
..I 

Z UNITED S T A T E S  ATOMIC ENERGY COMMISSION 

AECD-3 158 

FISSION SPECTRUM 

BY Work done by 
F. Bloch F. Bloch 
H. Staub M. Hamermesh 

D. B. Nicodemus 
H. Staub 
D. C. de Vault 

August 18, 1943 

Los Alamos Scientific Laboratory 

L - T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  O a k  R i d g e ,  T e n n e s s e e  

Thisdoculndis 
I - 

PUBLIPY RELEASABLE 4 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any sp- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise docs not necessarily constitute or imply its endorsement, m m -  
mcndktion, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect thwe of the United States Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



ABSTRACT 

Measurements of t h e  spectrum of t h e  f i s s i o n  neutrons of 25 
a r e  described, i n  which t h e  energy of t h e  neutrons i s  determined 
from t h e  ion iza t ion  produced by ind iv idua l  hydrogen r e c o i l s .  
slow neutrons producing f i s s i o n  a r e  obtained by slowing down t h e  
f a s t  neutrons from t h e  Be-D r e a c t i o n  of t h e  Stanford cyclotron. 
I n  order  t o  d i s t i n g u i s h  between f i s s i o n  neutrons and t h e  remaining 
f a s t  cyc lo t ron  neutrons bo th  t h e  cyc lo t ron  current  and t h e  pulse  
a m p l i f i e r  a r e  modulated. A hollow neutron container,  i n  which 
slow neutrons have a l i f e t i m e  of about 2 mil l iseconds,  avoids t h e  
use of l a r g e  d is tances .  
t e n s i t i e s  than  t h e  usua l  modulation arrangement. The r e s u l t s  show 
a continuous d i s t r i b u t i o n  of neutrons w i t h  a r a t h e r  wide m a x i m u m  
a t  about 0.8 MV f a l l i n g  off  t o  half  of i t s  m&imum value a t  2.0 
MV. 
wi th  t h e  number of f i s s i o n  fragments. 
c a t e  t h a t  only about 30$ of t h e  neutrons have energies below .8 
MV. 
r u l e  out modi f ica t ion  of t h e  spectrum by i n e l a s t i c  s ca t t e r ing .  

The 

This method r e s u l t s  i n  much higher  in- 

The t o t a l  number of neutrons i s  determined by comparison 
The r e s u l t  seems t o  ind i -  

Various t e s t s  a r e  descr ibed which were performed i n  order t o  

This document is  f o r  o f f i c i a l  use.  
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FISSION SPECTRUM 
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The neutrons emittesd i n  consequence of the fiesion of U25 h a w  

been : tud i sd  by various investigatorso Zinn and Seilard') have recorded 

the proton and ci> reooils i n  an ionization chamber. Proton recoils from 

fission neutrons have also been observed by Chadwick') i n  a photographic 

8n-\ul!;~.On and by Bonnet+ and Bichrds" 2.a a Wilson cloud chamber. A rough 

determtmtion of  t h e i r  enerGy has furthermore been obtained by Christy and 

&nlny4) from the absorption oov afficient in Bakero Tho results of' 

C1i~ci;~+.;.afr: give a distribution wi-th tho InJlximum a t  2 LIV and a h a l f  width of 

abo~r:; 1,3 I@?. Cnu absorption data yield an "sffective" energy of 2.2 W 

and ,:x tracks ctbaerved in t i e  cloud chamber originally seemed t o  indicate 

a c.3 ?iderablo number of nod%ro2s even above 4,s W 0  

The object of t h e  present investigation was t.j redetermlns the 

ener,: distribution of  the fission neutrons of U25,, miking use of tho 

cycloxon a8 an abundant source of pirnary neutronso 

ad~7ail;~go over t h e  method8 previously apglied to obtain good 8tQtistics 

wj.61. L 1. shor t  running times and to avoid t h e  cumbersome geometrical 

This  h5-s %ha obirioue 

63c2.i. ~TIces necessitated by low intensities. On t h e  other hand. because 

of I ..e great number of primary rieutrons from t he  cyclotron twrgei; with 

arm 

be o1?s3rved, G. rather intricate arrangement and method of r6COrding hAd 

/ 
108 i n  t he  same range aa those of tho secondary fission neukirons Lo 

Co iis devised, 

\ 
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The method of detection i s  e s sen t i a l ly  the  same as that used by 

Zinn and S z i l m d l ) .  

al loy,  produce proton r eco i l s  i n  a hydrogen-filled ionization chamber. 

ionization pulses of these r eco i l s  m e  amplified and those lying between 

an e n e r a  E and E+AE a re  selected and recorded. 

t h a t  the  range of t he  r eco i l s  i s  s m a l l  compared t o  the  l i nea r  dimensions 

The f i s s i o n  neutrons, emerging from a disk of tub- 

The 

- 

Assuming f o r  the  moment 
k .  

- 0  - 

of the  chamber, so that i t s  w a l l  e f fec t s  can be neglected, and letting 0 
* 

R(E) be the  number of r eco i l s  i n  t h e  chamber per un i t  energy and time, w e  

f i n d  the number N(E) of f i s s i o n  neutrons per un i t  energy and time emerging 

from t h e  disk t o  be 

E m 
SDh (/I) dE 

N(E) = - (1 1 

where S i s  t h e  e f fec t ive  f r ac t ion  of so l id  angle under which t h e  recording 

volume of t h e  charnber i s  seen from the  disk, D i t s  e f fec t ive  depth, and 

h the  number of hydrogen atoms per un i t  volume, 

cross sect ion of t h e  proton f o r  a neutron of energy E. It is  furthermore 

assumed i n  (1) that,  over the investigated range of energy, t he  neutron- 

proton sca t te r ing  i s  isotopic  i n  a reference system moving w i t h  t he  

center of gravi ty  of t he  two pa r t i c l e s .  

wel l  known, both from experiment and theory51, and with all the  other  

quant i t ies  i n  (1) given, t he  problem reduces t o  the  determination of t he  

( p )  is  t h e  sca t te r ing  

This crom sect ion is  suf f ic ien t ly  

r e c o i l  d i s t r ibu t ion  R ( E ) .  

The source of primary neutrons w a s  a Be ta rge t ,  bombarded w i t h  

a beam of 2.6 MV deuterons from the  Stanford cyclotron. 

eliminate i n  R ( E )  all those r eco i l s  due t o  primaries, t he  neutrons from 

In order t o  

5 )  See paragraph 10  of t he  Handbook, L. A. 11, and the more detai led 
discussion of an unhumbered Berkeley report  by Bohm and Richman, 
Dec. 21, 1942, catalogued i n  the  L. A .  l i b r a r y  as UCRL-320. 

Q 

c 

.’ 
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t h e  t a rge t  were slowed d o h  i n  paraf f in  and by the  well known method of 

delayed modulation of source and detector') only those e f f ec t s  due t o  

WrelY 

induce 

re f  e r s  

thermal neutrons were observed. Since thermal neutrons cannot 

f i s s i o n  of t he  isotope u28, our invest igat ion of t he  f i s s i o n  spectrum 

t o  U25 alone. 

Before entering in to  a more detai led description of OW method 

it is  necessary t o  discuss the  e s sen t i a l  determining fac tors .  Since it 

w a s  t o  be  foreseen t h a t  t he  spectrum would extend well  above 2 MV, it w a s  

important t h a t  t he  gas i n  the  ionizat ion chamber should have the  r e l a t ive ly  

high stopping power of &our 8 times t h a t  of' air .  This requires  a con- 

s iderable  pressure of t he  gas which, with a f eas ib l e  electrode spacing and 

co l lec t ion  voltage, leads t o  col lect ion times of the  Tom i n  t h e  neighbor- 

hood of one millisecond. It is  t rue  tha t  the  co l lec t ion  time could be  

considerably shortened by col lect ing unattached electrons; since, 

however, t h e  induced voltage pulse i n  the  chamber i s  proportional t o  t h e  

average dis tance from t h e  col lect ing electrode t o  the  region where t h e  

electrons a re  l iberated,  r eco i l s  of t he  same energy would give pulses of 

different  s ize ,  depending upon t h e i r  posi t ion r e l a t i v e  t o  t h e  next 

pos i t ive  electrodes.  

t h a t  e lectron col lect ion must be del iberately avoided and care must be 

taken t h a t  not only the  pos i t ive  but also the  negative charges col lected 

a re  attached t o  heavy ions which have approximately the  same col lect ion 

This would spo i l  t he  resolut ion t o  such an extent,  

time . 
. I  

\ .  

6)  L. W .  Alvarez, Phys. Rev. 54, 609, 1938. 
C. P. Baker and R .  F. Bacher, Phys. Rev. 2, 332, 1941. 



With the oonparalively poor reso lu t ion  which one get8 w i t h  B 

oollect ion time of one millisecond it becomes necessary t o  work with the 

oonsiderable t i m e  lag of' several  milliseconds between the moment a t  which 

%he aourae cm886 and that at which the detector  starts t o  operateo 

was found that the primary f'ast neutrons together with the oapbre 

It 

x-rays give during the "on" period of the souroe an aooumulated pulse  

of the order of 100 W ;  although t h i s  pulse was l a rge ly  neutral ized by 

a feed-baok oi roui t ,  it s k i l l  rnras nreaesssry to waf t  about 6 millisecond8 

after "turning:"off" the sowoe before it oeased t o  i n t e r f e r e  with %he 

recording of t h e  oomparatively few and small reooils from f i s s i o n  neutrons. 

During t h i e  time a neutron of 1/80 V energy would t r a v e l  15 merixfrs; t o  

w o r ~  a t  suoh distanoes f'rm the t a r g e t  would w u s e  an excessiwe loss o f  

i n t e n s i t y  and we had $0 use a d i f f e r e n t  arrangement t o  maintain good 

intensity in s p i t e  of t h e  neaessary t i m e  1aG. 

"hie armwment oonsis ts  e seen t i a l ly  of a hollow container 

into whioh 

L e t  3 be the average m b e r  

dP;h walls havirg an albedo as c lose  to unity as possible 

slow neut9-ons enter from the oydotron. 

of times a neutron of velooi ty  w o m  be r e f l e o b d  from the wall without 

being captured and l e t  the linear dimensions of the  oonfainer be L; then 

it is obvioue that after a tin9 

densi ty  of s l o w  neutrons inside, the oontaincsr ell s a p t i l l  be of the  o r i o  

ginel order of xtgnitudeo 3 is oonnected with the mean number N of free 

€3 o 53 &am their entering, the 
V 

E. . 
' I  

4 . 

z 

Q 

a 

I paths which a neutron Immerses in the r e f l su t ing  substanue before 

W 
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For paraffin it is N 2 150, d g  6 SO that with Ls 100 om, 

TT Y 2.5~10 cm/sso one should expect a d e h y  t i m e  Q z 2 ~ 1 0 ~ '  see; 

i f  instead graphi te  With f 3 g  1000 i s  used, ~e delay time oan for the 

same dimensions be increased by a faotor 2.5. 

5 

A more quantitative theory of thu contaimr c9n be Given by 

solving t h e  diffusion equation 

for the  dens i ty  p of neutron8 with velooi ty  v and mean f'ree pat?i 1. 

