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. . 
I. INTRODUCTION 

. . . . . .  . 

.. This report  descr ibes  the Integral Neutron Thermalization activit ies 
a t  General Atomic f r o m  October 1, 1.962, through September 30,. 1963, 
under Contract AT(04-3)-167, Pro jec t  Agreement No. 2, with the U. S.. 
Atomic Energy Commission. For  general  reviews of experimental,  
analytical, and theoretical investigations previously performed under this 
program, the r eade r  i s  r e f e r r e d  to the two previous annual repor ts .  ).(2) 

It will be recal led that the r e s e a r c h  program for the present contract 
year  was to include the following a r e a s  of work: 

1. Temperature-dependent neutron spec t r a  (Sections I1 and VI). 

2. . Spectra  in finite media (section 11). 

3. Neutron spec t ra  in zirconium hydride assembl ies  (Section.VI). 

4. Angular distribution measurements  (section 11). 

5. Spectra in poisoned D 0 (Section 111). 
2 

6. B e 0  feasibility studies (Section VII). 

7. Fast-neutron shielding studies (Section X). 

8. Theoretical studies of integral  neutron thermalization (these 
investigations a r e  discussed in the sections devoted to the 
appropriate  modera tors  of interest) .  

9. Alpha measurements .  made in conjunctio'n with o a k  Ridge National 
~ a b o r a t d r ~  ( these meiasurements will be  reported by the ORNL 

. group). 

To supplement the' above studies,  work was a l so  performed in  the 
following a reas :  

1. Total c r o s s  section of H 0 (Section 11). 
2 

2. Neutron thermalization in beryllium (Section VIII). 

3. Pulsed cr i t ica l  assembly  (Section IX). 

4. Experimental techniques (Section XI). 

5. Unjversal scat ter ing-kernel  code (Section XII). 

6. Neutron spec t ra  in organic sys tems (Sections LV and V) .  



In addit ion,  improvemen t s  w e r e  made  in the r e s e a r c h  equipment  
ava i l ab le  f o r  expe r imen t a l  neu t ron  the rmal iza t ion  s tud ies  ( the  c u r r e n t ,  
s t a t u s  of th i s  equipment  i s  d i s cus sed  in Sect ion XV). Final ly ,  a  f o rma t  
w a s  des igned fo r  the  s u m m a r y  compilat ion of exper imenta l ly  obtained 
neu t ron  s p e c t r a l  da ta  and  r e s u l t s  of t heo re t i c a l  ca lcula t ions  in  a concise  
and  legible  f o r m  (Appendix I). The  example  given h e r e  is for  a typical  
s p e c t r a l  exper iment .  I t  is ant ic ipated that  in  the forthcoming y e a r  s p e c t r a  
wi l l  be  compiled fo r  all of the  be s t  data  a s  they become avai lable  and  wil l  
b e  p r e sen t ed  as a document  for  l abo ra to ry  u s e .  

The  r e s u l t s  of the  ac t iv i t i e s  under taken in the  In tegra l  Neutron 
The rma l i za t i on  p r o g r a m  can  be s u m m a r i z e d  a s  follows: I t  is now poss ible  
in  many  r e a c t o r  ca lcula t ions  for  all common  m o d e r a t o r s  to  u t i l ize  s ca t t e r i ng  
k e r n e l s  we 11 suppor ted  by expe r imen t a l  spec t r a .  The  desc r ip t ions  of these  
s ca t t e r i ng  k e r n e l s  a r e  i n  g e n e r a l  s t i l l  b a sed  on misce l l aneous  bi ts  of 
e x p e r i ~ ~ i e ~ ~ l a l  and  t heo re t i c a l  know ledge fnr pa  ch moder3t;or, S u r p r i ~ i n g l y ,  
however ,  these  s imp le ,  physically r e a l i s t i c  desc r ip t ions  a r e  quite useful  
and  r e l i ab l e  in predic t ing s c a l a r  and inf in i te-medium neutron spec t r a .  
Angular- f lux s p e c t r a  const i tu te  a m o r e  s e v e r e  t e s t  of the  mo lecu l a r  mode l s ,  
but  under  the  p r e s e n t  p r o g r a m  new expe r imen t a l  r e s u l t s  have been obtained 
which p e r m i t  tes t ing of the p rope r t i e s  of the s ca t t e r i ng  k e r n e l s  re levan t  
t o  the  angula r - f lux  problem.  

During the p r e sen t  con t rac t  yea r ,  s e v e r a l  pape r s  originating f r o m  
th i s  p ro j ec t  w e r e  p r e sen t ed  a t  the A m e r i c a n  Nuclear  Socie ty  Meetings 
o r  submi t ted  to Nuc l ea r  Science and  Engineer ing for  publication: 

Nuc lea r  S c i e n c e - g  
.. - 

\ 

1. "Neutron Spec t rum Measu remen t s  in H?,O, CH?, and CgHg, I '  by 
J .  C. Young, G. D. 'T r imb le ,  Y. D. Naliboff, D. H. Houston, and 
J. R. Beys t e r .  

2. llI\Teutron Thermal iza t ion  in Zirconiuin  Hydride,  ' I  hy J. C.. Young, 
J. A. Young, G. K. Houghton, G. D. T r i r ~ l b l e ,  and  J. R. Beys te r .  

ANS Meeting,  Washington, D. C. , November ,  1962 

1. "Pdctitror~ Speclra in Multiplyiilg arld Nonmultiplying Media, I 1  by 
J, C. Young, G. D. T r i m b l e ,  J. R. Brown, I). H. Houston, Y. D. Naliboff, 
and  J. R. Beys t e r .  

2 .  "Sensitivity of T rans i en t  Neutron Spec t r a  t o  Different  Sca t t e r ing  
K e r n e l s ,  by J. U. Koppel and Y. D. Naliboff. 

3 .  "Neutron The rmal iza t ion  in Graphi te .  P a r t  I: The  Sca t te r ing  Law 
f o r  Graph i te ,  'I by  G. D. Joanou,  D. E .  P a r k s ,  and N. F. Wikner. 

4. "Neutron The rma l i za t i on  in Graphi te .  P a r t  11: The  Effect  of the 
Gaus s i an  Approximat ion and  Var ious  Sca t t e r ing  Laws on T h e r m a l  Neutron 



Spec t ra  in Hornogeneops Poisoned Graphite,  " by G. D. Joanou, D. E. P a r k s ,  
and N. F. Wikner. 

5. "Neutron Thermal izat ion in  Graphite.  P a r t  111: T h e r m a l  Neutron 
Spec t ra  in  Heterogeneous Media, by G. D. Joanou, D. E. P a r k s ,  and 
N. F. Wikner. 

ANS Meeting. Salt  Lake Citv. Utah, June, 1963 

1. "Neutron Thermal izat ion in Z i rconium Hydride, " by G. K. Houghton, 
J. R. Beys te r ,  J. C. Young, and G. D. Tr imble .  

2 .  "Spatial Dependence of T h e r m a l  Neutron Spec t ra  Ac ros s  a 
Tempera tu re  and Absorption Discontinuity, I '  by N. F. Wikner, J. R. 
Beys t e r ,  D. E. P a r k s ,  and R. B .  Walton. 



. . 11. NEUTRON T.HERMALIZATION IN WATER (H2O) 

2. 1. INTRODUCTION ' .  . . . , 

A yea r  ago. our '  knowledge of n 6 ~ t r o n ' t ' h e r m a l i z i t i o n  in wa te r -  
mode ra t ed  s y s t e m s  could be  summar ized 'z i s  'follow's. The 'molecular 
mode l  proposed by ~ e l . k i ~ i 3 )  in 1958, with no fu r ther  embel l i shments ,  was  
being u s e d  with mode ra t e  s u c c e s s  by many worker 's  in the field both f o r  

3 .  

r e a c t o r  calcul.ations and fo r  compari'snn's w i th  exper imkntal r e ~ u l t c .  Othcr 
w u r k e r s ,  huwever, Geheved that  the f ree -hydrogen  gas  o r  Radkowski 
 model.^(^) we re  adequate for  calcu?ational  purposes .  Exper imental ly ,  the 
s p e c t r a l  work a t  Gene ra l  Atomic had shown that  a n  adequate ilnderstanding 
of inf ini te-medium neutron s p e c t r a  ( a t  r oom t e m p e r a t u r e )  r equ i r ed  the 
u s e  of a  m o r e  real i . s t ic  mode l  than the  f r ee -gas  model,  for  example,  the 
Nelkin model .  However,  finite- medium,  spatia.lly dependent angular  - flux 
s p e c t r a ,  m e a s u r e d  both a t  Gene ra l  Atomic and in l a t t i ces  by ~ a i n ~ b e l l ( 5 )  
and MostovoL ( 6 )  w e r e  in m a r k e d  d i s ag reemen t  with t r anspo r t  theory even 
with hydrogen binding effects  inciuded. Many mechan i sms  w e r e  proposed 
to  explain  these  dSs c r epanc i e s  in  angular  -flux spec t r a .  Severa l  of these  
had  been  exp lored  and included in  the t r anspo r t  ana lyses  per formed  a t  
Genera! Atomic, .  but residual .  d i sc repanc ies  s t i l l  pe rs i s ted .  

, T h e r e f o r e ,  dur ing the past  year  we have endeavored fu r ther  to 
sub jec t  proposed mo lecu l a r  models  fo r  H?,O to  exper imenta l  t e s t  and have 
t r i e d  to remove  s o m e  of the  d i sc repanc ies ,  th.enretica1 and exper imenta l ,  
that  ex i s t  j.n our  unders tanding of neutron thermal iza t ion  in light wate r .  
F i r s t ,  a  s e r i e s  of inf ini te-medium s p e c t r u m  exper iments  was  pe r fo rmed  

0 
a t  t e m p e r a t u r e s  up to  316 C (Section 2. 2 ) .  It had been conjectured t.hat. 
the  reasonable  a g r e e m e n t s  obtained with the Nelkin wa te r  mode l  might be 
forruitous a t  r o e m  t e m p e r a t u r e  and that  model  p a r a m e t e r s  would ce r ta in ly  

0 
have to be changed d ra s t i c a l l y  a s  wate r  i s  heated past  150  C. The s p e c t r a l  
expe r imen t s  pe r fo rmed  this  y e a r  showed fa i r ly  conclusively that  neutron 
s p e c t r a  enccunte red  in pressur i .zed wa te r  s y s t e m s  w e r e  r e a s o n a ~ l y  
predic table  us l.ng a s imp le  mnl.eci.llar model.  

Second, a study of neutron s p e c t r a  in one-aimensional  yeometr ical  
configurations (Section 2 .  3. ) was  per formed  in a n  a t t empt  to remove  the 
s t i l l  s e r i o u s  d i s c r epanc i e s  between t heo ry  and exper iment  r e f e r r e d  to 
above. Much of the problem was found to  be ass'ociated with the geome t r i ca l  
a r r a n g e m e n t  o f  s o u r c e  and a s sembly  in  the exper iment .  



Thi rd ,  a p rec i s ion  m e a s u r e m e n t  w a s  made  of the. wa t e r  to ta l  c r o s s  
sec t ion  (Section 2. 4)., Prev,ious m e a s u r e m e n t s  by ~ e l k o n i a n (  7, dif fered 
significantly a round  1 e v  f r o m  the  predic t ions  of the Nelkin wa t e r  model.  - 
In pa r t i cu l a r ,  T ,  the  a v e r a g e  kinet ic  e n e r g y  of the  wa t e r  molecu le  i n f e r r ed  
f r o m  the  work  of Melkonian, was  20'7'0 g r e a t e r  than that  predic ted by the 
Nelkin wa t e r  model .  B a s e d  on th i s  fact ,  i t  had been  sugges ted  that  a l l  
p rob l ems  with neutron s p e c t r a  in  w a t e r  could be solved by adjust ing Nelkin- 
mode l  p a r a m e t e r s  t o  give the  Melkonian T .  However,  the newly m e a s u r e d  
wa t e r  to ta l  c r o s s  sec t ion  d i s ag reed  with the o lder  wo rk ,  and i n f e r r e d  
f r o m  these  da ta  a g r e e s  with the Nelkin value  within expe r imen t a l  e r r o r .  

Fou r th ,  a  s tudy was  conducted on the sca t t e r ing  angula r  d i s t r ibu t ion  
[ c r ( ~ ,  p ) ]  f o r  w a t e r  (Section 2. 5) .  Th i s  expe r imen t  was  under taken  because  
the avai lable  expe r imen t a l  data  on double d i f ferent ia l  s ca t t e r i ng  w e r e  not 
p r e c i s e  enough and w e r e  not c en t e r ed  in  the p rope r  neutron ene rgy  region 
to t e s t  adequate ly  the p rope r t i e s  of the mo lecu l a r  mode l  fo r  wa t e r  re levan t  
to  the s p e c t r u m  problem.  An expe r imen t  was  d e s i r e d  that  would s e r v e  a s  
a n  adequate  t e s t  f r o m  the standpoint  of applicabil i ty to the a c c u r a t e  solution 
of r e a c t o r  physics  p rob lems .  The expe r imen t a l  technique involving u s e  
of the Linac  w a s  proven,  and p r e l im ina ry  data  w e r e  taken on wa t e r .  The  
expe r imen t s  w e r e  qui te  sens i t ive  to  the re levan t  por t ions  of the s ca t t e r i ng  
desc r ip t ion ,  and  d i s ag reemen t s  between theory  and  expe r imen t  w e r e  
obse rved  above 0. 1 -ev  neutron energy.  

Finally,,  a  conce:r,ted effor t  was  m a d e  th i s  y e a r  t o  unders tand  the 
p a r a m e t e r s  u sed  in  the bound-hydrogen wate r  mode l  and  t o  improve  the 
mo lecu l a r  desc r ip t ion  of wa t e r ,  including r ea l i s t i c  an i so t rop ic  v i b r a t o r s  
f o r  the  h igher -energy  d e g r e e s  of f r e edom (Section 2 .6 ) .  Improved  a g r e e -  
men t  with expe r imen t  h a s  been obtained. 

2 . 2 .  TEMPERATURE-DEPENDENT INFINITE-MEDIUM NEUTRON 
SPECTRA 

The rma l -neu t ron  s p e c t r a  have been  m e a s u r e d  under  inf in i te-medium 
condit ions in wa t e r  poisoned with a l / v  a b s o r b e r  (boron absorp t ion  of 
5. 15 ba rn s lhyd rogen  a t o m )  a s  a function of m o d e r a t o r  t e m p e r a t u r e .  Ten  
l i t e r s  of bo r i c  a c id  solution w e r e  con ta ined in  a s t a i n l e s s  s t e e l  p r e s s u r e  
v e s s e l  measu r ing  10  in. i n  ins ide  d i ame te r .  The  v e s s e l  was  heated 
e l ec t r i c a l l y  by a n  i n t e rna l  i m m e r s i o n  hea t e r  located n e a r  i t s  bottom. 
Both a p r e s s u r e  indicator  and the rmocouples  w e r e  u sed  to moni to r  the 
t e m p e r a t u r e  of the bo ra t ed  w a t e r  within the ve s se l .  A cy l indr ica l  tube, 
o r  "glory hole,  " for  neu t ron-beam ex t rac t ion  extended through the cen te r  
of the ve s se l ,  pe rpend icu la r  to  the cyl indr ical  ax i s .  The  p r e s s u r e  v e s s e l  
is de sc r i bed  i n  de ta i l  in  Section 15. 2. 



T h e  energy-dependen t ,  s c a l a r  neu t ron  s p e c t r a  w e r e  m e a s u r e d  by 
p lac ing a  z i r c o n i u m  s c a t t e r e r  a t  the c e n t e r  of the th in-wal led  g l o r y  hole and 
m e a s u r i n g  the n e u t r o n s  s c a t t e r e d  in  the  d i r e c t i o n  of the d e t e c t o r  by a  bank 
of B'  OF^ c o u n t e r s .  P u l s e d -  b e a m  t i m e  - of- flight techniques  w e r e  used  to 
d e t e r m i n e  the  neu t ron  e n e r g i e s .  M e a n - e m i s s i o n - t i m e  c o r r e c t i o n s  to  the 
d a t a  w e r e  m a d e  with the usua l  t i m e  m o m e n t  ca lcu la t ions .  A neu t ron-  
s p e c t r u m  m e a s u r e m e n t  w a s  m a d e  a t  r o o m  t e m p e r a t u r e  in  a 10-in. - d i a m e t e r ,  
t h in -wa l l ed ,  a l u m i n u m  cy l inder  which had a  r e - e n t r a n t  tube with a  518-in. 
i n t e r n a l  d i a m e t e r .  T h i s  w a s  done a s  a  c h e c k  on the o v e r - a l l  p r e s s u r e -  
v e s s e l  s y s t e m  a n d  in  o r d e r  t o  d e t e r m i n e  the  ef fec t  on the s p e c t r u m  of the  
s t a i n l e s s  s t e e l  w a l l s  (0 .  030 in.  th ick)  of the g l o r y  hole in  the p r e s s u r e  
v e s s e l ,  s i n c e  a l u m i n u m  w a l l s  (0. 010 in. th i ck )  w e r e  n o r m a l l y  used.  The  
s p e c t r u m  obta ined in  t h i s  m a n n e r  w a s  c o m p a r e d  with the  r o o m - t e m p e r a t u r e  
s p e c t r u m  obta ined i n  the  p r e s s u r e  v e s s e l  us ing  the  s a m e  poison concen-  
t r a t i o n .  T h e s e  s p e c t r a ,  which a r e  shown i n  Fig .  2. 1 ,  a r e  in exce l l en t  
a g r e e m e n t  down t o  a n  e n e r g y  of 0. 02 ev. Below th is  e n e r g y  the  coheren t  
s c a t t e r i n g  p r o p e r t i e s  of the  z i r c o n i ~ ~ m  t.en.ded t o  m a k e  the m e a s u r e m e n t s  of 
s p e c t r a  in  the  p r e s s u r e  v e s s e l  sub jec t  to  e r r o r .  However ,  above th is  
e n e r g y  the  s c a t t e r e r  a n d  the  stainl 'ess  s t e e l  wal ls  of the p r e s s u r e  v e s s e l  
d i d  not  n e c e s s i t a t e  a n y  c o r r e c t i o n s  to  the  m e a s u r e d  neu t ron  flux. Infinite- 

0 0 0 0 
m e d i u m  neu t ron  s p e c t r a  w e r e  m e a s u r e d  a t  30 , 150 , 232 , and 316 C. 

T h e s e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  to  d e t e r m i n e  the i m p o r t a n c e  
of m o l e c u l a r  binding in  e s t ab l i sh ing  the neu t ron  s p e c t r u m  in  a  high- 
t e m p e r a t u r e .  w a t e r - m o d e r a t e d  r e a c t o r .  Since. i t  is known that  xnolecular  
binding p r o d u c e s  s igni f icant  s p e c t r a l  sh i f t s  a t  r o o m  t e m p e r a t u r e ,  t h e s e  
s p e c t r a l  m e a s u r e m e n t s  s e r v e  t o  e s t a b l i s h  the  magni tude  and i m p o r t a n c e  
of the  binding e f fec t s  a t  e l e v a t e d  t e m p e r a t u r e s .  A compos i t e  curve. shnwing 
the  in f in i t e -medium neu t ron  s p e c t r a  at t .hese  t e m p e r a t u r e s  f o r  a  homogeneously  
po i soned  b o r i c  a c i d  solu t ion  (5. 15 b a r n s l h y d r o g e n  a t o m )  is shown in  Fig.  2.2. 
T h e  m e a s u r e d  s p e c t r u m  a t  e a c h  t e m p e r a t u r e  is c o m p a r e d  with p red ic t ions  
b a s e d  on  the  bound-hydrogen s c a t t e r i n g  m o d e l  and  the  f r e e - h y d r o g e n  model .  
T h e  m e a s u r e d  n e u t r o n  s p e c t r u m  a t  30°c  is a l s o  c o m p a r e d  with the  t h e o r e t i c a l  
p r e d i c t i o n s  o i  the  bound-hydrogen s c a t t e r i n g  mode l ,  which h a s  b e e n  modified 
t o  inc lude  a n i s o t r o p i c  v i b r a t i o n s  of the  w a t e r  molecu le .  

S o m e  of the  s a l i e n t  f e a t u r e s  fo r  t h e s e  s p e c t r a  a r e  l i s t e d  in T a b l e  2. 1. 
Co lumn 1  g ives  the  t e m p e r a t u r e ,  T ,  of the  m o d e r a t o r  in  d e g r e e s  cen t ig rade .  
c o l u m n  2 the  t e m p e r a t u r e ,  EM, 01 the m o d e r a l o r  i r r  e l a c t r u n  volts ,  tfiliirnil 3 
t he  n e u t r o n  t e m p e r a t u r e .  EN, in e l e c t r o n  vo l t s ,  and  co lumn 4 the  r a t i o  of EN 
t o  EM. The  neu t ron  t e m p e r a t u r e  r e f e r r e d  t o  h e r e  w a s  obtained by fitt ing 
g r a p h i c a l l y  a  Maxwel l ian  s h a p e  to  the o b s e r v e d  s p e c t r u m .  Column 5 g ives  the  
r a t i o  of the  s p e c t r u m  ca lcu la ted  f o r  bound hydrogen,  +BH' to  the m e a s u r e d  
s p r c t r u n l  at  EM. $EXPI a n d  c c l u m n  6  the  r a t i o  o f t h e  s p e c t r u m  ca lcu la ted  f o r  
f r e e  hydrogen ,  gFH, t o  the  m e a s u r e d  s p e c t r u m ,  +Ex . Colunln 7 g ives  the  r a t i o  
of the  ca lcu la ted  f ree -hydrogen  flux t o  the  calculate$bound-hydrogen flux. The 



Fig.  2. 1 --Infini te-medium neutron s p e c t r a  in bora ted  wate r  m e a s u r e d  with different  
containment configurations 
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F i g ,  2.2--lnil;1ite-r11&dium neu t ron  s p e c t r a  in borated wa t e r  a s  a function 
of m o d e r a t o r  t e m p e r a t u r e  



theore t ica l  and exper imenta l  spectr -a  w e r e  normal ized  a t  1 e v  for  com-  
par i son  and the r a t i o  of the f luxes was compared  a t  EM. 

Table  2. 1 

COMPARISON . . OF 'THEORETICAL AND EXPERIMENTAL 
SPEC.TRA IN BORATED WATER 

It can  be s e e n  f r o m  Table 2. 1 and Fig.  2. 2 that  the bound-hydrogen 
descr ip t ion  i s  adequate fo r  descr ibing the  neu t ron-sca t te r ing  p r o c e s s e s  i n  

0 
wa te r  a t  t empe ra tu r e s  up  to  316 C, and that the  f r ee -hyd rogen  calculation 
does  not give a s  accu ra t e  a descr ip t ion  of the observed  spec t rum- in  wate r .  
It  can a l s o  be s e e n  f r o m  Fig .  2. 2 that  a bound-hydrogen mo-l.e_c-ula-r mode l  
which includes an i so t rop ic  vibrat ions  improves  the  a g r e e m e n t  with the 

0 
m e a s u r e d  neutron s p e c t r u m  a t  30 C. These  compar i sons  i l ' l s r ' a t e  that  
molecu la r  binding i s  s t i l l  impor tan t  a t  operat ing t e m p e r a t u r e s  fzr wa te r -  
mode ra t ed  r e a c t o r s  and that  the f ree-hydrogen model  i s  n i t a p p r o p r i a t e  

-- 
fo r  r e a c t o r  calcula t ions  even a t  these  t empe ra tu r e s .  

Temp.  
( O c )  
- 

30 
150 
232 
31 6 

Another quali tat ive fea ture  of t he se  t empera ture -dependent  s p e c t r a  
i s  the  l ack  of a m a r k e d  change in  the s p e c t r a l  shape a s  the t e m p e r a t u r e  of 

0 
the  mode ra to r  i s  i nc r ea sed  through 150 C. Resu l t s  given in Table 2. 1 
and  Fig: 2. 2 do not appear  to  b e  consis tent  with Ege ls ta f f ' s  suggest ion 

0 
(8 )  

that  model  pararr l r ters  need to  be adjusted in going from 23 to 3 0 0 ' ~ .  
F u r t h e r  exper iments  a r e  needed a t  e levated t e m p e r a t u r e s  to  invest igate  
resonance-absorp t ion  effects on neutron spec t ra .  

2 .3 .  SPATIALLY DEPENDENT ANGULAR-FLUX MEASUREMENTS 

EM 
(ev)  

0. 0261 
0. 0364 
0. 0435 
0. 0507 

2. 3. 1. Nonmultiplying Sys t ems  

F o r  s o m e  t i m e  a n  in tensive  effor t  has  been  made  in  the t he rma l i i a t i on '  
p r o g r a m  to  unders tand thermal -neu t ron  s p e c t r a  i n  the  p r e sence  of a s t rong,  
one-dimensional  flux grad ien t  such  as those  encountered n e a r  a con t ro l  
r o d  o r  c o r e  in te r face .  The m e a s u r e m e n t s  chosen  for our  c lean  expe r imen t s  
w e r e  of t h r ee  gene ra l  types: wa t e r  poisoned with a l / v  a b s o r b e r ,  pure  
wa te r ,  and multiplying a s s e m b l i e s  (wa te r -  u ~ ~ ~ ) .  The s ta tus  of th is  ef for t  

EN 
( ev )  

0. 036 
0. 043 
0. 056 
0. 060 

+ F H / + E ~ ~  

1. 27 
1. 24  
1. 16 
1. 17  

E ~ / E ~  

1. 38 
1. 29 
1. 24 
1. 18 

+FH'+BH 

1. 15  
1:14 
1. 12 
1. 10  

+ B H , ' + E ~ ~  

1. 10 
1. 09 
1. 04 
1. 06 



a t  the end of the l a s t  contract  year  was reported in Ref. 2 .  The disagree-  
ments  between theory  and exper iment  for both angular and sca la r  fluxes 
were  significant (2570 to 3 O~O) ,  but have since been improved considerably. 

The approach to the solution af this problem has  been difficult. Every 
conjectured potential source  of e r r o r  has  contributed an  effect of some 
magnitude in one direction o r  the other.  In this repor t  we will not endeavor 
to descr ibe  in detail  the en t i re  his tory of the investigation conducted this 
year ,  but ra ther  to r epor t  the m o r e  obvious developments and the present  
s ta tus  of the agreement  between theory and experiment.  

Let .us begin with a review of the s tatus  of the experimental analysis 
a t  the end of the l.a,st contract  year .  Spectra  had been measured  in the 
geometry  shown in Fig. 2. 3, with the fa.st source  essentially simulating 
a plane wave of neutrons incident on the water tank. Two standard tank 
s i zes  were  used having thicknesses of 4 in. and 2 in. for the one-dimensional 
flux studies.  Calculations of spec t ra  were  made for both of these s lab 
configurations. The poison concentration in both case,s was a.bout 5 barns1 
hydrogen atom (43. 7 g l l i t e r  of boric acid).  In the 4-in. -thick slab, the 
t ransport- theory ( G A P L S N ) ! ~ ~  calculat.ion was performed with 23 energy 
groups,  Po and P1 scat ter ing kernels ,  Po and P1 source  t e r m s ,  and 82 
spat ia l  regions (10 regions within one mea.n f r ee  path of the slab surface)** 
In addition, a l l  experimental  data were  reanalyzed using our la test ,  most  
p r e c i s e  detector energy sensit ivity function. Comparisons of data for both 
s c a l a r  and angular fluxes in the'4-in.  s lab  a r e  shown i n  Figs.  .2. 4, 2. 5, 
and 2. 6. The over-a l l  agreement  between the,ory and experirnent was 
improved by the above procedures ,  but discrepancies  of 15% to 2070 remained. 
E a r l i e r  versions of the s a m e  data a r e  repor ted  in Ref. 2. 

A m o r e  extensive GAP.LSN calculation, in which the angular flux was 
determined a t  16 angles,  S-16, has  been performed on the 2-in., poisoned 
s lab  for  comparison wi.th measurements .  In this case,  higller-order t e r m s  
in the Pn expansion of the scat ter ing ma t r ix  were  used (up to P3) to t e s t  
their  performance. A source  t e r m  with Po and .P1 components was a l so  
used together with 23 energy groups and 47  spat ia l  regions. The 2-in. 
tank w a s  investigated r a the r  than the 4-in. tank because the computing 
problem for  82 regions (necessa ry  for a 4-in. tankpin the P3 approximation 
would m o r e  than f i l l  the computer memory.  A -more anisotropic source  
than P1 was  not. used, since no procedure iur  generating i t  was available. 
The effect on the calculated spec t rum was a s  follows: inclusion of up to P3 

0 
scat ter ing softens the 0 angular f l u x  calculated a t  the surface by about 470 
(toward be t te r  agreement.) and leaves a l l  other sca la r  and angular fluxes 
a s  they were  with P1 scat ter ing only. Since the effect was  small ,  no figure 
is given. 
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In addition, d is tor t ion of the leakage spec t rum caused  by varying the  
spa t ia l  sou rce  d i s t r i b u t l ~ l ;  was  investigated in two GAPLSN calculations.  
Th is  was  done because  fhe sib, - of the epicadmium flux' plot . a t .  the.  f a r  e.dge 
of the 4-in. tank was  much  l e s s  than that  fo r  the 2-in. tank. Room r e t u r n  
of neutrons  was  suspected.  The calculations w e r e  pe r fo rmed  for  the 2-in. 
geome t ry  with a poisoning of 5 b a r n s /  hydrogen a t o m  (43. 7 g l l i t e r  of bo r i c  
acid) .  The calculations w e r e  s e t  up to u s e  the ful l  P3 sca t te r ing  ma t r i x ,  
P1 sou rce ,  and S- 16. The upper  curve,  A, in  Fig.  2. 7 i s  the su r f ace  
leakage calculated f o r  an  epicadmiurn-:sour.ce.flux plot having -the;.same. slqpe 
a s  that  observed  n e a r  the boundary in the 4- in .  tank. The  lower  curve,  B, 
was  calcula ted with the m e a s u r e d  2-in. - tank flux plot, with an extrapolat ion 
to z e r o  a t  0. 71 At, = 0. 93 c m  f r o m  the boundary, joining the  or iginal  curve  
a t  Xtr/2 =.0.  66 c m  ins ide  the sur face .  Th is  extrapolat ion boundary condition 
gave a calculated sur face- leakage  s p e c t r u m  which di f fered l i t t le  ' from'. that  
resul t ing f r o m  using the m e a s u r e d  flux plot for the  2-in. tank without the 
extrapolation to z e r o  flux (because  the flux plot fo r  the  2-in. tank was  quite 
s t e ep  even without the extrapolat ion condition). If the  cu rves  in  Fig.  2. 7 
a r e  normal ized  a t  1 ev,  a hardening of -13% i s  observed ,  corresponding 
to a change in s lope of normal ized  flux f r o m  -0.. 1 4  (4-in.  tank) to -0. 42 
(2-in.  tank). The significance of th is  r e s u l t  i s  a s  follows: If the m e a s u r e d  
flux plots a r e  i nco r r ec t ,  the c o r r e c t  shapes  m u s t  be expected to be s teeper ;  
thus,  the s p e c t r a  calcula ted using these  s t e e p e r  flux plots will be  h a r d e r  
and will  d i s ag ree  m o r e  with exper iment .  In o ther  words ,  removal  of room-  
r e t u r n  effects in our  flux plots could tend to produce a l a r g e r  d i s a g r e t m e n t  
a t  the su r f ace  between theory  and exper iment .  

