - - - - - - -  

79. Xenon t r a n s i e n t s  are . ( I f  you 

made an  i n c o r r e c t  response,  r e p e a t  Frame 55.) 

Changes i n  the concen t r a t ion  of  xenon which 
occur when r e a c t o r  power l e v e l s  are 

c 

80. The n e g a t i v e  r e a c t i v i t y  e f f e c t  due t o  peak xenon may 

b e  as much as 10 t i m e s  t h a t  due t o  

xenon. (If you made an i n c o r r e c t  response,  repeat 

Frame 58.) 

- - -. - - - - - - 

e q u i l i b r i u m  

equ i l ib r ium 
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SECTION 111-6 

TEMPERATURE EFFECTS 

f 

The purpose of t h i s  s e c t i o n  i s  t o  d i s c u s s  t h e  r e a c t i v i t y  e f f e c t s  due 

t o  temperature  changes i n  a r e a c t o r .  

6 1. R e a c t i v i t y  and Temperature 

1. The e f f e c t s  of temperature  changes are n o t i c e d  every 

day i n  our day-to-day r o u t i n e .  For example, t h e  

d e n s i t y  and s i z e  of a q u a n t i t y  of water changes when 

i t  becomes an i c e  cube o r  steam. 

2. Temperature changes i n  a reactor may a l s o  r e s u l t  i n  

d e n s i t y  and changes a 

- - - - - _ -  - -  

3. The d e n s i t y  and s i z e  of r e a c t o r  materials such as f u e l ,  

moderator,  c o o l a n t ,  e t c . ,  are  a f f e c t e d  when 

changes occur.  

size 

- - - - - - - - I  

4 ,  An i n c r e a s e  i n  produces an  

i n c r e a s e  i n  t h e  a c t u a l  s i z e  of a r e a c t o r ,  a l though 

i t  probably i s  n o t  v i s i b l e  t o  t h e  naked eye. 

- - - - - - - - -  

5 .  Any change i n  t h e  d e n s i t y  o r  s i z e  of t he  materials 

( f u e l ,  e t c . )  i n  a reactor w i l l  a f f e c t  t h e  neutron 

because of e f f e c t s  on m u l t i p l i c a t i o n  f a c t o r ,  kef f 
Z C s ,  e t c .  
a’ 

_ - - - - _ - _ I  

temper a t u r  e 

t etnp era t u r  e 
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6.  Since a temperature change w i l l  a f f e c t  t h e  s i z e  and 

d e n s i t y  of r e a c r o r  materials, i t  w i l l  have an e f f e c t  

on t h e  

- - - - - - - - _  

Neutron m u l t i p l i c a t i o n  f a c t o r ,  o r  k 

- - - - - - - - -  

7. The e f f e c t  of temperature changes i n  a r e a c t o r  i s  

expressed i n  terms of r e a c t i , v i t y ;  tha.t  i s ,  Ak/k, which 

is  equa l  t o  

keff - 
e f f  

IC 

6.2 .  Temoerature C o e f f i c i e n t s  

8. The r e a c t i v i t y  change f o r  a 1°F change i n  temperature  

i s  rep resen ted  by t h e  symbols --/OF. 

t i o n  i s  c a l l e d  the  temperature  c o e f f i c i e n t ,  

Ak 
k This r ep resen ta -  

- - - - - - - - _  

Many people  of t h e  world do n o t  use t h e  Fahrenhei t  
temperature  s c a l e .  
most s c i e n t i s t s  and, a c t u a l l y ,  by most of t h e  
people of t h e  world i s  t h e  C e l s i u s  o r  Cent igrade 
scale. This s c a l e ,  u s u a l l y  abbrev ia t ed  C ,  has  100 
degrees  between the  f r e e z i n g  p a i n t  of water ( a t  
0 ° C )  and t h e  b o i l i n g  p o i n t  ( a t  100°C). The Fahren- 
h e i t  s c a l e  has  180 degrees  between t h e  same two 
p o i n t s  (32°F a t  t h e  f r e e z i n g  p o i n t  and 212°F a t  t h e  
b o i l i n g  p o i n t  of w a t e r ) .  Thus, t h e  degree Ce l s ius  
i s  1.8 t i m e s  ( 9 1 5 )  as l a r g e  a temperature change as 
t h e  degree Fahrenhei t .  

The temperature  scale used by 

The temperature  c o e f f i c i e n t s  of reactors i n  
c o u n t r i e s  o t h e r  t han  t h e  U. S. would probably always 
be c a l c u l a t e d  i n  t h e  units % / O c a  

temperature  change 1 .8  t i m e s  the change of 1"F, w e  
would expgEr t h a t  t h e  reactivity change T/°C bk would 
be 1,8 r / ' F 0  Thus w e  can w r i t e  t h e  conversion: 
%/"C = 1.8 -/"I?. Ok 

Since 1°C i s  a 

k 



1 7 4  

Ak 9. The temperature coefficient -i;/'F represents the 

amount of change when the 

temperature changes OF. 

- - I - - - - - -  

10. The total reactivity change due to a temperature reae t ivi t y , 
one change can be calculated by the equation 

-..I-= Ak (%/OF' )  x (AT) 
k 

where AT is the temperature change T2 - T i  (the 

temperature af te r  the change. minus the temperature 

before the change). 

11, I f  the temperature changes 5'F, the reactivity change 

will be found by multiplying times the 

temperature coefficient, 
- - - - - - - - -  

5'F 
Ak Ak 12. If -/OF = 0.001% (-i;/"C = 0,0018%), as the tempera- k 

t u r e  changes from 100°F to 150°F there is a reactivity 

change of 
- I - - - - - - -  

Ak 0.05% - 
k 

13. If the temperature coefficient is negative, a rise 

in temperature will have a negative reactivity effect; 

a decrease i n  temperature will have a 

reactivity effect. 

14. Let us assume that a reactor has a temperature coeffi- positive 
Ak 
k cient of -0.002% -/OF and the operating temperature 

is increased from 100°F to 140°F, which is equivalent 

to a AT of . The total reacttvity (loss, gain) 

w i l l .  then be equal to 
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15. I f  t h e  temperature  c o e f f i c i e n t  of a r e a c t o r  i s  +40°F, 
Ak loss, Ak 

0.08% - 
k 

-0.001% $'F and t h e  average temperature  is  reduced 

from 135'F t o  90°F, w e  expect  t h a t  t h e  r e a c t i v i t y  

w i l l  (decrease,  i n c r e a s e ) .  

_ - - - - - - - -  

16. A c a l c u l a t i o n  of t h e  change i n  r e a c t i v i t y ,  from 

in fo rma t ion  i n  t h e  above frame, shows i t  t o  be a 

( p l u s  , minus) % % because: 

- -  Ak - (-0.001% - Ak 
k k OF)(90°F - 135°F) = ? 

i ncz eas e 

1 7 .  The temperature  c o e f f i c i e n t  (of r e a c t i v i t y )  of a P I U S  Y 

0 045% 
r e a c t o r  i s  t h e  r e s u l t  of a combination of s e v e r a l  

d i f f e r e n t  temperature  e f f e c t s ,  For example, an 

i n c r e a s e  i n  temperature  may dec rease  t h e  d e n s i t y  of 

t h e  material i n  t h e  r e a c t o r ,  which may r e s u l t  i n  a 

dec rease  i n  t h e  macroscopic a b s o r p t i o n  c r o s s  s e c t i o n ,  

C , A dec rease  i n  the  abso rp t ion  c r o s s  s e c t i o n  means 

t h a t  t h e r e  w i l l  be  inc reased  neutron leakage 

r e s u l t i n g  i n  a n e g a t i v e  e f f e c t  on 

a 

- - - - - - . . . - -  

18. An i n c r e a s e  i n  temperature may cause an i n c r e a s e  i n  

t h e  a c t u a l  s i z e  of a r e a c t o r .  This r e s u l t s  i n  less 

neu t ron  leakage and consequently has  a 

e f f e c t  on r e a c t i v i t y .  

r e a c t i v i t y  

1 9 .  The average energy ( o r  v e l o c i t y )  of a thermal neutron p o s i t i v e  

i n c r e a s e s  w i t h  i n c r e a s i n g  temperature.  Since t h e  

c r o s s  s e c t i o n  L a  dec reases  as t h e  neu t ron  v e l o c i t y  

i n c r e a s e s ,  t h i s  r e s u l t s  i n  more neutron leakage and a 

effect. on r e a c t i v i t y .  

_ - - - _ _ - _ _  
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x 

f 

20. The combined effect on reactivity due to the density negative 

changes, cross sections, et@., as the temperature 

changes, is expressed as the temperature coefficient 

which represents the amount of change 

for each change e 

- - - - - - - - -  

21. In order t o  calculate the value of the temperature reactivity, 
degree F or 
degree C coefficient, the usual procedure is to determine 

at a temperature T I  and then determine keff2 kefql 
at a higher temperature, T2.  The temperature coefzi- 

cient is found by the equation 

22. The temperature coefficient at the ORR was determined 

by first calibrating the control rods for their reac- 

tivity worth. Criticality was then established and 

the water was heated gradually from 70°F to 120°F. 

The amount of rod withdrawal to compensate for this 

temperature increase and maintain criticality was a 

measure of the negative effect on reactivity due to 

the 

shows the results of these measurements and the values 

obtained for the temperature coefficient, 

. Figure 111-34. - -~ 

- - - - - - - - -  

t 
23. The term negative temperature coefficient means the temperature 

temperature 
which occurs when rise o r  

negative e f fec t  on- 

t he  temperature increases increase 
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0 4 x 7  CORE 
H CLEAN, OPERATING CORE 
e OPERATING CORE WITH EXPERIMENTS 

60 70 80 90 100 110 120 50 
TEMPERATURE (OF) 

Fig.  111-34. Temperature C o e f f i c i e n t s  

2 4 .  What happens t o  t h e  l o s s  i n  r e a c t i v i t y  due t o  n r e a c t i v i t y  
1.” F 

temperature  i n c r e a s e  when t h e  temperature  i s  r e tu rned  

t o  its former va lue?  

- - - _ - - - - -  

I 7 
Ilt is rega ined  o r  r e t u r n e d  t o  the system. _1 

......... 