Assuming a l l  r a d i i  of ourvature of the  wall t o  be (large compared to 1 
and its thioknesa large compared t o  fil, one om e a s i l y  886 that 

while no neutrons en ter  the oontainer the densi ty  ins ide  w i l l  be uni- 

form, and as a funotion of tine w i l l  dsorease aooording to 

I 

(4)  

where 

v t  
-3L p = f o  e 

wi%h V and A standing for the inside volume and wall are8 of the oon- 

iner re  e veo t i ve lye  

For a uontainer with .swllrs of uni fom material the quantity 

i n  (4) f a  given by (2) .  In our a 8 8  the wall material aas aot mi- 

fom but oonsfeted of o i l  i n  t i n  uans ( t h i s  having the atme albedo a8 

paraffin) l ined  on the ins ide  with 12 om of graphite.  

s o t  cause an exoeaeive u88 of graphi te  and yet helped oonsiderably to 

incream the  albedo. 

TNs l in ing  d id  

One obtains In  t h i s  case of a l ined wall, instead 
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I 

I 

where i n  our case N1 and prZ stand for tho numbex of f h s  paths bofdre 

oapture in  graphite and o i l  respeotively,& is tihe r n i n  ?me path in 

graphite and A the thickness of l ining.  

A = 12 cm, 3 = 9.5# i . 8 .  inorease o f  the delay time 2 OVOT khat n:.";houf 

lining by about a faotor I&* 

Takirg &s 2 om, one o b h i n 8  

v 

For the discussion of the most suikble  modulation sohone and 

dimensions of  t h e  container it i s  best t o  note t h e  ra t io  of slow Yreta-kmne 

striking a body of' surfbe S per unit  .time (averaged over Q f u l l  ~ ~ ~ 0 6 u h . -  

tion period) t o  those entering u e  container per unit 

soupce is  i n  operation. 

x h i ? ~  tiw 

I t  i s  given by 

time of t he  container becones 
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In OUF f i n a l  measurements the modulation was made with 60 cyole AeCo,  

giving for i t s  period t = 1/60 sec e 16067x1Q03 see; 

t 2  = 5.85~10"~ m c .  

we had fu r the r  

ti = 1 .73~10-~  sec, and t3 = 8002x10"3 seco 

Tho decay of the neutron dens i ty  in the container was oheoked 

experinental ly  by varying the  time lag t 2  between t h e  end of t he  source 

and the  start of t h s  deteotor operation. As i n d i r s t o r s  for  slow neutrons 

we used t h e  &-pa r t i c l e s  from the B10 reaot ion i n  a BF3 chambero the  

f i s s i o n  fragments of U25 k o m  a thin enriohed target i n  a f i s s i o n  ohamber 

and f i n a l l y  the  f i ss ion  neutrons, observed by the r eoo i l s  i n  the hydro- 

gen-containing ionization chambero 

i n  a l l  three  cases with the  bes t  experimental determination of 8 giving 

The exponential deaay v a s  ver i f i ed  

(9) = 1.8xlQo3 880. 'obs 

I 
The reason for t h i s  value being about 30 per oent less than the calculated 

value ( 8 )  has to be sought mainly i n  the corners of the container which 

have been negleoted i n  the caloulation and act as n a t r o n  t raps;  

t he  paraffin-walled entrance channel represents a ra ther  deep cavi ty  and 

w i l l  tend t o  decrease the  e f fec t ive  albedo of t he  container mall. 

par t i cu la r ly  

The experimental arrangement i s  shown i n  Fig. lo The dsuteron- 

Be, neutrons, emerging from the target T of the oyolotron are slowed domn 

i n  the paraf f in  howiteer Hi 

channel E, l i k e  wise of paraffin,  which jo ins  t o  an opening Q/ This open- 

r'rom here they pass through an entranae 
i n  the oonteinern 

ing is 120 cm high. The channel E isf'ramed i n  wood and oan be pulled 

up t o  allow aocess i n t o  the c o n k i n e r e  The ionizat ion chamber I w i t h  th@ 

f i r s t  s tage  amplifier F i s  hung on springs a t  the  center of *he container 

with the tuballoy disk,  12 om i n  diameter and 1.3 cm thiok, suspended in 

h-ont of the chamber. 

of t h e  container i n  order t o  take background oountsp 

This d i sk  oan be gulled from outside t o  the top 

The dis tance from 

... 
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' the oenl;er of the disk  t o  that of the oolleoting volume i n  the ion im-  

t i o n  chamber is 16.3 om. 

as the neares t  d i e t a m e  t o  the wall of the oontainer, a oonsesvative 

With the ocsntor of the  ahamber having 60 om 

estimate of t h e  r s l a t i v e  p r o b b i l i t y  for a f i s s ion  neutron t o  pass through 

the ohamber after being refleoted by the wall, oompared t o  t h a t  of d i r e o t  0 

passage, would be given by (.qy E 7 per cent* It m8 thorefore 
? 

safe t o  assume that with t h i s  geometry .the d i s to r t ion  of tho f i s s ion  

speotrums due t o  i n e l a s t i o  soattering at  the walls would not be appreoiablei  

as w i l l  be seen l a t e r  thia faof was a le0  experimentally ver i f iedo 

Q 

The consideratione of paragraph 1 show tha t ,  in the construc- 

tion of the linear amplifier and ionization chamber used for the reoording 

of the r eoo i l s  produoed by the t u b l l o y  neutrons in the gas of the ohambers 

it is of greabsk importance to hawe the highest possible  resolut ion;  

%his  raquires a minimum of' charaoter iskio time and therefore, a miahusn 

oollect9on timeo 

be high in order t o  insure high stopping power Bvhioh minimices *he mll 

e f fec t s  of the ohamber. 

other and m e  has t o  ohoose a reasonable compromise, unbas one u66s 

extremely high oolleoting voltages i n  the  ohamber, 

of this mhre have shorn that voltages up t o  about IO XV wan be 

suff ioient; lgwell  filtered at; reasonable expenes and that the insu la t ion  

problem Sa not insurmountable. 

chorse very olosely the ones of Baathall and KanncsrBB 

On the other hand, the gas pressure in the ohamber should 

obviously the three requirements oontradict  each 

7 )  Previous experiments 

For the dimaneione of the chamber we 

sinoe it vas felt 

* 

B 

c 

7)  

8 )  

E, Baldinger, Po Huber and EO Sbub,  Hel.rr.d3?hysa Acta  - 9, 245, 1938. 
also: Pa Huber, Holv. Phys. Aote - i4, 163, 1941. 
11. H, Barsoksrll and h?Jio K Q T I P ? ~ ~ ,  Phys. Rev. 58, 590, 1940 
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-khat here experience on stability and nicrophonics would bc3 tho pire- 

dominant factors .  

of 8.5 cm diameter and 8.5 cm heishir. This volume was divvidod i n t o  5 

sections by means of transprcnk electrodes (Fig. 2 ) .  Tho olsctrodes 

connected t o  the high voltage Eire simple brass rings supposling a woves 

Thus t he  coun"cir,g volume QZLS fixed -to be a cylinder 

mech o f  ~~cuum-h0at-alulO&led ooppos wire of 8 mils diameter, the! nesn- 

width being 1/8". 

c a t .  Top and bottom high-valtege electrodes were s o l i d  gXaf;ua. Tho 

collecting electrods8 are of Lho guard r ing  type. 

11%" wide and 1/16. thick supports R  re mesh similar to the o m  of Cia 

voltage electrodes, 

ringsthe, gtaord ring, through t x o  swll amber beads GO thct  %hare i t3  a 

dfs4~m3ts of l/lG' beheen collecting eloclrode and guard ring.? At; o 

t h i r d  point of the col lect ing electrode a brass s t r i p  protrudes through 

8 slot of t he  guard ring i n t o  8 grounded shielded tubins  containing khs 

common l ead  for a l l  tho co l lec t ing  electrodes, 

periments %wo stcea containers for t h i s  ion iza t ion  chamber s t ruc tu ro  FJDX 

used. 

ephores, b s  a base plate 1 l/t?'thiek and a half-splim5.ca2 done I./&" 

thick and 8 oylfrrdrical p r %  1/4" thick, 7': in dlameil;or, and 6'l high; 

Tho transparency of every  grid i~ t h 8  about  87 pea 

A t h i n  bras8 ring 

T k n  system in turn is supported by a widar brass 

In -the caurse of tho ex- 

The first, whioh is ab le  t o  stand pressures up LO about 60 e-kw- 

Its t0b1 Weight is 61 lbse The S ~ C O E ~  c o n b l n e r  ia  OF abea% 20 n.b* 

and has e. base plate of 3/%" a d  8 113 spherical done lj8" %hick3 Its 
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txabs type and opsrtl%ion condition of +AB firs'; stage, and. t he  grid-loak 

sbc;'ioLor, The uso of such a resi..t;:or. sms f e l t  t o  he necessary i n  order 

'GO prevent, fluctuations of considerable duration ai' t h e  working point of 

t h e  tutube due t o  inevi table  fluctustiorls of Yn'o ionization chrmbes high 

vo l t age  supply. The resistmice WSL; chosen a3 large as possible, vizG.,, 

10-bb r e su l t i ng  i n  a ticlo cor~sbn.i ;  of t he  firs% stnge of 60 milliseconds. 

In -tho. first psrt of  kho expr imer i t  we had ' io use R type 38 t 3 J h e  f o r  the 

first a'r;age since any spec5.al t;ri?c %xi6 n o t  available. 

Q 

In  t h i s  case t h e  

noise  lavcl of about 18+ v o l t s  rms 1ar;:cI.y due to the tubo. 

able to secure 8 ",PO 1603 (special  tube I'or low noisri, microphonics, h ~ n ) ?  

reducing the rioise l eve l  t o  about Op,-volLa i h i c h  vias probably abou t  

equally due to tube and r o s i z b n c Q  nclse,  

D D C ,  

ii'o wsre l n t o r  

The filanont supply via8 6.3  volt^ 

$?on th3 first s h g e  which 5-8 dii-cclly a t tached  t o  the ch6mber 
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of t h e  selector ,  shown i n  Fig. 4B. 

feed back c i r cu i t  since the  charge collected i n  t h e  ionization chamber 

from the  fast-neutron burst  i s  so b i g  t h a t  even after many cha rac t e r i s t i c  

amplif ier-times the re  would s t i l l  be  an appreciable disturbanck present 

giving r i s e  t o  an unsteady intensity-dependent l e v e l  over which t h e  use- 

f u l  f i s s i o n  pulses a r e  super-imposed. However, w i t h  t he  feedback i n  opera- 

t i o n  t h e  voltage between g r id  and cathode of t he  f i rs t  tube i s  kept a t  a 

small f r a c t i o n  of i t s  o r ig ina l  height. 

work if t h e  feedback voltage pulse i s  a t r u e  image of t h e  o r ig ina l  pulse. 

Since t h e  amplifier does not t r a n s m i t  any D. C., whereas the o r ig ina l  

pulse ce r t a in ly  contains a D. C. component, it is obvious th& a non- 

l inear  d i s to r t ion  has t o  be introduced. This i s  achieved by applying 

t h e  feedback pulse t o  a condenser, C21, whence t h e  charge leaks off through 

a var iable  res is tance.  

s t a n t  i s  t h e  same as t h a t  of t h e  o r ig ina l  pulse. In  order t o  avoid 

o s c i l l a t i o n s  it was necessary t o  make all t h e  time constants q u i t e  large.  

