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I. INTRODUCTION 

.r 

r’ . .  

s 
r‘c 

D u r i n g  1944 we made exgerlwnte and developed the theory fo r  
1 the neutron intensity fluctuations of a water boi ler  . 

heported by F. de Hof-nn i n  Chapter 9 of “The Science and Engineering 

The fluctuations, 

of Nuclear Power”, Vol. I1 (Adclison Wesley F’ress, Cambridge, Mass., 1949). 

a8 measured by a counter depend on ( a )  the fluctuations In 3/ , the number 

of neutrons per fiS810n, (b) the absolute c r i t i c a l i t y  of the system 

Y 

(which I s  a measure of the average likelihood of starting and perpetuatlrq, 

a chain), ( c )  the efficiency of the counter and (d)  the length of t h  

over which counts are taken. 
r 

Thus a measurement of the fluctuations to- 

gether with a detemnination of (b), ( c )  and (a) will yield Information on 

the fluctuations i n  the nWer of neutron8 per fission. 

Let z denote the average number of counts recorded i n  the coun- 

ter per unit time. mn [ 7 - (~121 /F is a convenient masure of the 

fluctuations encountered; the quantity is unity when the fluctuations are 

of purely random origin, since then  c has the form of a Poisson dlstribu- 

tion. 

define the excesB Y by: 

I n  the case of chain reactors we have greater fluctuations and we 

We have previowhy shown2 that if t is the gate-width, defined 
- 

%? refer the reader to  the derivation of Eq. (9-55) of Ref. 1; there ie 

an obvious typographical e r ror  i n  the formula referred to-in particular 
7 J 2  should be Y . I 

701 >--- 
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aa being the tfme mek which counts are taken, then i n  f‘fret approx- 
‘ I  

I inaation Y Is given by 

, I  

I n  (21, k is the efficiency of the counter, * i .e. the avererge number 

of counta $pep average fission3 occurring i n  tbe water boi ler .  Furthermore, 

\ 3The fact  that a neutron born at one place may not produce the. 6arw a&- 

sequent effect on the b o i b r  as one born at another place has a SMnerll 

effect i n  our case. This is d w , t o  the ayrmoetry of the boi ler  and a le0  

t o  its snsall s ize  80 thrs.t; a neutron ~ E L S  a good chance of traversing the 

whole sphere during i ts  lifetime. 

munication 194) have shown that this, geoaetrical factor when t aken  account 

of amounts t o  about one percent and can really be neglected. 

Calculations of Feynmm (private com- 
rl . 
.-‘ . 

5 

Incidfmtally, Fefrrnaan (private communication 1944) has further 

. .  . . .  
.;.I) . I 

carried out the derivation of Eq, (2) with a continuum of neutron velo- 

ci t ies and the result obtained is ident ica l  w t t h  that w h e n  only one group 

of neutron is assumed. 

the boi ler  means that e g d t  w i l l  be the expected number of‘ neutrons present 

at t h e  t due t o  the prfmary neutroq. 
e .  

1 Finally, if one neutron is known to 

be present i n  the boiler  them the probability of i t 6  producing fiseion i n  

t%m%[dt is dt/y , i.e. T is the mean t h e  between f iss ion.  
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In  Ref. 1 it is further shown that 

i 

, . ,, 

7 1 
-E- l 

1-IC 

where Kt denotes the multiplication for  an  average neutron. 

now that the gate-width t is short  compared to the average delayed neutron 

Provided : 

period, the delayed neutrons CEa not s ignif icant ly  contribute t o  K' and we 

We aha l l  MLke the latter approximation from hem on 

1 in .  When the water boi le r  is run at critical then 
may write = 5- 

1 - 'cp = Yf (4) 

# 

where ,  f is the firaction of f i ss ion  neutrons which are delayed and 

average effectiveness i n  the cha in  reaction as compared t o  p o m p t  neutrons. 