A previous  s e r i e s  of m e a s u r e m e n t s  which w e r e  subjected to  ana lys i s  
th is  yea r  involved expe r imen t s  on angular  flux pe r fo rmed  in pure  wate r .  
A study of both the s c a l a r  and angular  flux was conducted for pure  wate r  in 
a 4-in.  one-dimensional  geometry .  The GAPLSN calculation f o r  th is  c a s e  
in  a P1 approximat ion ha s  been completed and i s  compared  with exper i -  
ment  in Figs .  2. 8 and 2. 9. The d i sc repanc ies  between theory  and exper i -  
ment  a r e .  s i m i l a r  in magnitude to those  mentioned in Section 2, 3 for bo r i c  
ac id - -perhaps  a l i t t le  l a r g e r  for  pure  wa te r .  However, the  t r ends  a r e  
the s a m e ,  i. e .  , calcula ted in te rna l  leakage and s c a l a r  flux a r e  sof te r  than 
expe r imen t  and calcula ted sur face  leakage i s  in  rela.tively c lo se r  ag reemen t  
wit11 exper iment  than in the other  c a se s .  On the ba s i s  of these  a s  well  a s  
o ther  data, i t  s e e m s  unlikely that  neutron room r e t u r n  to  the a s s e m b l i e s  
i s  the m a j o r  cause  of the d i sagreement .  

A suggested analyt ical  inves tigati'on was  c a r r i e d  out on angular  -flux 
s p e c t r a  m e a s u r e d  i n  the  geome t ry  of Fig.  2.  3.  I t  had occu r r ed  to us  that  
the ep i t he rma l  sou rce  re ta ined  a m e m o r y  of the incident sou rce  d i rec t ion  
and that  th is  effect  was not adequately taken into account i n  the descr ip t ion  
of the ep i t he rma l  s o u r c e  by diffusion theory.  There fore ,  the complete  
t r anspo r t  p rob lem was  solved f r o m  f iss ion ene rg i e s  to t h e r m a l  ene rg i e s  in two 
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p a r t s  fo r  the  4-in.  tank. A f i s s i o n -  s p e c t r u m  neutron s o u r c e ,  inc ident  
n o r m a l l y  on the l e a d  wal l ,  w a s  a s s u m e d  and  the  e p i t h e r m a l - s o u r c e  angu la r  
s h a p e  w a s  ca lcu la ted  throughout the w a t e r  g e o m e t r y .  T h e  angle  of inc idence  
o f  the  s o u r c e  on the l ead  was  inves t iga ted  and was  found to  f i r s t  approx i -  
m a t i o n  to  have  l i t t l e  e f fec t  on the  f ina l  e p i t h e r m a l  a n g u l a r  d i s t r ibu t ion .  
T h i s  a n g u l a r  d i s t r ibu t ion  w a s  r e s o l v e d  into Po and  P1 p a r t s ,  and the  e n e r g y  
dependences  obtained b y  the p r o c e d u r e s  d e s c r i b e d  in Ref. 2 w e r e  used.  
T h u s ,  the  following t h e r m a l  p r o b l e m  w a s  solved by GAPLSN: 

T h e  s c a t t e r i n g  k e r n e l  is expanded in  L e g e n d r e  polynomials:  

The  s o u r c e  i s  a s s u m e d  t o  conta in  s p h e r i c a l  ha rmonics '  through a = 1 .  
Thus ,  the  e p i t h e r m a l  s o u r c e  t e r m  u s e d  explici t ly w a s  

w h e r e  Q(x)  i s  the m e a s u r e d  s p a t i a l  s h a p e  of . the  e p i c a d m i u m  s o u r c e ,  A and B 
a r e  the  r e l a t i v e  ampl i tudes  of the  Po and P1 s o u r c e  cont r ibut ions  a s  
d e t e r m i n e d  by the  f a s t  DSN.problem,  and 

* 
w h e r e  E is the  t h e r m a l  - cutoff ene rgy ;  e r f ( x )  i s  the  e r r o r  function 
x = m, w h e r e  E i s  the  ef fec t ive  proton t e m p e r a t u r e ;  and  ts and D.have  
t h e i r  u s u a l  m e a n i n g s .  T h e  DSN t r e a t m e n t  hand les  the  p rob lem through 
a = 1,  whi le  the  GAPLSN t r e a t m e n t  i s  ' u sed  when the P and  P s c a t t e r i n g  2 3 
k e r n e l s  a r e  inc luded.  

T h e  i m p r o v e d  a g r e e m e n t  between t h e o r y  and e x p e r i m e n t  i s  shown in  
F ig .  2 .  10. T h e s e  r e s u l t s  indica ted  tha t  a n  exac t  eva lua t ion  of the  
e x p e r i m e n t a l  a r r a n g e m e n t  shown in F ig .  2 .  3 i s  a v e r y  h a r d  p rob lem,  

dependent  p robab ly  on she deta i led  e n e r g y  d i s t r ibu t ion  of the  f a s t  s o u r c e .  
S ince  w e  a r e  n n t  i n t e r e s t e d  i n  csnsi.deri,ng f a s t - s o u r c e  ( e s s e n t i a l l y  
~ h i c l d i n g )  p r o b l e m s  at t h i s  time in t h e  p r o g r a n l ,  i t  w a s  dec ided  t o  t e s t  . . 

. . 
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a new geometr ical  a r rangement  which might eliminate the fast-  source  
directional sensitivity. The measurements  were  made with the pulsed 
neutron source  a t  90° to the precollimator assembly  centerline. This 
geometr ica1,arrangement  produced a cosine distribution of the spat ia l  flux 
j.n the thin dimension of the s lab  and a flattened flux distribution in the long 
dimension. The thin-dimension distribution was measured  using cadmium- 
covered indium foils and.was used a s  the epi thermal-source distribution 
in the t ransport- theory code DSN. Measurements  were  made a t  the center ,  
a t  0. 5 in. in, and a t  the surface of a 2-in. -thick slab. Results a r e  shown 
in Fig. 2. 1 1. The water  was poisoned to about 5 barns /hydrogen 'atom.. 

The angular fluxes measured  i n  a 4-in. -thick s lab  a r e  shown in 
Fig. 2. 12. The angular fluxes calculated with DSN in P1 approximation 
(both source  and bound-hydrogen kernel)  a r e  shown in the figures.  It can 
be seen  that the experimental  data ag ree  be t te r ,  in general ,  with the 
calculations of t ranspor t  theory made with the Nelkin scattering kerne l  
;;$an those obtained previously for the 2-.in. case.  The spec t ra  calculated 
with the PI Radkowski kerne l  a r e  a l so  shown in Fig. 2. 11. The residual  
disagreements  between the Nelkin theory and experiment  a r e  s t i l l  g rea te r  
than those encountered for the infinite -medium spec t ra  which suggests 
that fur ther  refinements may have to be made a t  leas t  in par t  by improving 
the molecular sea2tering model for water.  

2. 3. 2. Spectral  Measurements  in Multiplying Assembly 

In nonmultiplying media the neutron spec t r a l  distortions in the 
presence of strong flux gradients a r e  v e r y  large,  and a r e  ha rd  to  calculate,  
a s  is seen  in Fig. 2. 5. The p r imary  purpose of the multiplying-assembly 
study was to m e a s u r e  spec t r a  under distributed source  conditions to  
determine i f  the problems encountered in the nonmultiplying assembl ies  
would persis t .  The spec t ra  reported h e r e  were  measured  ea r ly  in 1962 
and a r e  reported in Ref. 2.   ow ever, the method of analysis  for these 
t ranspor t  spec t r a  has  been great ly  improved this year  and the comparison 
of theory with experiment  i s  therefore shown. 

The multiplying assembly  developed for this work was made by 
accurately spacing thin plates of uranium-aluminum alloy 118 in. a p a r t  in 
a water tank. The assembly was designed initially to study ba re ,  homo- 
geneously poisoned sys tems.  An axial  hole, the glory hole, t ravers ing  the 
assembly  was lined up with the precollimator to permit  extract ion of the 
b e a m  of neutrons for neutron-spectrum measurements .  At the final loading, 
the assembly  had a t ime decay constant o r  die-away of 400 psec.  
Figure 2 .  13 shows a top view of the geometr ica l  a r rangement  with the 
electron beam entering f rom the left. The co re  was surrounded by a 
6-in. -thick lead wall to permit  access  to the work and loading a r e a s  a f t e r  
running the assembly  a t  high power levels.  It was a l so  terminated on a l l  
s ides  by borated polyethylene and cadmium. 
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Fig. 2. 11 - -30 angular flux in a 2-in. slab. of borated water 
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Epi the rma l  spa t ia l  neutron dis t r ibut ions  w e r e  taken in  the subcr i t i ca l  
a s s e m b l y  to  provide the  input. s o u r c e  dis t r ibut ion n e c e s s a r y  fo r  calculating 
the  t h e r m a l  spa t ia l  s p e c t r a  by t r anspo r t  theory.  F lux  dis t r ibut ions  we re  
a l s o  m e a s u r e d  using b a r e  indium foils  and sulphur foils .  These  dis t r ibut ions  
w e r e  s i m i l a r  to the normal -mode  distr ibution;  hence,  the multiplying 
a s s e m b l y  adequately accomplished the d e s i r e d  resu l t ,  namely,  that  of 
redis t r ibut ing both the t h e r m a l  and eb i t he rma l  neutrons  spat ia l ly  in  
approximately  the normal -mode  distr ibution.  

Sca l a r  neutron s p e c t r a  w e r e  m e a s u r e d  i n  the a s sembly  for compar i son  
wi th . theoret ica1 predictions.  The t r a n s p o r t  code GAPLSN (S-32) was  used  
fo r  the cal.culations, and the s o u r c e  t e r m  and the sca t te r ing  k e r n e l  included 
Pl contributions.  A v e r y  fine spa t ia l  m e s h  was  u sed  in the calculations.  
The r e su l t s  of the previous  m e a s u r e m e n t s  a r e  shown. in  Fig. 2. 14 and a r e  
compared  with calculations of s p e c t r a  per formed  with the bound-hydrogen 
kerne l .  The a tom dens i t i es  (x  1 o - ~ ~ )  were:  

5. 76 x hydrogen,  2. 88 x oxygen, 
1. 68 x 1 o - ~  u ran ium (235), 8. 07 x 10-3 aluminum. 

Agreement  with previous infinite-medium no.nrxlultiplying s tudies  (1 0) 

was  good. One of the s c a l a r  spec t r a  was  taken whe re  t h e r e  w'as no flux 
grad ien t  and one was  t aken  in the p r e sence  .of a s t rong  gradient .  The 
s p e c t r u m  m e a s u r e d  in the p r e sence  of the  g rad ien t  is about 2070 h a r d e r .  

0 
Two in te rna l  0 angular  s p e c t r a  we re  a l s o  m e a s u r e d  in the  c o r e  (F ig .  2. 15). 
The compar i sons  fo r  the in ternal ,  angular ly  dependent s p e c t r a  indicated 
good ag reemen t  with these  r ecen t  DSN calculations.  A sur face- leakage  
m e a s u r e m e n t  .d isagreed s e r i ous ly  with predic t ions ,  but i t  i s  believed that  
th is  m e a s u r e m e n t  was  in  e r r o r .  

In conclusion, the subc r i t i c a l  a s s e m b l y  has  been shown to be a v e r y  
workable  facil i ty for exper imenta l  s p e c t r a l  investigations.  I t  does not 
appea r  to be n e c e s s a r y  to ut i l ize  th is  type of facil i ty for  inf ini te-medium 
s p e c t r a l  s tudies ,  but  i t  wil l  prove highly useful  fo r  many  investigations of 
spat ia l ly  dependent s p e c t r a ,  such  a s  s p e c t r a  n e a r  control  rods .  Pred ic tab i l i ty  
of spat ia l ly  dependent s p e c t r a  in  the subc r i t i c a l  a s s e m b l y  s e e m s  to be 
considerably  improved,  espec ia l ly  fo r  angular  ' spec t ra ,  ove r  predic t ions  
in  nonmultiplying geome t r i e s  (Section 2. 3. 1 ). Since the  ep i t he rma l  sou rce  
in the  multiplying a s sembly  i s  m o r e  nea r ly  i so t rop ic ,  a probable  explanation 
Is  that  many  of the previous  calculations for  the nonmultiplying s y s t e m s  
have, not included sufficient  s o u r c e  anisotropy.  

2 .4 .  TOTAL CROSS SECTION FOR H z 0  

The tota l  c r o s s  sec t ion  of H 2 0  was  m e a s u r e d  between 0 .005  and 10 ev 
by a t r ansmis s ion  exper iment  with t ime-of-fl ight  ene rgy  ana lys i s .  The 
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purpose of the experiment  was to reduce the e r r o r  in the determination of - 
T (the average  kinetic energy of a proton bound in the water  molecule). 
The water  c r o s s  section a t  high energy, above 1 ev, can be written( ' ' )  a s  

where  u = total water  c r o s s  section. (barns) ,  
W 

u o  = total  oxygen c r o s s  section (3. 8 b a r n s ) ,  

u = free-hydrogen c r o s s  section (20. 4 barns) ,  
H 

M = m a s s  rat io  of hydrogen to neutron, 
- 
T = 112 Xiwi coth (wi/2T t (T/18) ,  

1 

T = t empera ture  (ev) ,  
- 
C = 1 / 2 Xiw! coth (wi/ 2T),  

1 

X = 112. 32, 115. 84, 112. 92 (weightings based on effective masses ) ,  
i 

w = 0. 06, 0. 205, 0.,48 e v  (molec111.a.r excitation energies) .  
i 

Because Eq. (1 )  i s  an asymptotic expansion, i t s  validity below -1 ev  
i s  doubtful. ~ e l k o n i a n ( ~ )  measured  the water c r o s s  section, with high 
precis ion,  above 1 ev  and fitted the data with Eq. (1 ) to obtain T. However, - 
the e f fec t  of the chemical binding above 1 e v  was too small to yield a T 
of useful precision. Even with the developments of the decade s ince that 
work was published, i t  would be a formidable task-to .improve significantly 
on the precis ion of the experiment.  

The present  experiment  was undertaken wit.i.1 t.he v i ~ w  nf ~sta.hkiskaing 
the validity of a Nelkin model(3)  for water  over t h e e n e r g y  range 0. 1 to 
10 ev. Because those model pa ramete r s  which r l e t e r m i n ~  n l s n  dominate 
the c r o s s  section in this range, T calculated by the model w o ~ ~ l r l  he 
e s  sentially an experimental  number,  with the GAKER.( 12)  c o r n p ~ ~ t e s  code 
replacing Eq. (1)  in the experimental  analysis.  

F igure  2. 16 i s  a comparison of the experimental  data, plotted ve r sus  
1 / E ,  with the Nelkin model. Above 1 ev the asymptotic expansion i s  used; 
below 1 ev the r e su l t s  of a GAKER calculation a r e  used. The numerical  
approximations in GAKER l imit  the accuracy  of the calculated c r o s s  section 
to about 170 except in the most  interesting regions ( a t  the resonances and 
the model change a t  0. 32 ev),  where it can be in e r r o r  by 2%. 
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Fig.  2 .  16--Variation of H 2 0 total c r o s s  section with inverse  neutron energy 
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It is not poss ible  to r igorous ly  de te rmine  the  a c c u r a c y  of by  this  
method  without a n  a s s e s s m e n t  of the foundations of the Nelkin model  and 
the  in tegrat ion rout ine  in GAKER. 

The  d i sc repancy  between theory and exper iment  a t  4 ev- '  i s  0. 7 barn.  
T h e o r y  and expe r imen t  can  b e  brought . together  h e r e  i f  the model  p a r a m e t e r s  
a r e  changed to  reduce  by -67'. This  would, of cou r se ,  introduce s m a l l  
d i s c r epanc i e s  a t  o ther  ene rg i e s ,  depending on how the  p a r a m e t e r s  a r e  
a l t e r ed .  The GAKER c a l c u ~ a t i o n s  imply that  the c r o s s  sect ion i s  a s t ra igh t  
l ine  on th is  plot down to  much  lower  ene rg i e s  than would be expected f r o m  
cons idera t ion  of e i t he r  the E - ~  t e r m  in the expansion o r  the proximity  of 
the  0. 48-ev level .  A l e a s t - s q u a r e s  fit  of a s t ra igh t  l ine  to all data  above 
0. 5 e v  l e ads  to a T of 0. 11 3 *0. 006, a s  compared  with the Nelkin value of - 
0. 11 6.  T probably l i e s  ins ide  the range 0. 11 6 *O. 007. 

2.  5. ANGULAR DISTRIBUTION MEASUREMEN'TS 

T h e r e  a r e  a number  of possible methods which have been investigated 
f o r  obtaining s ca t t e r i ng  ke rne l s  f o r  r eac to r  s p e c t r a l  calcl~l.ations. The 
s ca t t e r i ng  ke rne l  crn(E, E l )  i s  usual ly  defined by the  following relat ionship:  

F o r  m o s t  t h e r m a l  and nea r - t he rma l  neutron spectral p r e b l t r ~ i s ,  Lllis ke rne l  
m u s t  be known in  the d e s i r e d  energy  m e s h  for  n = 0 and n = 1 .  One could 
p roceed  by measu r ing  d i r ec t l y  u (E ,  E l ,  p ) ;  however,  the p rocedure  would 
be imprac t i ca l  because  th is  function nf t h r e e  va r i ab l e s  v a r i e s  rapidly wilh 
all. of  the va r i ab l e s .  A secofid p roccdurc  3' i s  tu  reduce cr(E, El ,  p )  to a 
function of two va r i ab l e s ,  fo r  example ,  energy  and momentum t r a n s f e r .  
Th i s  su-call.ed S tattering-law represen ta t ion  thus pe rmi t s  the experiniel l ter  
to make  f a r  f ewer  m e a s u r e m e n t s  than in the f i r s t  procedure .  A th i rd  
method  i s  to  t r y  to cons t ruc t  a molecu la r  mode l  l rom gene ra l  information 
ava i lab le  about the  mode ra to r .  This  informat ion includes calcula ted o r  
m e a s u r e d  r . ~ l ~ ~ l e c u l a r  f requency spec t ra ,  m e a s u r e d  d i spers ion  re la t ionships ,  
to ta l -c ross  - sec t ion  data ,  specif ic-heat  data ,  and s tudies  of the molecu la r  
dynamics .  F r o m  the ~-ncjdel,cr~(E, E l )  i s  ca lcula ted and the whole p rocedure  
is checked by comparing m e a s u r e d  s p e c t r a  (which i l  i s ,  of cou r se ,  d e s i r e d  
to be able  to p red ic t )  with the  calculations based  on the theore t ica l  un(E, El) .  
The  l a s t  p rocedure  i s  the one uti l ized a t  Genera l  Atomic in. the t he rma l i -  
za t ion s tudy  of the  common mode ra to r s .  The second procedure  i s  that  
u sed  by Egelstaff .  3, and n o  nne has  yet  taken cc r ious ly  the f i r s t  approach.  

It  is neces sa ry ,  of cou r se ,  to  a t t empt  to evaluate  which procedure  
will. sa t i s fy  the thermal iza t ion  r equ i r emen t s  of the r e a c t o r  physic is t  and 



engineer .  One general izat ion which can  ce r ta in ly  be s t a t ed  a t  the  p r e sen t  
t ime  i s  that  i t  ha s  been  possible to cons t ruc t  sca t te r ing  ke rne l s  by the 
th i rd  method which a r e  a t  l e a s t  a s  re l i ab le  as those  constructed by the 
second method.  However,  a s  noted above for  water' ,  we have not been ab le  
to cons t ruc t  complete ly  adequate sca t te r ing  ke rne l s  for a l l  c l a s s e s  of 
spat ia l ly  dependent s p e c t r a l  problems l ikely  to be encountered i n  r eac to r  
design. Although the  P o  sca t te r ing  m a t r i x  produced by the bound-hydrogen 
sca t te r ing  model  fo r  wa t e r  appea r s  to be re la t ively  re l iable ,  the P1 ma t r i x ,  
which s t rongly  affects  neutron t r anspo r t , does  not appear  to  be  a s  good. 
This  becomes  'apparent  in  a t t empts  to predic t  ce l l  s p e c t r a  and s p e c t r a  nea r  
control  rods .  It h a s  been  our  objective th is  yea r  to investigate a n  exper i -  
men ta l  p rocedure  which appeared  to be s i m p l e r  and  m o r e  appropr ia te  to 
the r e a c t o r  p rob lem than the double di f ferent ia l  exper iment ,  and which 
should allow improvements  to  be made  i n  our  p r e sen t  sca t te r ing  kerne l s .  
The exper iment  i s  des igned to m e a s u r e  the sca t te r ing  c r o s s  sec t ion  
in tegra ted  over  El ,  the outgoing ene rgy  channel, namely,  

T h e r e  a r e  a t  l e a s t  two choices in  the  in te rpre ta t ion  of these  expe r i -  
menta l  measu remen t s :  (1 )  performing the m e a s u r e m e n t  of u (E ,  p )  over  a 
fine energy  arid-angle m e s h  and trying by invers ion  t o  find u(E,  El ,  p ) ,  and 
(2 )  just  comparing the exper imenta l  r e su l t s  d i rec t ly  with u (E ,  p )  calcula ted 
by a given molecu la r  mode l  and using the exper iment  to guide the  analyt ical  
improvements  being made  in  the models .  F o r  example ,  the following 
in tegra l s  can be pe r fo rmed  on the exper imenta l  u (E ,  p )  and the r e s u l t s  
compared  with the  theore t ica l  calculat ions in o r d e r  to invest igate  in  a 
g r o s s  fashion the re l iabi l i ty  of the var ious  o r d e r s  of the theore t ica l  
sca t te r ing . .mat r ices :  

In th is  way i t  i s  poss ible  to obtain atransport ( E )  = a 0  - u l ,  a  quanti ty 
d i rec t ly  needed fo r  r e a c t o r  ana lys i s .  With the  exper imenta l  data  obtained 
for  wa t e r  during th is  con t rac t  yea r ,  both analyt ical  p rocedures  r e f e r r e d  
to above a r e  being t r i e d  with encouraging s u c c e s s .  

The  quest ion of sensi t iv i ty  of the m e a s u r e d  r e su l t ,  u (E ,  p )  to the 
sca t te r ing  ~ r lude l  i s  a val id  onc to consider .  It migh t  be  supposed that  
s ince  the data  have been in tegra ted  once over  energy ,  much  of the  impor tan t  
physics i s  removed.  Th i s  i s ,  however ,  not genera l ly  the  case .  A typical  
i l lus t ra t ion of th is  point i s  shown in  Fig. 2. 17, whe re  the calcula ted u(p)  
for  E = 0. 2 ev  i s  plotted v e r s u s  the cosine  of the sca t te r ing  angle  i n  the  
l abora tory  coordinate  s y s  tem.  The bound- hydrogen wate r  mode l  i s  used  



Fig.  2 ,  17 - -Effect  on u(p) for  a 15% change in  the ' rotator 
weight and an inc rease  in the lowest vibrator  weigh1 



for the calculation, and, a s  indicated, a r a the r  minor  redistribution of 
the oscil lator weights produces a pronounced, easi ly  measured  change in 
the angular - dis tribution function. 

Before: discussing these new resul t s  and their  significance, l e t  us  
f i r s t  consider how to establ ish a good measurement  of u(E, p ) ,  and then 
present  briefly a sampling of sDme previous measurements .  

There' a r e  cer tain genera l  considerations in setting up any scattering 
experiment to study energy t ransfer  a t  low neutron energies .  These  con- 
siderations apply to both double differential scat ter ing experiments and 
the experiments to be discussed here .  With the exception of investigations 
by a ve ry  few workers  in the field, some of these considerations have 
la rge ly  been overlooked o r  neglected i n  previous work. The f i r s t  genera l  
point to make i s  that multiple-scattering effects on the neutron scat ter ing 
can be ve ry  la rge  i f  one is not careful  of sample design. F o r  water ,  a 
sample with a thickness-of 0. 010 in. o r  l e s s ,  properly oriented with respect  
to the incoming and outgoing neutron directions,  is necessary ,  and even 
he re  multiple scattering can contribute significantly for la rge  scat ter ing 
angles. Sample containers must  be thin-walled, hopefully a few mi ls  of 
aluminum thick, o r  they contribute in the complex multiple-scattering 
analysis.  Sample orientation cannot be a rb i t r a ry ,  o r  long exit path lengths 
for the neutrons a t  various scattering angles will be obtained. Even af ter  
these precautions, a well-established procedure to c o r r e c t  for  residual  
second-order scat ter ing effects must  be utilized before these data a r e  
presented for theoret ical  analysis. To date, and to our knowledge, none 
of the experimental  differential scattering data have been. cor rec ted  properly 
for multiple scat ter ing in the sample.  

A second genera l  consideration for scat ter ing work i s  that absolute 
differential c r o s s  sections,  not plots of counting ra te  ve r sus  t ime of flight, 
a r e  needed. Clues regarding the types of refinements required for the 
existing molecular  models a r e  not likely to be found in normalized 
uncorrected data. This means, for example, that precautions must be 
taken in thin-sample design s o  the sample thickness can be precisely,  
determined since the c r o s s  section is obviously a s  uncertain a s  the sample 
thickness o r  a tom density. 

A third general  point i s  that angular distributions based on work a t  
two o r  three  angles a r e  not sufficiently comprehensive to be useful. An 
ability to select  interesting and significant angles for study must  be built 
into the experimental  apparatus ,  since much s t ruc tu re  in the angular 
distributions i s  observed in charac ter i s t ic  energy regions. Fur the r  data 
s imply should not be taken with fixed a rb i t r a ry ,  angular setups.  In view 
of the many difficulties encountered with the double differential scattering 
experimental a r rangements ,  the feasibility of the u(E, p )  experiment  has  



been studied this year  a t  General  Atomic. The experimental arrangement  
is  shown schematical ly  in Fig. 2. 18. A "blacktt  detector i s  rotated around 
a v e r y  thin scat ter ing sample  located 12 in. away. The angular resolution 
i s  about 6 degrees.  This assembly  i s  located 1000 in. f rom a high- 
intensity, thermalized,  pulsed neutron source .  Since a neutron sca t te red  
in the sample can  a s sume  a la rge  range of energies  af ter  the collision, the 
flight path to the detector must  be a sma l l  fraction of that f rom the neutron 
source  to the s c a t t e r e r  in o rde r  to preserve  the energy resolution. The 
energy  resolution of the sys t em can be est imated f rom the simple relation 

F o r  our  system, an energy change on collision of a factor of 25 gives an 
experimental  energy resolution of 1270, which i s  adequate. Such la rge  
energy changes a r e  quite improbable, however, s o  the actual experimental 
resolution for the incident energy i s  generally much bet ter .  

. . 

The black detector  i s ,  of course,  necessa ry  to ensure  that a l l  exit  
energ ies  a r e  counted with t h i  s ame  probability. The detector was a 2-in. - 

. . 
6 d iameter ,  112-in. - thick L i  g lass  mounted on a photomultipli.er tube. The 

c r y s t a l  energy sensit ivity falls off by 570 only f rom v e r y  low energies  to 
1 - ev neutron energy. The detector is ' ,however, gamma- sensit ive,  which 
necess i ta tes  a r a the r  comprehensive shield construction to eliminate 
undes i r ab le  backgrounds. The facility constructed for th j  s '  purpose is 
shown in Fig. 2. 19. The thin sample holders and the boron carbide shield 

6 for  the Li  g lass  detector a r e  a l so  shown in this figure. 

In the above discussion, some general cr i te r ia  f o r  scattering experi-  
ments  were  enumerated. There  a r e  few m o r e  specific c r i t e r i a  which 
mus t  be obser'ved in the s tattering angular distributiok experiment.  
Ubvlously, when using t ime- df- flight methods, the relative distance f rom 
source  to sample rriust f a r  'exceed that f rom sample to detector;  ~ u r t h e r ,  
this experiment always requi res  a short ,  black detector ,  Long BF3 tubes? 
although they k a y '  be black over the total  length, present  a 'different solid 
angle to each'neutron energy. Thus, u(E,  p )  i s  not measured.  Finally, 
Fig. 2. 1.9 shows the experimental  setup in a r a the r  confined shield. Guarantees 
that internal  scat ter ing and refle.ction do not per turb  the resu l t s  a r e  
necessa ry  under these circumstances.  

There  have been some previous attempts to measure  u(E, p )  during 
the l a s t  few f e a r s .  These  experiments  demonstrated feasibility but were  , 

not uti.lized s e r i o u s l y t o  attempt to irliprovk our knowledge of low-energy 
neutron scattering. Data were  reported a t  the Vienna conference in 1960 (14) 

on an angular distribution measurement  per  formed with an analyzed neutron 
bea.m f rom a reac tor  source.  Some of these data a r e  reproduced in 
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Fig. 2.18--Experimental arrangement for measurement of the 
differential scattering cross section of water 



Pig ,  2 ,  19--Apparatus for measurement of the differential s-at ter ing c ross  section of watsr  



Figs.  2.20, 2.21, a n d 2 . 2 2 ,  w h e r e t h e y a r e c o m p a r e d w i t h t h e p r e d i c t i o n s  ' 

of the Nelkin water  model. Absolute c ross-sec t ion  comparisons a r e  not 
possible, - and theory and experiment a r e  normalized a t  the f i r s t  experimental 

0 
angle, 30 . The discrepancies between theory and experiment would 
appear  to be quite l a rge  and deserve considerable attention in view of the 
t ranspor t  difficulties In spec t ra l  calculations. These experimental data 

. were  not cor rec ted  for multiple scat ter ing or  the unknown sensit ivity of 
the long BF3 counter used. A second s e r i e s  of experiments  based on 
approximately the s a m e  technique was performed by ~ e i n s c h ( ' ~ )  with the 
Munich r e s e a r c h  reactor .  These data a r e  compared with the water-model 
theoretical predictions in Figs.  2. 23 and 2. 24. In general ,  a t  the higher 
energies ,  sma l l e r  variations than those given in Ref. 14 can be seen, but 
a t  0. 04 ev a l l  appears  'to go well with the water  model  f rom these experi-  
ments .  The sys temat ic  variation of the c r o s s  section with angle at  0. 078 ev 
should be predicted by the molecular model. Obviously, a disagreement  
exis ts  between the two previous se ts  of measurements  on water  and 
possibly between measurement  and theory. 

During the l a s t  year ,  exploratory angular distributions we r e  run  
a t  50 incident energies ,  using the setup shown in Fig. 2. 18, f rom 0. 006 ev 
to 1 ev, and 5 scat ter ing angles for a thin water  sample.  These data have 
been cor rec ted  ap  roximately for  multiple scattering in the sample by the 
Vinyard technique Pl6) and a r e  shown in Figs .  2 .25  through 2. 31. The 
genera l  agreement  with the Nelkin model i s  good in contrast  to some of 
the e a r l i e r  data shown, although it is  fa r  f rom perfect. The calculations 
.of the angular di'stribution functions were  performed with the computer code 
GAD, written by H. C. Honeck of Brookhaven National Laboratory. This 
computational technique uti l izes basically the procedures  of the GAKER 
scattering formalism. Differences s e e m  to be most  pronounced above 
0. 1 -ev  neutron energy. This effect i s  probably consistent with the .spectral  
discrepancies  observed previously a t  and near  s h a r p  f lux discontinuities. 
The la rge  multiple-scattering correct ions shown he re  a r e  not sufficiently 
exact to be taken very  seriously.  More accurate  techniques for correct ing 
the data a r e  under development, and of course  ve ry  thin samples  mus t  be 
used in the future for these studies.  