The modulation of t h e  feedback is  accomplished i n  t h e  following 

It w a s  necessary t o  incorporate t h i s  

Obviously t h e  feedback can only 

This l a t t e r  has t o  be  adjusted u n t i l  the  t i m e  con- 

w a y .  

6 s ~ 7  voltage-amplifier tube, V3. A t  zero g r i d  voltage t h i s  tube a c t s  as 

an e f f ec t ive  short  c i r c u i t  of approximately 2000 9 impedance across t h e  

output, reducing the  output voltage t o  a f r a c t i o n  of a v o l t  compared t o  

the  o r ig ina l  voltage of about 30 v o l t s  which i s  present i f  t he  shorting tube 

i s  at  cut-off (approxiaately -10 v g r i d  voltage).  

A type 6 s ~ 7  tube, V4, is  connected across t h e  output of t h e  l a s t  

The advantage of th i s  type of discrimination over t h e  convention- 

a l  screen or suppressor g r i d  modulation i s  t h e  absence of square-wave 

modulation of t he  p l a t e  current of t h e  modulated tube. 

arrangement we get  only a very w e a k  modulation voltage (approximately 0.1 

v o l t  compared t o  30 v o l t  pulse s i z e )  developed across t h e  output of t he  

In  t h e  present 

J .  

L 

-, 
W 

3 

. 

+. c 
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6,797 t -olk~go ampliiYiwD udioreas with tho usual nodulation it wo~lcl bo 

of t l e  order os” Vna pulse size i-bsclf. 

Ths output of the voltage Exm?lifier, whlch is set t o  give 

pulsss of approximtely 10 to 50 volts,  is fed to a disariminator modu- 

h t c d  in the same v a y  but opposite in phase to the one just desoribcd. 

This d i s o s l r n i ~ ~ t o r  suppresses the reminder of the fast-neutron pulso. 

A t  the same time ths pulses are shorkened to a t i m e  cons tan t  of 2°10--3 

ECC* 

since the discrimination Cannot be performed at the grids of the record- 

ing thyratrons) 

inverter tubes vrhich restore t h o  pulses to their original height a%d 

positive sign, 

device, recording a l l  the pulses abova e, certain height, depending on 

tho bias setting 02’ tho thyratron. 

additional rnonitor since i t s  bias is left. constant during a measurement. 

A f t e r  p s s i n g  through an additional azplifier stages (necessary 

the channel again branches and leads to two segaro.fe 

oile channel leads to Q single thyratron and recording 

This integral countar served aa an 

The other channel leads to a so-called saleator, similar in 

construction t o  tho one described by Roberts’). 

a pair of s l i g h t l y  differently biased thyratrons; 

varied without changing this differsnoe. 

thyratrons are not recorded; 

tho thyratron with the  lower bias. 

output pulses of the self-quenching thyratrons .to the primaries of tmo 

transformers whoso secocdnries are connected in series buk opposite in 

phrssac 

appam-s across the two secondaries. 

The se lec tor  consists of 

their bias can be 

Pulses actuating none or both 

only those are recorded w h i c h  actueke only 

Tnis is accomplished by feeding the 

If both thy-atrons are actuated t h e  difference of t!!o two pulses 

TMs difference c m  bo quite high 

but  is of oory shor t  durat ion uince, duo 

9) Arthur Roberts Raw. Sci Instruments 

to the finite ascending time of 

11, 44# 1940 - 



If the output of tho two transformers were rocorded 8 nerious 

biror i n  %he size d i s t r i b u t l o n  of the pulses would be cncoiantarsd. X f  

L rcmoil proton should bs produced shor t ly  before tho measuring interval 

of %he aq1in"fer starts, it would happen that only a fraction of the 

chwga of khat recoil would be moaeured sincc co%lection would have stcwted 

before the ~naasuring period. 

pulsesu 

5.ntcrrmle 

Apparently %his would l c ~ d  to Loa many s h o r t  

The seinie crrfecC, of course t&ss place at the end of the measuring 

The number 1J of such distorked pulses can easily bs estima%edp 

(10) I ( tjdt 

The t~+al. number of recordsd pulses however is 

where i~ ++e slow nsutron intensity a% the tins k ;  T tho col lect ion 

c 

. 
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start of' the recording interval. This "post  diseriaimtioz'' is done 

in the fo l lowing  way- 

a n t i s 1  se l ec to r  are first sharpenad t o  a pure exponential 

aboat 2°10's SQC duration., Then they a r o  fed to the grid lir' a thyra- 

t r o c  whose bias i s  modulated by a negative, square wave s'w. * _I ms r i g h t  

at %he beginRing of the measuring i n t e r v a l  and lasting fc:" : t h o  of 

the order of one col lect ion t ima.  

as t o  prevent t he  pulses of tho sharpener, which are a l l  0;' q u a l  heighL 

rsgwdless of the hcight of the p 7 s o  or ig ina l ly  actuakity; the salecLor 

t o  opsrate the thyratron. 

time of  pos t  discrimination ths sharpener pulse would a l r w d y  cave 

decayed appreciably at the t i m e  at which the negative modi!. 

the thyratron has stopped. 

which, without the modulation, is b h 6 d  s o  t h a t  sharpener pu1,sos just 

ac tua te  it a t  the momnt when they reach their full height. 

other hand charpeaor puLses o r ig ina t i rg  after tho start of -tha m m s u ~ i n ~  

i n t e rva l  reach t h e i r  mxinum height only aftor the modulatfsn has 

Tha c ~ m p r u t i o e l y  loiz; pulcss of t h ~  c!.?for- 

The negative modulation 5s so high 

If the sharpsnor 7~are actwi ted ciur-Lng t h i s  

I t  wi3l "threfoia not aotua-ts :ti4:; thyra ' iwi ,  

Or1 tho 

ceased and-wi l l  therofore be recorded" Ths accurate duration. of tho 

post diborimination interval can bo determined sxgerineu%d;3ly, 

procedure w i l l  be dascribsd in-pnrugraph 3, 

post discriminator thyratron irs fed i n  tho snmo m y  as t h s  ou tpu t  of 

the integral  thyratron t o  a 6L6 pumr kube and recordad by -fi relay- 

operated Cenco counter.. A l l  the powar supplies for  t h e  ~ i ~ i p i i f i t ~  and 

%he high voltage of the ionization chamber wers fed from a 5OO-r;&bt%, 

The 

F i n a l l y  the j:ti;&u-t of t he  
I 

constant-volt.ags transformer. 

The aquare-wave generators  f o r  t h e  rnodulation cf Ync feedback, 

Feed- 
I 

disorirrdxator and pos t  discriminator are ~siprescnked in-Fig.  5. 



back m d  diseriilriantoP- ate Eoc?ulaLed by ths sale generator, bu t  @re 

=do ogposite in ph~scr by taking the modulating voltage off at 3 and 

C, rospactively, Fige SA. 

a o p l c  is equal to about 9 neutron lifetimes in the oontaincsr (see 

sec*tio;l I.). 

shown in a g o  5A. 

of a. r';nse-shifting network, ?Jhere;Ps i t s  end i s  doi;ermLoed by the tim 

cons tmt  of the coupling c i r c u i t  bebvsen the plate of one and the g r i d  

of th-? other thyratron- This arrangomant 'has proved t o  g ive  much less 

dis'coi-tion of the  squws V ~ T C  than the  usual c i r c u i t  usiw two inCepndent 

p h ~ e - - 2 ~ i f t i n g  nstmrku 

The modulation fl-oquencg is 60 c3rcla.s; hsncs 

The square vase is produced by t h o  multivibrator circuit 

The 6tar-k of the square mve is controllsd by means 

The I t i L i a g  of ths sguars wave and the relalod events of *her 

I 

oyclo 

' I  
I 1  
I '  

The 2 ? i ~ l _  l o t t o r s  refer t o  Fig. EA4 

Tho square wave of the post  discriminator has t o  start  a t  the  

t a t  tho kernination of %he d i s c r i d n a t o r  interval and has then to lato: 

la3t -r a timc .to be detcrnirzed sxpcrinlcn'cally. AgEin tso thyratrons 

6 

I 



are armiiged i n  OL nul t iv ibra tor  c ircu i t ,  

d i s t o r t i n g  the discriminator snd by means of oa-pcitiva coupling int:, 

a sharp p u l s s  fed Lo t h e  grid o f  tho -thyratron which i s  usually  OS^"'^ 

The duratiozl of the pulse again i s  controlled by the BC value of the 

c i rcu i t  couplinG the two thyratronso 

obviously depends essentially on grid and plate voltage, both supplies 

are stabi l ized by voltage-regulator tube%. 

The s t a r t  is accornplishwd by 

-. 

Since the  Liming of  both generators 

?&dulation of cyclokron. 

In the construction of the modulation o f  t h e  cyclotron 8rc 

considerable care was taken again to m k s  the pulses as square as  possibleD 

For .this reason a low-power square-vnve generator, identical in construc- 

t ion  wikh the one used for th5 disoridnation,  controls the arc current 

through a set of G L 6  bean pmm pentodos. 

power P;hyratrons and results i n  better square vaves. 

load of the thyratrons their plrite ourrent varies only very s l i g h t l y  w3kh 

This avoid8 the, use of  high 

‘Jlliti? the moderate 

the  grid  voltage, and, furthermore, the p h s s  setting is pmotically in- 

dependent of load fhotuat ions, ,  which fn ‘the case of an arc sourm arc) 

inevitable,  

Monitor. 

The i n b g r a l  counter described above s e t v e ~  as Q morritor, allow- 
b ing one to refer a certain number o f  pubes observed at 8 given cretting 

of  the  differential  selector t o  a standard number of fissions, Nevertheless 

it was f e l t  that an  additional indepsndent monitor system would appreciably 

increase the r e l i a b i l i t y  of the apparatus and also serve t o  locate pocsibles 

spurious response. A s  an additional monitor we used an in tegra t ing  BF3 

ionization chamber wikh switch%% mechanism described pretiiously’*). 

- 

10) E o G  Fryer and H, Staub, Revo Scim Instruments 13, 187, 1942 - 



t o  die;olzarge t h o u g h  %he BF3 chw-barc 

.Kith +As usual modulated targot cu~ren-i; of 2 micrmpporos the ciiso'mrger 

timo m6 abouk %Vi@ minutoso 

blook close $0 the target at the entrance of t h e  neutron container. 

After amry discharge &e monitor interrupted the counter system of both 

integral and differential  counter f o r  a few seconds in order t o  give time 

POP reading the number of counts. 

BF3 chamber vrould not ~ l c t  as an ent i re ly  reliable monitor since it records 

only the P;otal. number of  neutrons produced ak the brge,to 

tiins of mission during the "on period" of *er arc also affects the 

number of recorded f i s s i o n  pulses and it ma actually observed t h a t  the 

shape of the k r g e t  curren t  pulse f luctuated i r regular ly .  

porformace of the  integral countor as a nonitor is independent of suoh 

f Iuctuatione 

Its time constant m s  get so that 

..--- 

The monikor &amber m3 loccated in a paraffin 

It shall be mantioiled here that the 

However t h e i r  

Obviously the 

1 

T i m i q  of modulation. 