Since all our fluctuation experimente were carried out at delayed c r i t i c a l ,  

their 
& 

we therefore make the reglacemat ( 4 ) .  Denoting the brackets i n  (2) by 

I the eymbol B we thus find 

, c  . 
(5) 

It w i l l  be noted that when the d t  >>l, B tends t o  unity and 

( 5 )  becomes independent of the gate-width. Thus, a kno~~ledge of Y, ;Y f -e 

-72 b and 6 eaablea one t o  determine V . 
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11. EXpERIEXI!AL METHOD 

The experirrtents were carried out on UPO, the first water 

Our experiment waa designed t o  4 boiler i n  existence at LQS ALamos . - 

~- ~ _ _  _ _ ~  - ~- ~- 

'Fir details of LOP0 the reader i t 3  referred t o  Rev. of Sci. Inet. ,' 22 

489 (1951). 

-T yield information concerning Y and incidentally also to try to check 

out the 'validity of (2) as far dependence on t is concerned. To 

this end two experimental methob were pursued. 

counts 88 a m c t i o n  of time were recorded on film 80 that one and the 

Xn the one case the 

earies of counts could be analyzed i n  terms of different @t%-widthe 

t. In the second caee, a very prolonged eerie8 of counts were recorded 

electronically at a fixed gate-laidth which wa8 chosen large enough 80 as 

t o  make B ahnost unity. 

In each of the two method8 used the neutron counter used wa8 a 

BF chauber arranged for maximum efficiency w i t h  equipmsnt then existing 

i n  condunetion with the boiler. It was paced  j m t  outside the Be0 tam- 

per w i t h  bbcks  of paraffin a U  wound It .  6 , found by 

coxfpxfng i t  with a E 3 5  f iss ion 

the center of the boiler was found to be € = 3*51 x 10 counts/fiseion. 

After the BF chamber, them was a pre-klifier, aanplifier and diecrim- 

inator. 

Alarrpos electronfcs group under W .  Higinbotham and M. Ban&) waa 5-6 

3 

The efficiency 

e of lu~own efficiency placed i n  
-4 

3 
The rim time of this electronic syatsoa (deaigned by the U s  

I 

microseconds , 

Following the diecr3miktor, the two methods were as follows: 
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Film Method5 

The output of t he  discriminstor vas fed into a scalar and 

'We are indebted to  Bkssrs. B. Brixner and J. Mack f o r  the use of 

t h e i r  equipment an8 for t h e i r  kind help, 

ehe scalar tapped off at the output of the f i r e t  etage with the sfgral 

being fed t o  the vertical plates of a 5 inch oscillograph. 

horizontal plates a specially b u i l t  Ifnear eweep vas imgoeed and ad- 

justed t o  a frequency of 250 cyeles. lPle screen was photographed by 

meane of a continuously moving fflm, w i t h  the film moving vertically. 

The developed film showed a pattern l i k e  the  sample shown i n  Fig. 1. 

On the 

This pattern csn be interpreted eas i ly  since t h e  first stage 

of the eealar represents 8 flip-flop cfrcult, and consequently i ts  out- 

put cban(5ea from a maximum to a minimum and back t o  a maximum w i t h  SUE- 

ceesive pulses. Thus 8 shift of the height of the l ine on the acoge or 
6 film respectively w i l l  Indicate that a pulse has regfstered . 

'1% is important that the awecnp return very fast in order that pulses 

may not be lost between the end of one and the beginning of another 

sweep. Meed ,  t h e  sweep used ha8 a return tfme of anly several micro- 

seconds . 
The oscilloscope was photographed cm 35 mm film at a film speed 

of approximately 100 feet per minute, by means of a &nerd Radio Comgany 

Oscillos6ope camera. The completed film'was read on a micro-film resder 
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by moving t h e  film through the  viewing appamtus, stopglW3 st randam 

. .  

. . i. . .  .. . 
. .  

snd visually countiw a pre-determined time' interval on the film. 

The boiler Itself was run at delayed critical and the intensi ty  was 

adjuated so t h a t  the scalar recorded about 500 counts per second. 

Electronic ivletliod 

This time t h e  s i p 1  from the diecrimtnator was fed through 

a gate c i r cu i t  and then fed Into another discriminator scalar  unit. 

"he gate c i r cu i t  was 80 designed as to 'let pulse8 pas6 throw it s t a r t -  

7The gate c i r cu i t  was kindly deeigned and built  by C. P. Baker. 