25. The r e a c t i v i t y  l o s s  due t o  a temperature  increase i s  

n o t  permanent and is  rega ined  when t h e  temperature  

is 
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26. I n  1962, t h e  co re  lifetime of a power r e a c t o r  (YANKEE) 

w a s  extended s e v e r a l  months by h w e r i n g  t h e  average 

core o p e r a t i n g  temperature  when t h e  r e a c t o r  was about 

to b e  s h u t  down due t o  f u e l  burnup, 

1,owered 

- - - - - - - I -  

6 , 3 .  Reactor Control  

27.  A r e a c t o r  which has  a nega t ive  temperature c o e f f i c i e n t  

i s  considered t o  b e  much s a f e r  to o p e r a t e  than one 

which has  a p s s i t i v e  temperature  c o e f f i e f e n t ,  

- - - - - - - - -  

28. If a r e a c t o r  i s  c r i t i c a l  a t  some temperature and the 

c o n t r o l  r o d s  are then withdrawn (+Ak/k), t h e  f i s s i o n  

ra te  and temperature w i l l  ( i n c r e a s e ,  dec rease ) .  

- - - - - - - - -  

29. I f  a r e a c t o r  has  a p o s i t i v e  temperature c o e f f i c i e n t ,  i n c r e a s e  

an inc reased  temperature w i l l  result i n  a ( p o s i t i v e ,  

nega t tve )  effect on r e a c t i v i t y ,  

- - - - - - - - -  

30. A p o s i t i v e  e f f e c t  on r e a c t i v i t y  i n  a reactor as a P O  6 i t ive 

result of a temperature  increase means t h a t  when the  

temperature  i n c r e a s e s ,  t h e  f i s s i o n  rate w i l l  i n c r e a s e ,  

which resul ts  i n  a f u r t h e r  temperature i n c r e a s e  t h a t  

tends t o  f u r t h e r  i n c r e a s e  t h e  f i s s i o n  ra te ,  and s o  on. 

e 

31, Control  of a reaersr with an a p p r e c i a b l e  p o s i t i v e  tempera- 

t u r e  coefff .cfcnt 'would be  l i k e  starting a ear down a 

mountain road w i t h  very poor brakes .  

it? 

How do you c o n t r o l  

I - _ - _ - - -  - 



32. I f  t he  xeac to r  has  a nega t ive  temperature  c o e f f i -  

c ien t ,  a temperature  i n c r e a s e  w f l l  cause  a nega t ive  

e f f e c t  on r e a c t i v i t y ,  This  tends t o  (s low down, 

speed up> t h e  i n c r e a s e  i n  the f i s s i o n  ra te  and makes 

i t  easier t o  c o n t r o l .  

33,  Obviously, a p o s f t i v e  temperature  c o e f f i c i e n t  ( i s ,  

i s  n o t )  d e s i r a b l e ,  s i n c e  it s t i m u l a t e s  i nc reased  

fission rate:. A nega t ive  temperature  c o e f f i c i e n t  

is p r e f e r r e d ,  since i t  has  a s t a b i l i z i n g  e f f e c t  on 

the f i s s i o n  ra te  increase SO that  t h e  i n c r e a s e  fs  

not  s e l f -pe rpe tua t ing ,  

slow down 

3 4 ,  Control. of a reac ton  i s  more d i f f i c u l t  i f  t h e  reactor i s  n o t  

has rz ( p o s i t i v e ,  negatfve) temperature  c o e f f i c i e n t ,  

3 5 ,  When a reactor goes from i n i t i a l .  c r f t f c a l l t y  t o  the 

normal ope ra t ing  power leve l ,  l a r g e  temperature  

changes may occur ,  The nega t ive  reac t iv i ty  e f f e c t  

of these l a r g e  temperature  changes i s  u s u a l l y  eompen- 

s a t e d  f a r  by havfng loaded extra f u e l  f n t o  t h e  c o r e  

i n  addrftisn eo the  critical mass (as is  done f o r  f u e l  

burnup e f f e c t s ) .  Thus, when r e a c t i v i t y  changes occur  

dur ing  o p e r a t i o n  due to temperature changes,  they 

can be compensated for by a d j u s t i n g  the - 

3 6 ,  A s i n g l e  temperature  coefficient t o  d e s c r i b e  the 

reactivity ef€ect; of temperature  changes i s  u s e f u l  

as long  as che t empera tures  are uniform thrcleagheut 

the r eac to r .  

- - - - - - - - -  

p os i t  ive 

con t ro l  rods  
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37. A unfform temperature  throughout a r e a c t o r  oc.@urs only 

from i n i t i a l  e r i t f e a l i t y  up to very low power l e v e l s .  

When power o p e r a t i o n  is  es t a b l f a h e d ,  temperatures  

throughout t h e  core may vary i n  t h e  d i f f e r e n t  r eg ions  

by a l a r g e  amount. 

I - - - - - - m -  

38. Pfgure 111-35 is a g r a p h i c a l  r e p r e s e n t a t i o n  of how 

temperatures might va ry  i n  t h e  f u e l  and coo lan t  of 

one type of r e a c t o r  from i n i t i a l .  e r i t f c a l f t y  t o  f u l l  

power, Note t h a t  t h e  average coo lan t  temperature  

from T;1 to T g  i n c r e a s e d  Erom 440°F t o  455°F whi le  

t h e  f u e l  temperature  i n c r e a s e d  from 440°F t o  

- . . . - - - - - - -  

39. The r e a s o n ' t h a t  t he  f u e l  temperature  inc reased  s o  2000°P 

much should be obvious because t h e  h e a t  being generated 

fs  caused by r e a c t i o n s  i n  t h e  f u e l .  

- - - - - - - I -  

40. Another f a c t o r  which causes  large v a r i a t i o n s  between f i s s i o n  

f u e l  and coo lan t  temperatures  i s  air gaps,  left between 

f u e l  rods and t h e i r  c l add ing ,  t o  c o n t a i n  fission- 

product  gases  and t o  allow f o r  expansion and eontracr- 

tion" These a i r  gaps cause t h e  f u e l  t o  b e  h o t t e r  

because i t  i s  h a r d e r  f o r  h e a t  t o  pas s  through a f r  

than through metal, A l so ,  some f u e l s  are i n  t h e  form 

of  oxides such as UO;, r a t h e r  t han  metal l ic  compounds 

such as UA13 o r  d i s p e r s i o n s  such as U3Os f A I .  

genesa l ly  have poorer  h e a t - t r a n s f e r  c h a r a c t e r i s t i c s  

and thus  have h i g h e r  o p e r a t i n g  

Oxides 

_ _ _ - - - - - -  
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t 3  ,. 2000°F 

455°F 

.._.. 

P u l l  Power a t  Coolant 
Operat ing Temperature 
(Heat Suppl ied by F i s s i o n )  

J u s t  C r i t i c a l  a t  
Coolant  Operat ing 
Temp era t u L' e (Heat 

Be a t S ou r c e )  

I 

, I  J u s t  C r i t i ca l  Suppl ied by E x t e r n a l  --.-.-- 

te 

.----- 

r - 
! 

a t  Low 
T empe r a t u re 

C r i t i c a l  
Rod 

P o s i t i o n  

\ /'/ 
100% 
Power - ~ _ _ _ _  ._-.._- I"Ic. . I--"_ -__ ---- -.--.--.- 

t 3  t l  t 2  

Fig. 111-35. Temperatures i n  Rod-Type Fue l  
du r ing  S t a r t u p  of a Reactor 

41. The p o f n t  is  t h a t  a t  normal o p e r a t i n g  power levels  

t h e  temperatures i n  t h e  f u e l  r e g i o n  will be (much less ,  

g r e a t e r )  t han  i n  t h e  moderator o r  r e f l e c t o r  r eg ion ,  

A l s o ,  t h e s e  r eg ions  are composed of d i f f e r e n t  materials. 

Therefore ,  t o  determine t h e  o v e r a l l  e f f e c t  on reac- 

t i v i t y ,  t h e  temperatures  and temperature  c o e f f i c i e n t s  

of each r eg ion  must be considered.  

temperatures 
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4 2 ,  Temperatures in the fuel will be greater than in greater 

other regions because this is where most: of the heat 

4 3 .  To determine the overall effect on reactivity of produced o r  
generated 

temperature changes in a reactor ,  we should consider 

(one, all) temperature coefficients, 

44 e If the temperature coef f icfents and temperatures of a1 1 

each region of the core are known, then the t o t a l  

effect on reactivity can be determined by t h e  equatfon 

where the subscript r is for reflector, m for moderator, 

and f for fuel, 
- - - - - - - - -  

45,  Let us consider again the temperature coefficient which 

was determined f o r  a water-reflected reactor, like the 

ORR, at criticality by heating the water from 70°F to 

P2O"P. The coefficient determined in this manner would 

not be applicable t o  high-power o p e r a t i n g  condftfons 

because then the reflector, moderator, and fuel would 

no longer be at the same temperature and they have 

different coefficients, 
- - _ _ - _ -  - -  

46 Suppese the ref lector eoef f icient was +OD 008% 

the moderator coefficfent was 0 ,  and the f u e l  coeff i -  

cfent w a s  -0.01% -i;/"Fe 

change €or  a 50°F change would be 

'E', 

Ak The resultant reaetivlty 

- - I - - - - - -  
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Ak (+0 e 008% k/ bk "P> x 50°F C (-0.01% T/'F) X 50°F 

47.  Using the information i n  Frame 4 6 ,  t h e  r e a c t i v i t y  

change, i f  t h e  f u e l  changed an average of 250°F wh i l e  

t h e  r e f l e c t o r  changed 50"P, would be 

Ak - 2 0 1 x  - k 48,  The result. of Frame 46 shows that ,  i f  t h e  f u e l  and 

r e f l e c t o r  bo th  inc reased  from 70°F t o  120"F, t h e  
Ak 

total r e a c t i v i t y  change would b e  -0.1% -- k* These 

cond i t ions  occur ,  however, only a t  low power l e v e l s ,  

When the  power i s  r a f s e d  to t h e  normal o p e r a t i n g  

l e v e l ,  t he  r e f l e c t o r  temperature  w i l l  l i k e l y  s t a y  a t  

about  120°F;  b u t  t he  fuel. temperature may i n c r e a s e  

cons ide rab ly ,  So ,  when the power l e v e l  i s  r a i s e d ,  

t h e  r e a c t i v i t y  change from t h e  r e f l e c t o r  w i l l  b e  

t h e  same, but there w i l l  b e  a large n e g a t i v e  

r e a c t i v i t y  e f f e c t  from t h e  f u e l .  