Although the setting of the ins-bnaes of the various modulator 

events as ouch i a  not very c r i t i c a l  iI; I s  obviously of greatest import-, 

ance to keep a certain s e t t i n g  constant over a whole, measurement unless 

o m  refers only t o  the i n t e g r a l  counter as monitoro 

eonkinuously these Betkings e nu31 method was developed sinee it m s  found 

t h a t  the simple meaeurements of  t he  dis-bances of  the  various square waves 

on 8 cathode-ray oscillograph screen was Coo inaocurtxte partly due t o  the 

strong norm-linearity of the  oscil lograph sweep. 

end of t a r g e t  current,  &art and end of disorimination, end of post d i s -  

In order Lo check 

4 

For svery event (start and 

crimination 1 t o  be measured, Q sepamb phase-shiftin; network consisting 

of precision condensers ana res i s tance  b O X B 8 V m 3  insorted i n t o  a sinusoidal 

60-cycle horizontal  sweep of the  cathode-ray asoillograph. The phase of 
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this meep m8 caloulatsd fratn the values ol R and C required l;o make 

the event to be measured oaour a t  %ha instantaneous eero s:vsep voltage, 

i.e. , 
in indspsndenk of tho ascil.logrsph ohmactoristics (amplifioakion and 

non-linearity) exuept for the position of the undeflooked beam which, 

before the &asurments were &ken, mr; always set  t o  a or088 hair by 

maas of a p e r m e n t  magnet. Phase oheoking m e  wry frequently done 

during a mcsas~rernent;~ 

time lags betwean arc and target currant, %he phase of the latter m6 

checked by fdgdiplg the voltage drop produoed by the, target current aaroas 

a reaisbncs of several tenths of tb megohm. 

on the acrean at the plaoo of t h e  undeflected beam. Suck a setting 

In order to bs independent of possible spurious 

The various rmitebls time values of  the events were determined 

Wrticularly %he most important time difference between &xperimen.l;ally. 

end of target ourrent and start of measuring interval was set so a s  to 

give only very snabl x-ray background xithout having t o  stlorifice too 

much intensity (see section 1). 

t e r a l  however had to be determined experimentally rather accurately, 

Tho length of the post  discriminator in- * 

stince the exaot mlue of the collection time wss not known. and also 

because an additional lag m s  int-roducerd by the long tine oonstant of tho 

differential s@loci;or output. 

following way. 

Thfe dstwmiaat;ion was performed in me 

A t  a certain setting of the differential  selector bias the 

counting rtaee was taken while %he setting of a t a r t  and end of arcI end of 

post discrimlnertw and end of disariminstor ipbrval were kept constant 

axid %he s t a r t  of  the discriminator interval was moved towards Wo arcI 

the col lect ion time were ZGPO the counting rate should stay oonstant, since 

If 

a l l  *es extra pulses starting durixg the post discri~nimtion are not 

recorded. ' d y i t h  a finite col lect ion time however the counting rate should 

inarease or decrease monotoni,cally depending OB t b  nature of the pulse- 

di,stribution curve, as tho post discriminator s b r t  moves towards the  arco 
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T h i ~  is cl:n?Xy clue t o  the fact  that duritx t h o  post discriminntor inter- 
I 

v ~ L  ti10 Seng.t&? of the F U ~ S ~ S  is C U ~ ,  t b r s b y  adding to a~c% subt~ict5.w A~I'O~Q 

%ha t r u e  ntmbar of any prLicu2ar  length. 

ol-raeoils-vorsus- le^^ curve d r o p  very strongly, more pulse8 are t h r o w  

03% of' an interm1 than are t h r m  in. 

rater to incrosse es on0 lerg'chens %he post  disorimimtor interval until t he  

Sincc i n  our csse ths nuinbw- 

I 

'#e therefore expect the counting 

fntas-val becomes longer than n colkcctian time. Worn than on the  rate should 

be conckant since nl.1 the  etx'rm pulses are rejected by t h e  pos t  discrimination. 

This beh,s%%or has indeed been obssrvsd- 

ooun%hg rate increased from pos t-discrimination time zero to 2 millfseoonds 

by a factor  3 an3 then stayed practically consbank. 

k k a n  us t o  3 milliseconds. 

VES therefore s e t  to 2.17 nillissaonds. 

For the high pressure chamber the 

IJeasurements were 
3 

!?h8 h n g t h  of tho post disc~imivlator in te rva l  

-. Teskizq "-_- of am;?lif-ier pwfofp-nm.. 

In order to meamre the amplification and the l i n e a r i t y  of %he 

amplifier an ar%ificia? pulse gonera-kor was b u l l t  generating reproducible 

puZsos of m1E cleterninad size. 

nl?asursor3nts7) had shown mat meohnic5.l switches fo r  this purpose are not  

ro l i&ble  since they f'requon'cly load to o6cfllakitg breaks OF olosings of' 

%he, c~)ntxict~ 

once f i r ed ,  stoys conducting- 

by a relay but no use was mde of this pulse. 

Previous experiments involving similar 

Therefore a thyratron  ME^ used for olosfng the a i r c u i t  which, 

The breaking of the ourrent was performed 

Fig. 6 shows the arrangement 

of the pulse generator. Sup?ose the thyratron i s  conducting whereas -the 

capacity feeding the 75-volt neon b b e  is below its flash voib,gr.ge. A f b r  

suiY3.cient time the voltsge rises to the f l a s h  point,  tho ne011 Lube flashes, 

t l io~eby o p r n t i n g  the rolay and in te r rupt ing  the plate  current  of the 

thyratran. 

negatively due t o  the capacit ive coupling between plate and grid c i r cu i t .  

At the same k ine  the grid of the khyratron becomes charged 
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Tkor, this charge ls3,ks off  and whon tho gr id  k s  

low arol-kkge the thyratron 4lsshes again since i n  t h e  meantime the, raZey 

? ‘ h o d  n s u f f i c i e n t l y  

has bem closeds 

pulses ;xr minute according Lo the ixo  possible sektings of t h s  tima 

constext. Across the  cathode, r e s i s t o r  a v o l k g e  is theroforc devsloped 

This process ~ s p s a t s  i t s e l f  at a rate of 40 or 75 

consisfing of e s s e n t i a l l y  square pulseslr whose ascent  i s  well dstsrminsd 

whersa:. -the descent may be osci l la tory.  

by the current  and the Emom resistance. 

Their height i s  vel1 determined 
1 For the measurement of the ampli- 

ficatic::i t he  high-voltage electrode of ‘che ionizat ion chrdmbor I s  connected 

over a su i t ab le  voltags divider t o  the cathode resistora 

c i t y  oji kho chamber the  g r i d  of &he f i r s t  amplifier tube recsivas a lke t rmte ly  

po8 i t i i 2  and nsgat ivs  pulses, the nsgat ivs  O ~ Q S  being of no i n t e r e s t o  

i s  t o  1 3  noticed that the  decay constant of  .the pulsss i n  the, amplifier ia 

Due t o  tho capa- 

1% 

neceso--rily the same as that of the  r e c o i l  pulseao 

consis’.s i n  the rise of t h e  pulseo 

d i f f s r c t a t i a l  selectop however the pulses can be mada t o  riie slowly by 

inserYng a resistance-capacity network i n t o  the output of  t h e  generator 

as shm 3 i n  Fig. 6. 

The only difference, 

For relafivo check measurements on t h e  

It is essmtial f o r  the measurements t h a t  the  levkl  on which the 

recol3. pulses appeaT at the eeleotor is rree of any 60 cycle OF its 

higher harmonic r ipp le s  sircs the r e c o i l  pulses are synqhronized with 

t h i s  f. equenczy- 

ground irhioh is also synohronieed, 

apprea %ble synchronized level change of the amplifier was present, 

pulses of .a certain size were fed ink0 the  fourth stags of’ the amplifier 

FUr.thermore, the pulses are superposed on E x-ray back- 
1 In order to make sure that  no 

and %I.. Zr length measured by ths se l ec to r  as a function of’ the phess 

s e t t i n  .) The oynchronieation was obtainad by coupling capkicitivaly the 

brsako ‘P of the modulating ooltage of the post  discriminator t o  a scale 
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of 16 c i r c u i t  which reduoed the number of pulses t o  3,75 per sec. 

These pulses were superimposed upon the negative voltage leaking off 

the  g r i d  of the pulse generator thyratron thereby synchronizing t h e  

pulses of the  latter. Their phase oould be a h w e d  by ohaxging the 

phase of #e post  disoriminator pulse generatoro 

deviation of the leve l  oomparable t o  the s t a t i s t i o a l  noise 1sve.l could 

No phase systematio 

be d e t e c h d  over the interval of phase investigated.  

The stabilized Do C. output volkage of  the pulse generator oan 

a l s o  be fed t o  a potentiometer c i rou i t ,  which when oonneotsd t o  a l a rge  

preoision voltmetor, enabled us t o  measure arnd oheck the bias  setting end 

f l a sh  v o l k g e ~  of the  seleotor and i n t eg ra l  thyratronso A t  a p l a t s  volt-  

age of 105 vo l t s  the grid f l a sh  voltage was about 12 vo l t s  and varied over 

half a year n o t  more than 2 .2 volts .  The same varia.(;ion was observed 

for the  pias 'settings. 

smallest pulses measured were about 13 v o l t s  a t  the gr ids  of the seleotor  

This was f e l t  t o  be constant enough since tho 

thyratrons 

3 ,  AEASUREEdeNTS AND CALIBRATION 

Experimental prowdure. 

Three di f fe ren t  measurements of  the fission speotrum of 25 were 

performedp In the  first one the heavy container, f i l l e d  with pur i f ied  

hydrogen of  39 A b . ,  was used. In t h i s  case the stopping power m6 8.61h 

khus a proton recoi l ing f o m r d  from 8 2*5 Mev neutron had a range of 

1.2 om. The second s e t  of data wab obtained w i t h  t h e  heavy oontainw 

filled with 26 A b .  of hydrogen, redwing the stopping power t o  5.7. 

third set .was taken with t h e  light container f i l l e d  with a mixture of 

13,8 Atm. hydrogen and 2.7 A h .  of aT'gon. 