These experiments ,  however, have established the efficacy of this 
new technique for studies. of the angular propert ies  of the scat ter ing kernels .  
Backgrounds a r e  low, counting .:rates a r e  reasonable,  sensit ivity to model 
is high, and the present  setup can be put on a production bas is  with a 

6 r a the r  modest  expenditure for.multiple Li  glass  instrumentation. This 
we will at.tempt to accomplish during the next contract  year.  
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Fig .  2. 20- -Compar i son  of Whitternore and McReynolds '  da ta  with 
Nelkin ' s  t heo ry  f o r  a n  angula r  d is t r ibut ion m c a s u r e m e n t  a t  a n  

incident  neu t ron  energy  of 0 .  050 t o  0.  0 5 9  ev 



Fig .  2 .21--Comparison of ~ h i t t k m o r e a n d  McReynoldsl data with 
Nelkin's theory for  an angular distribution measurement  a t  an 

incident neutron energy of 0. 109 ev 
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. -  F i g .  2 .  22  - - C o m p a r i s o n  of Whit temore  and  McReynolds '  da ta  with 
Nelk in ' s  t heo ry  f o r  a n  angular  di.stribution m e a s u r e m e n t  a t  a n  

incident  neutron ene rgy  of 0.  170 ev  



Fig.  2 .  23 --Comparison of Reinsch' s data and Nelkin' s 
theory for  the differential c r o s s  section of water a t  an 

incident neutron energy of 0.  04 ev 



F i g .  2 .  24 - -Compar i son  of R e i n s c h ' s  data  and  Nelk in ' s  
t heo ry  f o r  t he  di f ferent ia l  c r o s s  sec.t.inn nf \+rater at a n  

incident  neu t ron  energy  of 0.  078  ev . . 



Fig .  2 .25-  -Compar i son  of m e a s u r e m e n t  and theory  fo r  the 
di f ferent ia l  c r o s s  sect ion of wa t e r  a t  an incident  neu t ron  

energy  of 0 .0189 e v  
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F i g .  2 .  2 7 -  -Compar i son  of  m e a s u r e m e n t  and theory  fo r  the 
di f ferent ia l  c r o s s  sect ion of wa te r  a t  an  incident  neu t ron  

ene rgy  of 0.  06 e v  
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Fig.  2 . 28 - -Compar i son  of m e a s u r e m e n t  and theory  fo r  the 
di f ferent ia l  c r o s s  sect ion of wa t e r  a t  an  incident' neu t ron  

ene rgy  of 0 .0939  e v  
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Fig. 2 .30- -Compar i son  of measu remen t  and theory for the 
differential  c r o s s  sect ion of wate r  a t  an incident neutron 

energy  of 0 .  5 ev 



Fig. 2 .  31 --Comparison of measurement  and theory for the 
differential c r o s s  section of water  at an incident neutron 

energy of 0 .891  ev 



2. 6. SCATTERING .MODEZ FOR H z 0  , . . 

-4s has  been s tated elsewhere in this repor t ,  infinite-medium spectra  
calcul.ated with Melkin's bound proton kerne l  have been found to be 
systematical ly  sof ter  than measured  spectra .  ,Fo? instance, in the case  
of heavily 1 / v  poisoned media (5  ba rns /H  of boric acid) the discrepancy 
is of the o rde r  of 1070. , In seeking possible causes for this discrepancy, 
a t  Least three  features  not considered rigorously in Nelkin's kernel  
immediately come to mind: 

1, Diffusion of the H 2 0  molecules ( o r  complexes of molecules),  
instead of the f r e e  translations assumed by Nelkin. 

2. The rotatbon.al modes of motion cover a broad band of frequ.encies 
instead of a sing1.e f requency.  

3 .  The vibrational modes of motion a r e  far  f rom being isotropic 
in space a s  i s  assumed implicitly in Nelkin's model. 

'l'he .first, of these refinements is of no consequence for infinite- 
m.edium spec t r a  because i t  only affects the srnal:L. energy exchange (gu.&i.- 

. e la s t i c )  sca t te r ing ,  which essent ial ly  drops out of the balance equation.' 
for a n  i'nfinit.e medium. 

Consideration of the second improvement requi res  a code which can 
handle a dis t r ibuted ' f requency spec t rum,  such as  the one measured  by 
Egelsta.ff with h is  met,hod of extrapolating (1  /w ) S ( n ,  (3) t n  zero a (momentlam 
exchange). An at tempt  was made a t  General  Atomic to obtain a scat ter ing 
ke rne l  f rom this spec t rum (i.n addition to the higher frequencies corres,; 
ponding to the internal  vibration of the HZO) using the code SIJMMTT. ( 1  1 )  
The resu.l ts  were  not sat isfactory sinc.e the total c r o s s  section obtained 
was in e r r o r .  This  is believed to be due to the fact that the measured  
frequency spec t rum i s  too complicated to  be handled acc!.~ra.tely by SIJMMIT. 
These  calculations will be continued with the  new uni .versa . l  code no\i7 being 
p repa red  ( r e f e r r e d  to in Sect.ion XII). 

Finally, the third feature not considered in Nelkin's model, namely, 
the spa t ia l  anisotropy of the oscil latory motion of the H 2 0  molecule, has  
been analyzed within cer ta in  approximations. In Nelkin's model of the 
dynamics of the H z 0  mol.ecuPe, all oscillations a r e  assumed .to be isotropic 
in  space.  I n  o rde r  to .-get some idea 0.f-  the influence of the actual anisotropic. 
motion of the protons on the neutron scat ter ing law, it is useful to consider 
a v e r y  s imple  model which maintains the essent ia l  features  of the scat ter ing 
sys tem.  This model consis ts  of two prnt.0n.s bound harmonicaily to the 
much heavier  oxygen nucleus, wh.ose relative mass  i s  assumed to be 
infinite. The restor ing forces  produced when the protons a r e  moved away 
f r o m  their  equilibrium position a r e  (1)  a force in the direction of the 0 - H  



bond propor t ional  to the change of length of the bond, and (2 )  a fo rce  
perpendicular  to each  of the 0 - H  bonds propor t ional  to the change of angle 
between them.  Bes ides  these  in te rna l  r e s to r ing  fo rces ,  i t  i s  a s s u m e d  
that  the rota t ions  of the whole molecule  about i t s  pr incipal  ax i s  of i ne r t i a  
a r e  complete ly  hindered by a h a r m o 6 . i ~  to rs iona l  potential.  In o ther  words ,  
for  s m a l l  d i sp lacements  with the  coordinates  of Fig. 2. 32, the potential  

' ene rgy  will  be given by . , 

. .. -. . . o r  e l s e  

whe re  

and 

The kinetic ene rgy  i s  obviously 

. . . "  

This  v e r y  s imple  pic ture  of the H 2 0  molecule  dynamics  yie lds  s i x  
n o r m a l  modes  of motion. In the,, t h r e e  rota t ional  modes  and in  the H - 0 - H  
bending modes ,  e ach  H  a tom mkves  i i a  plane which i s  perpendicular  to 
the 0 - H  bond, whe rea s  in the two 0 - H  s t re tch ing  modes ,  which have the 
s a m e  frequency because  of the infinite m a s s  a s s u m e d  for  the oxygen, the 
mot ion i s  in  the di rect ion of the 0 - H  bond. In o r d e r  'to find the f requencies  
and ampli tudes  of the n o r m a l  modes  of osci l la t ion corresponding to th is  
model,  one has  to  diagonalize the m a t r i x  [ (v .  . ) ]  .  his' i s  equivalent  to 
solving the eigenvalue problem: 1J 



F i g .  2 .  3 2 - - H  2 0 molecule 



w h e r e  Aik a r e  the ampli tude 's  c o r r e s p o n d i n g  to the  coord ina te  q i  in the 
n o r m a l  mode  of e igenvalue  h They  s a t i s f y  the  two or thogonal i ty  condit ions k' 

6 

t AikAie ' 6ke k,  1 = 1,  2 . . . 6 ( s u m  o v e r  c o o r d i n a t e s ) ,  ( 5 a )  
i= 1 

6 

Y c AikAjk ' tl i ,  j = 1 ,  2 . . . 6 ( s u m  o v e r  m o d e s ) .  
i j  (5b)  

k= 1 

T h e  s e c u l a r  d e t e r m i n a n t  of the  homogeneous  s y s t e m ,  Eq. (4 ) ,  c a n  be  
f a c t o r e d  a s  follows: 

and  i t s  r o o t s  a r e  obvious ly  

X = X = k = k ( d e g e n e r a t e  m o d e )  , 
1 2 1 a  

X = k  t k  = 2 k  
3 2 3  b ' 

X = k  - k  = 2 k  , 
4 2 3  c 

X = k  t k  = 2 k  
5 4 5  d ' 

X = k  
6 4 - k 5  

= 2k . 
C . 

F o r  the  a m p l i t u d e s  i t  is found tha t  

Al l  the  r e m a i n i n g  A i j  a r e  0. 

Cons ide r ing  only the  incoheren t  s c a t t e r i n g  by hydrogen,  the  d i f f e r e n t i a l  
c r o s s  s e c t i o n  is given by 

+ +  4 

w h e r e  E = E o  - E ( e n e r g y  exchange)  and  K .= kg - k ( m o m e n t u m  exchange) ,  



and  

. . .  + 6 
x ( K ,  t )  = exp 

2 
- .  1 [ . K x l k t 1 3 k t K ,  k= 1 ] , ( l o )  

+ 
H e r e ,  ~~i~ icyi, and . K , ~  a r e  the components of K along the coordinate ax i s  of 
F ig .  2. 31, 

with 

Irntroducing the values  found for A. 
lk' 

Thi.s exp re s s ion  m u s t  now be ave raged  over  al.1 or ienta t ions  of K .  This  
c an  obviously be done independently for  x, and x7 and the  ave rage  i s  the 
s a m e  for  both t e r m s .  Hence,  i n  the following it-:is unnecessary , . to  . . - , 

dis t inguish between them. F o r  s m a l l  values  of K' i t  i s  sufficient to ave rage  
in the  exponent. Hence, " .  

fo r  

Thi.s co r r e sponds  to f ive  i so t rop ic  osc i l l a to rs  with mas 's  3 m  for wl and 
6m ,for  the other  f requenc ies .  F o r  the  rea l .  wa te r .molecu?e ,  the squa re  
of the ampli tudes  Aik m u s t  be sl ightly s m a l l e r  in o r d e r  to take c a r e  of 
the  mot ion of the  oxygen a t o m  and s t i l l  sa t i s fy  the f i r s t  normal izat ion 
condition i k p l i e d  by Eq.' (5a):  . . . . 



Of c,ourse, now there a r e  three additional modes to be considered, which 
make up for ' thk difference in the second normalization condition, 

. . .  . . - .  

F o r  instance, . i f  we consider ' the extreme,  case  of f ree  translations of the 
whole mdlkcule, the *-function should be multiplikd by a factor 

Now the m a s s e s  of the equivalent isotropic osci l la tors  would have to  satisfy 
the condition . . 

and since these m a s s e s  should not be smal le r  than those for the infinitely 
heavy molecule (because otherwise the square  amplitudes would have to 
be g rea te r ) ,  i t  i s  found that 

Fur thermore ,  assuming that only the tors ional  modes have non-zero 
oxygen amplitudes leads to the following m a s s  distribution: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T'ranslation 18 a 

. . . . . . . . . . . . . . . .  . 3 torsional, modes ( A q ,  X5, A6)  . . 2. 25 
. . . . . . . . . . . . . . . .  . . .  Lower vibrational mode ( A 3 )  : 6 

. . . . . . . . . . . . .  2 higher, vibrational. modes ( A 1  ,, A 2 )  3 

It is ciea; f rom Eq. (19) that 6 is  an absolute, minimum of the m i s s w h i c h  
can be associated with a single frequency. 'This i s  important since 'models 

. . .  
with rnaqses sma l l e r  than b h a v e  been propbsed. 

/ I .  

. . 2. . 
Now, coming back to our simplified model, i f  K i s  not smal l  the 

co r rec t  average must  be obtained by 

2 f t f ,  f t f  
2 

x ( C 2 ,  t )  = (exp {k [fl cos 8 + 3 
2 cos2 e + av  2 cos2 Q])), (20) 



with 

Using Eq. (20), the full anisotropy of the normal  modes would be retained 
but the numerical  calculations become too cumbersome.  A reasonable 
approximation f o r  taking into account the anistropy in Eq. (20) i s  to replace 

2 cos2 4 and cos2 @ b y  (1 - cos 8)IZ. 

This is  equivalent to  assuming that the two- dimensional oscillation 
of the, proton in the bending and tors ional  modes i s  isotropic in the plane 
perpendicular to  the 0 - H  bond, which would be exact i f  the c o r f e s p o n d i ~ g  
frequencies  were  a l l  the same.  The one-dimensionalvibrations of the 
s t retching modes a r e  t rea ted  exactly. Making nnw the a.ssi.impt.icrns that  
the t ranslat ions of the whole molecule a r e  f ree ,  that the tors ional  
f requencies  a r e  al l  the same ,  and that the sma l l  change of the amplitudes 
Aij, due to the finite m a s s  of the oxygen, only affects the rotational ' 

modes ,  the x function becomes 

where  the subscr ip ts  s 9  b, and r stand for stretching, bending, and 
2 rotating modes,  respectively.  For  sma l l  values of K , this resul t  reduces 

essent ia l ly  to the express ion  given by Nelkin. 

The doubie differential  c r o s s  section obtained with Eq. (21) shows 
important  deviation f r o m  the isotropic calculations, especi.ally for  energy 
exchanges above the 0. 48-ev threshold of the stretching vibration. As an 
example,  in  Fig. 2. 3 3  the two models a r e  compared for  an initial energy 
of 1 ev  and a scat ter ing angle of 32L'. The i n f l ~ ~ e n c e  of anisotropy is not 
averaged  out by summing over  angles,  a s  becomes apparent from Figs. 2. 3 4  
and 2 .  3 5 ,  ' in which the two Po and P1 energy t ransfer  kernels  a r e  compared 
f o r  a n  init ial  energy of 0. 65 ev. But the difference in total  c r o s s  section 
never  exceeds a couple of percent,  and in this context the agreement  o f  
both models  with experim'ent i s  satisfactory. This can be seen in Fig. 2. 36, 
where  the points zbove 0. 1 ev  were  measured  by Russel l  (Section 2 .4 )  
and the lower-energy points were  taken f rom BNL-325. ( I 8 )  All c r o s s  
sect ions a r e  r e f e r r e d  to 1 hydrogen a tom and only include scat ter ing by 
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Fig .  2 .  33- -Theore t i ca l  differential  c r o s s  sect ion of wa te r  a s  a function 

. .  . . of s ca t t e r ed  neutron energy  



Fig .  2 .  3 4 -  -Theoreti:al var ia t ion of the  normal ized  Po differential  sca t te r ing  
c r o s s  sect ion c i  water  with sca t te red 'neu t ron  e n e r g y .  . . 
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Fig .  2 .  36--Variation of the . f ree-a tom scattering c r o s s  section of water 
with incident neutron energy 
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:F 
hydrogen. The t ranspor t  c r o s s  sections a r e  compared in Fig. 2. 37. I t  
i s  a l so  interesting to compare magnitudes averaged over a Maxwellian 
neutron spectrum. These magnitudes a r e  relevant for the die-away 
experiments and the approach to thermal  equilibrium between neutrons 
and moderator .  Table 2. 2 i s  a comparison of ' the a v e r - e  total scat ter ing - 
c r o s s  section, use, the average diffusion coefficient, Dv, and the quantity 
usually denoted by M2, 

Table 2.2 

COMPARISON O F  PARAMETERS FROM THEORETICAL SPECTRA 
PERTAINING TO THE ISOTROPIC AND ANISOTROPIC MODELS 

FOR THE WATER MOLECULE 

Again, i t  i s  seen  that the scattering c r o s s  section i s  ve ry  insensitive 

Model 

Isotropic 

Anisotropic 

to the anisotropy, whereas the diffusion coefficient i s  changed by - nearly 
47'0, coming c loser  to the ~ r b o k h a v e n ( l ~ )  experimental  value of Dv = 35, 850 
cm2 s e c - l .  The 6% decrease  in  M2 shows that the mean  square  energy 

- 
=so  

(barns)  

46. 00 

46. 05 

exchange between moderator  and thermal  spec t rum i s  overest imated in 
the isotropic model. This resu l t  i s  confirmed by the comparisons in 
b'igs. 2. 38 and 2. 39 rsf infinite-mcdium spect ra  (with high-energy source  
leading to a 1 / E  asymptotic spec t rum)  in highly concentrated solutions of 
boric  acid. The anisotropic kernel  gives a somewhat ha rde r  spec t rum,  
reducing the roughly 1070 discrepancy between experiment and isotropic 
calculations. Similar comparisons a r e  made in Figs .  2. 40 and 2. 41 
for spec t ra  in highly concentrated solutions of cadmium sulfate. 

In summary ,  the refinement of introducing the anisotropy of the 
molecular 'vibrat ion into Nelkin's model changes the calculated the rma l  

- 
Dv 

(cm2 s e c - l )  

37,906 

36, 532 

>% 
The extremely good agreement  between the anisotropic model and 

the experimental scat ter ing c r o s s  section below 0. 01 ev  i s  not believed to 
be too meaningful, since the physical assumptions of the model break  down 
at low energy. Also, the accuracy of the numerical  integration i s  in doubt 
i n  this energy region. -. . 

M2 

1. 105 

1. 040 
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Fig .  2. 36--Comparison of exper imental  and theoret ical  spec t r a ( an i so t rop i c  model)  in  bora ted  water 
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in  cadmium su lpha t t  solution 
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infinite-medium spec t ra  in heavily poisoned wate r by roughly 570 to 770, and 
i t  s eems  that this correct ion i s  always in the right direction to bring theory 
in bet ter  agreement  with experiment. ' 

2. 7. MODIFICATIONS O F  THE CODE GAKER 

In order  to calculate the refined scat ter ing kerne l  for H 2 0  re fe r red  
to in the previous section, an  ex t ra  loop was built into the code GAKER, (12)  
which per forms the average ove-r molecular orientations. 

Another .modification. of GAKER under study is  a more  accura te  
integration over angles for the calculation of the Pn(E  + E ' )  mat r ices .  In 
fact, the 0 phonon t e r m  of the Nelkin-model double differential c r o s s  
section for H z 0  has a singularity a t  (E - bl  which might impair  the 
accuracy  of numerical  integration over angles. This t e r m  has the f o r m  

with 

The singularity a t  a -, 0 (i. e . ,, a t  p + 1, E '  -, E )  is thus descr ibed by 

which can be integrated analytically to give 

with y = f i  and y = E '  - E .  It i s  found that 

e x p [ u b  - i)] $[erf(z  max  ) - e r f ( z  min )I 



w h e r e  

m a x  

and 

Hence, in  o r d e r  to integrate.  numer ica l ly  over  the s ingular i ty ,  we wr i t e  

T h e  f i r s t  t e r m  in the  b r acke t  wil l  be r egu l a r  a t  a, -, 0, and the  in tegra l  
ove r  the second i s  g iven by the preceding formulae .  



111. NEUTRON THERMALIZATION IN D20 

Ear ly  in 1962, an  experiment to  measure  the thermalized neutron 
spec t rum in D20 was begun at  General Atomic, with measurements  being 
performed with the D 2 0  poisoned by a uni,formly distributed l / v  absorber  
(boron).  The geometry of that experiment i s  shown in F ig .  3 .  1. However, 
our  at tempts  'to understand this  spec t rum using rea l i s t ic  molecular models 
for  D20 ( ~ o n e c k ( 2 0 )  and Brown and St. ~ o h n ( ~ 1 ) )  did not meet  with success .  
Instead, the measured  spec t ra  were consistently softer ( m o r e  thermal)  
than the calculated spec t ra  and in  fact were in reasonably good agreement  
with the f r ee -gas  predictions for  D2O. It was decided that possibly these 
experimental D20 spec t ra  were perturbed by .source placement, a s  we had 
observed fo r  light water.  Namely, in the case of water the angular d is t r i -  
bution of the distributed epi thermal  source  was severely perturbed by the 
external  source  location. In fact,  a s  was pointed out in Section 11, this  
perturbation was so  la rge  that it was difficult to make an  approximate 
correct ion fo r  it,  and the best plan was to  r ea r range  the experiment to  
minimize the memory of the fas t  source.  

Obviously, then, our next step was to  reorient  the source  in  the 
cleaner geometry shown in F ig .  3. 2. The poisoning of the medium was 
again accomplished with boron-aluminum shim plates  spaced either 118 in. 
o r  114 in. apar t .  Spectra  were  measured  a t  two distances,  6 and 12 in.  
f r o m  the distributed neutron source.  The new s e r i e s  of measurements  
was conducted.in the routine manner ,  using the 16-meter  flight path and 
s tandard t ime  -of -flight procedures .  

In comparing the spec t ra  measured  in poisoned D20 with theory, it 
i s  extremely important, owing to the smal l  slowing-down power of IS20 

(ex ), to  include in the analysis absolutely a l l  mater ia l s  present  in the 
s 

vessel .  The atom densities of mater ia l s  present  a r e  given in Table 3. 1 
for  the three  separate  experiments .  The old spec t ra l  experiment of 1962 
per formed in the geometry of F ig .  3. 1 i s  a l so  included for  completeness.  

F o r  the calculation of the spec t ra  in deuter ium sys tems,  one must 
undertake the solution of the space-energy problem.   iff us ion of neutrons 
plays a role  in establishing the spectrum, so  i f  the external  source does 
not induce a normal-mode distribution, appropriate correct ions a r e  
necessary .  The special  flux plots associated with t h e  epi thermal  source 
description for  the old spec t ra l  data  a r e  given in Ref. 2, and source  f l u x  
distributions for the geometry of Fig.  3 .  2 a r e  given in F igs .  3. 3, 3. 4, 



11 [;:,z:"LAT" . 
PRE - COLLIMATOR 

-1 CADMIUM COVERED 

I- 0-AL + D20 
ASSEMBLY 

/LEA0 WALL 

dAC ..9 FAISTELL SOURCE 

Fig .  3 .  1 - - F i r s t  geometry for  the poisoned D 0 
spec t ra l  studies 

2 

PRE- COLLI.MATOR 

8-Al + b20 ASSEMBLY 

F i g .  3 .  2--Second geometry for  the poisoned D 0 -  
spec t ra l  studies 

2 .  



MAPPING I N  THE 18'IN. 

DIMENSION OF A 18 X 18 X 8 IN 

SLAB OF BORATED D2 0 
- 

0 
GEOMETRY OF FIG. 3.2 

DISTANCE FROM SOURCE SIDE OF SLAB (CM) 

Fig .  3 .  3--Axial  ep i thermal  flux mapping in  borated D 0 2 
\ 



DISTANCE FROM CENTER OF SLAB (CM) 
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and  3.  5. F r o m  the  spa t i a l  flux s tudies ,  we have a t ta ined nea r l y  a n o r m a l -  
mode  dis t r ibut ion i n  two d imens ions  and  a n  age- type dis t r ibut ion in  the  
o ther  d imension.  Endeavor ing t o  unders tand  t he  m e a s u r e d  s p e c t r a  on a 
s imp le  diffusion-theory ba s i s ,  by introducing f o r  example  a l 3 ~ ~  co r r ec t i on  
into the  diffusion equation, does  not r e s u l t  in s u c c e s s .  F o r  example ,  a t  
12 in. f r o m  the  s o u r c e  the  net  buckling p r e sen t  i s  nea r l y  ze ro ,  s o  one might 
naively expect  the  s p e c t r u m  to  be  of the  inf in i te-medium var ie ty .  However ,  
t he  s p e c t r u m  i s  so f te r  by s o m e  3070 a t  low ene rg i e s  than  a n  inf in i te-medium 
spec t rum.  These  s p e c t r a  a r e  then  of the  c l a s s  d i s cus sed  extensively  by 
P a r k s ,  (22)  where  the  key quanti ty ~ ~ r 1 - r  is not sma l l ,  LZ being t he  diffusion 
length and  T the  age .  One f inds  h e r e  that  th i s  quanti ty is about 0.  20. 

Table  3. 1 

.. ATOM DENSITIES FOR D 2 0  MEASUREMENTS 
3 (In l o 2  a t o m s l c m  ) 

Rathe r  than uti l izing the  analyt ica l  p r o c e d u r e s  in t roduced by P a r k s  
t o  solve t h i s  'space-dependent p rob lem,  the  s p e c t r a  w e r e  all ca lcula led : 

numer ica l ly  using the  t r an spo r t - t heo ry  code GAPLSN (a P speeded-up 
n 

ve r s i on  of DSN). A P (diffusion-theory) ep i t he rma l  s o u r c e  was  u sed  i n  
1 

the  calcula t ions ,  and s o u r c e  contributions f o r  a l l  the  const i tuents  p r e sen t  
we re  included.  The  one-dimensional  a x i s  f o r  the  t r a n s p o r t  p r o b l e m  was  
o r ien ted  along the  l ine  f r o m  the  t a rge t  through the  end  of the  r e - e n t r a n t  . 

tube f o r  both g e o m e t r i e s .  The  effect of the  t r a n s v e r s e  d imens ions  was  
included by m e a n s  of D B ~  co, r rect ions ,  s ince  the  f luxes  in t h e s e  d imens ions  
cor responded  c losely  t o  the  n o r m a l  mode .  A spat ia l  m e s h  of 50 reg ions  
and  a 23- reg ion  energy  m e s h  we re  used .  

In the  calcula t ions  p e r f o r m e d  s o  f a r ,  which a r e  compa red  with the  
exper imenta l  data  in  F i g s .  3. 6, 3. 7, and 3 .  8, the  s p e c t r a  a r e  based  only 
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Fig .  3 .  5-  -Tran . sverse  (18-in.-dirriension) ep i thermal  f lux  ma,?ping in  borated D 0 
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on the Honeck scat ter ing model. The Brown-St. John and f r ee -gas  models 
will a l so  be included in fu ture  cqmparisons.  . The scattering model con- 
s t ruc ted  by Honeck includes only the incoherent inelastic- scattering c r o s s  
section for  D 2 0 .  The general  formulation i s  s imi lar  to that introduced by 
Nelkin for  light water .  The molecular frequency spectrum i s  descr ibed 
by various vibrational, rotational, and translational degrees  of f reedom. 
The vibrational osc i l la tors  a r e  chosen a t  energies  of w = 0.  15, w = 

v1 v2 
wv3 = 0. 35 ev; a hindered rotation of effective m a s s  m r  = 4. 11 i s  assumed 
a t  wr  = 0.  05  ev; and f r e e  t ranslat ion i s  t rea ted  exactly. 

The calculated r e su l t s  for  a l l  th ree  configurations have improved 
agreement  with experiment,  which would indicate that the incoherent, 
d i scre te -osc i l la tor  kerne l  i.s giving reasonable resu l t s .  There  i s ,  however, 
in a l l  the above cases ,  one non-negligible correct ion which has  been 
necessa ry .  This  i s  for  the light water o r  plastic present  in each geometry.  
In future experimental checks of D 2 0  spec t ra ,  a.1.1 light hydrogen will be 
removed,  resonance absorption will be .studied, and angillar - f l u x  spec t ra  
will be extensively investigated to  examine the importance of coherent 
scat ter ing.  The plans for  the coming year  a lso include the study of u (E ,  p )  
f o r  D20 ,  which should afford an excellcnt check on the P1 scattering kernel .  



IV. NEUTRON THERMALIZATION IN POLYETHYLENE 

Neutron spec t ra l  measurements  have been performed previously in 
room- temperature poisoned polyethylene and also liquid-nitrogen-cooled 
polyethylene. These measure'ments and some prel iminary calculations of 
spec t ra  have been reported in the two previous annual repor ts .  (l)( ') In 
addition, Goldman and ~ e d e r i ~ h i ( ' ~ )  have published this year  a complete 
t reatment  of the polyethylene thermalization problem, including infinite- 
medium spec t ra ,  to ta l -c ross-sec t ion  determinations,  and flux distribution 
by foil measurements .  Our efforts this year  have been devoted to the 
development of a m o r e  physically exact scat ter ing kernel  than that previously 
in use.  It was hoped that the residual discrepancies  between the nuclear 
d a t a  and theory could be resolved with thi's m o r e  exact representat ion of 
the molecule . 

F i r s t ,  l e t  us review the status of polyethylene. Up to the present  
t ime the most  appropriate model to use for spec t ra l  calculations in poly- 
ethylene has  been that proposed by Goldman. The molecular frequency 
spectrum for polyethylene was inferred f rom the data  of Nielsen and 
~ o o l l e t t ( ~ ~ )  on infrared absorption spec t ra  in solid polyethylene. The 
frequency spec t rum used i s  given in Table 4. 1. 

The general s imi lar i ty  of this d iscre te  frequency spec t rum to that of 
water  suggested that a modified Nelkin model would be adequate for poly- 
ethylene. Basically, Goldman considers  the dynamical unit of polyethylene 
to be a f reely translating CH2 molecule with internal stretching and bending 
vibrations. The rotational degree of f reedom i s  strongly hindered. It has  
been c l ea r  for some time that this  model permi ts  reproduction of neutron 
spec t ra  with a fa i r  degree of precision. In addition, the total c r o s s  section 
may  be calculated quite accurately up to about 0. 08 ev and above 0. 2 ev. 
However, between these two energies  10% to 15% discrepancies  exis t .  The 
temperature dependence of the diffusion constant (D) a s  calculated by this 
model(25) i s  also not in agreement  with the experiments  of ~ s c h , ( ~ ~ )  being 
somewhat smal le r  than experiment.  It i s  quite evident, however,  that not 
much can be done within the framework of this simple model to resolve one 
discrepancy without introducing a new one. This,  i t  will be recal led,  i s  very  
nearly the same problem we encountered with water ,  where spec t r a  could 
not be brought into agreement  with theory by adjusting Nelkin-model 
pa ramete r s  without upsetting ser iously the total-cro s s  - section agreement .  
We therefore decided to introduce to this problem a new model in which 
more  of the detailed frequency spec t rum could be descr ibed.  

7 9  



Table  4. 1 

MOLECULAR F R E Q U E N C Y S P E C T R U M O F P O L Y E T H Y L E N E  

A deta i led  t heo re t i c a l  s tudy of the  s ca t t e r i ng  of neu t rons  by polyethylene 
h a s  a l s o  been  under taken  a t  Gene ra l  Atomic.  The calcula t ional  b a s i s  of the 
t heo re t i c a l  s tudy of ,neu t ron  s ca t t e r i ng  by polyethylene is embodied in  the 
iBM-7UYU code SUMMIT. The theore t i ca l  work  of ~ u n d e r l i c h ( ~ ~ )  on the 
spec i f i c  h e a t  and v ib ra t ion  s p e c t r u m  in polyethylene p rov ides  an  under - 
s tanding of a l a r g e  p a r t  of the a tomic  dynamics  which i s  r e levan t  to ca lcu-  
l a t ing  neu t ron  s ca t t e r i ng .  After  complement ing the  work  of Wunderl ich 
wi th  the  r e s u l t s  of o t h e r  expe r imen t s ,  i t  is bel ieved tha t  the s ca t t e r i ng  l aw 
f o r  polyethylene c a n  be  accu ra t e ly  ca lcu la ted  o v e r  a l l  r a n g e s  of momen tum 
and e n e r g y  t r a n s f e r s .  F r o m  the pape r  by Wunderl ich,  the vibra t ional  
f r equenc i e s  and t he i r  abundance in  polyethylene given, i n  Table  4. 2 a r e  
obta ined.  