7 

ing from the time the switch was closed till a predetermined time later, 

in gar$fcuhr 283 milliseconds. %US by closing the  switch and reading 

the scalar, one obtained the  number of c o k t s  Cor a 283 millisecond in- , 

1 terval . 
The boi le r  was run at  critical and a t  an intensi ty  of about 

' 1000 counts/sec In  t h e  BF chamber. 3 
The true length of t i m e  of gate was determined by feeding 

1000 cycles from a standard audio-oeclllator into the input of the gate 

c i r cu i t  and notfng the number of counts recorded on the scalar. This 

. also enebled one t o  mke a check of constancy. Over a I2 hour run the 

gate reproduced t o  be t t e r  than 2 percent.' 
, 

111. EXPEZ?IMElWAL DATA -- 
Three 100 foot film were read f o r  different  gate-widths t. 

Since the  average counting rate F was not the  same on a l l  three films 
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It was necessary t o  comgute the Y + 1 for a partlculsr gate-width 

from each film end then comblne them properly 80 as not t o  get f i c t i -  

tlous fluctuation due t o  variations in F. 

If' on one film a number of g a b s  m was counted f o r  one par- 

ticular gate-time it is shown i n  Apper~lix A tha t  the  computed Y + 1 

from t h i s  film should be multiplied by the factor  m/(m - 1) t o  give 

the  correct value of Y + 1. 

bined by taking the 

The date from several film6 w e r e  then corn- 
* < . "  , .  

correct Y + 1, weiehted according t o  t h e  respec- 

t i v e  m ' s .  The probable e r ror  i n  the quantity obtained can be shown t o  

be where e - %m. Results of Y versus t are shown i n  Fig.  2 and 

the probable e r ror  indicated. 

A single point at  a high gats-the, namely, t * 283 milll- 

seconds, was determined by the electronic method. 

were taben over a period of ~ome 12 hours. These 2200 gates were then 

broken up into 76 small sets of' from 10 t o  50 gates i n  such a m y  t h a t  

2200 individual gates 

the maan c did not change violently d u r a  one set. @in this was done 

to avoid 8 f i c t i t i o u s  Increase of the q w t i t y  Y + 1 due to  violent varla- 

t ions In  c. 
for combination of data from different  films. 

gate-width of 283 milliseconds 

These sets were combined in the same fashion &B described 

The r e su l t  was tha t  for a 

Y 4.17 f 0.16 (6 1 

!&is point is plotted on Fig. 2. 

The mean deviation of the  76 Individual Y * s from t h e i r  mean 

was computed and found t o  be i n  complete agreement w i t h  t h e  deviation 
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expected atat i s t ica l ly .  This Instills cosfidence that the value of 

Y obtained does not contain fluctuations from other than s ta t i s t i ca l  

cause8 . 

We have pointed out that the electronic method used a gate 

t h e !  large enough so that at >> 1. lhis we verify a8 followe: d i s  

obtained from ( 3 ) .  Now the time between fissions always enters calcula- r i  

tions a6 l / T  

age t ime between prompt ffssions. 

mined to  be T = 135 f 20 rnloroseconds for LOPO. Furthermore, t h e  

'See Reference 4. It should be noted that tbe value of Tf cited in 

and therefore T i n  (3 )  may be released by 7 the aver- P 
Ihe la t ter  quantity ha8 been deter- 

0 
P 

t h i s  reference wa8 based on a conversion fac tor  between the amount of 

U235 in the LOPO eolutlon and the resultant xeactivity. This conver- 

sion fabtor was calculated in Reference 4 using the old 1944 cross- 

section for Boron and U235. A recomputation using a thermal absorp- 

tion cress-section of 690 barns for E 3 5  and 750 barns for Boron does 

not change the tralue of 

~ 

rf'. 

integral  quantity 7f for LOPO has been determined 0 as 8.5 x 5 

(7 1 -1 d =  156 f wc 

lhus  indeed, for the electronic mthba t h e  quant,ity 

very large compared to 1, making B = 0.98. 

Ut = 44; 1.e. 



Substituting Xq. (6), i . e .  the value Y obtained from the - 
electronic method in to  ( T ) ,  we may now splve for  V 2  and f ind 

Tbe film data as shown on Fig .  2 does confirm the theoret ical  

prediction t h a t  tbe fluctuations s h o o  rise wi th  increasing gate-widths. 