The 

This n i x h r e  has the same stop- 

ping power 8s pure hydrogen of 26 A h .  
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The three measurements were taken i n  the  following wayo After 

the amplifier and monitor had been turned on fo r  a t  least one hour, the 

phases of the various event8 of the modulation and disorimination wre 

set as described i n  Section 2. 

set t o  a standard value a t  about 1.2 MV neutron energy. 

s e t t i ng  of the d i f f e r e n t i a l  se leo tor  recordings -re =de over f ive  dis-  

oharge in t e rva l s  of the BF3 monitor w i t h  the  tubal loy olose t o  the  oham- 

ber and immediately following five runs with the  'tuballoy removed t o  the 

w i l i n g  of the  neutron oontainer. The change in t he  bias s e t t i n g  of the 

d i f f e r e n t i a l  se lec tor  was del ibera te ly  made in a qu i t e  unsystematic way 

usual ly  by l e t t i n g  a high bias 6et;ting follow a low one. 

the bias on the eoale of its d i a l  aould be reproduoed to about 0.2 v o l t  

oomgared t o  13 v o l t  of the smallest pulses measured. Every bia8 se t t i ng  

laaa then reperated in the  above way i n  the course of the meaeurement about 

four times. The number of reooi l s  observed at one par t icu lar  bias set- 

t i ng  was then aomputed as the  r a t i o  of the differenoe of the two values 

of the d i f f e r e n t i a l  se lea tor ,  with a l l o y  i n  and out, t o  the difference of 

t he  corresponding values of the i n t eg ra l  counter. 

except those a t  the v%ry lowest energies were taken a t  an average cyclo- 

tron target ourrent of 2.0 mioroamps. At this intensity the BF3 monitor 

interval laster about 2 minutes. During this time the  in t eg ra l  counter 

records about 100 counts of which about 20 are background as measured 

The b ia s  of the  in t eg ra l  thyratron ma 

A t  every bias 

The setting of 

Most of the run6 

with the  a l l o y  removed. 

around 1 Nev, about 50 oounts of whioh about 10 were baokground. 

background of about ZO$ m e  rather oonstant for energies above 0.8 Mev 

orhereas it varied a great deal below 0.8 Mev being sometimes as low as 

2@ and sometimes as high as 6@ of that t o t a l  number observed with the 

d i f f e r e n t i a l  se lec tor  

For the d i f f e r e n t i a l  counter we observed, est 

This 
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I 

Considerable care was Paken t o  ascer ta in  tha t  -i;lne observed 

number of pulses, pa r t i cu la r ly  a% the low energieso was uzlaffected by 

aoincidences a r i s ing  from t h e  high i n t e n s i t y  of the  p r i m r y  neutrons. 

These coincidences could r e s u l t  from superposition of elsotrons from 

the  strong r - say  backgroilnd OF of the f i ss ion neutrons themselves. For 

energies below 1 MV this necessi ta ted to reduction of the  target current  

t o  n value as I.UN as 0.5 microamps i n  c e r t a i n  cases. 

The oonsiskency of the d a b  taken were i n  gener&lno% as good 

as  might be expected f’rom purely statisticral reasons, this being t rue  

f o r  the in t eg ra l  countxr as well as for the d i f f e r e n t i a l  se lec tor  whioh 

aonetirnm showed f luctuat ions about twice as large, as tho  values cal- 

culated from etatis%ias. 

c u l a t i w  the ac tua l  mean-square deviation as w e l l  as the statist ical .  

The e r rors  given i n  the  r e s u l t s  are e i t h e r  the observed or calculated 

ones, whichever turned out  t o  be bigger, 

measurements several  checks of  the amplification were made by a p p l y b e  

Ws h v e  taken this faok i n t o  account by cal- 

During t h e  course of the 

I 

pulses of et given s i z e  produced by ths pulse generator desoribed i n  

Section 2 t o  the  ionizat ion ohamber and measuring the oorresponding in- 

t e g r a l  and se lec tor  response. 

3s a h  of H2) 

qbout 1% making the f ina l  ca l ibra t ion  of our measurements rather un- 

c a r b i n . ’  For the subssquent runs (low pressure and hydrogen argon mix- 

t u re )  the var ia t ions  stayed within 2% after the  amplifier had been 

thoroughly aheoked over and sevoral def ic iencies  had been corrected. 

In our f irst  run (heavy steel container 

we observed erratic var ia t ions  of the amplification of 

4 

Ca 1 ibrati on. 

Tha conversion of bias se t t i ng  in to  r eco i l  anergy f o r  each of 

the three measurements was done i n  the  following myo Before t h e  ac tua l  



measurmants mwe taken a c a r d u l  ca l ib ra t ion  showed t h a t  for the ampli- 

fier an almost  pmfectly l i n s a s  r e l a t ion  e x i s t s  b e k e o n  input voltage a t  

the g r i d  of t h e  first 'tube and bias setting of .the d i f f e r e n t i a l  selector.  

(F igo  7)  

s l i g h t  deviation o f  a few per cent fpom l inea r i ty .  

small that a correction for energy and i n to rva l  widkh aould be neglected, 

p a r t i a u l a r l y  s ince the number of aoucts observed at theso snergiee ~ 4 8  

ertremelv s p l l .  

Only at the very l a rges t  input  voltages w0 ohsorvsd a very 

This amount i s  so 

Before and after every s e t  of measurements of the f i s s i o n  spsct- 

rum the amplifier and ionization chamber were moved -to n source of nono- 

chromatic neutrons from the D-B react ion i n  order t o  e s h b l i s h  the ro l a t ion  

betmeen bias aat t ing and r eoo i l  energy. The D-D reaction tuba used for  

t h i s  purpose \me of' a similar design to %he 006 described by BaLdingcsr, 

Ifuber and Staub'). It m s  operated at 30 t o  40 KV accslsration vol'r~gs, 

and about 15 fctr s o u r c ~  voltags. 

lmSC; 3 f t  a m y  from eriy large mount  of materials, and tho ohamber X'QO 

placed a t  the  same distance fsom the t a r g e t  as the alloy d i s c  in the 

f i s s i o n  measursmen-tse 

The t a r g e t  of heavy ice was avarywhme a% 

r 

Due t o  the fact  that  the tube was operated a t  suoh 

low voltage the  energy spread caused by the  f i n i t e  s o l i d  angle, aub-tasnded 

by %he &amber is negligibly small. W i t h  t h i s  arrangenent the  number of 

r e c o i l s  a t  the various settings of the  d i f f e r e n t i a l  seleetor was recorded. 

Since the BF3 monitor i s  too insensitive for t h i s  type of mea6uremen.t the 

integral. counter served as the only monitor. 

r a t i o  of t he  difference of t;hs resdings of the d i f f e r e n t i a l  s e l ec to r  with 

the ion souroe on and o f f  t o  tihe corresponding diffsrenae of f;hgJintegral 

counter. 

were usual ly  mde i n  the way described sbovcs. 

The r e s u l t s  given are the 

&ring these masur6ments again several  amplification ciiacks 

No ohangas of ths a n p l i f i -  

cat ion were observed f o r  the low-prscsure hydrogen and hydrogen-argon 
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nixtur'e runs, whereas f o r  the high pressure run again changes of aboxt 

15% were noticed. 

t i o n  the point of  maximum i n  the neutron d i s t r ibu t ion  of the measured 

D-D 

t o  bo equal t o  2150 UV neutron energy. 

In  order t o  establish f i n s l l y  Jchs energy-bias r d a -  

spectrum obtained by the  analysis  dcsoribed i n  Section 4 m s  b k s n  

I n  addition t o  the  oal ibrat ion measurements the following series 

of tests were a l so  parformed with  t h e  D-D source using t he  heavy container 

and 39 A b ,  of H2. 

container of  t he  ionizat ion chamber by s l ipping an i ron  r i n g  of'approxi- 

mately the same weight as the  heavy container over the l a t t e r  and measur- 

ing the D-D spectrum i n  the  way described below i n  section 4, Id, 

for the i n e l a s t i o  sca t t e r ing  due t o  t h e  walls of graphi te  and o i l  o f  the 

neutron oontainer (Seekion 4, lo) .  This test could only be done approx- 

imately with the D-D souroe by surrounding t h e  l a t te r  from four s ides  w i t h  

hn o i l  and Graphite wall of the same thiokness as used f o r  the neutron 

container a t  EL 

sample and the  wsl ls  o f  the neutron oontaincr. 3 )  Test f o r  i n e l a s t i c  

m a t t e r i n g  i n  the tubal loy s m p l e  i tself  by interposing the, sample bb- 

1) Test for  i n e l a s t i c  s ca t t e r ing  by the i ron of t h e  
' \  

2)  Test 

dis tance equal t o  tha t  ex i s t ing  betwean the  tuballoy 

tween D-D t a r g e t  and ionfeation chambor. In t h i s  las t  cas6 no noticeable 

d i s t o r t i o n  was observed, indicat ing that the influenoe of i ne l a s t io  soat-  

tering of neutrons of 2 . 5  NIV i n  t h e  a l l o y  is negl igibleo The main objeotlon 

aga ins t  these tests i s  due t o  t h e  f a c t  t h a t  they give only information on 

the i n e l a s t i c  soat ter ing f o r  neutrons of 2.5 AdV energy, I t  is  of course 

f u l l y  real ized that the i n e l a s t i c  soat ter ing may be qu i t e  d i f f e r e n t  f o r  

other energies, 

efTsct, our restllts on the f i s s i o n  spectrum should no% be gree.tly affeoted 

by i n e l a s t i c  s ca t t e r ing  even at smller and higher energiesB 

of these various tes ts  are given and discussed i n  Seotion 4a 

Iioivevcr it .:las f e l t  that, due t o  .the smallness of' the 

\ 

The r e s u l t s  

i 



ExDerimsnt Rich deuteriurr,. 

It vias planned a l s o  t o  make R maasupensst of' klie? f:. ,> r-..ioil h. spacts-uiTi 

by using deuterium recoil-s instead o f  protonss 

l i g h t  container was f i l l e d  with 16.3 atmospheres of d e u l e s i m  p r i i ' i s d  

i n  the  same way 8 s  the  hydrogen. A't 'chis pressure t h e  range 0." tz forward 

deuterium r e c o i l  due t o  a 2,5 MV neutron is exact ly  t h e  s m e  a s  8 forward 

proton r e c o i l  due to a neutron of' the  same enerizy i n  lzydro,;en of' 26 atrh 

?'a* this p ~ - y s e  khc 

pressure,  thus giving t i l e  S R I ~ ~  wall a f f e c t  as i n  the SeCO::i:i measuromenta 

By i r r ad ia t ing  the  chamber with the neutrons fron t h o  3-D s:?u~'cc, with 

the  same arrangement as i n  the case of' hydrosen, we found. tJiLik the  recoi? 

d i s t r ibu t ion  shows a very marked deviation from t h t  vdiick o m  wov.3-d oxpack 

f o r  i so t ropic  scat ter ing.  

4)  a d i s t i l c t  nnxirnum. 

A t  high encrs ies I  the  curve shosis (see Section 

In order t o  tes t  t h e  proper functlocing cf the 

apparatus and whether tho anisotropy of scti t tering depends OE t he  ncsutxixii 

energy, tho l a t t e r  was changed by turning the chmhcr f rom -;:he posi+i.ion 

at right angles t o  Q posi t ion along t h e  d i rec t ion  o f  tho i i ic ideot  deuterons. 

Although t h e  bombarding energy i s  q u i t e  srnaPl t h i s  arrangensnt neserthalssv 

changes the  neutron energy from about 2.5 t o  2.7 ?hev ar,crgy, Tile d i s t r i b -  

ution horlever indicates  s t i l l  a considerable ani&eropy, possibly so>is1?Jhst 

different froin t h a t  at 2.5 Elev, A discussion of' these r e s u l t s  is a l s o  

given i n  Section 4. The a n i e o p y  found i n  these messurements l e d  us to 

abandon the measurements of tho fission speckrum with deu'caroi? recoilso 

Total yield.  

S i m e  our measurements give r e s u l t s  only f o r  er,erSieu of ths 

neutrons above 0.8 Yev it  Y.US fo3t dcs imble  to mtx.sw-c also the t o k l  

number of neutrons smitt.ad by t ho  tuba l loy  under the given s m d i t i o r i .  