- - - - - - - - -  

49. One addi t ional ,  p o i n t  i s  t h a t ,  f o r  t h e  ease w e  a r e  

d i s c u s s i n g ,  a f t e r  t h e  normal power l e v e l  has  been 

e s t a b l i s h e d ,  a r educ t ion  i n  t h e  cao1ant; f l o w  ra te  

would cause t h e  f u e l ,  moderator,  and r e f l e c t o r  

temperazmres t o  i n c r e a s e  s o  t h e r e  would b e  a change 

in r eac t iv i ty  due t o  both t h e  r e f l e c t o r  and f u e l ,  

O n  the o t h e r  hand, a r e d u c t i o n  i n  power l e v e l  would 

result i n  an a p p r e c i a b l e  dec rease  only i n  t h e  f u e l  

remperature;  and only the  f u e l  would cause a n  

a p p r e c i a b l e  r e a c t i v i t y  change 

- - - - - - - - - 
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50. L e t  us  cons ide r  f u r t h e r  t h e  f u e l  temperature coe f f f -  

c i e n t ,  s i n c e  t h i s  i s  t h e  r eg ion  where t h e  l a r g e s t  

temperature  changes occur .  

- - - - - - - - -  

6 . 4 .  Doppler E f f e c t  

51. An important  e f f e c t  I n  t h e  de t e rmina t ion  of t h e  f u e l  

temperature  c o e f f i c i e n t  is t h e  "Doppler E f fec t " .  

- -  _ _ _ _ _ _  - 

52. The Doppler e f f e c t  i s  t h e  appa ren t  broadening of  t h e  

resonance-absorption c ros s - sec t ion  peaks; i n  o t h e r  

words, t h e  resonance a b s o r p t i o n  peaks respond t o  a 

wider  range of neu t ron  ene rg ie s .  

how t h e  peak becomes wider  as t h e  temperature  is 

i n c r e a s e d ,  and neu t rons  which have bo th  more and less 

energy than  t h a t  of t h e  peak become more e a s i l y  

absorbed e 

Figure  111-36 shows 

- - - - - - - - -  

The change i n  t h e  shape of a neu t ron  resonance peak 
as t h e  temperature  of t h e  resonance abso rbe r  is 
i nc reased .  

Fig. 111-36. Doppler Temperature E f f e c t  

- - - - - . " - - -  
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53. This broadening e f f e c t ,  t h e r e f o r e ,  r e s u l t s  i n  neutron 

abso rp t ion  over a wider range of neutron v e l o c i t i e s - -  

consequent ly ,  (fewer,  more) neutrons are absorbed in 

nonfission r e a c t i o n s ,  i n c r e a s i n g  the  n e g a t i v e  tempera- 

t u r e  c o e f f i c i e n t .  

- - - - - - _ - -  

54. The broadening e f f e c t  i s  due t o  t h e  f a c t  t h a t  a t e m -  more 

p e r a t u r e  i n c r e a s e  i n c r e a s e s  t h e  v i b r a t i o n  of t h e  

i n d i v i d u a l  atoms. When a neu t ron  c o l l i d e s  wi th  t h i s  

v i b r a t i n g  atom, t h e  c o l l i s i o n  speed may b e  g r e a t e r  

than t h e  speed of t h e  neu t ron ,  s o  the e f f e c t i v e  speed 

of t h e  neu t ron  has  been 

- - - - - - - - -  

55. I f  i t s  a c t u a l  speed was a l i t t l e  too  slow f o r  i t  t o  

be e a s i l y  absorbed, the speed of t h e  atom moving 

toward i t  would make i t s  c o l l i s i o n  speed r e l a t i v e l y  

f a s t e r ;  and i t  would b e  

inc reased  

- - - - - - - - -  

56, I f  it were too f a s t  t o  be absorbed and s t r u c k  an absorbed 

atom moving away from it, t h e  r e l a t i v e l y  

speed of impact would al low i t  t o  b e  absorbed, 

- - - - - - - - 

57. This  e f f e c t  may be compared t o  t h e  c o l l i s i o n  speed 

of two e a r s .  I f  two cars are going in t h e  same 

d f r e c t i o n  and t h e  car behind c o l l i d e s  w i t h  t h e  one 

in f r o n t ,  t h e  c o l l i s i o n  speed i s  n o t  n e a r l y  as g r e a t  

as E t  would be  i f  t h e  s t r u c k  c a r  w e r e  s i t t i n g  s t i l l .  

The collision speed would be far  greater i f  bo th  

c a r s  were i n  motion and c o l l i d e d  "head on". 

slower 
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58. 

59. 

One of t h e  resonance peaks of 238U appears  j u s t  above 

t h e  room temperature  thermal-energy range. 

s i o n  speed of t h e  thermal  neut rons  i n  a heated  medium 

may, however, become h igh  enough t o  have enough speed 

t o  b e  in f luenced  by t h i s  peak. I f  t h i s  occurs ,  t h e  

abso rp t ion  of neutrons i s  (much less, g r e a t e r )  than 

i t  would be a t  a reduced temperature .  This  w i l l  be  

even more l i k e l y  i f  t h e  peak has  been broadened due t o  

t h e  2 3 a U  a l s o  being hea ted .  

The c o l l i -  

- - - - - - - - - 

Figure  111-37 i s  a p i c t o r i a l  r e p r e s e n t a t i o n  of t h e  

Doppler e f f e c t .  A s  was d i scussed ,  t h i s  e f f e c t  may 

b e  compared t o  t h e  c o l l i s i o n  of two automobiles.  

g r e a t e r  

- - - - - - - - -  

Cross 
S e c t i o n  

Actual Speeds 

Neutron \\'38TJ -* f 

Equivalent  t o  

Neutron -- > w i t h  238U a t  R e s t F  
C o l l i s i o n  Speed 

u 
Actual I 

-- 
' I Apparent ( C o l l i s i o n )  Speed . -' 

Speed -3 

Fig, 111-37. Doppler E f f e c t  

- _ - - - - - - -  
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61. To summarize what has been said: 

a. A temperature change in a reactor results in 

changes in material density, sizes of compo- 

nents, cross sections, neutron speeds, and, 

consequently, affects the neutron multiplica- 

tion factor. 

b. The temperature changes in the various regions 

of the core of a reactor can be very different. 

c .  Since each region of the core is composed of 

different materials, each region will have a 

different temperature coefficient. 

d. The fuel temperature coefficient is primarily 

a result of the Doppler effect which is a 

broadening of the resonance absorption cross 

section as a result of the increased vibration 

of the uranium atoms. 
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6.5. Se l f  Test 

62. Changes i n  s i z e s  and d e n s i t i e s  occur  i n  a r e a c t o r  as 

a r e s u l t  of changes. (If you made 

an  i n c o r r e c t  response,  r e p e a t  Frame 2.) 

63.  The neut ron  m u l t i p l i c a t i o n  f a c t o r ,  ke f f ,  i s  a f f e c t e d  

by s i z e  and d e n s i t y  changes; t h e r e f o r e ,  temperature  

changes w i l l  a f f e c t  t h e  

temper a t u r  e 

. ( I f  you made an i n c o r r e c t  response ,  

r e p e a t  Frame 6 . )  
_ - - - - - _ - -  

6 4 .  The r e a c t i v i t y  change f o r  a 1" temperature  change i s  neut ron  
Ak 

r ep resen ted  by - $ O F ,  which i s  c a l l e d  the  

. ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frame 8 . )  

m u l t i p l i c a t i o n  
f ac t o r  

65. I f  AT i s  t h e  temperature  change, t h e  r e a c t i v i t y  temperature  
c o e f f i c i e n t  

change due t o  t h i s  temperature  change i s  equa l  t o  

( I f  you made an i n c o r r e c t  response,  . 
r e p e a t  Frame 10.) 

- - - - - - - - -  
r 1  

66. A temperature  i n c r e a s e  may r e s u l t  i n  an i n c r e a s e  i n  

t h e  s i z e  of a r e a c t o r ;  t h u s ,  less neut ron  leakage 

would occur .  Consequently,  a ,  

r e a c t i v i t y  change r e s u l t s .  ( I f  you made an 

i n c o r r e c t  response,  r e p e a t  Frame 18.) 
- - - - - - - - -  
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67. R e a c t i v i t y  which i s  l o s t  as a r e s u l t  of a tempera- 

t u r e  i n c r e a s e  (is, is n o t )  lost permanently. ( I f  you 

made an i n c o r r e c t  response,  repeat Frame 25.) 
- - - - - - - e -  

68. A p o s i t i v e  temperature  c o e f f i c i e n t  means t h a t  when 

t h e  te.mperature i n c r e a s e s ,  t h e  f i s s i o n  rare w i l l  

. An i n c r e a s e  i n  t h e  f i s s i o n  ra te  

r e s u l t s  i n  a f u r t h e r  temperature  

A r e a c t o r  i s  safer t o  o p e r a t e  i f  i t  has  a (nega t ive ,  

p o s i t i v e )  temperature  c o e f f i c i e n t .  ( I f  you made an 

f n c o r r e e t  response,  r e p e a t  Frames 27-34.)  

- - - - - - - - -  

69, During normal r e a c t o r  o p e r a t i o n ,  r e a c t i v i t y  changes 

due to  temperature  changes can be compensated f o r  

i f  

e x t r a  f u e l  has  been provided i n  a d d i t i o n  t o  t h e  

by a d j u s t i n g  the  - -' 

. 
response,  r e p e a t  Frame 35.) 

( I f  you made an i n c o r r e c t  

- - - - - - - - -  

70. A uniform temperature  d i s t r i b u t i o n  occurs  throughout 

a r e a c t o r  only a t  (low, h igh )  power l e v e l s .  (If you 

made an f n c o r r e c t  response,  r e p e a t  Frames 36-37.) 

71.  During normal r e a c t o r  o p e r a t i o n ,  temperatures  are 

h ighe r  i n  t h e  f u e l  r e g i o n  than  i n  o t h e r  r eg ions  

because t h i s  f s  where t h e  is  being 

generated.  (I€ you made an i n c o r r e c t  response,  

r e p e a t  Frames 38-39.)  