Vibrat ional  
Mode 

T rans l a t i on  
CH2 rock ing  and wagg 

and twis t  
CH2 bend 
CH s y m m e t r i c  s t r e t c h  
CH a n t i s y m m e t r i c  s t r e t c h  

Table  4. 2 

F r equency  

(4 
0 

0. 089 
0. 187 
0 .354 
0, 533 

The acous t i ca l  v ib ra t ions  a r e  re la ted  to  the C-C  -C  -de format ion  and 
t o r s i ona l  modes .  The opt ica l -vibra t ion f requency a s s ignmen t s  a r e  made  
on  the b a s i s  of i n f r a r e d  and Raman  s p e c t r a  s tudies .  The  range of  acous t i ca l  

Neutron M a s s /  
Effect ive  M a s s  

0 .0714 

0.2322 
0.2322 
0.2322 
0.2322 

Type of  . '  

Vibrat ional  hllodc 

Acoustic 
CH2,  rocking 
C - C ,  s t r e t c h  . 

tCH2,  twis t  
'wCH2, wagg 
SCH2, bend 
vCH s y m m e t r i c  s t r e t c h  
uCH an t i symmet r i c  s t r e t c h  

- .. --- - 

Frequency  L i m i t s  

( ~ 9 1 )  

0 -0 .064  
0. 089 -0. 145 
0. 108 -0.  142 
0. 130 -0.  160 
0. i 4 5  - 0 .  1.15 

0.181 
0 .353  
0 .366 

F r a c t i o n  of 
A11 Mocles 

21 9 
1 / 9 
1 / 9 
1 / 9 
1 / Y 
119 
I /  9 
1 / 9 



frequencies i s  determined on the basis  of theoretical attempts to fit the 
0 

specific heat  in polyethylene in the temperature range 0 to 3 0 0 ' ~ .  

In addition to the frequencies,  Wunderlich gives the fractions of 
vibrations which a r e  associated with each type of vibration. He has  made 
a crude guess of the shape of the acoustical branch on the basis  of specific- 
heat data  and theoretical considerations.  

F o r  monatomic polycrystals,  knowledge of the vibration spec t rum 
would be sufficient to determine the neutron scat ter ing completely in the 
Gaussian approx'imat'ion, But in view cif the fact that polyeithylene i s  
diatomic, it i s  required that fur ther  considerations concerning the molecular 
dynamics of polyethylene be made. The s implest  consideration that can be 
made i s  a qualitative one which proceeds a s  follows: Imagine that in the 
acoustical branch of the vibration spec t rum and in the C-C s t re tch  mode, 
the H and C atoms a r e  almost rigidly connected. Therefore,  when the 
m a s s  of the vibrating unit in these modes i s  14,.  the effective m a s s  associated 
with the remaining optical modes must  be 141 13. 

Let us denote by pa, (w), pcc (w), and pop (a) the densi t ie i  of modes 
associated with the acoustical,  the C-C s t re tch ,  and the optical modes,  
respectively.  The density functions a r e  normalized so  that 

r r 

We can now construct  the frequency distribution f (w) ,  which i.s-to be used 
to compute the scat ter ing in the Gaussian approximation: 

where u! i s  chu'sen s u  that 

Using the information in  Table 4. 2 ,  we find that CY = 2 /  15. 

The assumption to which this resu l t  i s  t ied,  namely, that the CH2 
unit can be t reated a s  rigid, i s  probably a good one for the acoustical 
modes,  but not for the C-C stretching modes.  A bet ter  assignment of the 
weights (effective masses )  to the various branches of the vibration spec t rum 
would require  a more  d e t a i k d  investigation of the dynamics of solid 



polyethylene. In view of the l imited scope of the objective s and of the 
pre l iminary '  nature  of the r e su l t s ,  such an investigation i s  not yet warranted.  
Another factor .of  some consequence i s  that the shape of the acoustical  
vibrat ion spec t rum changes markedly  over  an ensemble of samples  which 
range f r o m  amorphous to 10070 crysta l l ine .  It i s  believed, however,  that 
the polyethylene used in  r eac to r  technology i s  m o r e  than 8070 c crystalline, 
so . t ha t  .conclusions der ived  f r o m  theoret ical  studies of the fully crysta l l ine  

. . substance have meaning. 

At th i s  point i t  i s  possible  to make some compar i sons  of ' theoretical  
s p e c t r a  (calculated on the b a s i s  of the new polyethylene model) with exper i -  
menta l  resu l t s .  In Fig.  4. 1, room-temperatur 'e s p e c t r a  for two poison 
concentrat ions  a r e  compared.  It i s  apparent  that the Goldman kerne l  and 
the P a r k s  SUMMIT kerne l  both accurately  reproduce the exper imenta l '  
r e  sulf s .  Some extraneous s t ruc tu re  appears  to. be introduced by the 
~ ~ ~ ~ i ' I ' ' . k e f . n e l ,  'but i t - i s  questionable that th is  could have been observed 
experimental ly .  At l iquid-nitrogen t empera tu re s ,  again the two models  
p e r m i t  spec t r a  to be seasonablywell  c;l.lr.~~la.terl ahnxrp 0. 001 cv ,  as is seen  
in  Fig.  4. 2.  Both representat ions 'have ' idiosyncrasies  in that  some  s t ruc tu re  
s e e m s  to be predicted in the spec t rum that i s  not observed.  The f r e e -  
hydrogen gas  model i s  s een  to be quite unsuitable for predicting the low- 
t empera tu re  spec t ra .  

It h a s  not been possible  with our  new model to pred ic t  reliably the 
total  c r o s s  section of polyethylene u'sing the code' SU'MMIT. This i s  due to 
an eccent r ic i ty  in  the code which we will endeavor to e l iminate  in the next 
r ewr i t e .  '1'0 da te ,  the new model fo r  descr ibing ne11t.rnn t h e r m a l  i7.ation in 
polyethylene has  not been tes ted  complete1.y by experiment .  The model ,  
however ,  i s  completely consis tent  with the molecular  frequency spec t rum 
of Wunderlich, while the Goldman model int roduces  a vibrational f r eq l l enry  
of 0. 5 3 3  ev ,  which i s  not observed by W~.~nderl ich.  Thus,  the s ta tus  of our  
knowledge of polyethylene i s  that we can predict  infinite-medium and s c a l a r -  
flux neutron spec t r a  quite well  using e i ther  molecular  model. Predict ing 
t r anspor t  p rope r t i e s  of the modera tor  i s  s t i l l  difficult. P1 scat ter ing 
ke rne l s  for  both models  a r e  completely untested to date.  New data ,  for  
example c(E, p ) , -  will p e r m i t  accomplishment of this t e s t  with the l ea s t  
expenditure of exper imental  effort. 



NEUTRON ENERGY (EV ) 

Fig .  4. 1 - -Infinite -medium borated polyethylene spec t r a  a t  roolin t empe ra tu r e  



NEUTRON ENERGY (EV) 

Fig .  4. 2 -  -Infinite-rr-edi-lm neutron s p e c t r a  in  borated polyethylene a t  licjuid-nitrogen t empera tu re  
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V. NEUTRON THERMALIZATION IN BENZENE 

The neutron-moderating propert ies  of organics  have been studied 
both analytically and experimentally at many laborator ies .  The organic 
moderator  most  extensively investigated h a s  been benzene and i t s  associated 
multiple-ring molecules diphenyl and terphenyl. Dowtherm A, a com-  
bination of diphenyl and diphenyloxide, has  also been studied. Low-ene rgy 
inelast ic-scat ter ing studies,  using a rotating c rys t a l  time-of-flight spec-  
t rometer ,  have been performed by ~ l a s e r ( 2 8 )  at  a few neutron energies  
below 0. 1 ev. A typical ~ ~ e l s t a f f ( l 3 )  scattering-law analysis was performed 
based on these data and indicated that the frequency distributions for 
Dowtherm A and diphenyl a r e  not significantly different. Other. measurements  
of scat ter ing law for the organics  have been performed by Brugger.  ( 2 9 )  
Scattering laws a r e  reported for 0- te rphenyl ,  M-terphenyl, P- terphenyl ,  
and Santowax R. Differences between the scat ter ing laws for these organics  
exis t  par t icular ly for low values of a! (the momentum t ransfer red) ,  indicating 
some differences between the molecular vibrational spectra .  However, i t  i s  
expected that. ne~ i t ron  thermalization would be relatively insensitive to these 
differences.  

On the basis  of the existing scattering-law experimental  data i t  i's not 
possible to determine the complete frequency spec t rum for the polyphenyls. 
Therefore,  a theoretical model has  been developed during the l a s t  few yea r s  
to a s s i s t  in the evaluation of neutron thermalization for the polyphenyls. (30) 
The approximate scattering kernel  has  been specified for  the s implest  of 
the polyphenyl s , benzene. 

This  calculation was per formed neglecting the neutron scat ter ing f rom 
carbon, since cZs (the neutron slowing-down power) for  carbon i s  so mych 
smal le r  than that for hydrogen. The calculations were  performed in the 
incoherent approximation, assuming harmonic oscil lations.  Molecular 
interactions were neglected a s  was excitation of the translational and 
rotational degrees  of freedom of the molecule. The vibrational frequency 
distribution of Crawford and ~ i l l e r ( 3 1 )  shown in Fig.  5. 1 was used in  the 
calculations. A c lus ter  of frequencies exis ts  around 0. 38 ev and another 
grouping occurs  a r n i i n d  I). I ev.  Relnw 0. 1 ev, vibrational frequencies a r e  
closely spaced, about 0. 0073 ev apar t .  In total, the frequency spec t rum 
consis ts  of approximately 36 internal molecular vibrations,  some of which 
a r e  degenerate.  The Parks-Boff i  scat ter ing kerne l  was generated using 
the computer code SUMMIT. 



FREQUENCY DISTRIBUTION 
USED TO CALCULATE 
BENZENE KERNEL 

( CRAWFORD AND  MILLER'^") 

Fig .  5. 1 - -F r equency  d i s t r ibu t ion  of mo lecu l a r  v ib ra t ions  in 
benzene f r o m  rneas1.1 r e m e n t s  by Crawfo rd  and Mi l l e r  



Total c r o s s  sections for benzene have been calculated v e r s u s  tempera-  
ture  using the benzene scattering model. A numerical  study(32) to investigate 
the importance of including the translational and rotational degrees  of 
f reedom indicates that the omission produces noticeable differences in the 
calculated total c r o s s  sections. Neutron spec t ra  under infinite-medium 
conditions and with l / v  absorption also have been calculated. It was 
des i red ,  therefore,  to make an over-a l l  check of the validity of these 
analytical procedures  by measuring the steady-state spec t rum se t  up in 
benzene under the same conditions. 

The experimental geometry of Fig. 5.2 was used in the measurement  
program. The ,standard 10-in. cubical assembly was used, and the benzene 
solution was poisoned with methyl borate to about 6 barns  of absorption pe r  . 

0 
hydrogen atom. The experiment  was run at a tempera ture  of 25 C. Atom 
densities were Nh= 4 x loCZ2 and Nb = 3 x  1 0 ' ~ ~ .  No appreciable cor rec t ion  
fo r  buckling i s  necessa ry  when the spec t r a  a r e  measured  in the above 
configuration. The spectral  resu l t s  a r e  shown in Fig.  5. 3 .  The neutron- 
conservation c r i t e r i a  for the benzene spec t rum were  satisfied to within 
5%. Also shown in Fig. 5. 3 a r e  three calculated spec t ra :  (1) the spec t rum 
assuming scat ter ing f rom f ree  protons,  (2)  predictions using Nelkin's water  
model, and ( 3 )  predictions using the Parks-Boff i  benzene scat ter ing kernel.  
Obviously, the hydrogen i s  ra ther  tightly bound in benzene, m o r e  so than 
in water ,  but the P a r k s  kernel ve ry  accurately reproduces the charac ter i s t ics  
of the measured  spectrum. 
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VI. NEUTRON THERMALIZATION IN ZIRCONIUM HYDRIDE 

6 .1 .  TEMPERATURE -DEPENDENT INFINITE -MEDIUM NEUTRON 
SPECTRA 

Various solid, homogeneously fueled reac tor  sys tems have been 
investigated during the l a s t  few y e a r s ,  because they have potentially high - 
t empera tu re  operating capability and high. power density, and a lso  because 
the possibility exis ts  of building systems with l a  r g ~  prompt,  nogativc - 
t en~pe , r a tu re  coefficients of reactivity. F o r  hydrogen -moderated r eac to r s  
the f i r s t  consideration, that of a relatively high - temperature fuel, l imits  
the nulhber of possible reac tor  construction mater ia l s  to  meta l  hydrides,  
such a s  those of t i tanium, zirconium, and uranium. Considerations of 
metal lurgical  proper t ies  and neutron economy have narrowed develop.- 
menta l  efforts during the l a s t  few years  to  a promising falllily of zirconium 
hydrides.  To avoid phase changes and associated changes in crystal l ine 
f o r m  during reac tor  s tar tup,  operation, and shutdown, hydrides of z i r  - 
conium with atom rat ios  of H:Zr > 1. 5 have been utilized. 

The experimental procedures  necessa ry  for  this investigation foll.ow 
ve ry  closely those used in other  high-temperature studies nf spec t ra  in 
water(33) and graphite assembl ies .  The spec t ra l  measurements  were.  
made  in the usual manner .  In Fig.  6. 1, a cutaway view of the hot; box 
constructed for the zirconium hydride i s  shown. The hot box was elcc - 
t r ica l ly  heated with s t r i p  hea ters  to 1 0 0 0 ~ ~ .  Va r i  ati.crns of temperature. 
over  the assembly a t  1 0 0 0 ~ ~  were  about lo°F. The boundaries of the 
experimental  assembly  were  established with boron carbide.  The the rma l -  
neutron spec t rum was measured  through a smal l  probe tube inser ted  into 
the assembly.  To obtain a homogeneous sys tem,  the zirconium hydride 
was purchased a s  ZrH1. 7 5  powder (0 to 6-micron part ic lc  s ize)  and was 
mixed with very f ine-mesh boron carbide.  Two me.sh s izes  of boron 
carbide were  studied, one with par t ic les  l e s s  than 6 microns  in diameter  
and one with par t ic les  l e s s  than 30 microns  in diameter .  Results were  
not markedly different. This information, together with simple est imates  
of the self -absorption for  the sma l l e r  -mesh carbide par t ic les ,  lndici tes  
that the experimental data do not have to be cor rec ted  for self-absorption. 
Mixing of the powders was accomplished.by u l t ra  -careful batch -mixing 
techniques to guarantee uniformity. The resn.l.ting poisoned ZrHIo  7 5  was 
tamped into the hot box to a density of about 3.47 g /cm3.  Subsequent 
density comparisons of samples  prepared  by the s a m e  technique indicate 
10% uniformity. Fortunately,  however, the infinite -medium spectrum i s  
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not sensi t ive to atom-density variations.  One need only guarantee through 
proper  mixing that the rat io  of absorber  to modera tor  a toms i s  constant. 

A question of concern at  the initiation of the experimental work was 
that those crystal l ine propert ies  of zirconium hydride of importance in the 
thermalizat ion problem might not be the same  in the powder a s  in the metal.  
A nonstoichiometric mixture  was a l so  obtained f rom the powder manufac - 
t u r e r ,  s o  that some  hydrogen s i tes  remained unfilled. The hydrided powder 
m a t e r i a l  obtained for  this work was,  however, of a reasonable par t ic le  s ize ,  
s o  that for  a l l  p rac t ica l  purposes we were  studying polycrystalline zircon-  
ium hydride.  Excitation of optical transit ions in the latt ice should not 
depend on these macroscopic  par t ic le  s i ze  and neither should the acoustic 
interact ions,  which involve a par t icular  hydrogen and a t  most  a few 
neighboring zirconium a toms.  The nonstoichiometric mixture  was not of 
concern  elther,  because effects on the harmonic potential due to neighbor- 
ing vacant o r  filled hydrogen s i tes  were  thought to  be small .  The fact that 
the width of the optical level  i s  invariant a s  a function of hydrogen-to - 
zirconium ratio substantiates this observation. 

The experiments  were  performed a t  two different poison concentra-  
t ions,  3 . 4  and 8 . 0  barns  /hydrogen atom, for seve ra l  tempera tures .  The 
r e su l t s  a r e  shown in Figs .  6. 2 and 6. 3. Predictions of the la tes t  Einsteln 
osci l la tor  model (Section 6. 2) with a .mass  of 360 associated with the acous - 
t ic  vibrational modes a r e  a l so  shown in ~ ' i g s .  6. 2 and 6. 3 for  comparison 
with the measurements .  It i s  c l ea r  that this model predicts  the the rma l -  
neutron spec t rum with good accuracy.  

F r o m  the standpoint of reac tor  calculations, it might be of in te res t  
to a s k  whether the refinements in the Rosenbluth-Nelkin Doppler -broadened 
  in stein osci l la tor  model  have real ly  been worthwhile. The spectral-shift 
t empera tu re  coefficients of a hypothetical solid homogeneous u~~~ - Z ~ H ~ .  7 5  
r eac to r  therefore  have been calculated. The tempera ture  coefficient he re  
i s  due exclusively to changes in ~ f .  The new and old Einstein osci l la tor  
models  give tempera ture  coefficients which differ by about 2.57'0, which is  
a significant change fo r  r eac to r  analysis.  

The conclusions f r o m  this experiment and analysis a r e  by now evident.. 
The spec t r a  in poisoned zirconium hydride shift markedly with tempera ture  
and in about the manner  predicted using an Einstein osci l la tor  model. 'l'his 
observation i s ,  however,  inconsistent with the model of Miller,  et a l .  (34) 
F o r  par t icular  applications, p res  ent knowledge of this kerne l  i s  adequate: 
however,  an  even m o r e  accura te  t reatment  of this modera tor  would appear  
to  be necessary  to remove any residual  disagreements  between theoret ical  
and experimental  spectra .  



F i g .  6. 2--Inf ini te-medium spec t r a  at var ious  t e m p e r a t u r e s  in  
z i rconium hydride poisoned to  3 .  4 b / H  a t o m  
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6. 2. SCATTERING MODELS FOR ZIRCONIUM HYDRIDE 

The c rys t a l  s t ruc tu re  of gamma -phase z i rconium hydride cons i s t s  of 
a face-centered-cubic.  la t t ice  of z i rconium a toms  with in te rs t i t i a l  hydrogen 
a toms  fo.rming a second cube one -half the s i ze  of the  z i rconium .cube and 
cen te red  inside that  la t t ice .  Each hydrogen a tom has  four  equidistant 
n e a r e s t  z i rconium neighbors spaced a t  0. 433 t imes  the la t t ice  spacing.  
The hydrogen can thus v ibra te  m o r e  o r  l e s s  isotropical ly  a t  the  cen te r  of 
a t e t rahedron  of approximately s ta t ionary z i rconium a toms .  

Ea r ly  exper imental  work(35) indicated that the hydrogen a toms  bound 
in  the z i rconium la t t ice  do not v ibra te  with a Debye spec t rum of n o r m a l -  
mode frequencies .  Instead,  equally spaced cha rac t e r i s t i c  f requencies  
appeared  to be excited in  the la t t ice  by neutron interact ions ,  m o r e  in  keep -  
ing with the behavior of a n  Einstein solid. This i s  the r e su l t  to  be  expected 
on the bas i s  of a s imple  model  in which the  proton v ibra tes  isofropical ly  in  
the harmonic  potential well  fo rmed by n e a r e s t  z i rconium neighbors.  ,, Such 
a n  osci l la tor  ha s  energy s ta tes  [n + ( 3 / 2 ) ]  bv, h being P lanck ' s  constant ,  v 
the osci l la tor  frequency, and n a posit ive integer .  Neutrons would thus 
l o se  o r  gain energy in d i s c r e t e  amounts ,  nhv, by coll isions with protons 
bound in this harmonic  potential.  In addition to these  optical  lat t ice.  t r a n  - 
sitions,.  neutrons  may  exci te  acoust ic  Debye-type vibrat ions  in the  z i r con -  
ium hydride la t t ice .  In the long -wavelength dcoust ical  modes ,  the hyd;ogen 
a toms  move in  phase with one another .  These modes  t he re fo re  co r r e spond  
to  the motion of a group of a toms  whose m a s s  i s  much g r e a t e r  than that of 
hydrogen, and indeed even g r e a t e r  than the  m a s s  of z i rconium.  Because  
of the l a r g e  effective m a s s ,  these  modes  ar.e ve ry  inefficient f o r  t h e r m a l  - 
izing neutrons ,  but fo r  neutron energ ies  below hv = 0. 137 ev they provide 
the only mechanism for  the slowing down of neutrons .  

The s imples t  model  proposed for  consider ing the prob lem of neutron 
slowing-down in  z i rconium hydride was that  of Cohen and Vaughan, (36) in 
which acoust ic  modes were  ent i re ly  neglected and only the d i s c r e t e  energy 
t r ans fe r s  nhv between the neutron and the harmonical ly  bound proton w e r e  
allowed. The population of protons in  the  var ious  excited s t a t e s  was given 
by the Boltzmann factor  e - h ~ / K T .  The resul t ing sca t te r ing  c r o s s  sect ions  
showed pronounced dips,  a s  expected, a t  the energies  nhv. Calculated 
neutron spec t r a  had pronounced b reaks  a t  these  s a m e  energ ies ,  a s  shown 
in F ig .  6.  4. 

At about th'e s a m e  t ime ,  another  theory was proposed by Rosenbluth 
and  elki in,(^^) based  on the osci l la tor  model and on much  e a r l i e r  work by 
Rosenbluth. The neutron sca t te r ing  c r o s s  sect ion was calculated including, 
in  an  approximate  manner ,  acoust ical  and other  molecu la r  effects.  The 
acoust ical  modes and 'pos  s ible  anharmonici t ies  w e r e  cons idered  in the  
simplified model only insofar  a s  they broadened the peaks of the  energy 
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Fig. 6 ,  4 -  -Neutron flux in an infinite, homogeneous mixture 
of Z,rH2 and u~~~ having 140 'hydrogen atoms pe r  u 2 3 5  atom 

(calculated f rom model of Cohen and Vaughan) 



distribution of neutrons which t r ans fe r red  energy with the d iscre te  optical 
modes.  In effect, what was done was to include a translational degree of 
f reedom a s  well a s  the vibrational degree of f reedom, and to assign to it a 
m a s s  sufficient to Doppler -broaden the oscil lator levels to  conform with 
experimental total -c ross  -section work. The average occupation number 
for  the levels was given, a s  expected, by Bose-Einstein s ta t is t ics  charac  - 
t e r i s t ic  of the harmonic potential. A disconcerting fact about this model 
was that,  owing to numerical  requirement ,  it was necessary  to assign an 
unrealist ically small  m a s s  (20) to the translational degrees of f reedom to 
Doppler -broaden the levels.  

Recently, a third model describing the propert ies  of the molecular 
s ta tes  of zirconium hydride was proposed by Miller,  Brehm,  and ~ o b e r t s . ( 3 ~ )  
The model,  which i s  phenomenological in nature., was postulated to explain 
the smal l  prompt spec t ra l  temperature coefficients of reactivity observed 
for  the SER se r i e s  of reac tors .  There  a r e  three  charac ter i s t ic  differences 
between this model and the fo rmer  two. Specifically, these a r e :  

1. ' The zirconium and hydrogen a r e  t rea ted  separately,  and for 
zirconium a crys ta l  phonon scattering c r o s s  -section formulation 
i s  used. A Debye cutoff of 0. 02 ev i s  assumed.  

2.  The data of Woods, et al . ,  (37) were  used d i rec t ly  to obtain a 
frequency distribution function for  the hydrogen in zirconium 
hydride. 

3.  The Bose-Einstein s ta t is t ics  for  the average occupation numbers  
of the harmonic oscil lator s ta tes  were  replaced by F e r m i  -Dirac 
s tat is t ics .  The justification for  this s tep was that the protons 
might communicate in the manner  of electrons in a semiconductor 
and would not act like perfectly bound part ic les .  (In other words,  
the protons would diffuse f rom one well t o  another,  which indeed 
does happen. ) 

The objections to this model a r e  based mainly on consistency a r g u -  
ments .  If one assumes  protons in a harmonic oscil lator potential then one 
i s ,  by the arguments set  forth by Glauber, (38) relegated to Bose-Einstein 
s ta t is t ics  which descr ibe the vector displacements of the protons. In other 
words,  the Bose-Einstein s ta t is t ics  re fer  to the phonons, not to the protons.  
There  is  really no choice in this ma t t e r .  The use of Fe rmi -Di rac  s tat is  - 
t i cs  i s  appropriate in situations where there  a r e  many part ic les  in a l a rge  
box o r  well, no two of which can occupy the same state.  Here ,  we have 
but one part ic le  in any well. Since the protons do diffuse f rom one well to  
another,  then in a n  exact t reatment  this should be taken into account, per  - 
haps by considering the protons to be in some kind of a periodic potential--  
but this i s  a difficult problem and would not mere ly  involve a change of 



s ta t i s t ics .  ~ u r t h e r m o r e , ,  the use of the one-phonon cr.oss -section formu-  
lation, together k i th  a frequency distribution function, 1s not likely to be 
a s  r igorous a t reatment  of the problem a s  calculating the  c r o s s  sectiqn 
direct ly  and'  exactly on  the basis  of some r e a l i s t i c  physical model. 

. . . . 

, 
. .w.L have  attimpted t o  refine the basic ~osenbluth- elki in model for  

zirconium hydride in  a rea l i s t ic  manner  to s e e  if the experimental observa-  
t ions-could be be t te r  explained. The slow-neutron scat ter ing c r o s s  section 
for  a sys tem of chemically bound nuclei can  be written in the form 

2 2 
where  a i s  the bound-atom scat ter ing length, t = ( k  - k o ) / 2  i s  the energy 
t r a n s f e r ,  and; = % -  z0 is the momentum t r ans fe r ,  with ko being the initial 
momentum and the final momentum of the neutron. The units used a r e  
those in which n = .neutron m a s s  = 1. The quantity x(;, t)  contains the 
molecular  .dynamics of the scat ter ing system, and i s  given by the thermal  
average  

and  ;.(t) i s  the positiqn vector  of the jth nucleus a t  t ime t .  By assuming 
J 

c rys t a l  symmet ry  and harmonic la t t ice  vibrations,  one a r r i v e s  a t  the 
following approximate resu l t :  

with 

UU 
P (4 

'") = Irn ZU r,iiik~ (u/ 2T) 
exp t iwl . 

(WT . ). 
The quantity P(U) i s  the frequency spec t rum of the c rys ta l .  

F o r  zirconium hydride we have split p(w) into two pa r t s :  pl(w) fo r  
the optical modes and p2(w)  for  the acoustic modes.  F o r  the osci l la tor  
levels  of the optical modes,  p l (w)  i s  taken a s  a Gaussian distribution 
centered a t  0. 13  ev, with a width of 0. 0 2  ev chosen to f i t  the c r o s s  -section 
data of Woods, et a l .  The frequency distribution pZ(w)  fo r  the acoustical 



modes i s  taken a s  a Debye spectrum with a cutoff a t  0. 0 2  ev. Two t r i a l  
weights were  associated with these modes,  91 and 360. These a r e  the 
lower and upper l imi ts ,  respectively,  that could be taken a s  the weight, 
s ince the proton i s  bound to four zirconium atoms,  but .not in a completely 

. - 
rigid way. 

The computer program  SUMMIT(^^) can be used to solve Eq. ( 2 )  by 
an  exact multiphonon expansion, and thus to  generate.a '  . . . . . .  skattering kernel  
for computing the thermal-neutron spectrum. 

. . . . .  

. . . . . . 
I . .  . ' .  



VII. NEUTRON THERMALIZATION IN B e 0  

7.1.  STATUS O F  THE PROBLEM 

During 1961, neutron spec t r a  were studied in seve ra l  assemblies  of 
beryl l ium oxide. These spec t r a  and thermal  and epi thermal  flux d is t r i -  
butions throughout the assembl ies  a r e  given in Ref. 1. The assembl ies  
were  poisoned somewhat heterogeneously with borated s tainless  s tee l  foil, 
and the spec t r a  were  measured  a t  two locations in the assernhly. The 
pulsed neutron source  was placed outside of the assembly. As a resu l t  of 
this ,  the flux distribution in one dimension in the assembly had the charac-  
t e r i s t i c  age shape and in the other two dimensions a no rmal  mode o r  c n s i n e  
shape. The initial attempts to understand and calculate these spec t ra ,  
however,  did not meet  with success .  The spec t ra  were  spatially dependent 
and noninfinite-medium in charac ter .  The modal expansion method was 
used to take into consideration the spatial  effects,  but this procedure did 
not converge. In other  words,  we had to consider contributions f rom the 
ve ry  high-order  spat ia l  modes.  We have therefore endeavored to approach 
the study of thermalization in Be0 in two ways. F i r s t ,  experimentally we 
have been studying the feasibility of producing a normal-mode flux d is t r i -  
bution in al l  three dimensions of a B e 0  assembly. Gamma-ray exc i t a t i nn  
of the assembly is utilized in  this approach. Second, we have been investi-  
gating alternative methods of analysis to use in studying the space-dependent 
spec t rum problem In BeO. 'I'he p rogress  achieved in these two investigations 
i s  d iscussed  in Sections 7 . 2  and 7 ,  3, 

7 . 2 .  NORMAL-MODE PRODUCTION 

These experimental  studies we r e  performed to determine the feasibility 
of obtaining a three  -dimensional,  normal-mode flux distribution in a B e 0  
assembly.  This accomplishment would obviate any possible need for  
multiplying-assembly studies of neutron spec t ra  for  this moderator  if the 
space -dependent spec t ra l  problem remained unsolvable. An X-ray  source 
and the (y, n) reaction in the beryllium itself were utilized to shape the 
spatial  distribution of the fast  flux in the B e 0  assembly.  

The t e s t  assembly investigated was  constructed f r n m  R e 0  b!.ocks to 
f o r m  a 60-cm cube. The blocks were about 1 c m  thick. Between each 
l aye r  of BeO, borated s tainless  s teel  foils (0. 01 0 in. thick) were  placed in 
o r d e r  to poison the assembly to about 1 .3  barns p e r  beryllium atom. The 



thin absorbing foils did not necessitate a la rge  self-absorption correct ion.  
The neutron spec t rum was quite epi thermal ,  owing to the relatively high 
absorption, but was sti l l  expected to be quite sensit ive to the scat ter ing 
model used for BeO. The X-ray source was constructed f rom a 0.020-in. 
thickness of tungsten alloy. Approximately 50% of the Linac electron-beam 
energy was converted to bremsstrahlung by the thick target.  The source 

' was water-cooled and backed by 2 in. of aluminum to stop the remaining 
electrons.  The neutron-flux distributions in the B e 0  were mapped using 
the cadmium-covered indium foils (indium-resonance neutrons of 1 . 4  ev).  
The f i r s t  geometrical arrangement  ilsed i s  shown in Fig. 7. 1. It was hoped 
that the des i red  normal-mode flux distributions could be obtained (empirically) 
by moving the source o r  changing the distribution of thickness of the B e 0  
fi l ler blocks shown in Fig. 7. 1. The neutron distribution measured  in this 
assembly indicated that a fast-neutron flux emanating f rom the source was 
falling on the face of the B e 0  assembly and distorting the total flux shape. 
A fast-neutron shield was designed to eliminate these neutrons and to 
collimate the photon beam. The resulting geometrical arrangement  i s  
shown in Fig. 7. 2. The distribution measured  axially f rom the source  in  
the B e 0  assembly with and without the shield i s  shown in Fig. 7. 3. The 
distribution des i red  with the shield was achieved, but the los s  in neutron 
intensity incurred  by placing the source a t  the distance required for the 
shielding was too grea t  to make a good spec t rum measurement  possible. 