4 7  t h i s  masurcrnent w y 8  were encblad to conpuke u?proximateiy ';ha nwker 
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\ 

t03x.I nuriber of  f i s s i o n s  produced i n  B well known s-dmple of enriched 

25 i m i d e  the  neutroc c o n k i n o r  during a disaharge period o f  t h e  BF3 

monitor. iis shown ic Section 4 one car. then oonpute the t o t a l  number of 

neutrosis t o  be expected per monitor in%rval .  Irmediately follovsing tho  

f i s s i o n  me:isurernant we doterrinod the nimber of neutrons above A c s - t a i n  

energy (approxiwttsly L Xev) by mossurln:; t he  total .  number of r e c o i l s  

having energies i n  excess of  t h i s  amount. 

mowing the one t h p n t r o n  of the  se l ec to r  s.rstem with tihe higher b i a s  

setting:, fission and r e c o i l  measurements wt\w done with the fission 

s a ~ p 1 e  and t h e  tuballoy i n  the 3ane posi t ion : .wide tho neutron oontainsre 

It i s  sointed o u t  i n  Section 4, paragraph 6 ,  t i a t  t h e  difference of Rhe 

c o l i e s t i o o  times in t h e  hydrogen and the f i s s i o t  chamber CBUEBS an e r r o r  

in deteraining tho t o t a l  number of neutrons. Thix wror could haQe been 

corrected by Ei,nding a new s e t t i n g  03" the post; dis  ..+mination appropriate 

Co t h e  collection tirne i n  

' 

This was done simply by re- 

the fission chamber by mc~suring the f i s s i o n  

rate as 8 fulrction of' tho length of the pos t  discrim&iator i n t e r v a l  as 

desc.;ibed i n  Section 2.  

curate and fur themore  t h e  cons t ruc t im  of the nodulate,.: for ths pos t  

discsininat ion does not  al.low s e t t i n z s  betmen zero and I ne nil l isecond. 

Unfortunately this  meashremsrt i s  not very ac- 

The ~ ~ l r v e  o b t n i m d  shows hoxevcr khttt, due t o  the shorter  col lect ion time 

in the  fission chanbar, tke proper Icn<-kh of t he  pos t  dis;-irninator in- 

torw.1 should bo shorter thm for  the r e c o i l  che .5er, Pix. less than 1 

xi 1 l.\ second. 

Hex%$ w i t h  a post discrimination i n t e rva l  of 1.2 m i  isoccnds, we 

;r ,ea~ur& tke rumber of' f i s s i s n s  observed ahove o. cortat;ain ene*<:y v e ~ s u s  t h i s  

e:ir:z-;y, This  ugain %as done by remvine; the Miyrali-on w i t h  t i 3  hisher Bias 

fir >:'>e selector. Cver ali~;o::.t; Vne f u l l  range of pos::ible bias cet t ings t 3 i s  
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region we measure the t o t s 1  number of f i s s ions ,  indcpandf 3, of the bias 

se t t ing .  

These t w o  measurements Yere done a t  s o t t i n z s  of t .<-I nodulation 

scheme d i f f e ren t  from t he  o m  used with the neutron c h a m 5 ~ ,  In order t o  

:et a counting r a t e  increased by about a fac tor  6, these ~ I V Q  meusurmants 

mere taken wi th  t h e  end of t h e  arc t ine  much c loser  t o  th.; measuring in- 

te rva l .  

the  saiie phtise sa t t i ngs  as i n  t h e  case of tho neutron recoilso 

means t h a t  the pos t  discriininution of 2 . 2  milliseconds it. Z i i  both cases 

su f f i c i en t ,  i.o., no cu t  pulses w i l l  bo rocordedo 

are then corrected is ,descr ibod in  Soctior, 4, 

F h a l l y ,  the t o t a l  number of f i s s i o n  ‘.vas mcosure3 w i t h  exac t ly  

This 

Th0 vicy the results 

The bins 05 the s ingle  

thyratron of t he  se lec tor  sysi;am m8 set  a t  a quite low T:.lues and the 

number of f i s s ions  recorded, giving 1.2 oounts durin; a r imi tor  i n t e rva l  

of about 2 rninutes duration. 

the  f i s s ion  aeosuscmonts tho amplification had of courE8 t o  bs reduced 

very strongly.  

a t  the very lowest b i a s  (about 12 %sv F U ~ S C I  s i z e ) ,  less t h a n  3%- 

apyroximatcly 20 Mev no background counts were recorded &;ring the  

I t  may be mentioned t h a t  ir, t h e  csse of 

The background aeasursd with the a r c  currsii t  o f f  was, 

Above 

.1. RESUJdTS 

9y the method described. i n  the preceding paragraphs a great 

number o f  r e c o i l  d i s t r ibu t ions  was recorded, with vuriation o r  t h e  gao 

f i l l i n g  of  the  ionizat ion chsrcbor, t h e  surrounding mterlals, etc-,  

and w i t h  many t o s t  runs t o  f ind the m s t  sui-table conditions f o r  re- 

cording and -to ascertain &\e r e l i a b i l i t y  o f  the results. 

of runs of the f i s s i o n  r eco i l s  &̂-cre belongs an aux i l i a ry  run of the 

r e c o i l s  produced by the neutrons from a luiv-volta~e D-D source i n  which 

To each s e t  

t he  chamber, i t s  filline and the recording a p p r a t u s  were i d s n t i c d  kQ 

I 
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t'noso used. at t h e  cyclotron. Knowing th, neutrons t o  bo 

at, 2.5 !:ev, these  D-l) r . 1 ~ ~  vere inpor t a l  c c o t  only t o  kes? the apparatus 

as E w5iole orid t he  m a l y s i s  of  the  dstr, b u t  a l s o  8s EL cal lSrnt ion f o r  

t he  t rans la t ion  of pulse s i z e  : ~ICO c;lc:;y 3f tho  r c c o i l  

r epor t  tho  e s sen t i a l  runs singly, take(: bo;h with D-D and *'iscion neutrons, 

and discuss  them sewratelyo 

- I'dethod of analysis. 

,L ':xi11 F:Ptbn:'t;rds 

F i r s t ,  ho-iievcr, we s h a l l  descr ibs  tlit: mcthod of anslysis upon 

which our f ical  conclusions are busode 

Sections l and 2,  proper care was taken t o  avoid sxcessi~c. .  rc..all e f f ec t s ,  

corroctions harZ t o  bc made fo r  them; for ithe highest ener;>ies observed 

i n  t h e  f i s s ion  spectrum these correction8 amounted t o  a s  m c h  as 50$, 

for tho l o v ~ s s t  about 157:- The wall oorrec tions were based upon careful 

cnfculat ions o f  Fhmermash and Keinstock, the former using n numerical, 

the l a t t e r ,  as an independent t e s t ,  an enbircly d i f f e ren t  ana ly t i ca l  method. 

The only simplifying assumption i n  these calculat ions m s  t h a t  of per fec t  

coaxial  coll imation of a l l  neutrons, p s b i n g  t he  chamber; due t o  t h e  f i n i t e  

extension and d i s b n c e  of t h e  a l l o y  dis?., t he  neutrons emsrging from it 

ac tua l ly  entered the chamber with an averate deviation frcm coax ia l i t y  

of 14 degeos. Both the smallness of Lhis  angle and RZI exp ' r ica l  t e s t  

for  c o l l i m t i o n  made with D-D nautronl; mike u s  feel coa:'ident that the 

error introduced by t h e  s implif icat ion i s  negl igible .  

estinatet of t h e  percentage e r ro r  of the wall correct ions is 1% of which 

several percent i s  due t o  the  inacsurute Exowledze of t h e  ranges. 

calculat ions vmra carried out  fo r  t he  geonetry of our chanber and R gas 

of  a stoi;l--iq power equal  t o  t h a t  o f  39 atz:~* of I12. 

Alihough, as discussed i n  

A conservative 

The 

The r e s u l t  of these ca lcu ls t ions  hnd t h e  form ir, vrhich they 

have been used can be s t a t ed  as fol loxs:  Consider EL mono-energetic neutron 

1 



we! shtill. asaims i t  to be, 'in arbitrary u n i t s ,  

Instead of this uniform dis'cri.bution the calculations gL-Je a. monotoa- 

i c a l i y  decreasing one, which in sufficiently clostt approxi;!:&kion, cas 

bs represented over the -tJhole mnze of energy up Lo 4 EEev 2y e l insss 

l aw;  in t h s  m m e  units o m  obtains insteed of (12) 

'0 for E > E ,  

1% can be shown that, w i t h  a law of the forn (13) instsad of' (E), sgm- 

tion (1) of Section 1 k s  t o  be rerplecsd by 

E 

The functlon %(E) has been tabulated; its valuos up to 5 Mev are rapre- 

sented in Fig. 6. For t h e  oZGner funotioa u(E) entering in (13) it a s  

found the t %he anh l y t i  ca Z repre s o n b t i  on 



? 
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c 

We shall now report pad discuss &he data obbicctl.: 

1) 

a) D-D spectrum: The 03semsd r o o o i l  distribution R(E) a d  the 

neutron d i s t r ibu t ion  N ( E )  derived fiom it on the basis of c'qcation (14) 

are plotkad in Fig. 9. 

neutrons w i t h  an i n s t rumenb l  half-width of 0.6 MV. 

ChEtribm f i l l e d  w i t h  39 atm & t  

Tho l a t t e r  c lear ly  shows the line ci' the D-5 

Tho c - L ' o ~ ~ :  broad- 

ening of t h e  line is  n o t  GO much caused 'by noise as by tho .:.slcornplaCe 

and unequal colloction due to the high gas pressure. The ir.a of the 

pulses corresFonding to the  mxr~u111 at 2.5 rWr i nd ica t a s  t3 i, o n l y  505 

of the ion8 a m  colleoksd; the  Icros of 4@ is to about ec: - 2  parts duo 

Lo recom5ina'tioo arid t o  .the conaidembls ratio of oollectlca tiirit) t o  

cha rac t e r i s t i c  time' of' the aaplifier. The tail on *he lek. msrg? side 
is probably partly i n s t m e n t a l  and partly c ~ u s o d  by in?elnit;lc scatterin&, 

6ue %o the nsutsons i n  the chmber and the surroundirg mtc~T,als; i t s  

iS about 1% Of thEkk Of tht3 line. 

b )  

tho prcsvsous D-D r m  was mde, the recoils from f i s s ion  ne 'h-01~8 E ~ F B  

recorded, and R(E) e.nd the deduced f i ss ion spectrum !$(E) cL:r-* ploltod. in 

Figo lo5 The sleooth e u r w  use6 for t h e  reprosantation of'R(E) is pro- 

postional to e -E/*725 -+hers the energy X i s  msagursd in f&~' .  YVes hive 

found also i n  the subsequent runs thest; suck an exponential l a w  gives % 

good fit t o  the observed r e c o i l  d i s t r i b u t i o n  which, i n  fact, in our? 

energy scale, has been extended up to 4.5 Eev. 

scale in this run is rather unca rh in :  

Fission spectrum: k i t h  the same charubsr and gas f i l E 3 c 5  v i t n  wnich 

UnfortxmtoZy t h e  energy 

while from tna pooition o f  ?Ale 

m n x i m  of N(E)  in t h o  praoious D-D run.tro w m l d  astimite the error i n  

OUT ca l ib ra t ion  t o  be about l@, srratic ohangos of the ampliPi::a.tion 



ground, ce-used mootly by ceytu~e  #-rayo: t h i s ,  together -Ti.& the fact  

ths* iL would rcs9rssent aLnoeL w discont inui ty  i n  the r sco%l  distribution 

and w i t h  O % ~ O ) P  oonslderatlons, to be prssen.ted  late^, mkao it most un- 

likely that a r@&1 significance can be aEoribed to it. 

c) Test for i n a l a s t i c  scattering i n  gretphito and oil:' 

Stribution CUWQ N(E) of Fig. 10 ~3170~2 if we o m i t  the probsble reduction of 

Si:iue the  a s -  

the snsrgg sctklss indicates considerably Lower enersies of t h e  f i s s ion  

neutrons than those given by other observers, it ~ 6 8 8  f e l t  important t o  

darnonstrate th't t h i s  disorepanoy was not  caused by sxcss~5.vc i n e l a s t i c  

ncaktsring. We mn-k to mention thst, in order to explain it by *is 

CQUSB, one vould ha7e Lo assume met nuEbsr of inelastically 8catbrsd 

nsutrons 50 consti tute more than half of all neutrons observed, which, 

with our arrangement. i s  f r o m  t h e  start most unlikely- 

idea for *k& inslas-klc scat ter ing froa the walls of the container, dis- 

cussed i n  Section 1, graphi-h and o i l  was 

(soe ~rsc%ion 3). 

