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ABSTRACT 
i 

. . 
Experimentally,  measured  prompt-neu.tron' decay .constants f o r  sub -. 

.cr i t ical .  sys tems a r e  of. considerable v a l ~ e  a s  no.rmalization data .for .cal-  

.culations of p rompt~ne ,u t r sn  t ime constants.  . A method of measuring these 

decay,  constants with .a pulsed neutron ,source,  neutron .detector and multi - 
. 9 

channel t ime -delay;analyzer has  bee'n deve,loped and used on a .number of 

. f a s t - spec t rum subcrit ical .  sys t ems .  An analysis of. this method bas.ed on 

the one -energy .group, one -delayed-neutron g roup' rea.ctor kinetic .equations 

i s  presented and discuss.ed. The cixrve, of neutron flux ve r sus  .time .pre-  . I . . 
dicted by,  the kinetic -equa.tions i s  co.mpa.red with .the observed ..curve .obtained 

. . .  

.with a .13 .  1 -c:m d i a d .  enriched.-uranium sphere  to in.dica.te .the application 

and limitations of.  the an.alysis. 

I ' 
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,The prompt.-neutr,on .time constants of .fa.st .spec.trum sys tems a r e  ~f 
I .  

conaiderable importance in predicting .the prompt c r i t ica l  behavior of :thes e 

sys t ems ,  

. Theoretical es t imates  of prompt-ne.utron t ime constants do not gen- 

e ra l ly  r equ i re  the .  solution of. the .time -dependent t ranspos t  equation;, in .fact 
I 
I .when de.layed-.neqtron .effects .can be neglected,.  the problem i s  easi ly  , t rans - 

formed to the steady-state case.  The calculation i s  .then r e d u c e d  to the 

:s impler  problem of solving a modified steady!-state t ranspor t  equation.which 

f o i  prec ise  w o r k ,  actually consists of a s e t  of coupled equations r ep resen t -  

.ing the vari.ous neutron. energy groups.  ,, This type of problem i s  amenable to 

numerical  methods,. in  par t icu lar ,  the Sn method' develdped by. ,car lson2 has  

been used su.cc~essfully i n  a .wide variety of .ca.ses. 

. Experimentally measured  values of prompt-neutron decay constants 

.for subcri t ical  . sys tems pro.vide a natural  .normalization .for ,these calculations. 

During the y e a r , .  therefore,  considerable effort  has  been devoted to the 
' development of a method for  measuring prompt-neutron de.cay, constants .with 

3 . . 
.a pulsed neutron source:  

*This paper .was pr  es.ented extemporaneouSly by L. P a s  se l l  a t .  the .winter 

meeting (December 10 - 12, 1956) of .the American Nuclear .Society, held in 

Washington, D. C. 

'B D a v i s o n ,  Transpor t  Theory of Neutrons, National ~ e s e a r c h  Council o f  

Canada. r epor t  No. LT -18.(1947), , Chapter '1, Section 2 .  
2 

; B. G.. Carlson,  Solution of. ~ : h k  Transpor t  Equation by .S. n .Approximation.s, 

LA-1891 (195.5). . . 

3 ~ a s s e l l ,  Abramson, Andre, and Perez-Mendes,  Measurements  on Sub- 

t; 
cri t ical  Assemb1ie.s wi th  a Pulsed .Neutron .source,  UCRL-4673 (1956). 

I .  



In principle the method consists simply of introducing shor t  bu r s t s  of 

neutrons into subcri t ical  sys tems and then observing the decay,of the leakage 

neutron flux with a t ime-delay analyzer .  If the sys t em i s  sufficiently sub- 

c r i t ica l  to be relatively unaffected by delayed -neutron contributions and if 

t ransient  effects due to the source a r e  of shor t  duration, the leakage flux will 

decay exponentially with a t ime constant 

P 
. . 

:, 

which i s  the prompt-neutron decay constant. 

The behavior of the leakage neutrons in a.pulsed fast..  spec t rum a s s e m -  

bly .is descr ibed appro.ximately by,the.one -energ,y g,roup, one -delayed-nehtron 

group kinetic .equations 

where n(t)  = to ta l  number of neutrons in the sys tem 

c(t)  = total number of delayed neutron emi t t e r s  i n  the sys t em 

p , = fract ion of .f ission n.eutr0n.s that a're .delayed 

X = weighted average decay constant of the delayed neutron emi t t e r s  

ke f f  
= effective multiplication factor  : 

1 = average neutron lifetime 

S(t)  = ra te  a t  which source neutrons a.re introduced int0.th.e sys tem.  