_ - - - - - - - -  

po s i t i v e  

i s  n o t  

i n c r e a s e ,  
i n c r e a s e ,  
n e g a t i v e  

c o n t r o l  rods,  
c r i t i c a l  mass 

low 
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72. To determine t h e  o v e r a l l  e f f e c t  of tempera ture  h e a t  

changes i n  a r e a c t o r ,  w e  should cons ide r  (one, a l l )  

temperature  c o e f f i c i e n t s o  

response ,  r e p e a t  Frame 4 3 , )  

( I f  you made an i n c o r r e c t  

73,  I f  t h e  r e f l e c t o r  tempera ture  c o e f f i c i e n t  i s  
Ak $0,008% T/'F and t h e  moderator tempera ture  e o e f f f -  

c i e n t  i s  -0.01% - - / O F ,  t h e  r e s u l t a n t  r e a c t i v i t y  

change due t o  t h e s e  two f o r  a 50'F change would be  

Ak 
k 

( I f  you made an i n c o r r e c t  response ,  

r e p e a t  Frame 4 6 . )  

all 

*-I Ak -0.1% -because  0.008% x 50°F -t -0.01% x 50°F = rk I 

Ak 
k 

Ak -0,1% - Ak +0.4% - + -0.5% - c k k 

74. The p r i n c i p a l  e f f e c t  which determines t h e  fuel t e m -  

p e r a t u r e  c o e f f i c i e n t  is t h e  e f f e c t ,  ( I f  you 

made an  i n c o r r e c t  response ,  r e p e a t  Frame 51.) 

- - - - - - - - -  

75. The Doppler e f f e c t  i s  t h e  appa ren t  broadening of t h e  

resonance a b s o r p t i o n  c ros s - sec t ion  peaks as a r e s u l t  

of i nc reased  of uranium atoms. ( I f  you 

made an  i n c o r r e c t  response ,  r e p e a t  Frames 52-60.) 

Doppler 

- - - I - - - -  - 

v i b r a t i o n  o r  
motion 
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SECTION 111-7 

NEUTRON FLUX DISTRIBUTION 

The purpose of t h i s  s e c t i o n  i s  t o  d i s c u s s  t h e  manner i n  which t h e  

neutrons are d i s t r i b u t e d  throughout. t h e  c o r e  of a r e a c t o r .  

7 . 1 .  Basic Information 

1. Before w e  g e t  s t a r t ed ,  l e t  us b e  s u r e  w e  understand 

what t h e  term "neutron f l u x  d i s t r i b u t i o n "  means. 

may wish t o  review Frames 108-110 of Sec t ion  111-1 

where t h e  neutron f l u x  has  been de f ined  as t h e  product  

of t h e  neutron d e n s i t y  times t h e  neutron v e l o c i t y e  

That i s ,  

You 

2. Now let us cons ide r  the term " d i s t r i b u t i o n " .  For 

example, w e  s h a l l  assume t h a t  you have fou r  q u a r t e r s  

and fou r  pocke t s ,  I f  you placed one q u a r t e r  i n  each 

pocket ,  then your money would b e  evenly 

among the pockets .  

Distr ibuted--divided,  sp read ,  s e p a r a t e d ,  e t e . ,  
are good synonyms, b u t  l e t  us use  d i s t r i b u t e d .  7 

3 .  Like t h e  money was d i s t r i b u t e d  among t h e  pocke t s ,  s o  

a l s o  are neu t rons  

r e a c t o r .  

I_ throughout  a 

- - - - - - - - -  
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4 ,  The d i s t r i b u t i o n  of neutrons throughout a r e a c t o r  is  d i s t r i b u t e d  

a l i t t l e  more uniform than t h e  pocket d i s t r i b u t i o n  of 

co ins ;  t h a t  i s ,  t h e r e  are no "pockets" where a l a r g e  

number of neutrons can b e  found o r  "pockets" where 

t h e r e  are no neutrons.  I t  is  t r u e ,  however, t h a t  some 

p a r t s  c o n t a i n  more neutrons than o t h e r s .  

- - - - - - - - - 

5, Figure 111-38 i l l u s t r a t e s  how t h e  neutrons might be  

d i s t r i b u t e d  through t h e  f u e l  r eg ion  ( co re )  of a 

r e a e  t o r .  

- _ - - - - - - -  

Fig.  111-38. Neutron D i s t r i b u t i o n  

_ - - - - - - - -  

6 .  T h e  manner i n  which t h e  neu t ron  f l u x  varies throughout 

t h e  co re  of a r e a c t o r  is  g e n e r a l l y  r e f e r r e d  t o  as t h e  
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7. Although the  d i s t r i b u t i o n  of neutrons i n  a r e a c t o r  f l u x  

d i s t r i b u t i o n  
depends, t o  a l a r g e  degree,  on the  shape of t h e  

r e a c t o r  and t o  a lesser degree on t h e  i n d i v i d u a l  

components, a uniform loading of f u e l  i n  t h e  c o r e  

w i l l  r e s u l t  i n  a h i g h e r  neutron f l u x  i n  t h e  c e n t r a l  

region.  

- - - _ _ _ _ _ _  

8. A r e a c t o r  which has a uniform f u e l  d i s t r i b u t i o n  w i l l  

g e n e r a l l y  have more neutrons i n  t h e  ( o u t e r ,  c e n t r a l )  

region.  

- - - - - - - - -  

c e n t r a l  9 .  The reason t h e  neu t ron  d e n s i t y  i s  g r e a t e r  i n  t h e  

c e n t e r  of t h e  co re  is because neu t rons  tend t o  l e a k  

ou t  from the  s i d e s .  

- - - - - _ -  - -  

10. Figure 111-39 shows how t h e  neutron f l u x  is d i s t r i b u t e d  

about t h e  v e r t i c a l  c e n t e r l i n e  of a r e a c t o r  and F l lus -  

t ra tes  t h e  g radua l  dec rease  i n  neutron d e n s i t y ,  due t o  

neutron leakage,  as t h e  s i d e s  of t h e  c o r e  are approached, 

- - - - - - - - -  
C e n t e r l i n e  

t - 1  

The h e i g h t  of t h e  l i n e  r e p r e s e n t s  the number of neu t rons  
pe r  an2 per  see.  
per  a n 3  i s  l o w ;  and i n  t h e  c e n t e r  i t  i s  h igh ,  

A t  t h e  edges,  the number of neutrons 

F i g .  111-39, Neutron D i s t r i b u t i o n  
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11. The neu t ron  f l u x  i n  t h e  o u t e r  r eg ions  of t h e  co re  i s  

less than t h e  c e n t r a l  r eg ion  because of 

7 .2 .  R e f l e c t o r  E f f e c t s  

1 2 .  I f  a neutron r e f l e c t i n g  m a t e r i a l  i s  placed around neutron 

leakage t h e  core s o  t h a t  neutrons are r e f l e c t e d  back. i n t o  

t h e  f u e l  r eg ion ,  t h e  neu t ron  f l u x  assumes a f l a t t e r  

d i s t r i b u t i o n  as shown i n  F i g .  111-40, 
- _ - - - - -  - -  

C e n t e r l i n e  

R e f  l e c t o r  

i 
#.- 

Core 

Neutron F lux 

The 
" -  

d o t t e d  l i n e  r e p r e s e n t s  what t h e  neu t ron  f l u x  would have been 
I 

wi thou t  t h e  r e f l e c t o r .  

F ig  111- 40, R e f l e c t o r  E f f e c t s  on Neutron F l u x  (and Densi ty)  

13. The placement. of r e f l e c t o r  material  around t h e  c o r e  

of a r e a c t o r  dec reases  neu t ron  leakage;  t h e r e f o r e ,  
keff  wi .11  and a [ n e g a t i v e ,  

p o s i t i v e )  e f f e c t  on reactivity r e s u l t s ,  
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1 4 ,  A r e f l e c t o r  material p laced  around the  core  r e f l e c t s  i n c r e a s e ,  
pos f t i v e  neut rons  back i n t o  t h e  f u e l  reg ion ,  The neut ron  f l u x  

d i s t r i b u t i o n  is ,  t h e r e f o r e ,  a l t e r e d  by the  r e f l e c t o r  

and becomes (more peaked, f l a t t e r ) .  

- - - - - _ - - -  

15, A f l a t  neut ron  f l u x  d i s t r i b u t i o n  occurs  when t h e  

neut ron  d e n s i t y  ( v a r i e s ,  i s  t h e  same) throughout 

t he  core.  

- - - - - I - - -  

f l a t t e r  

16,  Usually a f l a t  neutron f l u x  d i s t r i b u t i o n  i s  p r e f e r r e d  i s  t h e  same 

because then  t h e  same amount: of f u e l  wflh undergo 

f i s s i o n  i n  each cm' throughout the core ,  r e s u l t i n g  

i n  uniform h e a t  gene ra t ion ,  

unfformly throughout t h e  core, t h e  temperature  d i s t r i -  

bu t ion  w i l l  also tend t o  b e  

I f  h e a t  i s  generated 

- - - P I - - - -  

7.3. Temperature Effects 

1 7 .  A uniform temperature  d i s t r i b u t i o n  thraughout t h e  

core i s  d e s i r a b l e  because the  maximum power output  

w i l l  then be p o s s i b l e ,  l i m i t e d  only by t h e  capac i ty  of 

t he  cool ing  system, 
- - - - - - - I -  

18. The ope ra t ing  power l e v e l  i n  a reactor is limited by 

t h e  hfgh-temperature regions sometimes c a l l e d  "hot 

spots" .  I f  the power level were r a i s e d ,  me l t ing  

might occur i n  some of t h e s e  I_ 

- - - - - _ - - -  

u n i  E o r m 
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19. L e t  us  suppose t h a t  t h e  maximum temperature  which can h o t  s p o t s  

be allowed i n  a r e a c t o r  i s  210°F because temperatures 

g r e a t e r  than t h i s  might cause b o i l i n g  o f  t h e  water, 

This means t h a t  t h e  power l e v e l  of t h e  r e a c t o r  can be 

r a i s e d  only u n t i l  t h i s  temperature  i s  reached i n  any_ 

r eg ion  of t he  core.  I f  t he  l e f t  s i d e  of t h e  core 

reaches t h i s  temperature  and t h e  r i g h t  s i d e  is only 

l5OQF, then t h e  maximum power l e v e l  of t h e  r e a c t o r  

has  been reached because t h e  l e f t  s i d e  of t h e  c o r e  i s  

now a t  the  l i m i t i n g  temperature.  Obviously, a g r e a t e r  

power level, cou1.d b e  reached i f  t h e  r i g h t  s i d e  of t h e  

co re  could b e  raised from 150'F t o  210°F s o  t h a t  a 

uniform temperature d i s t r i b u t i o n  was ob ta inedn  

- - - - - _ - - -  

20, Because of t h e  l i m i t a t i o n s  caused by t h e  high-temperature 

r e g i o n s ,  t h e  maximum power ou tpu t  of t h e  low-temperature 

r eg ions  w i l l  be  much less than they could be;  consequent ly ,  

t h e  o v e r a l l  power ou tpu t  of t h e  r e a c t o r  w i l l  be  

than i f  t h e  temperatures  s ere uniform, 

- - - - - - - - -  

21. A h i g h e r  power level  can b e  ob ta ined  from a r e a c t o r  less 

which has  a (nonuniform, f l a t )  power d i s t r i b u t i o n ,  

- - - - - - - - -  

22 3 In a l l  r e a c t o r s ,  t h e  power l e v e l  i s  equa l  t o  t h e  f l a t  

average neutron f l u x  t i m e s  t h e  mass of f u e l  t i m e s  

some cons t an t .  I n  equa t ion  form, t h i s  is: 