Fur ther  studies a r e  required to determine whether a three  -dimensional 
normal-mode distribution can be achieved in a B e 0  assembly with sufficient 
intensity to pe rmi t  measurements  of neutron spec t ra  to be made. 

7 .3.  CALCULATIONS 

As mentioned above, previous attempts to analyze the spec t ra l  
measurements  in B e 0  have not been part icular ly successful.  We have 
therefore adopted a new procedure for  solving the space-dependent spectrum 
problem. The whole problem i s  solved utilizing a Po source with scat ter ing 
by means of the d iscre te  t ransport- theory code GAPLSN. We have con- 
centrated our  effor ts  h e r e  on reanalysis  of the 1961 data,  taken under 
infinite-medium conditions with a basic  geometry s imi lar  to that of Fig.  7. 1. 
F i r s t ,  the cel l  problem had to be solved because of the lumped absorption 
used in the previous work. A DSN cel l  problem gave the disadvantage 
factors  associated with the neutron flux in the absorber  and moderator .  
Utilizing these disadvantage factors  to weight the absorption c r o s s  section, 
the spec t r a  were  calculated by GAPLSN throughout the ent i re  assembly. 
The spatial  source  was specified by the flux plots originally taken by foil 
activation in BeO. The scattering kernel  for the analysis i s  based on a 
Debye frequency spectrum with a Debye cutoff frequency adjusted to satisfy 
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the specific-heat measurements  for BeO. The molar  specific heat ,  Cv, 
i s  calculated for  the proposed frequency spec t rum p(o) ,  using 

where R i s  the gas constant, T i s  the Kelvin temperature measured  in 
electron volts, and 8 i s  the Debye cutoff frequency. The calculated 
spatially dependent spec t ra  a r e  compared with the measured  spec t r a  in 
Fig. 7 . 4 .  The agreement  has  been improved considerably (especially for 
the 6 -in: .measurement) and it ,appears that a .simple rnol.e.cu1a.r 'mioael. has  
permitted reasonably accurate spec t ra  to be calculated. However, a 
discrepancy of 10% between theory and experiment i s  present  at KT for the 
spec t rum at the 12-in. position.   he new method of handling the spatial  flux 
problem also s e e m s  to give better resul ts .  

The above comparisons,  although somewhat encquraging, a r e  really 
prel iminary in nature.  More spec t ra l  data with smal le r  flux depression 
correct ions,  with samarium:, resonance absorption, and measured  over 
the pract ical  tempera ture  range of in te res t  will be forthcoming during the 
next year.. In addition, the molecular model for B e 0  will be put on a f i rmer  
theoretical foundation, so that all  c l a s ses  of spec t ra l  problems associated 
with this moderator  can be handled with confidence by reac tor  design 
engineers and physicists.  
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VIII. SCATTERING MODEL FOR BERYLLIUM 

Beryllium metal  i s  potentially important both a s  a moderator  and a s  
a reflector f o r t h e r m a l  neutrons. In o r d e r  to b'e able to calculate thermal-  
neutron spec t ra  in beryllium, it i s  necessary  to obtain f i r s t  a sca t te r ing  
kernel.  The computer code SUMMIT can be used to generate' scattering 
kerne ls  in the incoherent approximation for  an isotropic mater ia l  . at . any 
des i red  tempera ture  if the frequency spec t rum of the latt ice vibrations i s  
known. To this e.nd, the dispersion relations in the symmetry  directions 
of a single beryllium crys ta l  have been measured  by R I  E.. Schmunk, e t  al. (39)  
These authors also showed that a central  force model,  including up to fifth- 
nearest-neighbor interactions,  gave a reasonably good fit to the experimental 
data. Using this force model, the frequency sp.ectrum for beryllium has  
been found, This frequency s ec t rum i s  compared with that obtained 
experimentally by Sinclair ,  (4f) using the extrapolation technique on the 
scattering law. Also, we have computed the scattering law using SUMMIT 
in o rde r  to make comparisons with the measurements  of Sinclair .  . . 

As a fur ther  tes t  of th.e theoretical frequency spec t rum,  the specific 
heat of beryllium h a s  been computed over  a wide tempera ture  range. 

8 .1 .  LATTICE DYNAMICS O F  BERYLLIUM 

F o r  completeness,  and ease  of understanding, a review will be given 
he re  of the c rys t a l  s t ruc ture  of beryllium. F o r  m o r e  detail the reader  i s  

. . 
refe.r.red to the ar t ic le  of Slutsky and Garland. (41) 

Beryllium has  a hexagonal close-pac.ked latt ice s t ruc ture  with two 
part ic les  per  unit cel.1. ' We choose the origin of coordinates at  one of the 
par t ic les .  Let. j be the cell  index and ,4! the latt ice index. Thus, 

F o r  the second part ic le  in the unit ce l l ,  j=2, we have 

-+ -L. -.L 

where a l ,  a2 ,  a3 a r e  the basic vectors  for the latt ice.  Owing to the 
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-+ -+ + + 
hexagonal  s y m m e t r y ,  a  i s  pe rpend icu la r  to a and a and; and a2  make  

3 -+ 1 --, 2' -1 
a n  angle of 120° with e ~ c h  o ther .  Also,  I a l  / = I a2 I = a ,  1 a 1 = c .  F o r  

3 
be ry l l i um,  a = 2. 2856 A and c = 3. 5832 x. The volume of a unit ce l l  is 
4 

a l  . (Z2x z3) = 6 a2 c / 2 .  Table  8. 1 g ives  the posit ions of the a toms  out to 
. 

f if th n e a r e s t  ne ighbors  of the  a toms  in the z e r o  ce l l  - ! l = O ) .  Atom 0 i s  the 
a t o m  a t  the o r ig in  ( j = l , l - 0 )  and atom, 0 '  i s  the a tom j = 2 , l = 0 .  Atoms  1 to 
6 a r e  a t  a  d i s tance  a f r o m  0,  a t oms  7 to 12 a t  a  d i s tance  ( c 2 / 4  + a 2 / 3 ) 1 / 2 ,  
a t o m s  13 to 18 a t  a  d i s tance  ( c 2 / 4  + 4 a 2 / 3 ) l l 2 ,  a t oms  19 and 20 a t  a dis tance  
c ,  and a t o m s  2 1 to 32 a t  a  d i s tance  ( c 2 / 4  + 7a2 /3 ) .  

F o r  be ry i l i um we m a k e  the a s  sumpt ion that  the  in te ra tomic  f o r c e s  
a r e  c en t r a l .  The to ta l  potential ,  +T,  of the l a t t i ce  is given by the s u m  of 
a l l  the two-body c e n t r a l  potent ia ls ;  

1 
Q ~ = ~  + ( ~ ~ ( l , j ) - ~ ( 1 1 , j q ) + ~ ( l , j ) - ~ ( 1 1 , ~ 1 ) l ) 9  (1) 

, e j , l  ' j '  

3 

w h e r e  ;(l, j) i s  the equ i l ib r ium posi t ion of a pa r t i c l e ,  and u (l , j) i s  the 
s m a l l  d i sp lacement  of tha t  pa r t i c l e  f r o m  i t s  equ i l ib r ium posit ion.  By 
expanding the r ight-hand s i de  of Eq, (1)  i n  a Tay lor  s e r i e s  and keeping 
t e r m s  up to  second o r d e r  only ,  we obtain what i s  ca l l ed  the ha rmon ic  
approximat ion:  

Q~ = +T (equi l ibr ium) + - 
2 

l j , l l j '  a! s=so(J?J? I, j j  ') 

[ x U ( j s i )  - x CY ( l ' , j q i J [u0( ,8 . j )  - LI a! ( , tvp j ! ) ]  
X 

s o ( J l  ', .i.i '1 
s=so(f? l  ', j j ' )  

1 
X 

2 { [xa(J?'j) - x a ( l ' , j ' ) ] [ u  Lg,j) - u i ( J ' , j l ) I  
s o ( l l  ', jj ')  cr (Y 

+ + + + + -+ 
where  s =  x(&, . i1 - -  x ( R 1 , j ' )  + u ( P , , j )  - u ( L 1 , j ' )  1 ,  n = I x ( . l , j )  - - J ( . e l , j l ) l .  
Now we r ead i l y  find to th i s  approximat ion 

U 

x U , j )  - x ( J 1 , j ' )  
CY a! 

a! W,j )  l s J j  
s o ( J l  I, j j ' )  

S = S  ( l a  I, j j ' )  
0 



Table 8. 1 

POSITIONS OUT TO FIFTH NEAREST NEIGHBORS IN HEXAGONAL C P  LATTICE 

NOTE: The force  constants for f irs t  neighbors are  a. 
The force  con'stants for second neighbors are  P .  
The force  constants for third neighbors are  y .  
The force cons tant s  for fourth neighbors are  6 .  
The force  constants for  fifth neighbors are  e.  

e 2  
I 0 0 0  
1 1 0 0  

0  
I 1 1 0  

- 1  
0 - 1  

1 0 1 0  
1 0 0 1  
1 1 1 1  
1 0 1 1  

2  

1 1 0 1  
0 

1 0 0 - 1  
- 1  

0 - 1  
1 2 1 1  

I 

I 

Atom 

'Referred  
to 0  

0  
1 
2  
3  
4 
5  
6  
19 

20 

j 

1 
1 

1 

1 
1 

Label 

Referred 
t o o '  

7  
15 
17 
9  
27 
28 
I I 
8  
10 
12 
13 
14 
16 
18 

21 
22 
23 
24 
25 
26 

29 
30 
31 
32 

" 
1 - 1  

- 1  

1 
1 1 2  

1 - 1  

- 1  

1 2 2  
1 0 2  
1 - 1  

1 2 1  
1 2 2  
1 0 2  
1 - 1  

e 
3  

0  

0  
0  

'0 
1 

1 

I 
1 

1 
1 
1 

0  
0  
0  
0  

nth Nearest  
Neighbor 

To  
Atom 0  

1 
I 
I 
I 
1 
1 
4  

4 

To 
Atom 0' 

2  
3 
3  
2  
5  
5  
2  
2 
2  
2  
3  
3  
3  
3  

5  
5 
5  
5  
5  
5  

5  
5  
5  
5  

'2 

0  
- I  
- I  
- 1  
- 1  
-2 
-2 

0  
0  

- 1  
-2 

2 0 - 2 0  
- 1  

- I  
- 2 - 1  
- 2 - 1  
- I  
0  

Atom 

Referred 
to 0  

7  
8  
9  
10 
1 1  
12 
13 
14' 
15 
16 
17 
18 
2  1 
22 
23 
24 
2 5  
2  6 
27 
28 
29 
30 
3  1 
32 
19 

j 

2  

2  
2  
2  

2  

2  

2  

2  

2  

L.abel 

Referred 
t o o '  

20 
0  

5  

4 

I 

2  
3  
6 

'1 

2 0  
2 0  

0  
2 0  

- 1  
- 1  
- 1  

2 - 1  
2 1  
2 1  

- 1  
2 - 1  
2 1  
2 0  
2 - 2  
-2 

+ I  
2 1  
2 0  
-2 

2 - 2  
2 0  

1 
2 0  

'3 

0 - 1  
0  

- 1  
0  

- 1  
0  

- 1  
0  

0 - 1  
0 0  

- 1  
0. 

I 0  
1 0  

0  
0  

0  
1 -  
1 - 1  

- 1  

- I  
I 

nth Neares t  
Neighbor 

To  
A t o m 0  

2 
2  
2  
2  
2  
2  
3  
3  
3  
3 
3  
3  
5  
5  
5  
5  
5  
5  
5  
5  
5  
5  
5  
5  

To 
AtomO'  

4  

1 

I 

I 

I 

! 
I 

4 



+ 
which i s  the force  acting on the par t ic le  a t  x (a ,  j) in the a!-direction. In 
equi l ib r ium this force  m u s t  vanish; thus,  

x (1, j) - xa!(l ', j ' )  (2)  1 0 - z  a! 

a! equil. a ' ,  j '  s = s  (11 ' ,  jj ')  sO(.ll! ' ,  jj ') 
( a ,  j) o 

Consequent ly , .  in  the harmonic  approximation we can wr i te  for the equation 
of motion of a par t ic le  in the la t t ice  under the influence of cen t r a l  fo rces :  . 

s (.l ,lt ,jj ')  s o p ( l J ' , j j ' )  
M ti ( e l  j) = K(ee ', j j ' )  Oa! - ---- 

a! 2 
u (4 I, j ' )  

a t l j '  P s0(,f2 ' ,-jj ')  P 

P a ' ,  j '  s,(.ll ' ,  jj!) 

2 2 where  K(L!a ' ,  j j ' )  (8 + / a s  ) s = s , ( ~ ~  I ,  j j  1 )  a r e  the a tomic force constants 
and M i s  atomic m a s s .  F o r  Eq. (2) we a s s u m e  the solutions a r e  plane 
waves : 

+ +j 4 

where  k i s  the wave vec to r ,  v the frequency of the wave, and C ( k )  the 
polar izat ion vec tors .  After  substitution of Eq, ( 3 )  into ' E ~ .  (2) ,  we find 
the condition for  solubility 

2 (c)  ( h v )  hld  6 I = 0 , ' D a ! ~  j j t  . cup j j l  

where  

s ( , e . . e . ~ , , j j ~ ) . . ~  ( .e .~.~,jy) 
D (r) = - 1 K(1At9 j j ' )  

ou 0 P i ! r i ~ ? b  lC(,t I )  -?(,t) 1 
2 .. 

. e 
QIP j j l  .l? ' so(lf,e* ', jj ') 

in  the l i t e r a tu re  i s  cal led the dynamical mat r ix .  Since D ~ ~ ( . < ~ )  i s  independent 
J. J 

of a a s  indicated,  i s  s e t  equal to ze ro  in o r d e r  to conform with Table 8.1. 



- 
-C 

Dap(k , )  is a 6 x 6 mat r ix ,  and consequently there  will  be both optical and 
+ + 

acoui i ica l  branches to the dispersion relations w(k) v e r i u s  k. Schmunk, 
e t  a l . ,  (39) have measured  the dispersion relations f rom observations of - 
the one-phonon neutron scat ter ing in the symmet ry  directions of a single 
beryl l ium crystal ,  and thus have determined the force constants which give 
a bes t  fit of the above model to the experimental  data. These force constants 
f o r  the f i r s t  five neighbors a r e  or = 1. 60, P = 2. 66, y = 0. 188, 6 = 0. 668, 
and E = 0. 454 in units of 1 o4 dynes / cm. 

8.2.  FREQUENCY SPECTRUM O F  BERYLLIUM 

-w 

+ All the possible values of the wave vector k a r e  obtained by res t r ic t ing  
k to  l ie  in the f i r s t  Brillouin zone of the crystal .  The f i r s t  Bril louin zone 
f o r  a hexagonal close-packed lat t ice  i s  a hexagonal cylinder.  

The rec iproca l  la t t ice  vec tors  a r e  defined by 

L 
where  v = 0 a c /  2 is the volume of a unit cell. Since 

C 

+ 
if we r e s t r i c t  k to l ie  in  the zone defined by the planes normal  to .the vec tors  

the whole frequeiicy range wil-l be covered. 

The frequency spec t rum f ( w )  i s  defined such that 'f(w) dw gives the 
number of f requencies  between w and w t dw. If a l a rge  computer is 
available, the bes t  means  of finding f ( o )  s e e m s  to be to solve Eq. (4 )  f o r  . 

+ 
a la rge  number of values of k in the f i r s t  Bril louin zone of the c rys ta l ,  
and hence to construct  a h is togram for  f(w).  Owing to symmetry ,  however, 
i t  i s  possible to reduce the s i ze  of the r e ~ i o n  in  which Eq. (4)  m u s t  be 
solved. In Fig,  8. 1,  the cent ra l  plane (b3 = 0)  of the Bril louin zone i s  
shown. It is c l ea r  that we can r e s t r i c t  the solutions to the s m a l l  section 
shown, which i s  1 / 12 of the zone, and in the full zone we can make the 
fur ther  res t r ic t ion  of 0 5 k3 5 112. Thus, i t  i s  necessa ry  to solve Eq. (4)  
only in a region which i s  1 / 2 4  of the f i r s t  Bril louin zone. However, s ince 





we a r e  in effect sampling the roots in the whole zone, we must  be careful  
to weight the points in a manner depending on whether they occur  on the 
faces ,  co rne r s ,  o r  edges of the reduced region. Table 8.2 gives the 
weights associ,ated with each point of the reduced zone. The weights 
correspond to the total number of equi+:alent points in  the whole ~ r i l l o u i n ' .  
zone. The reduced zone i s  given by O S k l  5 1 1 3 ,  O I k 2 1 k 1 ,  O I k 3 1  112; 
113 5 k l  5 112, O 5 k2 5 1 -.:2k O 5 .k3 1 /2 .  

1' 

Table 8. 2 

WEIGHTING O F  POINTS IN: THE REDUCED BRILLOUIN ZONE 
O F  THE BERYLLIUM CRYSTAL 

Equation (4) was solved on the IBM-7090 fbriZ41'8$giritS in thd..i-edute.d zone. 
The frequency spectrum obtained i s  given in Fig. 8. 2. . . 

Points  

~ i n c l a i r ' ~ ~ )  has  measured the differential neutron scat ter ing c r o s s  
0 

section of beryllium at 293 K. The c r o s s  section i s  given by . . 

Weight 

+ 
where ub i s  the bound-atom c r o s s  section, ko i s  the initial neutron momentum, 
+ 2 k i s  the final momentum, CY = (f - ko) / (ZMT), P = (k2 - k6) / (ZmT), M i s  the 
m a s s  of the sca t t e re r ,  m i s  the neutron m a s s ,  T i s  the tempera ture  in 
electron-volts,  and S ( C Y , ~ )  i s  the scattering law which depends on the 
dynamics of the sca t te rer .  The data a r e  presented by plotting S ( C Y , ~ - ) / a !  
ve r sus  a! for given p. It has  been poihted out that the frequency spec t rum 
can be obtained f rom the measurements  by extrapolating s , ( c Y , ~ ) / c Y  ve r sus  

:, - - - .  



Fig. 8. 2 - -Frequency  spec t r a  of beryl l ium 
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a! to a! = 0 by using the relation 

I S 
f(w) = l i m  

. 2P sinh P /  2 a! 
9 

a!--0 

where w = PT i s  the frequency and S s ( a ,  P )  is  the "self-part" of the scat ter ing 
law, i. e . ,  in the absence of interference effects. The difficulty with this 
method i s  that for small  a! ( smal l  momentum t ransfer ) ,  interference effects 
a r e  ha rd  to separa te ,  and thus the method i s  not expected to be sensit ive to 
all the details of the frequ&hcy spectrum. In Fig. 8. 2, the frequency 
spectrum of beryllium obtained experimentally by the above method i s  com- 
pared with that obtained from the cent ra l  force model. 

8.3.  SCATTERING KERNEL FOR BERYLLIUM 

In the absence of interference ef fec ts ,  incoherent approximation, 
the scat ter ing c r o s s  section can be calculated f rom the expression 

where r i s  the energy t r ans fe r  to the neutron, KL i s  the square of the 
momentum t r ans fe r ,  and 

2 f(o) e 
X(K , t) = exp - [ 2. s i n h  (u/2T) 

Equation (8) i s  str'ictly t rue only for  an isotropic substance, .which .does not 
s t r ic t ly  apply for  beryllium, but should be a more  than adequate approxi- 
rnat.ion f a r  reactor  applications. To be m o r e q r e c i s e ,  i t  would be neces-  
s a r y  to calculate the polarization vectors  cj (k.). The IBM-7090 code 
 SUMMIT(^^) can be used to evaluate S s ( a ,  P )  f rom Eqs . '  (6) and (7)  once 
f(w) i s  given. Ss(a!, P ) /  a!, compared  with the measurements  of ~ i n c l a i r , ( ~ O )  
using the theoretical f(w)  for severa l  values of P at  293O K ,  i s  shown in 
Figs.  8. 3 and 8 .4 .  The discrepancy a t  low values of a! i s  c lear ly  due to 
the influence of coherent scat ter ing,  i .  e .  ; interference effects. F o r  neutron 
s l o w i n g - d o ~ n ~ h o w e u e r ,  i t  i s  the la rge  val.ues of a!' which a r e  important ,  and 
thus the calculated scattering law using the incoherent approximation and 
the isotropic approximations can be expected to yield good- r e su l t s ,  a s  the 
comparisons in Figs .  8. 3..and 8...4' show. 
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8 . 4 ,  SPECIFIC HEAT 

The frequency spectrum:o,f beryllium can be used to ~ ' . ~ l c u l a t e  the 
specific heat at  constant volume, Cv, through: the fundamental relation 
given by Eq. (1) i n s e c t i o n  VII. The max.imum frequency, amax,  corresponds 
to a phonon energy omax = 0. 0826 ev. A curve of Cv(T) versus  T obtained 
f r o m  Fig. 8 . 4  and Eq,  (1 )  i s  given in Fig. 8.. 5. At room temperature 
we find Cv = 4. 10 cal-mole-1-deg. -1 a s  compared with a 'measured  value 
of 4 .2 cal-mole- '  -deg. -1. The reason for not quoting a gr,eater accuracy 
fo r  the l a t t e r  value.'is that experimentally one m e a s u r e s  (for- obvious reasons)  
Cp, but the compressibi l i ty  . . of b e r y l l i u m i s  no,t well-enough known to obtain 
accura te ly  Cv f r o m  C At low tempera tures  th.is correct ion i s  negligible. 

. P' . .  . 

As stated earlie, 'r,  the computer code SUMMIT ( I 7 )  calculates the 
sca t te r ing  c r o s s  se.ction in the incoherent app.roximation for inelastic 
scattering. '  F o r  transport .  prohl.erns i t  is  'also necessa ry  to hsvc the elast ic  
c r o s s  section. Elas t ic  scat ter ing i s  defined a s  th,e ze ro  phonon t e r m  in a 
multiphonon expans,ion. SUMMIT cannot be used to calculate the incoherent 
e las t ic  scattering.'  Therefore ,  ' in  the following we present  expressions for  
the coherent and incoh.erent e last ic  scattering..  . 

The multiphonon expansion for  the scat ter ing .of thermal  neutrons 
f r o m  crystal l ine ~ o l i d s  i s  given by severa'l  author^(^^)(^^) and will not be 
repeated h-ere. The'e1,astic incoherent scat ter ing per  atom i s  given by 

9 '  W 
rlr u - inax 

c l ,  incoh - incoh w 

* dQ . 4if W 

+ 
where M is. the m8s.s of a beryllium atom,. K i s  the neutron momentum 
t r ans fe r ,  and uincoh is: the zero-energy bound- atom ic.ross section. The 
exponential 1s just the famil iar  Debye- Wa.l.Zer .factor. .   he eiast ic  coherent 
sca t te r ing  f rom a:single beryllium crys ta l  i s  given by 

1 

du N i u  7 

e l ,  coh - c coh 3 - K b ~  -- 2 , 3  -c + - 
d SZ ( 2 ~ )  z C. I S+ I . 6  ( X  * 7 )  , . v  4Tr 

C' 4 T 

where Nc i s  the number of unit ce l l s  in the c rys ta l ,  Vc i s  the volume of a 
. .  . . . .. 

unit ce l l ,  ucoh i s  the zero-energy  bound-atom coherent d r o s s  section, and 
4 

; i s  a reciprocal  latt ice vector .  F+ i s  the s t ruc ture  factor for the scattering 
T 



TEMPERATURE (OK) 

Fig.  8 .5 - -Theo re t i c a l  variation. of specific h e i t  of beryl l ium with absolute t empe ra tu r e  



f r o m  a unit ce l l :  

and W 
m ax 
- W w .=  - f(w) coth - 

2KT dw 

F o r  mos t  applications one will be dealing with a polycrystalline sample of 
beryl l ium, so an orientation average i s  necessary .  The orientation average 

+ 
i s  obtained by integrating over  the direct ions of T ,  and since 

+ + + + 
where  K and T a r e  unit vectors  in the directions of K a.nd T ,  respectively,  
we find 

du dm' ,' 
e l ,  coh 

dR 4Tr dR 1 

2 
- TT u - r W I  F I ( T - 2 k s i n 8 / 2 )  

t e  2 
2 - 0 

2 coh + 6 '  2 . 9 

atom 2 6 a  c T T T 

2 -P 
since Vc = a c / Z ,  K = I IC I = 2k0 sin 812 , and there a r e  two atoms per  
unit cel l .  This i a s t  equation shows that t h e  angular distribution of coherent,  
e last ical ly  sca t te red  neutrons consis ts  of a . se r ies  of peaks,  each peak 
occurr ing  whenever the magnitude of the momentum.transfer  i s  equal to 
that of a rec iproca l  latt ice ver.tns. 

Since 

where ll 1 2 ,  l 3  a r e  in tegers ,  and 



then 

and 

[ ~ e ~ + 4 a , + 3 e ~  
= 2  l t c o s l l  

3 8. 
We shall  be interested pr imar i ly  in the total and P1 components of 

the elast ic  cbherent scat ter ing c r o s s  sections pe r  atom: 

T /  2 ~ < 2 / A  
= U - T 2 w [  '3- t T e  1 + cos  ll 

e l ,  coh coh 2 - 3 
2.J5 a c T 

where A i s  the incident neutron wavelength, and 

2 
A 

2 T / ~ ~ < Z / L  
- T  w 

(8 ) = u  e l ,  coh c oh E q e  
20 a2c 

P l  
T 

Both of the above expressions have been programmed fo r  computation 
on the IBM-7090. Figure 8.6 shows plots of'these expressions for  various 
values of A at  T = 2 9 3 O ~ .  The value of scoh i s  7.  53 barns.  



Fig.  8. 6 -  - ~ l a s t i c  coherent  sca t t e r ing  components of be ry l l i um . . 



IX. PULSED CRITICAL ASSEMBLY 

9. 1. INTRODUCTION 

The s e r i e s  of pulsed neutron measurements  on the ~ i n a c  mu1:tiplying 
assembly(44)  has  been completed. The a s s e k b l y  was designed to be a 
bare  homogeneous s lab 'of enriched . . .  uranium-aluminum . .  . plat-es , in  water .  .. 
Measurements  of the steady- s ta te  s-ource multiplica'ti& a n d  the nkutron 
counting ra te  a s  a function of t ime af te r  a neutron burs t -have  been ,made 
for seve ra l  subcri t ical  fue.1 loadings, together with a .pulsed neutron, ,  . . *  

measurement  a t  the c-itical loading. A tLp view of thk arrangkment  of 
the assembly  and sources  . 1s. . shown . in - Fig. 9. 1. . ., ,Two vsews..of 'the.. actual 
a s sembly -a re  shown in .Figs.. 9. 2 and 9. 3.. The assembly  was s e t ' u p  in a 
large room far  f rom the-walls  and re,ilings in, o rde r  to reduce t ime- 

. . 
dependent effects f rom room return.  The nea res t  wall was 8 ft away, and 
a l l  assembly  support s 'tructure was ke'pt to a riii<imum s o  that the geometry 
was clean and calculable. 

The .Linac electron beam was piped to a sma l l  heavy-metal ta rge t  
just outside one face of the slab. The neutron-versus- t ime behavior was 
obtained f rom a sma l l  fission counter remotely positioned - .  in a cylindrical 
tube o r ,  "glory hole" which passed.through the assembly in the thin dimension. 
Repetition r a t e s  of f rom 30 to 120 pps were  used, and the t ime distribution 
of counts was obtained f rom 4 pseo af te r  the bu'rst to..a t ime just before 
the next burst ,  .using multichannel'time analy iers .  ' . . 

. . - . *  . . . . .  :.> . .- _ _  . - . . 
. . .- . 

F r o m  these data, t-he die-away of the fundamental mode was'  dbtained, 
and by the method of Garel is  and Russell ,  . (45.! . thehumbe-i  of 'dollars sub-: 
cr i t ical  and the value of k. p /  .l w a s  obtained i t ' i a c h  subcrit ical:  loading. 
F r o m  a knowledge of theU'c$itical' .size, ' the 'subci-itica.1 s i z i ,  'arid the -':, . :  
subcri t ical  ~r iu l l i~ j l ica t ion .me~asurements ,  a value- of-subcri t ical  k was.  .- 
inferred. 

9. 2. 1. General 

F o r  many of the subcri t ical  loadings made in the approach to cr i t ical ,  
pulsed neutron measurements  were  made. These consisted in measuring 
the neutron count ra te  a t  some position in the core  a s  a function of t ime 
af ter  a shor t  pulse of neutrons generated just external. to the core.  This 
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Fig. 9. 1 - -Geometr ical  a r rangement  fo r  pulsed neutron measu remen t s  on 
the multiplying a s sembly  



Fig. 9. 2--End-on view of the multiplying assembly 



Fig .  '3. 3--Side view of multiplying assem3ly 



neutron pulse was generated by an electron-beam pulse striking a heavy- 
metal  (Fansteel) target.  The target ,  which was about 2 in. in diameter  
and 2 in. long, was placed about 3 in. f rom the center  of one face of the 
slab. The neutron pulse was typically generated by a Linac pulse of about 
30 Mev with a width of 0. 1 psec and a cur rent  of 1 m a  during this t ime. 

The neutron counting ra te  was measured  using a miniature fission 
counter (1 /4  in. in diameter  by 1 in. long) positioned in a tube running 
through the center of the core  perpendicular to the faces of the slab. This 
counter could be remotely positioned f rom one edge of the core to the 
other,  and in three cases ,  measurements  w e  r e  made on the s a m e  loading 
with the counter a t  f rom 8 to 12 positions a c r o s s  the core  thickness to 
determine how large  any modal effects might be. The modal analysis was 
discussed in a previous report .  (46) 

The counts f rom this fission counter were  t ime-analyzed using two 
time analyzers  simultaneously, a 1024-channel analyzer  (TMC) and a . 256- channel analyzer  (RCL). The 1024- channel analyzer  was se t  on shor t  
channel widths ( a s  sma l l  a s  2 p sec )  to obtain the detailed shape of the ea r ly  
t ime behavior and exponential decay, while the 256-channel analyzer  was 
s e t  on long channel widths (16, 32, o r  64 psec)  to obtain m o r e  s ta t i s t ics  
on the delayed neutron tail. The analyzers  were  gated on a t  a definite 
t ime af ter  the acce lera tor  pulse, using a digital delay. This delay t ime 
was in mos t  cases  4 psec,  being limited to the t ime a t  which the effects 
of the gamma flash ( f rom the electrons hitting the ta rge t )  on the fission 
counter had recovered. 

A typical t ime behavior of the neutrons following a repetitive pulse 
is shown in Fig.  9. 4. After a few minutes of pulsing, the delayed neutron 
tail  reached equilibrium and data were  accumulated on the analyzers  for  
many pulses until the s ta t is t ics  on the counts were  a t  the des i red  level. 

9. 2. 2. Determination of cr 

The data f rom the two time analyzers  a r e  cor rec ted  for any count 
lo s s  by a code for  the IBM-7090 and then a r e  least-squares-f i t ted to a n  
exponential over an appropriate region of t ime by another code (CORC). . 