The dotted curve i n  Fig. 2 was constructed by assuming 

correctly given by (7) and normalizing t h e  curve t o  the electronic  method 

point a t  283 milliseconds. 

du 156 sec" is  

It will be seen t h a t  the agreement of t h e  

dotted curve with the film method experiment is only qual i ta t ive.  It 

would appear t h a t  a fit t o  experiment c a l l s  for a lower value of U than 

(7).  In par t icu lar  the  sol id curve which gives a reasonably good f i t  t o  

the data w a s  constructed wi th  d = 115 sec-' . 
r e f l ec t  on t h e  value of Y 

'Ibis discrepancy does not 

deduced from ( 5 )  and ( 6 )  where d enters  only 
- 

2 

veryeinsensitively through B. Putting I t  another way, f o r  t h e  electronic 

method a t  283 milliseconds we need only know the value of the in tegra l  

quantity d T  which is di rec t ly  related t o  the measuHd Tf, whereas 

f o r  the variation of Y w i t h  t, an Independent knowledge of both d and 

r are called for. 

V. DISCUSSION OF RESULT 

. - Our experiment, perfoAed i n  1944, has determined t h e  second 

moment i n  the dis t r tbut ion of the nurnber of neutrons i n  t h e  thermal f ls-  

slon of m.35 as being 7.8 2 0.6. To familiarize ourselves with t h e  
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--lo- 
\ 

meaning of t h i s  number we might note tha t  if 2/ were always 2.5, a 

physical impossibility, then Y 2  = 6.25. 
_I 

If 1/ were t o  divide equally 
II 

between 2 and 3, then 2/ 2 = 6.5.  It can be seen t h a t  i f  IJ divided say - 
between 2, 3 and 4 i n  such a WRY a6 t o  give 2/ P 2.5 t he  quantity Y 2 

would vary between about 6.6 and 6.9. 

would lead t o  a value of P 2  = 8.75. 

A Poisson dis t r ibut ion of 
I_ 

f ,  
Since t h e  work reported above was performed, the dispersion 

in  the number of f iss ions from U235 has been determined d i r e c t 1 2  by 

'Diven, B. C., et al,  t o  be submitted t o  Phys. Rev. 

Diven e t  a1 at Los Alamos. 

ra ther  obtained full information about the relat ive probability of the 

emissfon 1, 2, 3 --- neutrons per fission. 

They do not determine the second moment, but 

!bey find t ha t  at 80 kev 
I_ 

t h e i r  data yields Y 2  P 7.32. J?urthermore, Ieachmanl' has estimated on 
-- 
"Leach-, R. B., t o  be submitted t o  mys, Rev. 

- 
theoretical  grounds t h a t  a t  t h e m 1  one would expect a value of 2' 2 I 7.2, 

which is allowed by our U n i t  of error on ( 8 ) .  
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APPENDIX A. Derivation of' the  Correction Factor m/(m - 1) 

i 

1 

In order t o  compute Y + 1 we have t o  compute t h e  quantity - 
c2 - (;I*, i .e.,  ( l / m )  C (ci - c12. 

i 
Experimentally however, we measure t h e  quantity 

NOW 

1 
Ci) 2 = ( l / m )  C ( C i  - c + c - a- Z C i )  2 

i m (l/d c (ei - m 
i 

f .  

Thus we have t o  evaluate the expected value of ( l / m  

t a f n  the most probable difference between t he  two quantit ies,  

(ci - c )  to ob- 
i 

Now 

In t h i s  sum the terms with i 4 . j  are Just as likely t o  be 

positive as negative and therefore on the average cancel out. 

leaves only t h e  terms w i t h  i = j and hence the expected value of t h i s  

quantity I s :  

This 

R 
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Therefore 

or consequently 

Ekpect 3 true va1ue:of (! + 1) = [ra/(xn - l)] .[measured value]. 

: 
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LEGEND FOR FIG. 2 - 

The variation of Y as a function of gate-width t .  All 

points shown were obtained by the  film method except for the point 

at 283 mill isecods which was obtained by the  electronic method. 

me dotted and solid curvawere constructed as explained i n  section 

N. 

i 

i 
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