P = Ip x M x C ;  where P i s  t h e  power, 4 is  average 

neutron f l u x ,  M i s  mass of f u e l ,  and C i s  a cons t an t  

number which m u s t  be. determined for t h e  p a r t i c u l a r  

r e a c t o r ,  

- - 

- _ - _ - - I - -  
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23. According t o  t h i s  equat ion  (remembering t h a t  t h e  

v a l u e  of C does no t  change),  i f  t h e  m a s s  of f u e l  (M) 

dec reases ,  t h e  neut ron  f l u x  w i l l  have t o  i n c r e a s e  

i n  o rde r  to mainta in  a cons t an t  power level. 

A 

eons t a n  t [ 1 cons tan t  

7 . 4 .  Fuel  Burnup E f f e c t s  

2 4 ,  The ope ra t ion  of a r e a c t o r  involves  a gradual  burnup 

of f u e l .  Consequently, cont inued ope ra t ion  w i l l  

r e s u l t  i n  the  average neut ron  f l u x  g radua l ly  

( inc reas ing ,  dec reas ing ) ,  

- - . . . - - - - - -  

25. S ince  the cent ra l  r eg ion  i n i t i a l l y  has  a h ighe r  

neut ron  flux, more f u e l  w i l l  be  burned up t h e r e  

during ope ra t ion  than i n  t h e  o u t e r  reg ions ;  so ,  a 

d i s t o r t i o n  of the f u e l  d i s t r i b u t i o n  w i l l  develop as 

ope ra t ion  cont inues .  

2 6 ,  Figure  111-41 i l l u s t r a t e s  how t h e  f u e l  and neutron 

f l u x  d i s t r i b u t i o n s  i n  a r e a c t o r  would be  a t  t h e  

s tar t  of ope ra t ion  as compared t o  t h e  d i s t r i b u t i o n s  

a t  t h e  end of ope ra t ion ,  

i nc reas ing  

I 

2 7 .  A s  t h e  f u e l  is burned up, t h e  neut ron  f l u x  

- - - - - - - - -  
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Centerline 

Fuel  
D i s t r i b u t i  

28. 

29 

30 0 

/” R e f l e c t o r  

Fig.  111-41. Flux Changes dur ing  Operat ion 

- - - - - - I - -  

The f u e l  i s  burned up a t  a Easter rate i n  t h e  hfgh i n c r e a s e s  

neut ron- f lux  r eg ions  u n t i l  f i n a l l y  t h e  amount of 

f u e l  has  decreased  so  much t h a t  t h e  power product ion  

i n  t h i s  region starts t o  decrease  because of t h e  lack 

of f u e l  t o  cause f i s s i o n ,  

- - - - - - - - -  

Figure  111-42 shows how t h e  power d i s t r i b u t i o n  i n  t h e  

co re  v a r i e s  compared t o  t h e  flux and f u e l  d i s t r i b u -  

t i o n s .  Note t h a t  t h e  power d i s t r i b u t i o n  becomes 

f l a t t e r  as t h e  o p e r a t i o n  cont inues .  

_ _ - - - - - -  - 

A f l a t  power d i s t r i b u t i o n  i s  more d e s i r a b l e  because 

t h e  h e a t  product ion  and temperatures  are d i s t r i b u t e d  

over  t h e  ent l i re  core.  
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-I-. 

-------__ ~ 

_-_ --- 

_____---__--- 

'To main ta in  t h e  same power ou tpu t ,  t h e  average f l u x  must r ise  because 
t h e  average C is  f a l l i n g .  (Review Sec t ion  111-1, Frames 111 t o  114.) 

f 

'To main ta in  t h e  same power ou tpu t  (Mw), t h e  average power d e n s i t y  
must be  cons t an t ,  A s  t h e  power d e n s i t y  i n  t h e  c e n t r a l  r eg ion  f a l l s ,  i t  
must r ise i n  t h e  o u t e r  r eg ion ,  This  i s  done by i n c r e a s i n g  the  neut ron  f l u x  
level,  
power d e n s i t y  i s  r a i s e d .  This  is  because t h e r e  i s  more volume i n  t h e  o u t e r  
reg ions  t o  make up f o r  t h e  smaller power-density change. 

(Note t h a t  t h e  centra1 power d e n s i t y  drops more than t h e  outer 

Fig .  111-42. I d e a l i z e d  Neutron Flux,  Power, and 
Fuel  Dis t r ibu t ion- -before  and a f t e r  Power Operat ion 
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31. To o b t a i n  a f l a t  power d i s t r i b u t i o n ,  some r e a c t o r s  uniformly evenly o r  

s t a r t  wi th  a lower f u e l  d e n s i t y  i n  t h e  c e n t e r  of 

t h e  c o r e  t o  compensate f o r  t h e  n a t u r a l l y  (low, h igh )  

neutron f l u x  i n  t h a t  area. 

- - - - - - - - -  

32 .  I n  a r e s e a r c h  r e a c t o r ,  t h e  f u e l  may be unevenly 

loaded i n t o  t h e  c o r e  i n  o r d e r  t o  enhance t h e  neutron 

f l u x  nea r  experiment r i g s .  This a l s o  r e s u l t s  i n  

d i s t o r t i o n s  of t h e  neutron-f lux 

- - - - - - - - -  

high 

3 3 .  Figure  111-43 shows a t y p i c a l  ORR co re  loading which 

i l l u s t r a t e s  t h e  d i s t r i b u t i o n  of f u e l  i n  o rde r  t o  

s a t i s f y  t h e  neutron f l u x  requirements of experimenters .  

d i s t r i b u t i o n  

- - - - - - - - -  

7.5 .  Control-Rod E f f e c t s  

34 * 

3 5  e 

The neu t ron  f l u x  d i s t r i b u t i o n  i n  a r e a c t o r  is a f f e c t e d  

by almost any change i n  t h e  core.  

d i scussed  f u e l  burnup e f f e c t s  and r e f l e c t o r  e f f e c t s .  

Control. r a d s  also a f f e c t  t h e  neu t ron  flux--probably 

more d r a s t i c a l l y  than  anything else. 

Thus f a r  we have 

- -  - 

L e t  us  look a t  F ig .  111-44 f o r  j u s t  a minute. This  

i l l u s t r a t e s  how t h e  neu t ron  f l u x  d i s t r i b u t i o n  might 

appear when a c o n t r o l  r o d  con ta in ing  poison is  

i n s e r t e d  i n t o  t h e  r e a c t o r ,  

- - - - - - - - -  
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ORNL DWG. 68-4422 

POOL F u e l  
W (Weight 

E 

B e  _--_--- Beryllium R e f l e c t o r  P iece  

CR-- - _-_ Cont ro l  Rod of Part Cadmium, P a r t  Fue l  

E--- __ - I .. Experiment Rig 

CR-Al----Control Rod of Part Cadmium, P a r t  Aluminum 

I I -- -- - - - Radio iso tope  Product ion F a c i l i t y  

T o t a l  Mass = 4867.85 grams of 235U 

Control-Rod P o s i t i o n s  a t  Cr i t ica l  = 1 7 - 2 5  inches 

Fig. 111-43. Core F u e l  Loading 



202 

Control. Rod 

C o n t r o l  Rod 

on 

F i g .  111-44, Neutron Flux D i s t o r t i o n  

36. T h i s  c o n t r o l  rod w a s  i n s e r t e d  i n t o  t h e  c e n t e r  of t he  

core where t h e  neu t ron  f l u x  was maximum, The reason 

f o r  t h i s  is  t h a t  a t  t h e  p o i n t  where the neut ron  f l u x  

peaks,  a c o n t r o l  rod w i l l  have the  most e f f e c t ,  I t  

would have been less e f f e c t i v e  i f  i t  had been i n s e r t e d  

nea r  the  edge of t h e  c o r e ,  such as p o i n t  b ,  because 

h e r e  t h e r e  are [more, fewer) neutrons f o r  t h e  c o n t r o l  

rod  t o  absorb.  

- - - - - - - - -  

3 7 ,  If an  a d d i t i o n a l  rod i s  t o  be i n s e r t e d ,  the most 

e f f e c t i v e  p l a c e  would be p o i n t  [a, b ) .  

- - - - - - - - -  

fewer 
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38, T h i s  e x p l a i n s  why the  control-rod worths are d i f f e r e n t  B 

i n  a r e a c t o r  which has s e v e r a l  c o n t r o l  rods.  

- - - I - - - - -  

39. A s  t h e  c o n t r o l  rod i s  withdrawn, w e  w i l l  n o t e  t h a t  

t h e  neutron f l u x  d i s t r i b u t i o n  approaches t h a t  which 

would occur i f  t h e r e  were no poison i n  t he  r e a c t o r .  

See F ig .  111-45. 