S(t) var ies  .with the type of pulsed neutron source  used. . As an  .approximation 

we .will as,sume 

so(eYt - 1 )  
.S( t )  = when O L t S 7  (3a)  

eY7- 1 



when t ' ,  T . . 

i .  e . ,  the r a t e  a t  which source neutrons a r e  introduced into the sys tem 

inc reases  exponentially with a t ime constant y for  a t ime T and then 

dec reases  exponentially with the s a m e  t ime constant. 

Equations (1) and ( 2 )  with S(t)  given by Eqs .  (3a) and (3b) can be in te -  

gra ted  direct ly  by applying the Laplace t ransform.  The solutions f o r  n(t)  

and cat) a r e  given in  the Appendix. Considerable simplification in the f o r m  

of the solutions i s  possible for fas t  spec t rum sys tems.  .Since the purpose 

of the experiments i s  to measure  prompt-neutron decay constants,  keff is 

deliberately chosen sma l l  enough s o  that 

- 8 
Neutron lifetimes in  the sys tems of . in te res t  a.re typically of. the o r d e r  of 10 

seconds, hence 

I 

Also y ,  the t ime constant of the source  bur s t ,  which i s  determined by the 

charac ter i s t ics  of the pulsed neutron source ,  i s  typically ve ry  la rge  compared  

to A. Hence under the conditions of the experiment,  both the decay t ime of the 

neutron b u r s t  and the decay t ime of the neutrons in the assembly  i s  fas t  com-  

pa red  to the decay t ime of the delayed neutron emi t t e r s .  With these r e s t r i c -  

t ions,  and noting that 

eYT>> 1, the s o l u t i o ~ s  reduce to 

I ,  

. i ?. 

+ "1 -at . -1i 
n(t)  .g e t - e  

1 ( y + a )  , 4~ + a) . a 



when 7 s t .  (5b 

Since the neutron burs t s  a.re introduced into .the assembly  .periodically, n(o) 

and ~ ( o )  can be evaluated by -requiring that 



where T i s  the t ime interval  between neutron bur s t s .  T i s  chosen much 

longer than l /a but ve ry  short  compared to 1 / ~ .  Applying condition (6a)  to 

Eqs .  (4a) and (4b) and condition (6b) to Eqs .  (5a) and (5b), we find 

froin which .we can obtain the approximate expressions 

Substituting back in to  Eqs .  (4a) and (4b);  we then have 

when T I t  ( T .  (8b 1 

!These conditions hold only af te r  the concentrationsof the delayed neutr-on 

emi t t e r s  build up to. the i r  equilibrium values.  



- 8 .- UCRL-4808 

Equations ($a)  and (-8b) descr ibe the pesi-odic .change in  the. numbe'r of 

neutrons in a subcri t ical  fas t  spec t rum sys tem under typical experimental 

conditions. To i l lustrate  the application of these equations, consider a r e p r e  - 
sentative experiment.  

8 - 1 
. a .= .0 .46.  x 10 seconds 

8 - 1 ..y ., =' 5 x P O  seconds 

7 = 5 r ieconds 

- a  T = 4 . ~ 1 0  ,seconds 

Figure  1 shows a plot of nbt) a s  predicted .by Eqs .  .(8a) and (8b) (da rk .  

.line) and, . for  comparison,  n(t)  a s  experimenta.lly.ob.served..for an  .unrefle.cted 

enriched-uranium. sphere  1 3 .  1 c m  in d iameter  (dotted .line). 1n.the experiment  

the neutron burs t s  introduced into the as.sembly consisted of 14-Mev neutr0n.s 

produced by .short  burs t s  of .deuterons.  striking the tritium-loade.d .target of a 

.Cock.croft-Walton .a.cc.elerator. The ta rge t  .was located approximately,  one c m  

f r o m  the surface of the sphere.  Leakage neutrons .were detected .by .a Hornyak 

.fast neutron .detector placed close to the surface of t b  sphere diametr ical ly  

oppo.site ..the acce lera tor  target .  A Los Alamos time'-to-pulse height converter ,  

t r iggered  by .the deuteron bur s t ,  s triking .the. ta rge t ,  ,was used. with .a  50 -channel 

pulse -height analyzer as  a ..time -delay analyzer .  