The fit i s  weighted by the inverse square of the relative s tandard deviation 
of the counts. The delayed neutron background i s  subtracted pr ior  to the 
fitting. The appropriate region over which .to fit the exponential i s  that 
which contains only the dec.ay of the fundamental mode. The spat ia l  modal 
analysis reported previously(4b)  has  shown that the fundamental mode 
alone exis t s  (for this par t icular  assembly)  af ter  about 200 vsec.  A plot of 
the spat ia l  distribution of neutroa's a t  various t imes  af ter  the pulse i s  shown 
in Fig. 9. 5 for loading 8. 



Fig.  9. 4- -Typica l  t i m e  behavior a f t e r  pulsing of t h t  multiplying a s sembly  
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Fig.  9. 5- -Time va.r i .a t inn of the  spatial dis t r ibut ion of t h e r m a l  neutrons  in  
the multiplying a s sembly  
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In th is  way, a value fo r  the r ec ip roca l  of the die-away t ime,  nameiy,  
c r ( s e c - l ) ,  i s  obtained f r o m  each  measu remen t .  Th i s  a ,  combined with 
the  cu a t  c r i t i c a l  ( a  c ) ,  provides  one- common method of determining the 
number  of do l l a r s  subc r i t i c a l  f r o m '  

T o  de t e rmine  a ,, s e v e r a l  m e a s u r e m e n t s  o f - a  below c r i t i c a l  we re  
m a d e  and ex t rapo la ted  to c r i t i c a l  in addit ion to pulsing the a s s e m b l y  a t  
c r i t i c a l  and measu r ing  the  a .  At c r i t i ca l ;  the delayed neutron background 
is a l a r g e  ,par t  of the count r a t e ,  s o  a  l a rge  number  of counts mus t  be 
accumula ted  to obtain good statistics on the di f ference h ~ t w ~ ~ n  t h e  m-easured 
count and the delayed neu t ron  background. 

9. 2.'3. Application of Method of Ga re i i s  and Russe l l  

The  method of G a r e l i s  and ~ u s s e l l ( ~ ' )  h a s  been applied to the ana lys i s  
of the  data  to  de t e rmine  the  number  of do l la r s  subcr i t i ca l  and the value of 

k F I R .  A brief  descr ip t ion  of the method is given..in Section 9 .  4. The  
method  makes  u s e  of the en t i r e  shape of the neutron t ime  behavior,  including 
the  delayed neutron ta i l .  F r o m  the exper imenta l ly  de te rmined  values  of 
( 1 )  a ,  (2 ) , t he  delayed neu t ron  level ,  and ( 3 )  a weighted in tegra l  over  the 
p rompt  ( m e a s u r e d  minus  delayed neutron background) p a r t  of the curve ,  
a  de te rmina t ion  of do l l a r s  and k P1.l i s  made .  An i t e ra t ion  is re 'quired 
t o  find the  c o r r e c t  weighting factor ,  which i s  a  fundtion of k  P / J ;  th is  
i t e rh t ion  h a s  been pe r fo rmed  by hand but could a l s o  be 'done by machine code.  

9. 2. 4. Resu l t s  . 

A s u m m a r y  of r e s u l t s  i s  given in Ta.ble 9. 1.  The value of a l i s t ed  
i s  the  ave rage  of data  f r o m  both ana lyzers .  The buckling i s  ca lcula ted 
f r o m  the  d imens ions  using a n  extrapolation 1.en~t.h of 2. 23 c m  in the thin 
d imens ion  and a n  extrapolat ion length of 4  c m  in the t r a n s v e r s e  dimensions  
(18  in .  by 18 in. ). 

?',able 9. 2 g ives  the r e s u l t s  of m e a s u r e m e n t s  of con t ro l - rod  worths  
a t  s e v e r a l  of the loadings.  The rod worth  i s  obtained f r o m  the difference 
in the  number  of do l l a r s  subcr i t i ca l  with and without the rod  presen t .  The 
No. 1  rod,  which i s  r e f e r r e d  to a s  the con t ro l  rod (No. 2 i s  the  safe ty  rod) ,  
w a s  reduced  i n  to ta l  wor th  between loadings 11 and 12 s o  that  the  change 
in  . r eac t iv i ty  per  inch .of t r a v e l  would be l e s s  than- 5 cen t s /  s e c  a t  i t s  
m a x i m u m  worth  when the' k  was  g r e a t e r  than.about  0. 9. 



Table 9. 1 

SUMMARY O F  PULSED NEUTRON MEASUREMENTS WITH NO RODS IN CORE 

Loading 
Number  

19 
( c r i t i c a l )  
18  
15 
12 
I I 

10 
9 
8 

7 
6 
5 

' C o r e  
Th ickness  

(in. ) 

8. 64  
8. 50 
8. 38 
8. 14 
8. 04  

7. 72 
7 .43  
6 .99  

6. 53 
6. 1 0  
5 . 6 3  

u~~~ 
( g )  

2921. 51 
2904 .47  
2852 .95  
2801 .66  
2750. 1 7  

2 6 4 7 . 4 5  
2544. 5 5  
2390. 5 5  

2236.40 
2082. 26 
1928.Q5 

Buckling 
(cm-'1 

0. 0209 
0. 0213 
0. 0217 
0. 0224 
0. 0227 

0. 0238 
0. 0249 
0. 0268 

0. 0291 
0. 0316 
0. 0348 

F.epetition 
Ra te  

(p: l lses/  s e c )  

3 0 
30  
3 0 
60  
6 0 

6 0 
6 0 
6 0 

6 0  
6 0 

120 

Counte r  
Dis tance  

f r o m  
Source  Side 

(in. ) 

0 
0 

C e n t e r  
Cen te r  

0 
4 
8 

Cente r  
C e n t e r  

0. 5 
3. 0 
6. 5 
3 .25  
3 . 2 5  
2 
3. 25 

a 
( s e c - l )  

231. 7 
285.11 
560 .01  
759. 13 

1221. 72 
1235. 30 
1250.83 
1759. 25 
2206. 0 
3104 
3082 
3102 
4232. 43 
5234. 50 
6616. 68 
6527. 81 

Method of R u s s e l l  
and  G a r e l i s  ' 

React ivi ty  

$ = 0 -  1 
a c 

0 
0.0230 
1. 41 7 
2 . 2 7 6  
4 . 2 7 3  
4. 331 
4. 398 
6. 593 
8. 521 

12. 397 
12. 302 
12. 388 
17 .267  
21. 592 
27.557 
27. 173 

$ Sub- 
c r i t i c a l  

0 
0.239 
1.411 
2. 374 
4.496 
4.507 
4.558 
6. 941 
9. 112 

13. 362 
13. 676 
13.539 
20. 81 j 
2 6 . 2 6  

k f o r  

k$l l  

232.2 ! - - - -  
225. 0 1 0 . 9 7  
2 2 2 . 3  0 . 9 6  
2 2 4 . 4  i 
225. 1 i 
221. 5 1 0. 96 
218. 1 1 0 . 9 4  I 

216. 1 i 0 .93  
210. 0 j 0.91 
2 1 3 . 3  0 . 9 2  
194.1 / 0. 8 4  

0. 8 3  

keff 
f r o m  

Buckling 
Change 

1 . 0 0  
0 .992  
0. 983 
0. 969 
0 .964  

0 . 9 4 3  
0. 923 
0. 890 

0. 853 
0. 817 
0. 774 

- ~- 

33. 08 194. 1 0 .84  1 :  0 79 34.61 

Re la t ive  
I n v e r s e  
Counting 

Rate 

1. 00 
6.  99 

11. 2 0  
20. 79 

30.44 
37. 54 
50 .47  

66.25 
78 .90  
94. 70 

7 -~ -- 

By S o u r c e  
~ u l t i ~ l i c a t i o n  

&eff 

0. 00184 
0. 01 3 
0. 021 
0. 038 

0. 056 
0. 069 
0. 093 

0. I22  
0. 145 
0. 174 

keff 

0 . 9 9 8  
0. 987 
0. 979 
0 .962  

0 .944  
0. 931 
0. 907 

0 .878  
0 . 8 5 5  
0. 826 



Table 9. 2 

PULSED NEUTRON MEASUREMENTS O F  ROD WORTH 

No. 1 Rod Worth Changed 

Loading 
Number  

18  

15 

12 

A m e a s u r e m e n t  made  a t  loading 18 with the f i s s ion  coun te r ' a t  the 
c e n t e r  of the  c o r e  and  a t  the edge of the c o r e  (effectively out of the c o r e )  
r e s u l t e d  in  a wor th  of - 5  cents  for  the counter  a t  the cen t e r  of the c o r e ,  

Using Cr i t i ca l  cu 

1 '1 

10 

9 

' 8  

F i g u r e  9. 6 shows a  plot of cr v e r s u s  do l l a r s  subc r i t i c a l  for  the do l la r s  
de t e rmined  both f r o m  the method of Ga re l i s  and Russe l l  and f r o m  the u se  
of the  c r i t i c a l  a c .  

Rod 
Pos i t ion  

Out 
No. 1 in 

Out 
No. 1 in  

Out 
No. 1 in  

$ 

0. 224  
1. 308 

1. 404  
2. 483 

2. 259 
3. 383 

The reac t iv i t i es  obtained froln t.hese two methods oi. ana lys i s  of the 
da ta  differ  because  of assumpt ions  i.n the der ivat ion of the express ion  

Rod Worth 

( $ 1  
1. 08 

1. 08 

1. 12 

Out 
No. 1 i n  
No. 2 in  
Both i n  

Out 
No. 1 i n  

Out 
No. 1 in 

Out 
No. 1 in 
No .  2 i n  
Both in 

Q 

285. 11  
537. 48  

5 6 0 . 1  
811. 33 

759. 13 
1020. 79 

1235. 30 
1 6 6 1 . 5  
1696. 5 
2185. 5 

1759. 25 
2213 .5  

2 2 0 6 . 0  
2651. 5 

3082 
3629 
3689 
4334 

Gare l i s  and Russe l l  

k P o  
230. 1 
228. 7 

2 3 2 . 2  
228. 0 

225. 0 
227. 8 

224. 3 
2 2 4 . 1  
222. 5 
224. 5 

221. 5 
2 2 1 . 5  

218 .1  
214. 2 

210. 0 
209. 5 
211..  5 
207. 3 

$ 

0. 239 
1. 350 

1 .411  
2. 559 

2. 374 
3 .481  

4. 507 
6 .412 
6. 625 
8. 733 

6. 941 
8 .991 

9 . 1 1 2  
11. 376 

13. 6 7 6  
16. 322 
16. $41 
19 .906  

Rod 
Worth 

( $1  
1. 11 

1 .15  

1. 11  

1 . 9 0  
2. 12 
4. 23 

2. 05 

2 . 2 6  

2. 65 
2.  76 
6 . 2 3  

4. 304 
6 . 1 3 4  
6. 2 8 4  
8. 384 

6. 554 
8. 504 

8. 472 
10. 384 
* Z .  2 3 3  

14. 582 
14. 839 
17. 609 

1. 83 
1. 98 
4. 08 

1. 95 

1..91 

2. 35 
2 ,  61 
5. 38 



0 $ FROM METHOD OF GARELIS AND RUSSELL 

a 0 $ F R O M :  - I  
C 

$ SUBCRITICAL 

Fig. 9. 6--Variation of a with dol lars  subcr i t ical  



This. may be seen  a s  follows: 

The reactivity in $ i s  defined a s  

The assumption i s  made that k Z l  and thus a = ( (P l j )  ( $  -t 1 )  . Then assuming 

that the p l a  measured  a t  c r i t i c a l ( a -  = p l a )  does not change with sub- 
C 

cri t ical i ty , .  we have- 

In the Garel is  and Russel l  method we have 

The rat io  between ( $  + 1)  obtained in this way and ( $  + 1 )  obtained f rom the 
Garel is .  and Russel l  method i s  just k i f  p / &  i s  constant, since a k has  been 
dropped in the use  of the a,  methodT More generally,  the ratio-between 
the two i s  x / a C ,  where x'= k p / i  and a c  = P c / j c .  

F igure  9. 7 shows a plot of the resu l t s  for k(P/,(? obtained using the 
method of Garel is  and Russell .  The value of k p / i  i s  plotted versus  the 
dol la rs  subcrit ical .  In attempting to infer any change in  (P/a f rom these 
data,  i t  i s  found that there  i s  not enough information available without 
making assumptions about changes in P o r  4. - 

Certain inferences can be made on the bas is  of consistency. The 
s t ra ight  line in Fig. 9. 7 i s  consistent with a constant p l a  (to within 1070). 
Table  9. 3 shows some values of k determined f rom Fig. 9 .  7 assuming a 
constant p l a  and a /3 consistent with this k arld the reactivity in $. 



Fig 9. .7- -Varia t ion of kp/ j with, dol lars '  subcr i t i ca l  b y t h e  method of Gare l i s  and Russe l l  



Table 9. 3 

MULTIPLICATION CONSTANTS DETERMINED B Y  THE 
METHOD O F  GARELIS AND RUSSELL 

As a tes t  of the Gare l i s  and method in treating the effects 
of modes a t  ea r ly  t imes ,  data were  taken a t  two loadings with the counter 
a t  thrke positions in the core .  In Table 9. 1 the resu l t s  for loadings 11 and 
8 ai-e shown with the counter a t  the core  edge neares t  the source,  a t  the 
center ,  and a t  the edge furthest  f rom the source.  The resu l t s  for the 
dol la rs  subcri t ical  a r e  within about &l%. The shape of the initial t ime 
behavior for loading 11 i s  shown in Fig. 9. 8. The a ' s  for a l l  three cases  
a r e  the same,  and the fact that the reactivit ies ($)  agree  indicates.that the 
Gare l i s  and Russel l  method i s  co r rec t ly  handling the shape of the prompt 
pa r t  and the magnitude of the delayed neutron tail,  which a r e  different 
in each of these three  cases .  It can be seen  in Fig. 9. 8 that there  is a 
counter position between O and 4 in. where the modal  effects a r e  minimized. 

As shown in Table 9. 1 ,  the determination of k f rom the subcri t ical  
buckling af te r  normalizing to a migration a r e a .  a t  cr i t ica l  io not entirely 
sat isfactory.  Another way of a r r iv ing  a t  the subcri t ical  reactivity i s  to 
a s sume  that the reactivity i s  known a t  one subcrit ical  Inarling and then 
use the change in multiplication from that point. t.o other poirllti to deterilline 
the reactivity.  Applying this technique he re  leads to a m o r e  sa t i s fac tory  
agreerrient than the use  of the buckling change. 

'l'he use of a ,  and a, a t  a given subcrit icali ty to determine. the 
reactivity makes the assumption that p l j  does not change. In Table 9. 1 
it can be seen  that this method leads to the sarrie resu l t  a s  that obtained 
f r o m  Gare l i s  and Russel l  i f  account i s  taken of the difference in definitions 
F o r  example,  the 20% decrease  in k a t  loading 5 i s  enough to bring the 
[(orla ) - 11 method into agreement  with Gare l i s  and Russell. 

C 



Fig.  9. 8 - - E a r l y  t ime  behavior of multiplying assembly m e a s u r e d  
a f te r  pulse  .at ' .different counter posit ions 



9. 2. 5. E r r o r  Assignments 

In the determination of a ,  the leas t - squares  weighted fit leads to a 
value with 2 s ta t i s t ica l  uncertainty of 'a few tenths of 1%. The values of 
a obtained f r o m ,  the. two t ime analyzers '  agree  .to better than.112 of 170. 
The value of a i s  le.ss'~.accurately'known, s ince the delayed neutron back- 
ground i s  s o  l a rge  ? i d  subtracting it f r o m t h e  observed counts to get the 
exponential' leave's counts with poor s ta t is t ics .  As a resul t ,  a conservative 
es t imate  of the unce-rtainty on the subcri t ical  a ' s  is -+l%.for the data 
presented in Tables  9. 1 and 9. 2. 

. . 

With the analysis  method of Garel is  and Russell, (45) the value of a 
is used and the ra t io  (detailed in  Section 9. 4) of neutrons a t  t ime ze ro  to 
neutrons in the delayed neutron tail. In the data used he re ,  the neutrons , 
a t  t ime z e r o  a r e  known to be t te r  than 170, and in most  of the .cases ,  enough 
channels could be added together to  determine the delayed neutron back- 
ground to about 17'0 for s m a l l  subcri t ical  reactivit ies ( to  about $1 0) and 
increasing to about 37'0 a t  the large'st negative reactivit ies.  This resu l t s  
in  uncertainties in  the reactivity ($) varying f rom about 1% near  c r i t ica l  . - 

to about 3% a t  $30 subcrit ical .  The value of kf3l.j determined. has  essentially 
the s a m e  uncertainty a s  dol lars .  In specific cases ,  these uncertainties 
could all be reduced by longer counting intervals  to  improve s tat is t ics .  

Using. (a ICY c )  - 1 to determine reactivity,  the uncertainty, with the 
data presented he re ,  .is about 170, since the value of a, has  an  uncertainty 
of 170, w h i c h i s  l a r g e r  than the uncertainty in the subcri t ical  a 's .  

All the e r r o r s  .and uncertainties discussed above a r e  those a r i s ing  
f rom s ta t i s  t ical  considerations.  s y s  te'matic e r r o r s  a r e  difficult to a s s e s s .  
A repea t  measurement  on loading 5 during unloading' f rom critical. gave 
values for a within. a few tenths of 17' and values of dol lars  within 37'0 of 
the e a r l i e r  measurenent .  This i s  within the s tat is t ical  uncertainty and 
indicates that sys temat ic  . e r r o r s  a r e  probably low. Of course,  the use  of 
different calculational models to  infer the number of 'dol lars  subcri t ical  
leads to  different resu l t s ,  s ince different assumptions a r e  inherent in the 
definition .of reactivity in  each. 

The e r r o r s  in the determination of the k f rom ei ther  the buckling 
change o r  the multiplication change a r e  m o r e  difficult to es t imate  and m a y  
be l a rge  (1070 to 5070). In the case  of the buckling change, the value of 
extrapolation length t o  use  for  the subcri t ical  loadings is uncertain and 
can  lead to la rge  sys temat ic  e r r o r s .  fn the case of the multiplication 
change, the inverse counting r a t e  used a s  a quantity proportional to multi-  
plication i s  not l inear  with subcri t ical i ty  and thus leads to  systematic  
e r r o r s .  s he use of the multiplication change technique gives reasonably 
good (ilO70) values fo r  reactivity near  the reactivity that i s  a s sumed  known. 



That i s ,  using a known react iv i ty  ( m e a s u r e d  a t  c r i t i c a l  o r  by s o m e  other  
m e a n s )  to ca l ib ra te  the subcr i t i ca l  mult iplication works  reasonably wel l  
for  determining o ther  reac t iv i t i es  n e a r  the known reactivity.  

9. 2. 6. Conclusions 

In genera l ,  the u se  of pulsed neutron techniques i n  subc r i t i c a l  
a s sembl i e s  can  lead  to useful  data  for  r e a c t o r  ana lys i s .  In par t i cu la r ,  
the u se  of the  ana lys i s  method of Ga re l i s  and Russe l l  can provide infor-  
mat ion about subcr i t i ca l  react iv i ty  without the need for  taking the  a s sembly  
c r i t i ca l .  The exper imenta l ly  de te rmined  values  of a, $, and  kp/ a, can  be 
compared  with the r e su l t s  of nuc lear -ana lys i s  code calculations a s  a check 
on the  p a r a m e t e r s  i n  the code. The de te rmina t ion  of a,, i n  par t i cu la r ,  
can provide a good check on the abil i ty of the code to c o r r e c t l y  calcula te  
the  par t i cu la r  c o r e  design.  

9. 3. SUBCRITICAL MULTIPLICATION AND CRITICAL BUCKLING 

A s teady-s ta te  neutron sou rce ,  consist ing of a 5 -cur ie  plutonium- 
bery l l ium capsule ,  was  remote ly  d r iven  to a fixed position just  outside 
the cen te r  of one face  of the s lab,  and neutron levels  w e r e  obtained on 
each  of two ion chamber s  and one f iss ion counter located under  the a s sembly  
The  ion-chamber  data  gave s a t i s f ac to ry  plots of r e c i p r o c a l  neutron leve l  
v e r s u s  loading, but the f iss ion chamber  did not, apparen t ly  owing t o  
geome t r i ca l  effects .  These  plots w e r e  shown in a previous  repor t .  (46) 

The c r i t i c a l  conditions w e r e  de te rmined  to be  2921. 5 g of U 
235 

and a c o r e  th ickness  of 8. 64 in. (21. 95 cm) .  A flux plot obtained a t  
cr i t icay using u r an ium foils  i s  shown in  Fig. 9. 9. These  d a t a , a r e  fitted 
sa t i s fac tor i ly  by a cosine  giving an  extrapolat ion length of 0. 88 in. (2. 245 c m )  
on each  s ide  of the slab.  In the t r a n s v e r s e  dimensions  (18 in. by 18  in. ), 
a n  extrapolat ion length of 4. 2 c m  was  m e a s u r e d  previously.  (44) In that  
measu remen t ,  t h e r e  was  l ead  shielding jus t  outside the a s sembly ,  which 
apparent ly  i n c r e a s e s  the extrapolat ion length s ince  i n  the thin dimension,  
with l ead  shielding presen t ,  the extrapolat ion length a t  k = 0. 9 was  2. 65 c m  
ins tead of 2. 23 cm.  The flux in  the  t r a n s v e r s e  dimension was  not m e a s u r e d  
a t  c r i t i ca l ;  but using a n  extrapolat ion length of 4 c m  based  on previous 
m e a s u r e m e n t s ,  the buckling a t  c r i t i c a l  i s  
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Using the following modified one-group c r i t i ca l i ty  equation, 

2 
w h e r e  k,, = 1. 78 and ,M . i s  the migra t ion  a r e a ,  we can  find a value of M 

2 

a t  c r i t i c a l  to  fit the equation: 

At any o ther  subcr i t i ca l  loading, the value of keff  i s  ca lcula ted f r o m  

2 
where  Bc i s  again  the buc,kling a t  c r i t i c a l  and B: i s  the buckling a t  the 
l c a d i ~ g  in  question. In determining B; f r o m  the  c o r e  th ickness ,  the value 
of extrapolat ion length de te rmined  a t  c r i t i c a l  ha s  be en  used.  

The k ' s  obtained in  th is  manne r  a r e  l i s t ed  i n  Table  9. 1 for the  sub-  
c r i t i c a l  loadings measu red .  

If the react iv i ty  a t  one subcr i t i ca l  loading i s  known, the  reac t iv i ty  
a t  o ther  loadings can  in  pr inciple  be de te rmined  f r o m  the change in mul t i -  
plication. To  invest igate  th is  approach  in the p r e sen t  a s sembly ,  the  
react iv i ty  a t  loading 18 i s  a s s u m e d  to be known, the value u sed  being that  
f r o m  the Ga re l i s  and  Russe l l  ana lys i s  with P = 0. 0077. The r e s u l t s  of 
th is  react iv i ty  determinat ion a r e  shown in Table  9. 1 together  with the  
m e a s u r e d  i nve r se  c o u n t ~ q g  r a t e s  whlch a r e  propor t ional  to Inverse  
mu!.tipbication. 

9 .4 .  SUMMARY O F  EQUATIONS USED IN ANALYSIS METHOD OF 
GARELIS AND RUSSELL 

The ana lys i s  method of Ga re l i s  and Russe l l  i s  de sc r ibed  i n  deta i l  
in  Ref. 45. Essent ia l ly ,  the method de t e rmines  the  p a r a m e t e r  ( k p l j )  using 
the complete  t ime-  r e sponse  curve  of a repet i t ively  pulsed a s s e m b l y  a f t e r  
quasi -equi l ibr ium has  been at tained.  This  value of (kP/ a )  coupled with the 
m e a s u r e d  value of cr yields  the react iv i ty  di rect ly .  The analyt ical  mode l  
i s  based  on a b a r e  one-group diffusion-theory s y s t e m  with m-delayed 
p r c c u r c o r s ,  but  the applicabil i ty i 6  apparen t ly  much  b roade r .  



The relationship used in the analysis  of the experimental data i s  a s  
follows fo r  a repetit ive pulse: 

where  R i s  the repetit ion r a t e  in  pulses per second, ND i s  the delayed 
neutron count ra te ,  N ( t )  is the prompt neutron count r a t e  obtained by P 
subtracting the constant  ND f r o m  the measured  neutron count rate ,  and 
k p / l  is to be dttexinined. 

In Eq. ( 1  ) -al l  the quantities a r e  experimentally determined except 
kg/ e ,  which m u s t  be determined by iteration. Es  sentiall  . the Np a t  
each  t ime point i s  multiplied by a weighting factor ( e  kgt1kr - I ) and a l l  the 
values a r e  added together.  

This s u m  i s  then compared with the measured  value of ND/R, and 
i f  they a r e  the same ,  the c o r r e c t  value of kP/a has  been used. The 
react ivi ty  in dol la rs  is obtained a s  follow's: 

s ince 

Then 

If the pulse shape has  no modal effects, i. e . ,  i f  the fundamental- 
mode decay exis t s  f rom t ime zero ,  then N va r i e s  a s  e - a t  f rom t ime z e r o  P 
and Eq. ( l ) ,  above, can be integrated, resulting in an expression for the 
r eac  tivlty in dol lars .  

where  Q is N a t  t = 0. 
P . . 

, If only the firkt few t ime channels a r e d i s t u r b e d  by modal effects, , 

i. e. ,. .if they deviate f rom the fundamental-mode exponential decay, then 

up to the point in t ime where . the . fundamental mode exis ts ,  the integration 
i s  done poi.nt by point and beyond that t ime the exponential decay r a t e  i s  
substi tuted, giving an analytical expression for the r e s t  of the t ime. This 



can  be represented a s  follows: 

where x = kp/j and t~ i s  the t ime a t  which the exponential decay of Np, 
s ta r t s .  When finite-length t ime channels a r e  used, the t a r e  the t imes  
a t  the midpoint of the channel but t~ i s  the t ime a t  the en3  (beginning of 
next channel) of the channel o r  the t ime midway between two channels. 



X. FAST-NEUTRON SHIELDING STUDIES 

Measurements  of fast-neutron spec t r a  have in the past been extremely 
difficult to obtain directly.  The only reliable technique has  been that with.  
nuclear  plate emulsions,  which has been extremely l imited in i t s  applicability. 
The spec t r a l  index procedu're has  produced some information, b'ut none of 
the m o r e  integral  techniques yield the type of data necessa ry  to revea l  the 
p rocesses  going on in a shield. The kind of data that i s  real ly  needed i s  
that  of the cal ibre  taken a t  t he rma l  energies ,  namely, good differential 
spec t ra .  In this approach, one knows precisely ' the spec t ra  going fnto a 
shield and the spec t r a  and intensity coming out of the s h i e l d ,  a.ad thus the 
shield analyst  can determine quantitatively whether the analytical problem 
i s  being solved correct ly .  One must  contend with the s a m e  genera l  
questions a t  t he rma l  energies:  ( 1 )  Are the cross-sect ion data correct:? 
( 2 )  I s  the method of experimental  anal.ysis appropriate and exac t?  W e  have 
therefore  been tempted to t r y  to apply the general  techniques for  spec t ra l  
study developed during the thermalization program to the fast  shielding 
problem, where l i t t le o r  no definitive experimental data exis t  fo r  the purpose 
of checking analytical methods. 

The f i r s t  breakthrough in this process  was the experimental study 
made a t  General  Atomic of fast  leakage spec t ra  for lith.j,um hydride shields (47) 

by V. V. Verbinski of Oak Ridge. The second program of measurements  
was a l so  conducted with Verbinski for one-dimensional water  shields. The 
experiments  were  exploratory in nature,  and snmP of the data ohown here,  
while i l lustrat ive,  are not par t icular ly amenable tu cu~rlparl.sons with 
t h e n r  y. 

'l'he experiments  were  performed a s  follows: After a particular 
shield configuration had been selected and se t  up in the Linac low-back- 
guund cave, the penetration neutron spec t rum was  measured, initi;sl.ly w i l h  
Verbinski 's  detection equipment and af terwards under identical conditions 
with the General  Atomic fast-neutron spectrometer .  This produced two 
independent se ts  of spec t ra l  data. The General  Atomic equipment and 
Lechniques a r e  discussed below. 

F o r  neutrons with energies  in excess  of 100 kev, the most  efficient 
detector i s  the organic scinti l lator,  f rom which recoil-proton sci~l t i l la t ions 
can be analyzed. Since Verbinski had previously selected the ~ o r t e /  method 
of pulse-shape discr iminat ion for rejection of gamma scintillations, we 
adopted the Owen-Batchelor method. (48)(49) This involved the special  
design of discr iminator  and coincidence circui ts .  In the pilot experiments 



i t  b ecame  c l e a r  that  i n  the t ime  .inte,rual 1. 0 t o  1 0  p ~ ' e c  afte.r the 
Linac bu r s t ,  t h e r e  w e r e  v e r y  few g a m m a  rays .  r e la t ive  'to neutrons .  
Placing a 2- in .  g a m m a -  r a y  l ead  f i l t e r  a c r o s s  , the b e a m  a t  the 1 6 - m e t e r  
position removed  v i r tua l ly  a l l  g a m m a  r a y s ,  while 3070,to 4070 of the neutrons  
w e r e  t r an smi t t ed ;  At the 32 -me te r  position, a  thick wall  of wax and lead  
was  cons t ruc ted  wlth a n  8 by 8 in. a p e r t u r e  for  the beam.  Final ly ,  a t  50 
m e t e r s  the 2 by 2-112 in.  sc int i l la tor  was  pl.aced in the cen tkr  of ' the  12 by 
12 in. beam.  Init ial ly,  many  pilot runs  w e r e  made. a t  low Linac . intensit ies 
in  o r d e r  t o  examine  the neutron-  to,-gamma ra t ios .  La t e r ,  high- in tensi ty  
runs  w e r e  made  'in which pulse-shape d i sc r imina t ion  was  omit ted  and 
rep laced  by t r a n s m i s s i o n  t e s t s . .  Two t r a n s m l s  s ion  s amp le s  which w e r e  
used  a r e  l i s t ed  in Table  10. 1. , . . . 5 . .  

.Table 10. 1 . 

SAMPLE TRANSMISSIONS 

.. . .  
. . The neutron t r a n s m i s s i o n s  of . these  samp1e.s from..  0. 5. to  1.5 Mev  .. . 

a g r e e d  with the calcula ted t r an smi s s ions  to  within s t a t i s t i c s  (*6ql,). The  
p r e sence  of g a m m a s  in the scint1,llat'ion spec t r a .  would have caused  a low 
value fo r  l ead  and a high value f62 the polyethylene t r an smi s s ion .  The r e su l t s  
to date  indicate that  t h e r e  i s  l e s s  ' than 5% g a m m a  c-ontamination in the f a s t -  
neutr  oq flux fo r  a l l  e x p e r i m e n t a l  shielding conf i iu ra t ions .  Th is  t r a n s  - 
miss ion  test.w.a.s:repeated with a 2q -cm wa te r  shie ld  in the b e a m  a t  the . ,. . 
cave,  and s i m i l a r  r e s u l t s  w e r e  obtained. Since the g a m m a  contamination 
was  lower  than 570, i t  was  decided to. omi t  pulse-  shape  d i sc r imina t ion ;  
th is  permitt&d .the Lina= in tensi ty  to be i nc r ea sed  by a fac tor  of m o r e  than 
10, giving much  s h o r t e r  r un  t imes .  