Fig. 111-45. Neutron Flux D i s t o r t i o n  

- - - -  1 - m - 1  

40. S i m i l a r  dep res s ions  i n  t h e  neutron f l u x  d i s t r i b u t i o n  

occur whenever any neutron poison (neutron abso rbe r )  

i s  i n s e r t e d  i n t o  t h e  co re  of a r e a c t o r .  
- - - - . . . - - - -  
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41 

4 2 ,  

43 e 

The l o c a t i o n  of control rods i n  r e a c t o r s  i s  gene ra l ly  

a t  p o s i t i o n s  w h e r e  t h e  neut ron  f l u x  is  (small, l a r g e )  

because h e r e  they w i l l  b e  more e f f e c t i v e ,  

- - - - - - - - -  

Thus f a r  w e  have been looking a t  w h a t  i s  c a l l e d  the 

r a d i a l  neut ron  flux d i s t r i b u t i o n .  

t h a t  i t  is  p a r a l l e l  t o  the  r ad ius ,  whereas a x i a l  

impl ies  p a r a l l e l  t o  t h e  a x i s ,  When d i scuss ing  a 

r e a c t o r ,  t h e  a x i s  is  considered t o  be  the  c e n t e r l i n e  

which i s  p a r a l l e l  t o  t h e  control-rod motion. 

l a r g e  

Radia l  imp l i e s  

I - - - - - - - -  

Figure 111-46 i l l u s t r a t e s  t h e  d i f f e r e n c e  i n  t h e  

neut ron  f l u x  d i s t r i b u t i d n  i n  t h e  a x i a l  and r a d i a l  

d i r e c t i o n s ,  

- - - - - - - - -  
Con tr  01 

i Bod 

" t o t  of Flux alonF; 
t h e  Axis of t h e  Corc 

1 2 3 4 5  (i 
Rad ius 

P l o t  of Flux along 
the R a d i u s  of the Core 

F i g -  111-46. Radial V ~ K S U S  Axia l  Flux P l o t s  

- - - - - - - - -  
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44. The e f f e c t  of a c o n t r o l  rod on t h e  a x i a l  neut ron  

f l u x  d i s t r i b u t i o n  i s  shown i n  Fig.  111-47. 

Top 

Core 

Bottom 

- - I - - - _ _  - 
End Beginning 

of Cycle ;2 OJ  2ycle - 
End of  4 ,  End 

c l e  of Cycl 

I i  
I ,  

/ 
/ 

25 50 75 1 

% F u e l  

u-- 

3 

I ‘ I  
L lF )  

Beginning ,#’ 

of Cycle 

-- 

= Control-Rod 
P o s i t i o n  

Flux and Power 

F ig ,  111-47, I d e a l i z e d  Axia l  Power and Neutron Flux 
D i s t r i b u t i o n s  around a Control  Rod 

- - - I - - - -  - 

7 a 6 a Control-Rod Worth 

45.  Atr t h e  beginning of o p e r a t i o n  Cat c r i t i c a l i t y ) ,  about 

one-half of t h e  control-rod poison i s  i n  t h e  core  and 

t h e  o t h e r  h a l f  is ou t  of t h e  core (shutdown f a c t o r  of 

2 ) .  This  means t h a t  t h e  neutron f l u x  is  depressed a t  

t he  t o p  of t he  core  and is a t  the bottom of 

t h e  core ,  as shown i n  F ig .  111-47 (beginning of cyc le ) .  

- -  - - - - - - -  

TOP 

Core 

Bottom 
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46. A s  t h e  f u e l  i s  burned up, t h e  c o n t r o l  rod i s  

withdrawn u n t i l  f i n a l l y  a l l  o r  a lmost  a l l  of t h e  

poison i s  removed from t h e  core, 

t h e  neutron f l u x  (and power) tends  t o  flatten o u t ,  

F igure  111-47 shows also how t h e  neut ron  f l u x  and 

power d i s t r i b u t i o n s  would. appear  at t h e  end of 

ope ra t ion .  

A s  i t  is  withdrawn, 

I - - - - - - - -  

4 7 ,  Now, look a t  F i g ,  111-48, which shows t h e  ac tua l  

" f i n e  s t r u c t u r e "  of t h e  neut ron  f l u x  d i s t r i b u t i o n  

i n  a small segment of t h e  core .  

/5 
/ 

Fue 1 

2 

C'." 

Moderator 

h igh  

Actua l  F a s t  
..- Neutron Flux 

(Usual  Approximation 
of F a s t  Neutron Flux 

I__ 

Actual Thermal 
Neutron Flux 

---. 

(- Usual Approximation of 
Thermal Neutron Flux 

F ig ,  111-48. "Fine S t ruc tu re"  of Neutron Flux D i s t r i b u t i o n  

- - - - - - - - -  
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48. Had t h e  f u e l  and moderator been a homogeneous mixture  

(homogeneous mixture  means uniform mixture  l i k e  

homogenized m i l k ) ,  t h e  a c t u a l  neutron f l u x  would have 

been smooth a s  in t he  d o t t e d  l i nes  of F i g ,  111-48. 

r e p r e s e n t i n g  the  usua l  approximation which averages 

ou t  t h e  small d i p s  and peaks,  

- - - - - - - - -  

49,  I n  a nonhomogeneous r e a c t o r ,  such a s  t h e  ORR o r  HFIR,  

tlhe f u e l  ( p l a t e s )  are s e p a r a t e d  by channels of water 

which a c t  both as moderator and as c o o l a n t q  This  

s e p a r a t i o n  of fuel and water r e s u l t s  i n  s m a l l  peaks 

as shown, The f a s t  neu t ron  flux peaks i n  t h e  

because t h i s  i s  where the f a s t  

neutrons are born; as they move i n t o  the  water, they 

become thermalized--thus causing t h e  thermal neutron 

flux peaks t h e r e ,  

50. The depres s ion  i n  t h e  thermal neutron f l u x  i n  the  f u e l  

f u e l  r eg ion  occurs  because thermal neutrons are 

absorbed i n  t h e  fuel, As long as t h e  f u e l  p l a t e s  

and water channels are k e p t  t h i n ,  t h e s e  v a r i a t i o n s  

i n  t h e  neutron f l u x e s  produce no important  e f f e c t s .  

51. The fac t  t h a t  the neu t ron  d e n s i t y  is  less near  t h e  

edges of t h e  c o r e  than  i n  t h e  c e n t e r  causes  t h e  

worth of  c o n t r o l  rods  p e r  i n c h  of i n s e r t i o n  t o  

vary,  

b e  as much as LO% Aklk o r  more f o r  f u l l  t r a v e l  of 

t he  e n t i r e  rod,  I f  t h e  rod i s  20 i n ,  l o n g ,  then you 

might t h i n k  t h a t  each 1 i n ,  of rod is  worth 

0,5% Ak/k, But t h i s  i s  no t  c o r r e c t .  

The r e a c t i v i t y  worth of a c o n t r o l  rod might 
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52. It Ps g e n e r a l l y  t r u e  t h a t  t he  "end p o s i t i o n s "  of 

control-rod t r a v e l  are n o t  as e f f e c t i v e  as t h e  

"middle p o s i t  ions"  ~ 

- - - - - - - - -  

53. The reason t h e  end p o s i t i o n s  a r e  worth less i n  

changing reastivfty t han  t h e  middle p o s i t i o n s  i s  

because the f irst  movements of a rod remove or 

i n s e r t  poison a t  t h e  edges of t h e  co re  where the  

neu t ron  f l u x  i s  

- - - - - - - - -  

54.  Obviously, a poison material w i l l  be  more e f f e c t i v e  small 

(absorb more neutrons)  a t  p l aces  where t h e r e  are 

more 

- - - - - - - - -  

55. A s  t h e  movement of t h e  rod cont inues i n t o  t h e  co re ,  neutrons 

t h e  poison material p e n e t r a t e s  i n t o  the  c e n t r a l  

r eg ion  of t h e  t o r e  where t h e r e  are 

neutrons and t h e  e f f e c t  pe r  i nch  on r e a c t i v i t y  

( i n c r e a s e s ,  d e c r e a s e s ) ,  

- - - - - - - - -  

56, A s  t h e  c o n t r o l  rod i s  i n s e r t e d  f a r t h e r  i n t o  the  

c o r e  s o  t h a t  p e n e t r a t i o n  is made through t o  t h e  

o u t e r  r eg ions  of t h e  o t h e r  s i d e ,  l e s s  and less 

e f f e c t  per inch  occurs  wi th  f u r t h e r  i n s e r t i o n .  

more, 
i n c r e a s e s  

57. A s  t h e  c o n t r o l  rod approaches t h e  end of i t s  t r a v e l ,  

i t  has (less, m o r e )  e f fec t  per inch of travel than 

when i t  is  i n  t h e  c e n t r a l  r eg ion  of the  core,  
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58. F i g u r e  111-49 i l l u s t r a t e s  t h e  r e l a t i v e  e f f e c t s  of 

a small, movement of a c o n t r o l  rod. 

1 
P 

10% 

40% 

100% 

40% 

10% 

10% 

40% 

100% 

40% 
10% 

less 

(a> (b )  (c) 
Per  cent Percent  

Neutron Flux Neutron Flux 

F ig .  111-49. Control-Rod E f f e c t s  

- - - - - - - - -  

59. I n  Fig.  ILI-49a, t he  rod has j u s t  en te red  t h e  low- 

f l u x  reg ion  near  t he  edge of t h e  core .  I n  Fig,  I I I -49b 

t h e  end of t h e  rod e n t e r s  t h e  area where t h e  neut ron  

f l u x  i s  maximum (100%). I n  Fig.  I I I -49c  t h e  r o d  i s  

aga in  e n t e r i n g  a low-flux reg ion .  A t  any t i m e  dur ing  

t h e  i n s e r t i o n ,  t h e r e  i s  s t i l l  t h e  same amount of 

poison i n  the  o t h e r  reg ions  j u s t  passed s o  t h e  only 

new e f f e c t  on r e a c t i v i t y  i s  t h a t  produced as t h e  end 

of t h e  rod e n t e r s  a new reg ion .  