c l e a r l y  E q s . .  (8a) and (8b) represent  .the behavior o f  the . sys tem quite 

.well. except, in ..the region .where source  t ransient  effe.cts' a r e  appreciable . :Poor  

agreement  in  . this region .is to be expec.ted..for a number .of' r easons ,  Perhaps  

the most .  important  i s  that .the one -energy g,roup kinetic equations do .not take 

into account. the transi.tion f rom a .monoene.rgetic 14-Mev,.so'uace neutron .energy 

spec t rum to a f iss ion , spec t rum.  After the decay begins, ho.we.ver, the one - 
.energy group model i s  more  sat isfactory because the energy .spectrum. remains  

-relatively s tat ionary.  ' Another reason  why the agreement .  i s  not .bet ter  . in  .the 

t ransient  .region i s  that.  the kinetics equations a s  sume .a no rmal  mode spa,ce 
. . 

distribution .of .source ne.utrons. This obviously do,es not. repre.sent . t h  t rue  

.s ta te  of affairs  in  .the.exp.eriment.. Evidently .a .certain .amount-of diffu,sion will 

ha.ve to ,take place a.s the source space  distribution changes .to a no rmal  mode 

distribution. , These two ,considerations a r e  probably responsible fo.r most  of 

.the difficulty. Other ina.dequa.cies, sech  a s  the us.e of,a .single group of delayed 



neutrons,  do not ser ious ly  affect the resu l t s  s ince the ,time sca le  of the decay 

i s  too shor t  to be influenced by the details of delayed neutron emission.  

Examination of Eqs.  (8a) and (8b) and of the experimental resu l t s  indi- 
6 cates  that during an  appreciable pa r t  of the cycle the leakage flux decays 

exponentially with a t ime constant 

, . consequently ,-a can be measured  with .very reasonable accuracy.  . The major  . 

. l imitation in the method i s  the stabili ty and . l ineari ty  of .the ..time.-delay 
' analyzing system..  In pra.cti.ce we have been able to at ta in.  3 -5% precis ion in  

measured  .Q's. .With .a -pe.rmanent instablation,. the accuracy  can probably .be , 

improved appreciably . 
. A  considerable var iety of mea.surements on b a r e  enriched-.uranium 

system's have been made and compared .with va1ue.s calculated f r o m  a .six- 

energy,group transpo,rt equation .no.rmalized originally to a Los Alamos .cr,itical , 

mass.  experiment.  The agreement.  wa.s .within the experimental.  e r r o r  :in every  

ca.se. As a n  indication of the sensit ivity of. the method, decay c u z v k  f o r  a '  
. . 

.13. 1 -cm-diameter  .enriched-u.ranium sphere  and an P 1 .9 -cm sphere  ar.e 

plotted together i n  F ig ;  2 .  , The dashed line indicates the. shape, of.  the neu t ron  

bur s t .  without .the a,ssembly in,.pla.ce for  comparison. 

5 ~ .  ~ e r m a i n ,  T h e o r e t i c a l  Analysis of. Time.-Dependent. Charac ter i s t ics  of 

. F a s t  Spec.tru.m:Eis s.ioning..As.semblies , paper presented a t  the .second annual 

'meeting ,of The. American .Nuclear Society, held in  ..Chicago, : Illinsi.s, June 
. .- 

6 - 8 ,  1956. - 



TIME IN inpSEC TIME IN mpSEC 

MUL - 2 6 0  3 M U L - 2 6 0 4  , 

c 
0 

Fig. 1 .  Comparison of Eqs. (8a) and (8b) Fig. 2. Experimentally observed curves P 
with experiment - 13.1 -cm for 13.1 -cm and 11.9-cm diameter 

'I? 
I 

enriched-uranium spheres. Neutron cP diameter enriched-uranium sphere. CX, 

burst shown a s  dashed line. 03 o 



APPENDIX 

Solution to  E q s .  . (1) and 421, with S( t )  G i ~ e . n  by. .Eqs. 43~1.1 and 43b) 



where 

= 1./2 { [ ,  A t  
P 1  ? 

In the sys tems of in te res t  

hence 
1 -keff( 1-63) 

P1 7 -1 and 
- 

P 2  - 
I 