. . . . 

The  wate:r-shield expe r imen t s  p e ~ f o r m e d  & r e  l i s t ed  in Table  10. 2: 
'I'he sh ie lds  ; e re  extendkd by boxes of wax to . f o rm  a n  approx imate  half 
s p h e r e  a round  the l a r g e  t a rge t .  The t h r e e  geome t r i c a l  se tups  a r e . shown  . / , ;  . .  : ,  . . .  . A /  . . _ I .  . . ,.. . ., 

in Fig .  10. 1.' 

-Transmi t t ed  
F a s t  Neutrons  
.. . . . i%) . . . '  

30 t o  40 
40  a t  10 Mev 

4 a t  1 Mev 

The measu red .neu t ron  s p e c t r a  a r e  shown in F ig s .  10. 2 ,  10.  3, and 
10. 4. The  t ime-of-fl ight  s p e c t r a  w e r e  conver ted  to ene rgy  flux by dividing 

T r a n s m i t t e d ,  
G a m m a  Rays 

(70) 

<9 
'70 

. .  .. . 

.. . 

s a m p l e  

' P b  

CH2 

out of the m e a s u r e m e n t s  a calcula ted de tec to r  ene rgy  sensi t iv i ty  and the 

,Thickness  

(g  1 c m 2 )  

60. 
7 
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Fig, 10, 1 --Geometrical arrangements  for the fast-neutron 
- shielding experiments 
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F i g .  1 0 .  3 - -Neut ron  spec t r a  measu red  in  the 
geomet ry  of Fig,. 10. 1 .  B 



F i g .  10 .  4-  -Neutron spec t ra  measured  in the '  
geometry of F i g .  10. 1. C 



flight-path neutron t r ansmis s ion .  The flight-path t r ansmis s ion  i s  wel l  
known and can be r emoved  f r o m  the m e a s u r e d  r e su l t  with l i t t le  uncertainty.  
T h e  detectc.r energy  sensi t iv i ty  i s  based completely on the cal ibrat ion a t  
Ba tche lor  f o r  a n  identical  liquid scint i l la tor  and is' subject  to some  uncer ta inty  
a t  p resen t .  Methods of measu r ing  the de tec tor  sensi t iv i ty  a r e  being 
developed, but th is  p rob lem i s  not solved a s  yet. However, the r e su l t s  a r e  
cons idered  sufficiently accu ra t e  to d i s cus s  a t  this t ime.  

Table 10. 2 

WATER-SHIELD EXPERIMENTS 

In Fig.  10. 2 the sma l l -  sou rce  plane-shield r e su l t s  a r e  given. A 
na r row co l l imator  viewed the shie ld  su r f ace l and  the s p e c t r a  emanating 
f r o m  the shie ld  a t  s e v e r a l  s m a l l  angles  we re  studied.  The sou rce  was 
sufficiently f a r  r emoved  f r o m  the shie ld  that  a quasi-plane-wave solution 
to  th is  p rob lem might  successful ly  approximate  the geometry.  In th is  
method of ana lys i s  we would a t tempt  to rep lace  the sou rce  by a su r f ace  
s o u r c e  on the shie ld  with the average  angular  produced at  the 
sh ie ld  b y  the displaced source .  The unobstructed sou rce  spec t rum i s  
shown a t  the top of Fig.  10. 2 ,  and then in  descending o r d e r  a r e  shown the 

0 0 
0'. 1 , and 2 s p e c t r r  emanating f r o m  a 30-cm s l ab  of wate r .  The dotted 
cu rve  is the shape of the conventional f iss ion neutron spec t rum.  Pronounced 
r e sonance  s t ruc tu re  is observed  in the m e a s u r e d  spec t r a ,  a l l  of i t  being 
due to  the  resonances  in oxygen. F u r t h e r m o r e ,  l a r g e  var ia t ions  of neutron 
f lux intensity with angle of emis s ion  f r o m  the shie ld  were  a l s o  observed  
a t  s m a l l  angles.  This  effect  cannot be  explained by s imple  t r ansmis s ion  
of the uncollided flux. A definite build-up effect  in  the forward direct ion 
is apparent .  This  e f f ec t  ha s ,  by the .way, been  observed  for much g r e a t e r  
sh ie ld  th icknesses  and for  other  shielding ma te r i a l s .  Thus,  m o s t  of the 
neu t ron  leakage through a shie ld  in a given direct ion can  be a t t r ibuted to 
s o u r c e  points roughly in the d i r ec t  l ine  of s ight  extrapolated through the 
shield.  The impor tance  of performing shielding ana lys i s  in  such a way 
that  the angular  me s h  proper ly  weights the forward direct ion of emiss ion  
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for  a shie ld  i s  c l ea r ly  indicated. It i s ,  of cou r se ,  de s i r ab l e  to t r y  to 
analyze th is  shielding exper iment ,  i f  possible with a t r anspo r t -  theory code. 
DSN and GAPLSN have given excel lent  r e su l t s  in the past  f o r  spat ia l ly  
dependent p rob lems ,  and we will  endeavor  to  u s e  these  codes in the fu ture .  
The angular  m e s h  of GAPLSN will, however,  have to  be changed to pe rmi t  
the  s p e c t r a  to be calcula ted co r r ec t l y  in the fo rward  direction.  Th is  t a s k  
i s  now being performed.  

The s p e c t r a  shown in F igs .  10. 3 and 10. 4 a r e  included for com-  
ple teness ,  but  these  data  a r e  not cons idered  analyzable.  In th is  exper iment ,  
an  a t t empt  was  made  to u s e  a l a r g e  s o u r c e  s o  that  the code NIOBE could 
handle the p rob lem in sphe r i ca l  geometry .  The s o u r c e  was  made  by 
surrounding a conventional s m a l l  sou rce  with 8 in. of lead.  It  was  d i s -  
covered a f t e r  completion of the exper imenta l  p rog ram,  however,  that  the 
sou rce  s p e c t r u m  was  not the s a m e  a t  a l l  points in the  l a r g e  sou rce .  The 
f i gu re s  indicate the fine s t ruc tu r e ,  which can  be eas i ly  studied by these  
exper imenta l  techniques,  and show the deg ree  of p rec i s ion  obtainable in 
the exper iments .  

In s u m m a r y ,  the above s e r i e s  of m e a s u r e m e n t s  ha s  revea led  the 
feas ibi l i ty  and des i rab i l i ty  of studying deep-penetra t ion,  fas t -neutron 
s p e c t r a  with a pulsed neutron source .  The sma l l - sou rce  s .eries of data  was  
taken on re la t ively  c lean geomet ry  and i s  probably amenable  to analysis .  
F u r t h e r  work in one-dimensional  configurations is contemplated s ta r t ing  
with graphi te .  



XI. EXPERIMENTAL TECHNIQUES . 

11.  1. SENSITIVITY FUNCTION O F  THE 16-M DETECTOR BANK 

T h e  re la t ive  sensi t iv i ty  of the de tec to r  bank of 32 s tacked ~ 1 0 ~ ~  
coun t e r s  for  t he  1 6 - m  flight path h a s  been checked twice dur ing the  l a s t  
y e a r .  P e r i o d i c  checks  a r e  r equ i r ed  s ince  th i s  sensit ivi ty function i s  one 
of the  m o s t  impor t an t  c o r r e c t i o n s  made  t o  obtain the  neutron s p e c t r a  f r o m  
the  t i m c  -.of -f l ight  data. 

T h e  f i r s t  check was  c a r r i e d  out by comparing the  r e sponse  f r o m  
the  m a i n  de tec to r  bank with that  f r o m  a  s e t  of l o w - p r e s s u r e  B F 3  counte r s ,  
which w e r e  t aken  a s  1  / v  d e t e c t o r s .  The  sensi t iv i ty  function, S ( E ) ,  of the 
m a i n  de tec to r  bank can  then  be e x p r e s s e d  a s  

w l ~ e r e  k  i s  a constant ,  T ( K )  i.s the  t r a n s m i s s i o , ~  through the  flight path, 
and  T O ( E )  i s  t he  t r a n s m i s s i o n  through the  copper  wal ls  of the s e t  of l / v .  
d e t e c t o r s .  C16(E)  and  C O ( E )  a r e  the counts in each channel of the  ma in  
de t ec to r  bank and  the  1 / v  de t ec to r ,  r espec t ive ly .  A sma l l  d i sc repancy  
between the  new S ( E )  function and the  one used previously  was  ohserved  
above 100 ev. Since  the  new function p.rnvid.ed a be t t e r  i / ~  spcctruim wkeii 
t he  s p e c t r u m  was  expected t o  be 1 / ~ ,  the  new function h a s  been, accep ted  
a s  the  s t anda rd  S ( E ) ,  and  i s  deta i led  in Tab le  11.  1.. 

A second check of the  r e sponse  of the main  de tec to r  banlc ha s  been 
6 car r i ed  out by compar i son  with a  E i  g l a s s  de t ec to r ,  whose  scn.si t ivi ty 

w a s  calcula ted over  the energy  range of i n t e r e s t .  The  S ( E )  of the  ma in  
de t ec to r  bank obtained in t h i s  way di f fered f r o m  that  obtained previously  
below 0.  05 'ev by up to  1070, but t h e r e  was  good ag reemen t  above t h i s  
cne rgy .  The  a lpha a lumina  re f lec to r  supplied with the  ~ i 6  g l a s s  de tec to r  
was  1-en-loved and  the t e s t  was  repea ted ,  but the  r e su l t  was the  s a m e .  No 
explanat ion fo r  th i s  . l a t e r  d i sc repancy  h a s  been f o ~ ~ n d ,  b.ut a  f u r t he r  check 
of the  sensi t iv i ty  i s  planned with both the  ~i~ g l a s s  de tec to r  and a  new end- 
on window B ~ O F ~  countcr  with ca lculable  geome t ry .  

Because  of the 10% d isc repancy  r e f e r r e d  t o  above,  the  questivri uf 
whether  o r  not the  1  - in .  - d i a m e t e r  bank of B F 3  de t ec to r s  rea l ly  ha s  a  l / v  
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Table 11 .  1 

1 6 - M  S ( E )  V E R S U S  NEUTRON E N E R G Y  
-.---- 

S ( E )  

0 .  0014 
0 . 0 0 1 3  
0 .  00124 
0 .  001 18 
0 ,  00098 
0 . 0 0 0 8 6  
0 .  00072 
0 .  00057 
0 . 0 0 0 4 9  
0 .  00042 
0 .  00035 
0 .  00031 
0 .  0003 
0 . 0 0 0 2 6  
0 .  00028 
0 . 0 0 0 2 6  
0 .  000225 
0 . 0 0 0 2 0 5  
0 .  000195 
0 .  000185 
0 .  000 175 
0.. 00014  
0 . 0 0 0 1 5  
0.. 000164 
0 .  000 174 
0. 0001 76 
0 .  000176 
0 .  000176 

. . 0 .  000167 
0,. 000 158 
0 .  00015  
0 .  000125 
0 .  000 108 
0 . 0 0 0 0 9 1  
0 .  000073 
0 .  000070 
0 . 0 0 0 0 6 8  
0. 000066 

' 0 . 0 0 0 0 6 5 5  
U. 000062 
0 .  000059 
0 .  0000555 
0 .  000053 

-.-.--- 

1 
(ev) . 

0 . 0 0 0 5  
0 . 0 0 1  
0 .  0015 
0 .  002 
0 . 0 0 2 5  
0 .  003 
0 .  0035 
0 . 0 0 4  
0 .  005  
0 .  006  
0 . 0 0 7  
0 .  008 
0 .  009 
0 .  0095 

. O .  01 
0 , 0 1 1  
0 .  013  
0 .  015  
0 .  018 
0 . 0 1  
0 .  025  
0 .  0 3  
0 .  0 4  
0 .  0 5  
0 .  06  
0 .  0 8  
0 .  09  
0 .  1 
0 .  1 5 .  
0 . 2  
0. 3 
0.  4 
0 .  5 
0 .  6 
0 .  7 
0 .  8 
0 .  9 
1 . 0  
1 , 5  
2 . 0  
3 .  0 
4. 0 
5. 0 
6. 0 

..- 

S(E) 

0 . 0 1  
0 . 0 1 2 5  
0 .  0135 
0 . 0 1 4  
0 . 0 1 4  
0 .  0138 
0 . 0 1 3 5  
0 .  0132 
0 .  0127 
0 . 0 1 2  
0 . 0 1  17 
0 .  01 14 
0 .  0113 
0 . 0 1  13 
0 . 0 1  1 4  
0 . 0 1 1 5  
0 . 0 1  16 
0 . 0 1  16 
0 . 0 1  14 
0 . 0 1 1 1  
0 .  0107 
0 . 0 1 0 2  
0 . 0 0 9 4  
0 . 0 0 8 8  
0 . 0 0 8 4  
0 .  0078 
0 . 0 0 7 5  
0 .  00725 
0 . 0 0 6 4  
0 .  00585 
0 .  0051 
0 . 0 0 4 6  
0 .  00425 
0 . 0 0 3 9 5  
0 . 0 0 3 7 1  
0 . 0 0 3 5 4  
0 .  00337 
0 .  00325 
0. 00275 
0 . 0 0 2 4  
0 . 0 0 2  
0 . 0 0 1 7 8  
0 . 0 0 1 6  
0 .  00149 

7 

I 
E 

(.ev) 

7.  0 
8 .  0 

9 . 0  
10 
1 5  
20  
30  
5 0 
7 0 

100 
150 
2 0 0 '  
220 
230 
2 4 5  
.3 0 0 
40 0 
500 
5 50 
560 
5 7 0 
580 
590 
600 
620 
6;4 0 
660 
700 
8 0 0 
9 0 0 

1000 
1500 
2100 
3 0 0 0 
5000 
5500 
5700 
6 100 
6300 
7300 
8000 
9100 

10000 



response  has  a r i sen .  The response of the detector should follow rigorously 
an expression 

- - 

- N  u u 
S (E)  = T ( E )  ( 1  - e 

o T B ~ B  ~ a !  

)(rl W 
TB 

where Tw(E)  i s  the effective t ransmiss ion  of the copper wall between the 
counting volume and the neutron source,  ,uTB i s  the - boron total  c r o s s  
section, cr i s  the boron (n,  a ! )  c r o s s  section, and x g  i s  the effective Ba! 
length of the counting volume. We have in the past approximated this  t r u e  
sensit ivity function by u s i n g .  

- N  u u 
0 T Cu 

where  TCu(E)  i s  given by e . UT was the total c r o s s  section of 
copper,  NoXB were  constants which it was not necessary  to  specify exactly 
in Eq.  ( 2 ) ,  and uB was assumed to  fo l .10~ I/=. Expanding the exponential 
in Eq. ( I ) ,  we can get some idea of the e r r o r  we a r e  making in our pro-  
cedures:  

- 
N u o T B ~ B  

S E  = T w ( E )  NOua!B;B (L - 

The detector sensit ivity,  S(E) ,  and the good -geometry dctector traris - 
miss ion  a r e  related quantit ies.  The detector t ransmiss ion  i s  given by 

:: 
where  Tw(E)  i s  the total  t ransmiss ion  of the ent i re  copper wall (both s ides  
of the cylinder) r a the r  than of one side.  In o rde r  to determine whether thc 
iupper and BF'3 were  present  in  the quantity aiid purily we expected, we  
havc measured  the detector  t ransmiss ion  th ree  t imes  in good geometry and 
compared these r e su l t s  (F ig .  1 I .  .1) with T(E)'Ycalculated .wi th  Eq. (4) .  The 
calculated and measured ' t r ansmiss ion  a r e  in excellent agreement  fo r  one 
se t  of data, but the calcula.t.ed t ransmiss ion  l ies  170 o r  2'7'0 below the m e a s -  
u red  t r ansmiss ion  for  the oth.er two s e t s  of d a t a .  This variation is ~legligible 
f r o m  the standpoint of pointing to  any discrepancies  in the energy sensitivity 
function. The percentage discrepancy in the worst  case  does not va ry  with 
neutron .energy, which is an  effect (probably due to only being able to  monitor 
the beam to -170) that would not even influence the energy-dependent detector 
sensit ivity.  Fur the r ,  the smal l  discrepancy that does exist  between theory 
and experiment  i s  in the wrong direction, i:e. , the detector t ransmiss ion  
is higher ,  not lower,  than we had been considering it to  be.  
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Fig., 11 :l - -Transmiss ion  function of the 1 /v detector bank 



If we s t i l l  des i r e  to postulate a mechanism.for  obtaining a detector 

sensit ivity at low energ ies  l e s s  than that given by Eq. (2) ,  one obvious 
approach i s  to  conjecture that the detector has  m o r e  B1° in it than we 
as sume .  Thus, the negative t e r m  ( N ~ u ~ ; ~ / z )  in Eq. ( 3 )  would have to  be 
l a r g e r  than.expected. F r o m  manufacturers '  specifications and our calcu- 
lations,  N ~ ~ ~ X ~  shoul'd at ta in a maximum value of 0.  017 a t  0. 01 ev. T O  

make a 10% e r r o r  in  the shape of S(E) by this  mechanism alone, N0ugxB 
must  be 0. 2. a t  leas t .  Quantitatively,for this  mechanism to be present  the 
measured  t ransmiss ion  would have to b e  about 0. 75 a t  0. 0 1 ev, not the 
value of 0. 85 given in F ig .  1 1. 1. A second physical mechanism, which 
could make possible an  e r r o r  using Eq.. ( 2 ) ,  i s  that Tw(E)  (the t r u e  
detector -wall t r a n s m l s  sion) might be lower and m o r e  energy-dependent 
(owing to the presence  of a mystery a h s n r h ~ r )  thanT (8) ?lono, W c  oay, 
since we know the wall i s  copper, that a t  leas t  

Cu 

T ( E )  = T ( E )  Tm(E) , 
W Cu 

where T ( E )  is  the t ransmiss ion  through the mystery  absorber  whose 
.I;n 

function i s  to d e p r e s s  the detector sensitivity by 10% a t  0. 01 ev, i ,  e . ,  
Tm(O. 0 1 ev) = 0. 90. Obviously, when one measures  the good-geometry 
t ransmiss ion  of the detector ,  the resul t  (because of both walls) i s  

In our  calculated detector - t ransmiss ion  curve in F ig .  1 1. 1, we have 
included [ ( ' rCU(~)]  2.  ' ~ t  0. 0 1 ev, i f  our  second mechanism i s  valid, we 
would expect t o  m e a s u r e  a total  detector t ransmiss ion  of 0 .  67 = T ,  This  
is even furthel; off than our f i r s t  mechanism. 

A third mechanism investigated i s  that there  i s  some ambiguity a s  
to  what c ross  sections to  use  in calculating T,,,(E) for: the S(E) only .  W e  
approximate T, with TCU(E)  calculated using the total c r o s s  section. If 
wall scat ter ing does not prevent neutrons f r o m  getting into the sensit ive 
gas  volume of the de tec tors ,  then uLY only should be used. This  i s  in a 
sense  the other ex t reme f r o m  the use of U T  only. One can say then that 

+ N  u (E)x  
0 s 

T (E)  = T (E)  e 
W Cu 

Unfortunately, for  th is  argument the scat ter ing cross section, u s (E) ,  of 
copper i s  relatively flat a t  energy above 0. 0 1 ev, so removing a l l  wall 
scat ter ing when calculating Tw(E)  makes very  l i t t le difference in the 
relat ive energy response of the detector.  o n e  could possibly think of 
some mechanism whereby a l l  the scat ter ing i s  neglected in calculating 



Tw(E)  a t  high energies  and i s  included in calculating Tw(E)  at ,say,  0.  01 ev. 
This  mechanism must include some reason why the scattering angular .distri  - 
bution f r o m  copper i s  f a r  more  forward peakcd at 1 ev than a.t 0 .  01  to  0.  02 ev. 
In fact, since there  i s  copper on the other side of the detector to  sca t te r  neu- 
t rons  back into'the sensitive detector volume, the scattering in the  wall 
cancels out completely to a f i r s t  approximation. 

As  of now, there  i s  no reason to believe the l / v  counter i s  not' a 
l / v  counter.  The detector- t ransmission study was a sensitivity check 
and the detector acted a s  expected. The question exists. of how f a r  'from 
l / v  response the detector could be and sti l l  satisfy our total  c r o s s  section. 
It appears  that one 'can see by the t ransmiss ion  technique a variation of 
370 f r o m  l / v  response for . th is  detector.  

, . 

. . 

1 1 . 2 .  COLLIMATION STUDIES . . 

During the las t  yea r ,  ' the col l ikat ion sy sten1 o f  the 16 -m flight path 
has been carefully' studied to .determine 

, . . . 

1. That the collimators were properly aligned (found to be adequate) 

2 .  The effect of the postcollimator on the measured  spec t ra  (no 
detectable difference). 

3 .  The effects of varying siz'es and mater ia l s  of the precol l imators .  

4. The effects of varying distances between the precol l imator  and 
neutron- emitting surface.  

F ive  commonly used s izes  of precol l imators ,  made of b r a s s  o r  
epoxy r e  sin, were selected, and interchanging these precol l imator  s made 
no observable difference in the shape of the neutron spectrum. However, 
different. counting r a t e s  were encountered, and it was decided that f o r  
maximum counting efficiency, a la rge ,  fa i r ly  short  precol l imatvr  sllsrczlcl 
be used prvvided that it i s  compatible with the geometry of the experiment 

Varying the position of the precol l imator  did not significantly change 
the count ra te ,  and i t  was concluded that the position was not too cr i t ica l .  
However, the precollimator position must  ensure  that the detector cannot 
see  m o r e  a r e a  than the neutron-emitting surface,, and ghat the precol l imator  
does not hecnma a strong source  of reflected neutrons.  

The following principles have been developed for  selecting the 
precol l imator  and re-ent rant  tube s izes:  

1. The re-ent rant  tube should be a s  l a rge  a s  possible without 
perturbing the flux spec t ru r~ i  ia the a s ~ c m b l y .  



2.  The precollimat,or diameter:,should be a s  la rge  a s  possible 
without seeing more  ,than the neutron-emitting surface a t  the 
base  of the re-%ntraxit . . tube. 

In this  way, the g rea te s t  allowable' count r a t e  will be achieved for  
given machine operating conditions. That par t  of the background dependent 
on machine conditions and independent of precollimator s ize will then 
be minimized. 

Since the alignment of the collimators was found to be satisfactory 
and since only a fract ion of the neutron-emitting surface was viewed, no 
elaborate  calculations of the source-detector  view factor  were found 
neccssa ry .  I-Iowevsr, alignment may be more  difficult to obtain on the 
50 -m flight path, and off - center collimation may be req~li  r e d  ini s u r v n y i n g  
the neutron-emitting sur faces  of a heterogeneous assembly.  A cvde has  
therefore  been written by H. ~ o n e c k ( ~ O )  to calculate thc relative view factor 
over Lhe fl ight  path ~ x a r t l y  for any arrangcnsent 01 ~ y l i r ~ d r l c a l  01- rectangular 
co l l imators .  This  code i s  called CAP, Collimator Analysis P r o g r a m ,  and 
computes the relat ive efficiency, p ,  for  each source point P in F ig .  11 .  2, 
where p i s  the rat io  of the detector response with al l  collimators in position 
to the response when only the las t  collimator i s  in place: 

+ max 
d9 , 

m j n  9 min (+) 

[t, max (+.) - 9 min ( + ) I  d+ 
min 

An a r b i t r a r y  number o f rec tangu la r  o r  c i rcu lar  collimators of f i n i t e  
thickness  ( the front andbackedges  a r e  t rea ted  a s  separa te  col l imators)  
can be used. The alignment i s  not cr i t ical  provided that the coordinates 
of the center  and the dimensions of each collima.knr can be well c p ~ . c i f i c d .  
. - 
The source  points, P ,  can be a rb i t r a r i ly  chosen s o . a s  to obtain more  detail 
in regions of in te res t .  The output of the code includes information about 
which collimator l imi ts  the beam for  each source point. 

The cude has ,been a s se i ib l ed  and tested with a sample'  case ,  but . . 

has  not been put ' to  specific use,  si.n.ce p i s  1'. 0 ' for  the exp&ri;'-ler~ts done . 

to date.  Future  modifications t; the code could including s c a t t & ' r i ~ ~ ~  froin 
collimator edges.  

. .  . , . .  . . 

. . 
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X I .  UNIVERSAL SCATTERING-KERNEL CODE 

The  purpose i n  th is  sect ion i s  to  outline the genera l  p rocedures  and 
fo rmulae  which will  s e r v e  a s  a ba s i s  for  the calculation of the sca t te r ing  
k e r n e l  i n  a f o r m  suitable,  for 'appl icat ion to a l l  'of the important  moderat ing 
m a t e r i a l s .  At th is  t i m e ,  vLe r e s t r i c t  ourselv 'es to the problem of calculating 
the  sca t te r ing  law. In a future  r epo r t  we  will  consider  the problem of 
calculating the Pr -components  of the differential  energy  t r a n s f e r  c r o s s  
sec t ions .  

The  problem of calculating slow-neutron sca t te r ing  is m o s t  con- 
veniently formulated in  t e r m s  of the so-cal led i n t e r ~ n e d i a t e  sca t te r ing  
functlon X ( K ,  t ) .  ( 4 3 )  11, t e r ~ r l s  of th is  function, the i~on i r~ t e r f e r ing  pa r t  of 
the  sca t te r ing  can  be  exp re s sed  2.s 

where  

Eo = in i t ia l  neutron energy . ,  

E = f inal  neutron energy , 

h1 - a tomic  m a s s  of the s c a t t e r e r  .( in.units  of the ncutron m a s s )  , 

8 = angle of scat ter ing,  

c = e n e r g y t r a n s f e r  . 

W e  are adopting units  whexe the-neutr .on m a s s  and P lanck ' s  constant,  
h/2.(r, a r e  one. We a l s o  a s s u m e  for  future purposes  that B o l t z m a n n ! ~  

. . 
constant  is one. 



The obvious advantage of the formulation of Eq. (1)  i s  that the 
calculation of cr(E0, E, 8 )  requi res  knowledge only of S(K,  E), which i s  a ' 
function of just two variables .  . .  This . is  a ' fac tor  'of extreme importance 
from the viewpoint of computer econorilics a s  well a s  f rom a physical 
viewpoint. 

, . 

An important property of S(K, E) i s  that i t  sat isf ies  the detailed balance 
condition 

Through this,  we can define the symmetr ic  function, 
. . 

To take advantage of the symmetry  implied by Eq. (6),  a g rea t  deal  of the 
formulation will be .expressed in t e r m s  of  so(^, E ) .  

The basic simplifying ass1.1mption that we sha l l  make is that the X- 
function in Eq. ( 2 )  .has the. Gaussian fo rm.  . -  . .  . 

L . . 
where w ( t )  i s  a complex function of t which contains a l l  the inforn~at ion  
about the dynamics of the sca t t e re r .  Next, we shal l  a s sume  that the 
motion of any .particle in the sca t t e re r  can be expressed  a s  a s u m  of 
motions' o'f iridependent .dynaniical degrees of f reedom, al l  of'whicli commute 

. . . ,. 
. . 

with one another.  This implies that . . 
. . 

and 

where 

As a consequence of this,  the scat ter ing l a k  can  be described in t e r m s  of 
a convolution of the different modal functions 
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' S n ( ~ . c )  ' Irn e x n ( K ,  t )  dt 

and i t s  symmet r i ca l  equivalent 
. . 

Noting that 

1 00 
ict N 

dt e X J K ,  t) > 

n= 1 

the convolution theorem for Four ier  t ransforms gives 

. . 

In general ,  any m -  fold convolution can be c a l c ~ ~ l a  tk'd. f rom 

0 
This sequence of equations, together with an initially given S ( K ,  t )  = S  ( K , E )  , 

0 .o 1 
f o r m s  a convenient bas is  for an iterative calculation of S(K,  0. Equation 
(15) will be one of the most  bas ic  in a program for calculating the scattering 
law. Now le t  us turn  to the calculation o f   so,(^, c ) ,  which contaiils the 
influence of the var ious  degrees  of freedom nn the scattering. 

12. 1. CALCULATION O F  Sonl ( K : ,  c )  - 
The calculation of each of the S O m ( ~ ,  c )  will be one of the initial 

ca'lculations to be performed.  After Lhe quantities a r e  determined, Eq. (15) 
can be applied to ca.lculate the cnt i re  scaLl-cring law. In o r d e r  to obtain 
st ' ' )  we mus t  give a description of the dynamics in the modes of motion 
descr ibed  by the index m. In general ,  we shal l  consider three  basic  types 
of  nuti ion. These a r e  (1 ) f r ee  t ranslat ions,  (2 )  'diffusive motions,  and 
( 3 )  vibrations.  We denote the scat ter ing fi-~nction c o r r c  sponding Lo f r ee  
translations.  by. SO.G. . , . -. It . i.s,given by . . . . . 



where MG i s  the m a s s  corresponding to. the f ree  translations and T i s  the 
tempera ture  ( in  this k ipress ion  energy and tempera ture  af'e in the same 
units). 

(51) . The scattering function corresponding to diffusive motions i s  .. 

2 . 112 
d(c t- 114) s OD ( K , E )  = [exp dc &] - 2.112 MG 

[e2 t ( d K 2 / ~ G )  I (9 

where Kl (x )  i s  the modified Bessel  function of the second kind.(52)  The 
parameter  d i s  a diffusion coefficient, and c 1s a measure  of the t ime during 
which atoms oscil late around their  initial positions before diffusing away. 
Both c and d will be input parameters .  

Now let  us consider the calculation of effects due to vibrations. We 
shal l  assume that there  ex is tN - 2 independent modes of vibration and that 
the propert ies  of these modes which a r e  relevant for neutron scat ter ing a r e  
contained in the frequency distribution functions pi(w).  ( i  = 1. . . N - 2)  for 
(0  5 w 5 8i) .  The p i ( w )  will be par t  of the input to the code. In addition, 
we will require  a s  'input a se t  of quantities Mi, which a r e  the effective 

a 

m a s s e s  associated with the pi (w) .  We a lso  note that pi(w) will be a non- 
L ze ro  function only in the interval 0 5 w ei. 

The S O ~ ( K ,  w)  for vibrations will be computed by one of two methods. 
Which of these methods i s  used depends on the magnitudes of c and K.  

2 2 
(I)  for sufficiently sma l l  v.alues of K ,. ( K / ~ M . )  a i  < ni (see belowj, 

1 

S (K,  w )  = exp O i  (18)  
. . . . .  . . . ..  . .  . . - -. . . .  v. 



w h e r e  

( 1 )  P,(w) 
gi ( w )  = 2wa s inh (w12T) 

i 

and  g!n)(-w) is defined by , .. 
1 

The cui a r e  defi.ned by 

F m  p, (w)  exp ( ~ 1 2 ~ )  

. . . . . . 
The expansion given in  Eq. (20)  wil l  b e  u sed  when 

. . . . . . .  . . . . .  , . . . 

. . . . . .. . . ,  
w h e r e  %. is '  a n  'input number :  

. . . . 1':. . . . r 

, . ( n t  1 .) . + 

'' For l a r g e  va lues  of n, the caiculalion of g .  (w)'by the i t e ra t ive  ' 

.1 ' ' 

p rocedu re  . . d e f i n e d b y  . . E ~ . '  (20 )  becomes  qui te  t ime-consuming.  F o r  l a r g e  . ~ .  

n, however ,  ' i t  1s a good .approximation i n ' s p t '  ' . 
- .  . . Q .  

and  , 
x .  ' .. 