- - - - - - - - I  

60. The l a r g e s t  r e a c t i v i t y  e f f e c t  of a small movement is 

produced when the rod is in the  position as shown 

i n  (a, b ,  c ) .  
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61. The r e a c t i v i t y  worth of a c o n t r o l  rod is  g e n e r a l l y  

determined f o r  each inch  of t ravel  ( o r  some such 

f r a c t i o n  of t h e  l e n g t h ) .  Since t h e  neutron f l u x  i s  

lower a t  t h e  top and bottom of the core, i t  can be 

expected t h a t  t h e  r e a c t i v i t y  worth of t h e  f i r s t  few 

inches of control-rod movement w i l l  have ( l e s s ,  more) 

e f f e c t  than when the  end of t h e  rod i s  i n  t h e  c e n t e r  

of t h e  co re ,  

b 

- I - - - - - - -  

6 2 .  It i s  t r u e  tha t  i n  t h e  "end pos i t i ons ' '  a c o n t r o l  

rod motion has  less e f f e c t  on r e a c t i v i t y  than i n  

t h e  p o s i t i o n  of its t r a v e l ,  

- - - - - - - _ -  

less 

6 3 .  Control  rods can be c a l i b r a t e d  i n  r e a c t i v i t y  worth 

p e r  i nch  o r  f o r  t o t a l  worth of t h e i r  f u l l  l e n g t h  

by us ing  any of s e v e r a l  d i f f e r e n t  methods. For 

ex amp 1 e : 

middle QZ- 

center 

a. Cancel l ing o u t  t h e  e f f e c t s  of a rod move- 

ment w i th  a small amount of neutron absorber  

of known ( c a l c u l a t e d )  r e a c t i v i t y  worth,  

Observing t h e  pe r iod  r e s u l t i n g  from a rod 

movement 

b, 

c. Observing t h e  magnitude of t h e  neutron 

f l u x  i n c r e a s e s  and dec reases  w h i l e  r a p i d l y  

o s c i l l a t i n g  the rod over a s m a l l  d i s t a n c e ,  

d .  Observing t h e  dec reas ing  neu t ron  f l u x  

fol lowing a r e a c t o r  scram. 

_ - - - I - - - -  

6 4 ,  Figure  111-50 is a graph of r e a c t i v i t y  worth versus 

rod p o s i t i o n .  The S-shape i s  typical of rod calibra- 

t i o n  curves.  
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0 4 8 12 16 20 24 28 32 
DISTANCE WITHDRAWN (in.) 

Gang Rod Calibration for Operating 
Core with Experiments. 
&/k ;  central. slope, (1.30% Ak/k)/in. 

Core worth, 7.72% DISTANCE WITHDRAWN (in.) 

Number 4 Rod Calibration for Oper- 
ating Core with Experiments. Tota l  Worth, 
10.37% Ak/k; central slope, (0.63X Ak/k)/in. 

0 4 8 12 i6 20 24 28 32 
DISTANCE WITHDRAWN (in.) 

0 4 8 42 16 20 24 28 32 
DISTANCE WITHDRAWN (in.) 

Number 3 Rod Calibration f o r  O p e r a -  Number 5 Rod Calibration for Opera- 
ting Core with Experiments. Total worth, ting Core with Experiments. Total worth, 
10.35% nk/k; central slope, (0.64% Ak/k)/in. 6.70% Ak/k; central slope, (0.43% Ak/k)/in. 

Fig. 111-50. Reactivity Worth vs Rod Position 
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65. Considering only  s i n g l e  rods ,  No. 3 has t h e  steepest  

s l o p e  wi th  p e r  i nch  and rod No, 5 

p e r  inch. - has t h e  l eas t  s l o p e  wi th  

- - - - - - - - -  

66, This  means t h a t  i f  a l l  rods are about h a l f  withdrawn, 

rod No. __ w i l l  add t h e  g r e a t e s t  amount of reac-  

t i v i t y  as i t  is  withdrawn another  i nch ,  

0.64% Ak/k 
0.43% Ak/k 

- - - - I - - - -  

67.  Note t h a t  when withdrawal s tar ts ,  t h e  No, 4 rod must 3 

b e  withdrawn about 7 i n ,  t o  cause t h e  f i r s t  1% 

change i n  r e a c t i v i t y .  However, the change from 5% 

t o  6% Ak/k (1% Ak/k change) r e q u i r e s  a rod movement 

of only about i n c h e s ,  

- - - - - - - - -  

68. Note t h a t  t he  r e a c t i v i t y  worth p e r  i nch  does n o t  

change much a t  t h e  beginning nor a t  t h e  end of 

t r a v e l .  However, i n  t h e  middle, t h e  r e a c t i v i t y  

worth changes cons ide rab ly  more f o r  each inch  of 

movement; t h i s  resul ts  from the  f a c t  t h a t  

- 
The neutron f lux  i s  g r e a t e r  i n  t h e  c e n t e r  
than a t  the o u t e r  edges of t h e  co re ,  and 
t h e  rod i s  more e f f e c t i v e  i n  t h e  high-f lux 
r eg ions  

2 

69. F igu re  111-51 shows a graph of r e a c t i v i t y  worth p e r  

inch v e r s u s  rod p o s i t i o n .  The t o t a l  worth f o r  t h e  

accumulated rod movement i s  shown as curve A. Curve B 

shows t h e  worth of each inch  of rod t ravel ,  

I - - - - - - - _  
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R O D  P O S I T I O N  - I N C H E S  F R O M  S E A T  

O R R  SHIM-ROD NO. 6 C A L I B R A T I O N  - M A Y  14,1963 
(NEW S H I M  R O D ,  - 1 3 0 g m  U-235 IN FOLLOWER) 

+ - COMPENSATION WITH RODS 3 , 4 , A N D J  GANGED 
o - COMPENSATION WITH ROD 3 ONLY 

F i g .  111-51. Shim-Rod No. 6 Calibration - May 14, 1963 (New Shim 
Shim Rod, -130 gm ”% Follower)  
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70. The worth p e r  i nch  i n c r e a s e s  up t o  about O r  

i nches ,  where an  inch of rod movement is  worth 

about 0.5% Ak/k. 

"" ,- .I - - - I - -~ 

71.  Note a l s o  t h a t  a t  both 5 i n ,  withdrawn and 25 i n ,  1 2  9 

13 withdrawn, an inch of rod movement is  worth about 

72, These cont ro l - rod  c a l i b r a t i o n s  are used i n  many 

ways. They a r e  used t o  ana lyze  hazards ,  t o  set: 

o p e r a t i o n a l  l i m i t s ,  and f o r  o t h e r  o p e r a t i o n a l  

purposes a 

- - - - - - - - -  

73 .  Most r e a c t o r s  have au tomat ic  c o n t r o l  systems c a l l e d  

se rvo  systems". These se rvo  systems are allowed t o  11 

make only  s m a l l  r e a c t i v i t y  changes. I f  they were 

allowed t o  make l a r g e  changes, any f a i l u r e  of t h e  

system might r e s u l t  i n  a l a r g e  r e a c t i v i t y  change and 

a p o s s i b l e  co re  meltdown. I n  o r d e r  t o  l i m i t  t h e  

amount of r e a c t i v i t y  used by t h e  se rvo  system t o  a 

s a f e  amount, knowledge o f  control-rod r e a c t i v i t y  

worths  i s  necessary .  

- - - - I - - - -  

7 4 .  It  should be  poin ted  o u t  t h a t  wh i l e  w e  have emphasized 

the  d e s i r a b i l i t y  of a f l a t  neutron-f lux d i s t r i b u t i o n ,  

w e  do not  want a f l a t  d i s t r i b u t i o n  i n  some types  of 

r e a c t o r s .  The HFIR i s  such a r e a c t o r .  This  r e a c t o r  

w a s  designed s o  t h a t  a maximum f l u x  would occur in a 

" f l u x  t rap"  i n  the  c e n t e r  of t h e  co re  s o  t h a t  some 

s p e c i a l  materials can be  i r r a d i a t e d  i n  t h e  h i g h e s t  

p o s s i b l e  neut ron  f l u x ,  

- - - - - - - - -  

0,1% Ak/k 
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75. Ac tua l ly ,  a f l u x  t r a p  is n o t  a t r a p  a t  a l l .  The 

word t r a p  i n d i c a t e s  t h a t  t h e r e  is  no way o f  escape; 

and a flux t r a p  is  not a reg ion  of no escape  f o r  

neut rons  

_ - - _ - -  - - -  

7 6 .  For an  example, l e t  us  use  a bFrd r e fuge ,  a sanc tuary .  

We w i l l  assume t h a t  t h e r e  are PO0 ducks on a l a k e ,  and 

ducks a l i g h t  on t h e  l a k e  a t  t h e  rate of 25 pe r  hour ,  

Some f l y  away aga in ;  some d i e  of o l d  age; and some are 

k i l l e d  by p r e d a t o r s ,  b u t  a l l  have t h e  oppor tun i ty  t o  

l eave  o r  s t a y  as they see f i t ,  

_ _ _ _ - -  - - -  

7 7 ,  I f  25 ducks l e a v e  each hour by any of t h e  methods 

listed i n  Frame 7 6 ,  w e  would say  t h a t  t h e  average 

l i f e  of  a duck on t h e  l a k e  is  1 h r .  Some might 

f l y  o f f  immediately,  and o t h e r s  might s t a y  f o r  

months; b u t  t h e  average l i f e t i m e  on t h e  l a k e  i s  

78. I f  t h e r e  are no changes in t h e  s i t u a t i o n ,  t h e  average  1 h r  

duck popu la t ion  w i l l  remain cons t an t  a t  ducks I 

- - - - I - - - -  

79. FOP t h e  purposes  of a n a l y s i s ,  w e  keep a c h a r t  of duck 3.00 

movements and f i n d  t h a t  each hour ,  

10% of the popu la t ion  - 10 ducks - f l y  away 

14% of t h e  popu la t ion  - 1 4  ducks - e a t e n  by p r e d a t o r s  

( C  1 a 
- 1% of the popu la t ion  - -1 duck 

25% of t h e  popu la t ion  - 25 ducks - Lost each hour 

- d i e s  of o l d  age 

_ _ _ _ - I -  - -  
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80 ,  However, 25 ducks a r r i v e  each hour ,  s o  t h e  duck 

popula t ion  on the l a k e  remains 
- - - - - - - I -  

81. I f  w e  l e t  P r ep resen t  t h e  t o t a l  duck popula t ion  

1O%P -k L 4 X P  4- 1 % P  = 25 ducks, 

o r  

(0,lO -t- 0.14 f 0 , O l ) P  = 25 ducks 

0 , 2 5 P  = 25 

P =  ducks I 

82, Now l e t  us  remove some p reda to r s  ( reducing C ) *  Our 
a 

records  naw show: 

30% - 10 ducks - fly away 

9% - 
1% - 1 duck - dies of o l d  age 

20% - 20 ducks - l o s t  each hour ,  

9 ducks - are eaten by p reda to r s  

- - - - - - - - -  

83. I t  is  r a t h e r  obvious t h a t  i f  more ducks a r r i v e  than 

l eave ,  t h e  duck popula t ion  w i l l  i n c r e a s e ,  It i s  

not  q u i t e  s o  obvious t h a t  t h e  duck popula t ion  w i l l  

aga in  become constant:  when t h e  percent  of l o s s  of 

t h e  new popula t ion  equals  25 ducks. 