To obts ln  an 

asrangad around the D-R aource 

The result is plo t ted  in Fig. 11, and OR it t~ ie  cur we^ 

of Fig,, Q are  indicated by dashed lines. 

&bout 3, of the content of the l ino is added to the low anergy tail. JYhile 

it 26 true t ha t  thin t e a t  holdo only for riautrone o f  2.5 

seem very probably that %he inelastic r;catl;ejring ehould bs niucli bigger 

Ro was to be expsoted only 

it does not 
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. I .  

t h a t  %ha iron of the chamber had t o  be considored as OR@ OS t he  main d is -  

turbi:qg factors o f  our experiment. 

anoth-r chamber with onby 1'3 Ibfi of Fe gave the same F B B I , ~ ~  a8 our old 

c ~ Q I R ~ . ~ ,  did vi8 feel oonfident khat also this 6ources of inelastic s a l t o r -  

S n g  x- s negligible. 

Bot until we verified la ter  that 

2 )  Clamber f i l l e d  vikh 26 a h  @ t  - --_ 
A f t e r  the  fire% prelirninsry run of the  f i s s ion  spsotnim reported 

In pzrsgrsph ;b it xas clear t;bt its eiiergies yI'Bre low, and %hemforo 

khat %e ranges of the recoils were srmll enough t o  allom a recitlctio-e of 

tho ta-:.opping power and er consequent gain in the c o l l a o t i m  o f  t h e  ions by 

rsdussd pressure. This highly desirablo feature mads ik seem worthwhile 

to rs :eat the runs taken uctth 39 a h ,  using the s m d  chauher but Q gas 

a> LI-D spectruii: ~ h 3  r e s u l t s  rare p l o t b d  in f igo 1 3 ~  ESIJ etie s i z e  of 

the g-dses corresponding t o  2-5  &v h d i C a t e 8  a col lec t ion  of 72% of' the 

ions, coEpsred t o  the  Si$ obtained with the higher pressure. The batter 
- 
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c o l l e c ~ i o n  manifests i t s e l f  also i n  the g r a t e r  sharpness -2i.' the Line; 

i t 6  half'-wid%h i s  hers only 0.4 compared to the  0.6 BnT ~ r s v i o u s l y  

obtainsd. The low energy tail however remains tlm same as before, i t s  

cause being ev iden t ly  not oannected with %ha col.lection of' the ions.  

b) 

represented hero by the  curve (oonst.)'e -E'*55 rather t h ~  o 

Fission speckrum: (See Fig. 14) The r e c o i l  d i s t r ibu t ion  R(E)  m8 

-E/,725 

.J 81s represented i n  Fig. 10. 

a n b e  described by a contraation of the  energy scale by a faotor  lo3S. 

The difference i n  the f i s s ion  spectnun N(E) 

This measurement and those of the  D-0 spectrum taken before and after i t s  

performanoe were made within less than a week, and frequent t e s t s  showed 

no changes i n  the amplifiaation by more than 2% over t h i s  period, Since 

a l s o  the D-D line reported in 2a was oonsiderably sharper than the  one 

obtained w i t h  the high pressure, i n  the  chamber, the ca l ibra t ion  of t h i s  

run is far more reliable and oan safely be estimated to be correot 

within lC$- Although t h s  lowest point a t  .72 W lies again somewhat 

high it does not exhibit as much of e disoont inui ty  as t h o  lowest poin-b 

obtained with the high pressure. Due t o  the lower pr66sui-e, the  electrons 

released from capture x-rays caused here a smaller baokground than before, 

which m y  account for the absence of the anomaly of the lovvest point 

observed with the higher pressure . 
3)  Light chamber f i l l e d  w i t h  Deuterium: 

A l l  the measurements reported so h r  were taken with the heavy 

61-lb i ron  aontainer of the ionfeation ohamber. 

Id, this g r e a t  mss of i ron  had to  be euepeoted as a considerable cause 

As mentioned i n  paragraph 
\ 

for i n e l a s t i c  sca t te r ing  and a r epe t i t i on  with a much l ighter chamber was 

f e l t  necessary as a check on this point. In order to obtain such a check, 

& new chamber weighing 19 lbs of Fe and f i l l e d  with 16.3 at;m of D2 m a  

,- ._ 
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m a d ,  as discussed in Section 3. 

obtainsd with hydrogen were monotonic, i n  th ig  sese w i t h  6ieL--kut.iua wa 

obtained c l e a r l y  a maximum from t h e  neutrons of  t he  D-D $QI,?.!;M~ %his 

oan be explained by a non-isotroplc sca t t e r ing  of neutrons on doutsrons 

i n  a system moving w i t h  the  center of g r a v i t y  of the two sys.tsms. In 

order t o  invest igate  j u s t  t h i s  anisotropy, Barschall and Kcbmera) have 

also observed the  recoils of deuterons by D-D neutrons; %h3ir resul-ks 

show only a f a i n t  indfcation of such an anisotropy. A t  tho same t i m e ,  

however, t h e i r  d i s t r ibu t ion  shows a muoh loss steep decreaEc on the high 

energy end, i n d i c a t i x  that their resolut ion was not as gocd 8s our8 and 

mile a l l  r e c o i l  distribcrLons 

Q;ending t o  obscure the features caused by anisotropic  scat ter ing.  

check on t h i s  r a t h e r  surprising r e s u l t  the recoil d i s t r ibu t ion  was taken, 

observations onae being mads of  the neutrons emerging perpendicularly t o  

the deuteron beamz once in its direct ion,  i .e . ,  with nonomergetic 

neutrons of 2.47 MV and 2.73 B6v respec.tivsly. 

As 8 

Both r e c o i l  d i s t r ibu t ions  

are p lo t t ed  versua t h o i r  energy i n  fig. 15 and show the proper displace- 

ment. Since in t h e  case of He a resonance P-scattering is known Lo , 

exist’’) it mas thought possible t h a t  a similar resonance would exist 

hsra with a s u f f i c i e n t  snarpnoss t o  show a markad difference i n  t h e  

anisotropy f o r  the two energies. 

results it yet  seems most un l ike ly  t h a t  t h e  appgaranae of t h e  maximum is 

an instrumental affect .  

dependsnoe of’ the sca t t e r ing  of  neutrons on deuterons is mads over a suf- 

f i c i e n t  range of energy, it 8eerns0 in  any event, tbt deuterium i o  not 

su i t ab le  for the investigation of thu f i s s i o n  sptsctrum since i n  tho 

While this cannot be deduced from our 

Before L thorough invest igat ion or” t h e  angular 

11) H. S b u b  and W.E. Steshens, Phys. Rev. - 55, 131, 1939. 
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absscce of suffioisnt 6a.t~ tho h k t s r  cou1.d not bo dorivsd ‘.XI an un- 

mbigcous rmhnnoro No Piasion ~ ~ e k s u r e r m t s  were theraPore -kt.t(L;~n :with 

.the deutarium-filled chamber. 

4) Light cbanbur f t l l o d  with e n i r t u ~ a  of 11’2 an6 argon: 
-I - I- L_ 

As aaootlier gas raplacing t h e  deuterium mentioned above ani! having 

tno  samd etoppiug poxer pas ble, 28 ahn Hz9 we dscidad t o  us6 zi suitabls  

mixrhre of arson and hyclrogsn. 

be safe in our lighter stesl containel-, we chose a mixhra  ol“ 13.8 a h  

In  order ko have a pressur.; ‘row enough to 

E2 8nd 2.75 l x h  a. 

a) The collection m c  hers BVBM bctttar than 

i n  the ran dmcribsd In paragraph 29, with t h e  chamber f i l l o d  with 26 atm 

Hz, fop here 7846 of tho ions were, oolleoted. 

by increased sharpness of the l i ne ,  whioh here kas a half-width of only 

.lQ BV. 

I)-D aperotrun: (SOB Fig. 16) 

This again was aoaompnied 

In this casc1 tho broadening oan be en%ircly nccouritad f o r  by the 

.. 

n o m 1  wicith of the bsokground without any i%rther instrumr,.C;al broadening, 

b) i”ission spectrum: (see, Fig. 17) A good rapresentation o f  R(E) was 

found  her^ t o  be groportional t o  (9 -E/s67, cmpared to e -E/G55 which was 

vsed for .fitting in 2bF 

corrections vmre squal 

is substanlitzlly the same. 

Since, the slopping power and themfore  *ha wall 

the fissj-on speotrurn resulting fron these two r u m  

This agreement serves as a good check upon the 

oalibrrrtion since this run a 8  taken both with better col lect ion and 

higher amplifloaiAon than the on6 reported i n  paragraph 2b, \tehich increased 

the voltage pulsss  Pion recoils of ths same ensrgy by a Saetor 1.3. 

the 681116 i t h e  i L  6hWS that t h e  iron of  the chamber causes no appreoiable 

d i s t o r t i o n  of the fission spectrum, since t he  raooi l  d i s t r ibu t ion  16 not 

noticeably affec-bed by ohnr@n; .the iron mass of khe container by a haQtor  

*e%. 

A% 
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The lowest point which VI@ consider s iga i f icank  in. 

nt E f. ,89 &v. 

one a t  E = .72, the other  a t  E =  .56 LV. 

of t h e  same type as discussed in paragraph Lb, the formar :.);+.rig almost 

three times, the lat-i%r more t h m  seven -timtms, 8s high at; ?::e poin t  a t  

.89 'a. Since i n  run 2b k k s n  ~~3.ki.i 26 atn hydrogen no sush r:nomly wag 

nokioed st E= .72 W, it seems likely that t h e  anonaly obse-vsd here is 

due to the disturbing eff3ct of the capture Y-raye. 

noticed khat for the amm i n b n s i t y  the background fi-on; i f -~ays ma con- 

sidgrably bigger than in 2b, probably due to  the presence o f  argon which 

would oause a greater detour fac.tor for tho Compton electrons and thus 

increase the  ionization per eleckron Fade, in the c o l l e c t i m  volume. 

fortunately no crucial experinent oould be nade t o  d e m o ~ s t i * ~ t e  beyond 

doubt that the.obsarved anomaly is  actual ly  caused b y t h e  disturbance from 

x-rays and the rejection of the two lowest points here and of %he lowest 

in paraghaph 3.b is based upon purely circum8tant;ial evidenca a 

Actually'rn&suren~ks were taken ' for 4x10 1. 