- - - - - - - - -  

8 4 ,  When t h e  percent of the popu la t ion  t h a t  is lost 

equals  t he  number of ducks a r r i v i n g ,  t he  duck popu- 

l a t i o n  w i l l  remain 

- - - - - - - - -  

t h e  same o r  
cons t an t  

100 
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85. I f  w e  l e t  D r ep resen t  t h e  new duck popula t ion ,  D cons t an t  

will become s t a b l e  when 20% of D equals  ducks. 

86. If 

then 

25 

1 0 % D  4- 9 % D  f l .%D = 25 ducks,  

(0.10 f 0.09 + 0,Ol)D = 25 ducks 

D = 25/0.20 

D =  ( t h e  new s t a b l e  
duck popula t ion) .  

8 7 ,  I f ,  i n  our h y p o t h e t i c a l  ca se ,  only 1 5  ducks l eave  125 ducks 

pe r  hour ,  t h e  duck popula t ion  w i l l  aga in  

u n t i l  i t  reaches a p o i n t  of s t a b i l i t y  when t h e  15% 

l o s s  equals  ducks,  t he  number a r r i v i n g  pe r  

hour 

- - - - - - - - -  

88 ,  In an analagous s i t u a t i o n ,  t he  s t a b l e  neut ron  popula- i n c r e a s e  
25 

t i o n  i n  a f l u x  t r a p  i s  t h e  average number of neut rons  

which remain when t h e  pe rcen t  of t h e  popula t ion  t h a t  

i s  l o s t  e x a c t l y  equals  t h e  number of neut rons  

t h e  t r a p .  

89. The neut ron  f l u x  t r a p  reg ion  i n  a r e a c t o r  might be e n t e r  fng 

more c o r r e c t l y  named i f  i t  were c a l l e d  a neut ron  

sanc tua ry .  Neutrons come and neut rons  go, b u t  t h e  

average l i f e  of a neu t ron  i n  t h e  r eg ion  c a l l e d  

f l u x  t r a p  is longer  than i t  i s  i n  o t h e r  p a r t s  of 

t h e  core .  Thus, t h e  neut ron  d e n s i t y  h e r e  i s  

than i t  i s  i n  o t h e r  p a r t s  of t h e  co re ,  



90. The t r a p  ( sanc tuary)  i s  u s u a l l y  i n  t h e  cent ra l  p a r t  g r e a t e r  

of t h e  c o r e  where a l a r g e  volume of moderator is 

surrounded by  f u e l .  Pas t  neut rons  from t h e  f u e l  a r e  

thermalized i n  t h e  moderator and remain r h e r e  f o r  a 

( longe r ,  s h o r t e r )  t i m e  than they would i n  t h e  f u e l  

because t h e  C of t h e  moderator i s  lower than  t h a t  

of t h e  f u e l ,  
a 

l onge r  91. S ince  t h e  thermal  neut rons  have a longe r  l i f e  i n  t h e  

t r a p ,  t h e  thermal  neut ron  d e n s i t y  i s  (greater, l e s s )  

i n  t h e  t r a p  than  i n  t h e  f u e l .  

- - - I - - - _ _  

92. Materials p laced  i n  t h e  t r a p  are i n  a ( lower,  h igher )  g r e a t e r  

thermal  neu t ron  f lux than  i f  they  were p laced  

anywhere e lse  i n  t h e  co re .  

- - - - - - - - -  

93, The thermal  neu t ron  f lux  is h i g h  because the proba- 

b i l i t y  of abso rp t ion  i s  ( g r e a t e r ,  less) i n  t h e  

moderator than  i n  t h e  f u e l ,  

h ighe r  

less 
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7.7.  S e l f  Test 

9 4 "  

95. 

96 e 

97.  

9 8 ,  

99 .  

The neu t ron  f l u x ,  4 ,  -3 the number of neut rons  i n  

a cub ic  cen t ime te r  m u l t i p l i e d  by t h e i r  

( I f  you made an  i n c o r r e c t  response,  r e p e a t  Frame 1.) 

- - - - - - - - -  

The number of thermal neut rons  i n  a cub ic  cent imeter  

m u l t i p l i e d  by t h e i r  speed is  u s u a l l y  c a l l e d  t h e  

thermal  e (If you made an 

i n c o r r e c t  response,  r e p e a t  Frame 1.) 

The manner i n  which neut rons  are d i s t r i b u t e d  throughout 

a r e a c t o r  is  c a l l e d  t h e  neut ron  f l u x  

( I f  you made an i n c o r r e c t  response,  r e p e a t  Frames 2-6 , )  

- - - - - - - - -  

A r e a c t o r  which h a s  a uniform f u e l  d i s t r i b u t i o n  will 

g e n e r a l l y  have more neut rons  pe r  ern3 i n  t h e  ( o u t e r ,  

c e n t r a l )  r eg ion  because of neut ron  

(If you made an  i n c o r r e c t  response ,  r e p e a t  Frames 7-10.) 

- 

- - - - - - - - -  

The neu t ron  f lux  distribution is  changed when a r e f l e c -  

t o r  is p laced  around t h e  c o r e  of a r e a c t o r  because 

neut rons  which would o the rwise  escape  are 

back i n t o  t h e  core, 

r e p e a t  Frames 11-14.) 

(If you made an incorrect response ,  

I - - - - - - - -  

A f l u x  d i s t r i b u t i o n  which i s  uniform throughout t h e  

core i s  c a l l e d  a (peaked, flat) d i s t r i b u t i o n .  ( I f  you 

made an  i n c o r r e c t  response,  r e p e a t  Frame 15.1 

less 

v e l o c i t y  o r  
speed 

neut ron  f l u x  

d i s t r i b u t i o n  

c e n t r a l ,  
l eakage  

r e f l e c t e d  or  
re turned 

.... 
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POO. if heat is  genera ted  uniformly throughout t he  core  

of  a r e a c t o r ,  then  t h e  temperature  d i s t r i b u t i o n  

will be  (peaked, f l a t ) ,  ( I f  you made an  i n c o r r e c t  

response,  repeat Frame 16 , )  

- - - - - - - - -  

101. The maximum power ou tpu t  of a r e a c t o r  w i l l .  be  

p o s s i b l e  if t h e  t e m p e r a t u r e  d i s t r % b u t i o n  is  (uniform, 

nonuniform). 

r e p e a t  Frames 17-21 , )  

(If you made an i n c o r r e c t  response,  

102. To main ta in  a constant r e a c t o r  power level  as t h e  

mass of f u e l  decreases, t h e  neut ron  f l u x  m u s t  

( i n c r e a s e ,  deerease). 

response,  repeat Frames 23-24,)  

(If you made an i n c o r r e c t  

f l a t  

flat 

uniform 

103, The f u e l  i n  a r e a c t o r  which is loaded uniformly w i l l  

be  consumed a t  a f a s t e r  ra te  i n  the  reg ion  where t h e  

flux i s  (h igh ,  low)- ( I f  you made an i n c o r r e c t  

response,  repeat: Frame 28,) 

i n c r e a s e  

1 0 4 ,  The maximum e f f e c t i v e n e s s  of a c o n t r o l  rod pe r  u n i t  

length i s  obta ined  i f  i t  4s i n s e r t e d  where t h e  

neut ron  f l u x  i s  (maximum, minimum), (If you made 

an i n c o r r e c t  response,  repeat Frames 36-41,) 

high 

- - - - - - - - -  

105, The f i r s t  movements of a c o n t r o l  r a d  remove or  

i n s e r t  po isan  n e a r  t h e  edges  of the core where the 

neutron f l u x  i s  (h igh ,  low) sa the e f f ec t  pe r  inch  

w i l l  be  (smal1, layt%@). ( I f  you  made a n  i n c o r r e c t  

response ,  r epea t  Frames 4 5 - 5 3 , )  

maximum 
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106. Movements of t h e  c o n t r o l  rod i n t o  o r  ou t  of t h e  low, 
small 

c e n t e r  of t h e  co re  cause (more, less) e f f e c t  than 

a t  t h e  edges of t h e  c o r e ,  

response,  repeat Frames 50-52.) 

( I f  you made an i n c o r r e c t  

107. The thermal neu t ron  d e n s i t y  i n  a €lux t r a p  is  

g r e a t e r  than in o t h e r  p a r t s  of t h e  co re  because 

t h e  thermal neu t ron  l i f e t i m e  is 

there. .  ( I f  you made an i n c o r r e c t  response,  repeat 

Frame 81 , )  

more 

longer  



INTERNAL DISTRIBUTION 

1, 
2, 
3,  
4 .  

5-54, 
55 0 

56 
57. 
58 
59 0 

60 e 

61, 
62 
63 

64-163 e 

164-165 * 
166 
167. 
168 

169-183 

C ,  D. Cagle 
W ,  R ,  Casro 
D. F. Cope, AEC 
R ,  A ,  Costner ,  Jr. 
J. A ,  Cox 
E ,  N ,  Cramere  
S, S, H u r t ,  1x1 
E .  M, King 
R. V, McCord 
H, M, Roth, AEC 
R. L ,  S c o t t ,  Yr, 
S o  Do Sheppard 
W. H. Tabor 
E ,  J, Wftkowski 
Laboratory Records 
C e n t r a l  Research L ib ra ry  
Document Referenee Sec t ion  
Laboratory Records, OWL R. C, 
OWL P a t e n t  O f f i c e  
Div i s ion  of Technical  

Information Extension 

EXTERNAL DISTRIBUTION 

x 

184. R. J. 
185. F. R. 
186, F. L. 
187, T, E. 
188. R. W. 
189.  E. He 
190, E.  A,  

Bursey, Douglas United Nuclear,  Inc. 
Keller,  Idaho Nuclear Corporat ion 
Kel ly ,  USAEC, Washington 
Kirk,  F o r t  Belvoi r ,  V i rg in i a  
Powell ,  Brookhaven Na t iona l  Lab. 
Smith, Idaho Muelear Corporat ion 
Wfmunc, Argonne National  Lab. 