They represofit a rT 

It  EL^ iildeed 

Un- 

/ 

5. Dstsrmination of the to ta l  nwbm of neutrons: 

IR all the run8 previously discussed our moasurenenls allorwd u3 

barely to reaoh below the maximum of the fission spectrum -&hioh in 2b and 

4b was found t o  ocour at .82 W .  Since it did not  seem izipossible, 

partioularly i n  view of the: anomaly disoussad above9 that Q considerable 

fraotion of the fission neutrons might have even less energy, it was felt 

important .to devise 8 method by ahioh the fraction of neutrons beluii the 

lower end of the explored region oould be determined. 

t i o n  it is necessary in the first; place to establish the sffective number 

For thisdetermina-  

of fissions produced in the alloy d i e k .  As an indicator for t h i s  number 

we used an enriched sample, thin both for t h e m 1  maautrons o,nd for fission 
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counted in ri small ionization ohaniber from which %;ha @see 

with .the ssxne apparatus and the &me modula-tiori as  thcse f r - x  t ha proton 

reooils &om f i s s ion  neutrons. 

fissions v m e  observed to oocur on tha average. 

were th in  for SLOW neutrons, the nwbetr of fissions producr~l in it 

should bo as meh greater than in the enriched sttrrple as t114 mount  of 

Q5 contained i n  it exceeds that of t h e  emichad saqlts. 

b i n e d  2930 g. of the alloy and therefore - 2950 = 21.1 g. ol^ iJ25.; 

m o  rwcordad 

Psr interval or our monitor 2..2 +, .P 

If also  OIL:" alloy Ci3k 

C..:. ii1Loy con- 

In 
139 

kubnlloy disk, respectively, t h e  nunher of  fissions product2 in the latter, 

one has t o  oorreot  for the self-absorption of t h e m 1  ~ants 'uns i n  the 

a l loy  di6k. 

section values for thermal neutrons R%,TB used: 

I 

For the self-absorption in the tubnlloy the following c-oss 

Capture oross section CC = (3.0 2 ,,3) x om2 

2 

2 

Fission orom section T+ = (4 .3 f .4) x cn 

Soatbring OPOSE section a;= = (12 2 2.5) x IOu2' om 

The thickness of the disk KVW 1.3 un ~ h i c h  is of' the smm o-ader o f  

mgnitude as the mean  f'rm path of a noukron alcd makes a si$orous cal- 

culation of the self-absorption c p i i i e  di f f iou l t ,  Instead m have corn- 

pted the sdf-absorption under three different assumptions: 

a) Hegleoting +he saattering. This leads t o  a reduction factor of -50 

compared .to a situation i n  which the self-absorption i n  the disk would 

be negl igible* 

*) We wish to %hank DP* Segre and h i s  collaborators for kindly 
prepsing and analysing t h i s  sample for uso 
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b) 

modified aocording to Wigdm : 

-66; that it is closer t o  unity than tho value obhined under a >  i r s  

app.rsntly due to the f i c t  that tho sca t te r ing  of neutrons incroasss their 

path in the disk. 

Comgutfq tho self-absorpkion by iiaan6 o f  Q- ifF~s_i_g~~,!Z!k- ,..?. -, 

Here t h e  corrac-tion factor  bccomes 

c )  mtting a correctior: term -3 2 +- r+ in Wigner's theory, 
5 q'ct q t q ,  

ahioh leadn to ti correstion ftsotor .63: 

b )  an+ o ) ,  namely .64, as e"suffioient1y close approximfion f o r  f;ho 

t r u e  oorraction a c t o r ,  -Jle, thus obtain f o r  the nunber of' fissions psi- 

monitor interval produced i n  our alloy disk  

hcoeptiw the avcmgs be-besn 

6 e64 x 132 x 2101 5 1-4 x 10 
136 x EOm6 

and, with 2,1 neu+xona per fisdion we get a % o t a l  of 

(17) R 2.9 105 

neutrons per monitor interval ,  0merging from %he disk durily; the record.-. 

ing t i m e  of our sgparatue. 

The following d a k  and calcuiations,  oonncsoting this numbsr with 

that observed number of racotle above OUT minimum cnsrgy, refer t o  the 

measurament reported 'in paragraph ab with %ha heavy chamber f i l l e d  with 

39 atm 1120 

has EO bearing upon this detsrrnkns.lioi and i n  r e fe r r ing  t o  ecergies we 

The9 ca l ibra t ion ,  which fo r  this run was unreliable. obviously 

shal l  divide the scale by 1.35 which brings this run into agreement with 

the more reliable ones reported under 2b and 4b. 

From (14) we can now compute the  t o b l  number of nsutrons above 

8 o e r b i n  energy emerging from the disk per monitor int,orva1, using the 

observtrd recoil dist r ibut ion,  likewise normlizcrd per moni tor  interval - 
The method of n o m l i x n k i o n  by in tegra l  eoml ing  is described in Section 

3.  Thg frackion o f  solid angle under which the counting volunv B ~ S  soen 

f ron t h e  disk ms S = l . S  x the depth of the coui?ting Volume 



-44- 

D g 8.5 cm and the  kuwiber of hydrogen atoris per u n i t  vollume h =  2.1 x d4, 
% i t h  these date K ~ I  would obtain f o r  the number of neutronswith an 

energy above .82 M ~ v ,  ice., above the maximum of our d i s t r ibu t ion  ourve, 

smerging from our disk per monitor i n t e rva l  

f o e o  I even nore! than the t o t a l  num5sr 2.9 x IO5 givon i n  equation (17), . 

A n  important addi t ional  considerction has t o  be made, however, 

before deriving the  r e a l l y  s i g n i f i s a n t  number f o r  the f r ac t ion  of neutrons 

above .62 Eev, A8 discussed i n  Section 3, our measurements were taken 

with post d i S c i i m i R E l t i O l l  which we.6 adjusted such that the  col lect ion of 

ions for  each recorded pulse s t a r t e d  when the  amplifier was already ono 

Therefore all recoilrr produced within a full col lect ion tine before the  

end of t he  post discrimination were recordad (os well as all those follow- 

ing it. 

0 -t/9 of our container as discussed i n  Section 1, and t h i s  decay i s  com- 

p l s t e d  during the on t i m e  of the  amplifier.  

f i a i t a  col lect ion time T, eT/' times more pulses are recordad than would 

The fissions which t a k e  place follow the exponential dacey lay 

This means that, with a 

be if  oollect ion time were zeroD The 8 8 m  remrlc holds of course f o r  the, 

recording of the fission fragments, which m s  performed with tke i den t ioa l  

mbdul8.tion system as that  o f  the proton reooi ls .  

co l l ec t ion  t i m e  for ions i n  the hydrogen chamber, T2 k b t  f o r  ions i n  tho 

f i s s ion  chamber, one ob4ains f o r  t h e  fraation of neutrons With energy 

If we call Tl, +As 

above -82 Mev, no t  the r a t i o  of tho numbers rJ and Ha, given i n  (17)  anci 

(18), but khat r a t i o  multiplied with 

of t he  inaccuracy i n  our determination lies i n  t h i s  exponential factor.  

Although the decay time 8 (see Section 1, formula 9 )  b o  been q G i t s  well 

dekerrnined to be 1.8 x 8eco, the CollecLion times Ti and T2 are no t  

c(T2 T l ) b ~  A oonsiderable park 

. 
4 



-45- 
\ 

s 

. 

oscillograph we would conclude TI _- = 1.2 3.2 mill iseconds.  5’2 is coA3inly  

muoh smaller: assuming it to be 80 srriall that it can be, nsgleotcd ia 

Tllk’, we obtain for the  f raot ion f of  nmtrone the exponent of e(% 

above .82 sdev from (17) and (18) 

The f i n i t e  value of  T2 cen only tend .to increase t h i s  nunibsr. 

The error introduced i n  the above-mentioned comect ion  f’or 
I 

the self-absorption is ssLimCed t o b e  even sonswhat bigger, S3esicisa 

kksre are comparatively smll e r r o ~ s  entering- f m m  s t c t i s t i c s ,  in tlm 

geometry, the, -ml1 correctiono, and t h e  neutron-?roton cross ssc t ion ,  

Altogether we estimte f t o  hava n probabls error of 25$ or the frecklon 

of neutrons above .82 Meo t o  be no lssa than 

6 ,  Diseueoion: 

In view of our soanty knowledge about  khe, neo?anism of snfssionz 

of  the f i s s i o n  neutions, it is very d i f f 2 c u l t  t o  judge our results from 

the t h so re t ioa l  point of  view and t o  mice, any predictions-about t h e  

spectrum below t h e  explored anergy region. 

whether t he  valu0 (19) i s  at a l l  reasonable we have extrapolated tha 

To obtain a t  h e s t  an idea 

fission speotrum t o  E = 0, ussurning khat the neutrons are isotropically 

emitted from f i ss ion f’ragments, moving w i t h  a single velocity vo. 

E, = m/2 vo2 (m neutron miss) and i f  the number o f  E e U t r O i l G  wi th  an 

energy E> 9Eo 

can be daduood f o r  

If 

i s  negligible, one cpn shour tht t h e  d i s t r ibu t ion  %(E) 

E < Z a ,  i f  it is h o - m  f o r  E 2 Eo, according t o  the 
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0 Oycning in Containor 

V Tuballay disk 

5 Imi eatiomhamber 

F First ~4x2;s nmplificrr 

HV High voltage supply for i o c i e a t i u n  chmbclr 

A Amplifier 

B Feedback c i r c u i t  
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IdC fhcnitor c i rcu i t  



-52 - 

c- iL 
W

 
z W

 
(3

 
z
 4
 

K
 

W
 

I
 

K
 

(3
 

!z a
 
a 

I 
. 



-53 - 

a BRASS 

STEEL 

INSULATOR 

SECTIONS 
A - C  0 -c  

FIG. 2 A  

One 
SECTION E - E  

FIG. 2 8  



F I G ,  3 



-55- 

4
 



I 

-1 

/
 

1 
t 



8 

I 

I 



-58- 

I 
3 I 
Q 

3 
a 
m 
a 
3 
W 

a0 

r- 
1 a 

a 
I- O 1  

L- 
r- 

I 

I I 

. 
I 

. 
, 



. 
L

 

or 
m

l 

. t 

-59- 
A

.B
C

0
 

a- 
w

 
c W

 



-60- 



i
 



-62- 

!
 



~ 
.
 .
 
. .
 . .. . . .

 .
 . . . .

 
. .

 ,
 

. .
 . 

.
 . .
 -
.
 . .
 . .
 . .

 . .
 . .
 
.
 .
 .
 . . .

 . .- 
. . .-

 . . 
.- .

 - .
 . - 

. .. 
, ,. 

-63 - 

6 

n 

n
 



-64 - 

i 

0
 

G
 

I 

t
 

f 



f' 



7
 

-66 - 

i 
i
 

I 



i
-
 

i.
 

e 

I 1 3 

-
i
 

i
 

-67- 



c 5
 

5. 
t L 

c 

i
 

* 

-8
9-

 



I) 
A 

t s
 



-70- 

4
 



I 6 

1
 

5. 