This  f o r m  for  g(rl)  (a) will be u sed  whenever  n > n(i' whe ren" )  i s  
i -2 0 '  

a n  input number .  The  quant i t ies  wi and  cri are defined by 
0 



In c a r ry ing  out  the calcula t ion of gln)(w), the p r o g r a m m e r  should t ake  
advantage of thb p roper ty  given in  Eq. (21). 

2 
(11) F o r  ( K  2 )  , the preceding fo rmu lae  wil l  continue to  

i 
apply i f  the conditions . 

- 
< Oare  a l s o  sa t i s f i ed .  He re ,  i s  a n  input number  and T is defined by 

. I  i 

2 
If ( K  /2Mi) a i  > ~ ( l ) ,  i but Eq, (27)  i s  not sa t is f ied ,  then 

F igu re  12. 1 shows,  in a rough schemat ic  way, the  reg ions  in  the 
2 w - K /2Mi plane in which Eqs .  (18) and (29)  apply. 

2 
Fig.  12. 1 - - A r e a  of w - K /2M.  plane f o r  ca lcula t ion of S (K ,  E )  1 O i  



At this point, everything necessary  for the calculation of S o i ( ~ ,  r )  has 
been wri t ten down. Let us  now consider in a l i t t le m o r e  detail  the cal-  
culation of  S o i ( ~ ,  E )  by means of a digital computer.  

12 .2 .  INFORMATION FOR THE PROGRAMMER 

Basic  Input I 

1 .  M = m a s s .  
2. T = temperature.  
3 .  Either  the se t s  of non-negative numbers  [ r ]  = [E c 2 ,  . . . cN1] 

o r  the s e t s  of non-negative numbers 

If p ' s  and a ' s  a r e  r ead  in, we will want to convert  to E ' S  and ~ ' s  by means 
of 

before we can apply the formulae given in the previous sections. In the 
output, however, we will  want to tabulate a, P, and the function which the 
p rogram i s  intended to calculate. 

Required C)pcsatisns 

Before fur ther  specifying the details of input, i t  will be convenient 
to d iscuss  - briefly some of the mathematical  operations which the computer 

2 will be required to perform. Ra.sically, given thc sc t s  c and K. 12, the 
machine will  be required to ccmpute any or a l l  of the quantities 



'oi (Eqs .  18 through 29) i = 1 , 2 ,  . . . K . 

Having computed these,  i t  will then be required to do convolution a s  
indicated in Eq. (15). This will be di.scussed in m o r e  detail  l a te r .  

Input 11 

Each of the SoG, SOD, Soi will be computed when, and only when, the 
input relating to them i s  specified. 

In addition to the input pa ramete r s  l is ted under "Input :I,$'.' there is.the 
input relating to the various S 's :  

Inpu t fo rSOG . . . . 
M~ 

Input for SOD . . . . c,  d 

Input for  Soi i = 1, 2, . . . N - 2 5 4 

(u)  
( a ) .  p i  

( w )  = unnormalized frequency distribution a t  a number of 
evenly spaced points wk = ka(k2  - Ki), 

Note: p . (w)  i s  non-zero only for 0 < w 5 8.. 
1 1 

Since Ki, Bi  a r e  specified in the input, determine A and the following 
parameters:  



(b) .  Input control pa ramete r s  and their  function: 

2 
-(I ) K 1. n. . If- -41) . n Eq. (1 8 )  will be used to calculate 
1 2M. 1 i . 

1 

Sgi for a l l  w. (The way in which the 6-function in Eq. (18) 

is t rea ted  i s  discussed la te r .  ) 

2- 
2 2h' T 

K '  
(i) a n d  /,,oI 5 - 2A4 

i 1 

Eq. (1  8 ) will be used; 

2 
K 

(ii) and Iwl> - - n 
2M i 

i 1 

Eq. (29) will be used. 

' ( i )  and n c  n(o)l  the t e r m  g!n) (,),in Eq. (18) will  be cal-  . 
i 1 

culated f rom g!n'l ) (w)  by mFans of Eq. (20); 
L 

(ii) and N > n(O), the t e r m  g!n)(d) in Eq. (18) will be calculated 
i 1 

by means  of Eq. (24). 

12 .3 .  EXAMPLE SHOWING A POSSIBLE FLOW OF THE PROGRAM 

F i r s t :  

1. [ P I ,  [u] aro read in. 
2 

2. [PI, [LY] a r e  cvr~ver ted  tu [ € I J  [ K  121 

Second: 

3. p!U)(w) and M a r e  r ead  in. ' . 
1 1 

4. Calculate and s to re  p (w) jEq.  (30)).  
1 
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5. Calculate and s t o r e  a (Eq.  (22)) .  
1 

6 .  Calculate and s t o r e  g( l  )(a) (Eq. (1 9)) .  
1 

7. Calculate and s t o r e  Zi and o2 (Eqs .  (25)  and (26)). 
1 

) ii('),and n(O) a r e  r e a d  in. Third:  The quanti t ies n 
1 ' 1  1 

Fourth:  Calculate and s t o r e  

Note: If gl1 )(w) i s  nonvanishing only in  - e l  5 w 5 O l p  g ( n ) ( w )  i s  . '  

nonvanishing only i n  -11 8 5 w n 8 
1 . .  1 ' 

Fifth: 

2 
(A) P i c k  lowest  values  of ( K  2 M 1 )  a C ;  1 go to Eq.  (18a);  and 

calcula te  ASOi(h, 6 )  a t  all points r in the s e t  [ c ]  of iliput i iumbers .  

commencing with the lowest  value of c .  This  wil l  requ'ire 

(!) The s a t  of functions g ( n ) ( c . i )  1 I 5 n 5 n 0 .  genera ted  in s t e p  4 above. 

(2 )  For n > n the quanti t ies defined by Eq. (24). . 
0' 

(3 )  Interpolatinn: The points w a t  which g ( n ) ( w )  1 a r e  calcula ted 

wi l l  not in gene ra l  contain o r  be contained in  the  s e t  [ c ]  . 
(4)  A convcrgence c r i t e r i o n  f o r  terminat ing the s e r i e s  in Eq. ( l8a ) .  

2 . . 
(B)  It ( K  IZM1) O! > ii"), 1 tcot  t h e  quanti ty 



commencing with the lowest value of E .  

If 5 0, use  Eq. (1 8a)  to calculate ASO1 (K,  E ) .  

If > 0, use Eq. (29) to calculate  sol(^, E ) .  Go to next-lowest value 
of t ,  get new n, and repeat  the procedure.  

Sixth: 

2 
Having gone through a l l  values of t ,  pick a new value of K 1 2  and 

repea t  the procedures  outlined in the fifth step. In this way,  sol(^, E )  

2 
w i l l  be calculated f o r  a l l  points in the se ts  [ t ] ,  LK 123 . These S (K, c ) 0 1 
a r e  s tored,  probably on tape. 

Seventh: 

To obtain S (K,  E ) ,  one reads  in the appropriate  input numbers  and 
0 2 

repeats  the procedure used for calculating S '  (K,  €1. 0 1 

Eighth: 

Apply Eq. (15). Calculate and s to re  

2 
a t  the points E = K: 1 2 .  

Ninth: . . 

Read in M 
G ' . = 

U s c  Eq. (16). , Calculate and s tore  S O G ( ~ ,  E ) .  

Tenth: 

Apply Eq. (1 5).  Calculate and s to re  

m 

Eleventh: 
2 

P r i n t  out ( a , p )  a ,  P ,  where S (0, (3) = T S ( K  , E )  . 
0 0 0 



The code must  a l so  include coherent e last ic  scattering, the d ( r )  i n .  
incoherent e last ic  scattering, u(8, ;), u(8),  U T ,  S(a, P) ,  Debye-Waller 
factor,  infinite-medium spectrum, and P r components. 

. . 



It i s  known that because of the very l a rge  mean f r e e  path of high- 
energy neutrons in H20 ,  it i s  not possible to set  up a t ruly thermal  spec t rum 
in this  modera tor  using a fast  -neutron source.  As mentioned in a previous 
r epor t ,  ( 2 )  this difficulty can be circumvented by interposing a cadmium 
curtain between the fast  source  and the probe. The neutrons absorbed in 
the curtain constitute a negative source  with no high-energy tail .  The spec -  
t r u m  produced by this source  i s  obtained f rom a difference measurement  
and is  expected to  go over  into a Maxwellian-like asymptotic spectrum, 
f a r  enough f rom the curtain.  The experiment was performed using the 50-m 
flight path because the mean-emission-time correct ion applying to this 
measurement  i s  ve ry  ha rd  to est imate and should be reduced to a minimum. 

The resul t  of the measurement  was found to be in good agreement  with 
a Maxwell ianat  3 0 2 O ~ b e t w e e n  0.01 and 0 . 2  ev. This i s  s e e n i n  Fig. 13. 1, 
where  the flux divided by the energy i s  plotted a s  a function of energy. Also 

0 
shown fo r  comparison a r e  two other Maxwellians, at  300 and 3 0 3 ' ~ .  The 
discrepancies  a t  ve ry  low energy ( less  than 0.01 ev) a r e  probably due to 
inaccuracy of the sensit ivity function used for  reducing the experimental 
data.  At high energy, beyond 0. 2 ev, the two fluxes to  be subtracted come 
s o  close together that the method breaks  down. 

It a l so  was attempted to m e a s u r e  a leakage flux due to  the negative 
source ,  f a r  enough f r o m  the la t te r ,  and to compare i t  with the theoret ical  
resu l t s  co'rresponding to  the multivelocity Milne problem. This was aban-  
doned because of lack of intensity. 
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Fig. .  13. 1 - -Neutron spec t rum f r o m  cadmium- cur ta in .exper iment  



XIV. ASYMPTOTIC (DIFFUSION-COOLED) NEUTRON SPECTRA 

When a bu r s t  of fast  neutrons i s  produced in a finite moderating 
assembly ,  once the t ime required to approach equilibrium has  elapsed, the 
energy distribution of the neutrons will not change any fur ther  and the whole 
neutron population will die away with some decay constant depending on the 
s i z e  of the assembly.  This asymptotic spec t rum deviates f rom a Maxwellian 
be cause of the energy dependence of the leakage and absorption probabilities. 
The absorption probability usually i s  constant (1 / v  absorber ) ,  whereas the 
leakage probability i s  strongly energy-dependent. In the diffusion approxi- 
rnation, i t  is 

P 
2 

= B D v  , 
leak 

and  even for constant D i t  i s  seen to increase  l inearly with the neutron 
velocity. This preferent ial  leakage of fast  neutrons i s  the reason for  the 
so-cal led diffusion cooling of the asymptotic spectrum. But the diffusion 
constant, D, a l s o  depends on energy; actually, i t  vanishes for E = 0 because 

D I: 1 
and l i m  2: v > 0 . 

3Z( l  - F) v ~ O  

F o r  a crystal l ine modera tor  like graphite o r  beryllium, X fhict1.1ates sharply 
f o r  a neutron wavelength of the o rde r  of the separat ion of the reflecting 
planes. At the bragg cutoff energy, Z elast ic  drops suddenly to z e r o  and 
only the much sma l l e r  inelastic c r o s s  section i s  left over.  Owing to these 
strongly distorting factors ,  the asymptotic neutron spec t rum will deviate 
f r o m  a Maxwellian, The deviations of t h e  a.symptnti r neiltrnn sp~rtr1.1rn 
f r o m  a Maxwellian due to the energy-dependent leakage will be strongly 
influenced by the energy exchange propert ies  of the scattering kerne l  of 
the modera tor .  As an example, calculations were  c a r r i e d  out for graphite.  
F igures  14. 1 and 14. 2 compare the resu l t s  obtained for a mass-12  gas 
model  and a P a r k s  crystal l ine model. It i s  seen  that the spec t r a  calculated 
with the gas  kerne l  a r e  smooth and close to a room-temperature Maxwellian. 
However, the spec t r a  calculated with the crystall ine kernel  a r e  strongly 
dis tor ted and show maxima in correspondence with the Bragg peaks of us. 
This  i s  in  agreement  with the trapping effect predicted by de ~ a u s s u r e ( 5 3 )  
and shows explicitly the much poorer  energy-transfer  propert ies  of the . 
crystal l ine solid compared with those of the gas.  



F i g .  14. 1 - -Neut ron  s p e c t r u m  calcula ted f r o m  a  f r e e - g a s  model 



F i g .  14.  2 - -Neut ron  s p e c t r u m  calculated fr.6m"a c rys ta l l ine  model 



XV. RESEARCH EQUIPMENT 
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. . ~ . . . .  
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15. 1. LINAC FACIL1T.Y - . .  

' . . '  . .  . . . .  . . . 
During thi's l a s t  con t rac t  yea r ,  many significant  improvements  have . 

been made  in  the Genera l  Atomic Linac Facil i ty.  These  cons i s t  of additions 
to the. physical  plant a s  wel l  a s  ma jo r  machine .changes and  improvements .  

. . . . 

A new office and Linac expansion building h a s  been,added behind t he .  
exis t ing Li.nac cell .  This  provides  space  fo r  one e x t r a  Linac -sect ion and. 
a l l  four ne .cessary k lys t ron  power supplies.  The k lys t rons  will a l l  be 
located out of the i r rad ia t ion  ce l l  s o  that  they m a y  be opera ted  a t  the higher 
power levels  available today without in.curring radiat ion breakup  of the , 

pulse. The building h a s  been completed,  and permanent  shie ld-wal l  con- 
s t ruc t ion  i s  under  way. The en t i r e  const ruct ion project .  has  been c a r r i e d  
out without incur r ing  any  shutdown of the Linac. o r .  any  l o s s  of Linac 
operating t ime .  The movement  of modula tors  fr.om the p resen t  radiat ion 
ce l l  wil l  begin toward the end .of 1963 and will  continue for an  extende.d . . 

per iod of t ime .  As the modulators  a r e  moved, they willrbe upgraded to ' . 
handle the new 20-Mw kl.ystrons now available f r o m  both Litton Industries.  
and S p e r r y  Rand Corporation.  

The next s tage  planned for  the Linac . instal lat ion wi l l  cons i s t  of four .  
sect ions  of L-band Linac, e ach  powered by a 20-Mw klys t ron  and fed by a 
vas t ly ' improved  c u r r e n t  injection sy s t em.  The sect ion.  to be added .will 
s'erve a s  a t e s t  s tand for  the projected improvements ,  s o  the exist ing t h r ee -  
sect ion instal lat ion can s t ay  in  operation.  

. . 
Specifications fo r  a new Linac in jector  have been p repa red  and s en t  

out on bid. A 20-amp e lec t ron  gun i s  d e s i r e d  for the newer  higher  r - f  
power Linac.  Gun de l ivery  fcom one .of the many  inter.ested. suppl ie r s  i s  . 

expected e a r l y  in 1964,. Shor t  pulse c .urrent  capabil i ty wi l l  be g r ea t l y  
enhanced by this s tep.  . 

In addition to the m a j o r  improvements  ini t iated th is  con t rac t  y e a r ,  .a  
significant  number  of improvements  have been made  in the bas ic  t h r ee -  
sect ion machine. ,  The tube-type t r igger ing c i r cu i t ry  ha s  been rep laced  by 
a completely t ransis tor i ,zed t r i gge r  and t r i gge r  delay s y s t e m  using the 
l a t e s t  tunnel-diode techniques.  Defective channels can be eas i ly  isola ted 
when they occur .  (which i s .  rare . )  :and the n e c e s s a r y  plug-in car.d can be 
ea.sily rep1ace.d. This  s t e p  min imized  .costly trouble-shooting,  a.nd down- . 

t ime ,  rep laced  marg ina l  c i rcu i t ry ,  and f r eed  l a rge  sect ions  of badly needed 



s p a c e  in  the  a c c e l e r a t o r  console .  The e l iminat ion of j i t t e r  between pulses,  
which was  ex t r eme ly  t roub lesome fo r  fas t  s p e c t r a l  s tud ies ,  was  a l s o  
accompl i shed . .  

The  in jec tor  s y s t e m  for  the Linac was a l s o  improved considerably  
by  the ins ta l la t ion of a n  isola t ion valve  and f e r r i t e  c u r r e n t  moni tor .  During 
gun ins ta l la t ion,  the r-f acce le ra t .o r  s y s t e m  can be  .isolated. In addition, 
the  in jec tor  c u r r e n t  output per formance  can be read i ly  studied for  opt imum 
machine  tuning, r a t h e r  than having to r e l y  on the output b e a m  f r o m  the  
a c c e l e r a t o r .  

F u r t h e r  improvemen t s  in the Linac vacuum s y s t e m  a r e  wel l  under 
way. Vac-ion pumps a r e  being ins ta l led i n  the posit ions occupied by the 
old t rapped-o i l  diffusion-pumping sys  t e m s  a s  these  s y s  t e m s  r equ i r e  
rep lacement .  The  en t i r e  vaculim system.  on the Linac i s  over  6 y r  old, 
and during this t i m e  hlgh-vacuum technoiogy h a s  advanced s o  marked ly  
that  i t  would be foolhardy to rep lace  defective exist ing high-vacuum s y s t e m s  
with ident ical  h igh-maintenance o i l  systems. 

Another a r e a  whe re  considerable  r e -  engineering and rebuilding have 
been  c a r r i e d  out i s  in  the klyston modula tors .  Seve ra l  nea r ly  d i s a s t rous  
f i r e s  revea led  b a s i c  flaws in the engineer ing design of the s tandard  
modula tors .  These  p rob l ems  have been solved by design and construct ion 
of u l t r a - f l a t  pulse l ines  and  instal lat ion'  of new c e r a m i c  thyra t rons .  Grea t ly  
improved  machine  performa.nce ha s  thus been at tained.  

As  a r e s u l t  of the  extensive  maintenance and defec t  co r r ec t i on  effor ts  
m a d e  dur ing the l a s t  y e a r ,  a n  ex t r eme ly  high operating leve l  was  a t ta ined 
on the  Linac - -  m o r e  than 4000 h r  of con t rac t  oper.ation,with s o m e  1500 h r  
of usage  devoted to  AEC work.  

15 .2 ,  PRESSURE VESSEL 

A ve r sa t i l e  r e s e a r c h  tool  which ha s  been used to measure. infinite- 
m e d l u m  neutron s p e c t r a  for  poisoned so111t.j o n s  at. e levated t e m p e r a t u r e s  
is the  p r e s s u r e  v e s s e l  shown in Fig.  15. 1.  This  ve s se l  has been used  to 
m e a s u r e  inf ini te-medium neutron s p e c t r a  for  bora ted  wa te r  a t  mode ra to r  

0 
t e m p e r a t u r e s  ranging f r o m  ambien t  t empe ra tu r e  to 600 F ,  and for  p r e s s u r e s  
up to 1559 psi ,  

The  p r e s s u r e  v e s s e l  is cons t ruc ted  en t i re ly  of Type 31 6 s t a in l e s s  
s t e e l ,  because  th is  type of s t a in l e s s  s t e e l  ha s  the be s t  an t i -cor ros ion  
p rope r t i e s  and .can  t he r e fo re  be u sed  to contain a va r i e ty  of s a l t  solutions 
a t  high t empera tu r e s .  The  p r e s s u r e  v e s s e l  h a s  cyl indr ical  wa l l s ,  the 

. ax i s  of the cylinder being ver t i ca l .  The bottom of the v e s s e l  i s  hemispher ica l .  



Fig. 15. I--View of pressure vessel showing the zirconium scatterer 
and background-plug drive mechanisms 



The top of the vessel  is a 3-5/8-in. -thick blind-flange head which is 
attached to the cylindrical body of the vessel  by twelve 1 -518-in. -diameter 
bolts afid eealed with a stainless-steel- covered abestos gasket, using a 
torque load df 1200,ft-lb. The vessel is supported by'a welded tripod 
arrangement. The vessel  i s  heat-insulated and shielded from thermal- 
neutron room return by a 314-in. thickness of Johns-Manville cement, 
heavily loaded with amorphous boron, which was packed around the vessel  
and baked dry. Outsides this layer of cement is a 2-in. thickness of heat- 
insulating material  (Kay10 20). The vessel  has an internal diameter of 
10 in. and an ove r-al l  Cnternal height of 23 in. 

The pressure vessel  is self-pressurized by means of a 5-kw immersion- 
type electrical heater located near the bottom of the vessel. The temperature 
of the solution within the v a s ~ e l  i n  monitored with Chroirnel-Alu~iel thermn- 
L U U ~ ~ ~ Y  ~hearhed in 'l'ype 31 6 stainless steel. The pressure is monitored 
with a stand-off standard pressure gauge in order to eliminate the need 
for expensive temperature- compensated in~trttmentation, Tbc safety head, 

0 
rated a t  2Q00 psi and 620 F, is vented outside of the room for safety 
reasons, as can be seen in  Fig. 15. 1 .  The Ifglory hole, I t  a cyliridrical 
tube 0. 43- in. in inside diameter with a wall thickness of 0. 035 in. , extends 
through th*e center perpendicular to the cylindrical axis of the vessel. 
The wall of the glory hole is purposely made thin in order: to minimize 
neutron absarption and thus is considered a secondary rupture disk. The 
pressure  vessel  wag.constructed according to standard ASME-code practices. 
All welds were  carefully radiographed, and the pressure vessel, including 
the glory hole, was checked hydrostatically a t  3300 psi, The. vcsscl llaa 
been certified for operation a t  2200 psi  and 6 2 0 ~ ~ .  

Neutron spectra a r e  measured by placing a zirconium scattcrcr  a t  
the center of the glory hole, and the neutron beam emerging f ro~r i  the glory 
hole is analyzed using standard pulsed-beam time-of-flight techniques, 

F8 Because of the glory hole, safety of operation is  paramount, so 
positioning of the zirconium scatterer  (see Fig. 15. 1 ) for signal runs, 
positioning of the B$IOC plug for background runs, and changing of heater 

- , - C'  power a r e  performed completely by remote control. 

- -.. 15. 3. PULSED CRITTCA L ASSEMBLY 

The pulsed cri t ical  assembly was originally built to facilitate neutron- 
spectrum measurements. It was designed to approximate a s  closely a s  
possible a homogeneous, one-dimensional, bare multiplying asselnbly. 
Over-all views of the assembly a r e  shown in Figs, 9 .2  and 9.3. The fuel 
plates for the as  sembly a r e  of uranium- aluminum alloy, 1 7 wt-% uranium 
93% enriched in u ~ ~ ~ .  The pldt'es a r e  18 in. long by 6 in. wide by 0. 020 in. 
thick. 



This  a s sembly  has  recent ly  been taken criti .ca1 (Section IX) and 
m e a s u r e m e n t s  have been made  of the decay constant assoc ia ted  with var ious  
loadings. Prev ious ly ,  133) measu remen t s  w e r e  made  of the s c a l a r  and 
angular  neutron spec t r a  when the a s sembly  (loading to a ,mul t lpl icat ion~of  . . : 

about 10)  was  operated a s  a b a r e  homogeneous multiplying assembly .    he 
design of the a s sembly  pe rmi t s  loading of the c o r e  i n . such  a .way  that  

. . . . la t t ice  problems m a y  a l so  be studied. 

15 .4 .  NEW FLIGHT PATH AND'LOW-ROOM-RETURN NEUTRON CAVE 

The design of a new 70-ni flight path:and a new., enlarged,  low-room- 
r e t u r n  neutron Fave has  been completed. Most  of the m a t e r i a l s  neces sa ry  
for  c'onstruction have been o rde red ,  and this  fac.iliiy should be completed . 

in  the nea r  future.  A plan view of the Linac exper imenta l  a r e a  i s  shown 
in Fig.  15. 2 ,  including the exist ing cave,  .,the old flight paths, the new 

. . . . . .  . . .  
flight path, . and the erdarged .cave. -  he .e.n1aige'd.cave 'will: 'permif much 
l a r g e r  a s sembl i e s  to be studied. The new cave. wal l s  will be  thin but 
heavily absorbing,  and .are  to be  constructed.  of removable  panels.  Albedo 
exper iments  w e r e  per formed to determi.ne the m o s t  suitable wal l  m a t e r i a l  
(H3BO3) and thickness  for  the en la rged  low- room- re tu rn  neutron cave.  ' 

Essent ia l ly ,  the exper iment  consis ted in  me'asuring' the s.yrfa.ce leakage of 
ref1ected:neutrons f r o m  vdri8u.s m a t e r i a l s  .... ..- . T ..... which : . might be used  in  the new 
cave.  The new, evacuated,  70-m f l i g h ~  path  m a y  be used to imeasu re  
neutron spec t r a  in  var ious  mode ra to r s  and .shields f r o m  0. 001 -.ev u p  to  . 

about 20-Mev neutron energy.  



EXISTING 16,50,AND 20 METER 
FL1GH.T PATHS 

PLANNED T O  METER 
FLIGHT PATH 

............ ............ ............ ............ ............ ............ ........................ ............ ............ ............ 
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ROOM NO. 2 

EXISTING CAVE'  WALLS 

WALLS 

F i g  1.5. 2==F1,~1r  v i e w  u i  :he Liilac experimental room 



Appendix I 

FORMAT FORNEUTRON-SPECTRADATABOOK 

The presentat ion of exper imenta l  and theore t ica l  data  concerning 
neutron s p e c t r a  has  previously been t roublesome and cumbersome.  I t  i s  
hoped that  the fo rma t  s e t  forth in  th is  Appendix will  ini t iate a p rocedure  
for  displaying data  in a s tandard  fo rm s o  that  sufficient information i s  
given for  compar i sons  of data  and calculations obtained a t  this and other  
l abora tor ies .  It  should be  pointed out that while this fo rma t  i s  of a typical  
exper iment  previously per formed a t  Genera l  Atomic,  i t  could be expanded 
to include a l l  "best  data" available.  A compilation of th is  s o r t  should be 
a highly valuable and useful  tool fo r  a l l  r eac to r  physicists .  It  i s  tentatively 
planned to  make  this spec t rum compilation jointly with the thermal izat ion 
group  of UKAEA a t  Harwell,  England. 

In the following two pages,  the geomet r ica l  a r r angemen t  and information 
n e c e s s a r y  to calculate the spec t rum using the m o s t  recent  theore t ica l  model 
a r e  shown, together with the exper imenta l  r e su l t s  fo r  comparison.  
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Appendix I1 

MEAN-EMISSION-TIME CORRECTION FOR THE 
MEASUREMENT O F  STATIONARY SPECTRA B Y  
THE.rPZTLSED-NEUTRON-SOURCE TECHNIQUE 

In the m e a s u r e m e n t  of s ta t ionary  neutron s p e c t r a  by the pulsed sou rce  
method,  i t  i s  genera l ly  a s s u m e d  that  a f t e r  each  pulse the neutron density 
in  the a s sembly  decays  in a t ime which i s  s h o r t  compared  with the t ime  of 
flight. Only in  th is  case ,  one ge t s  the exac t  in tegra l  over  the t ime-dependent 
s p e c t r u m  which i s  equivalent  to the s ta t ionary  spec t rum to Be measured :  

whe re  +(v, t )  s t ands  for the flux produced by a s o u r c e  of the f o r m  Q(v)d(t) .  

Of course ,  Lhis idea l  si tuation is never  m e t  in  p rac t ice .  The magnitude 
actually m e a s u r e d  in  the exper iment  i s  the number  of counts AC accumulated 
in each  t ime  channel,  and for sufficiently s m a l l  channel width AtO i t  i s  

whe re  C(tO)  i s  the  to ta l  number  of counts in the  t i m e  in te rva l  0 C t  < to, and 
the o r ig iu  of thc t ime  sca1.e is supposed to be in  coincidence with the s o u r c e  
bu r s t .  +(v, ' t )  s t ands  for  the t rans ien t  neutron flux a t  s o m e  p u i ~ ~ t  of the 
assembly ;  q (v)  i s  a coefficient re la ted  to solid angle and ove r - a l l  de tec tor  
sensit ivi ty;  and L i s  the flight-path length. 

In the idea l  c a s e  of a v e r y  l a rge  flight path and v e r y  f a s t  die-away 
of the neutron pulse in the assembly ,  one m a y  wr i te ,  with Q(v, t )  = q ( v ) +  (v,  t): 

Thus ,  



w h e r e  

2 
T.he meaning of the f a c t o r . ( l / L )  vo appear ing in Eq. ( 4 )  becomes  m o r e  
evident  by wri t ing Eq. (4)  ' i n  the f o r m  

In  a r e a l  case ,  the re la t ion  between Q(vO) and  C(tO)  is not that  s imple ,  and 
we  s h a l l  have t o  f ind a proced.ure to  c o r r e c t  Eq. (4 )  fo r  finite t i m e s  of 
f l ight .  In the pas t ,  i t  was  a s s u m e d  that. in g e n e r a l  the  equation s t i l l  holds 
if to  is rep laced  hy a c o s ~ ? o c t c d  t i~ut:  10 - - r ( \ r ] ,  v.'horc P(V)  is lhe ave rage  
tiiilt: at which neu t rons  of veloci ty  v a r e  emi t t ed  by the a s s e m b l y  being 
m e a s u r e d :  

n 

2 
It t u r n s  out  that  th is  c o r r e c t i o n  neglects  t e r m s  of o r d e r  ( ~ / t ~ )  and d ~ / d t  0 
a n d  migh t  thus l ead  to re la t ive ly  l a r g e  e r r o r s  in the s p e c t r u m  a t  those  
e n e r g i e s  a t  which T r i s e s  qui te  fast f r o m  the  nea r l y  z e r o  slowing-down 
t i m e  to  the m e a n  l i f e t ime  o f  t h e r m a l  neutrons  j.n the assembly .  The effect ,  
which is r a t h e r  s m a l l  fo r  H20 ,  obviously i n c r e a s e s  with dec r ea s ing  values  
of the  modera t ing  ratlo,c&s/cra, and probably  becomes  quite impor tan t  
f o r  DzO o r  graphi te .  In o r d e r  to  find a ' r e l a t i o n  va l id  f o r  l a r g e  values  of 
to, between the. counts pe r  unit t ime  

' 

and  the s t a t i ona ry  s p e c t r u m  +(v) a.a g iven by Eq. ( I ) ,  we s t a r t  fr011-I the 
Eapl.ace: t ransform of Eq. ( 2 )  ( w i t h  r e s p e c t  to to) ,  

- - p ( L / v )  - 
c (p )  := 9 (v, p)dv , 

- 
and  expand Q(v, p )  i n  a se,r ies of powers  of p, 



F r o m  a well-known t h e o r e m  it  i s  s e e n  that  the coefficients  of th is  expansion 
a r k  s i m p l y  the t ime  momen t s  of Q(v,  t ) ,  i. e .  ; 

Anti- transforming Eq. (10)  t e r m  by t e r m ,  we find 

t h 
whe re  t liow s tands  for  L / v  and T ( ~ )  m e a n s  the n der iva t ive  of the r -  
function. Using the known p rope r t i e s  of these  der iva t ives  and performing 
some  a lgeb ra ,  i t  is found that  

whe re  

and  

It is in te res t ing  t o  check Eq. (14)  for  a c a s e  which can  be solved exactly,  
namely,  when 

- A t  
9 ( v ,  t )  = e Q(v)  for  t  2 0  , 

=: '0 fo r  t  < 0 . 

Here  we have the s imp le  velocity-independent re la t ion,  



which, when substi tuted' into Eq. (14) ,  yields 

Multiplying Eq. (1 9 )  by 1 / A, differentiating, and adding the resu l t  to 
Eq. (19),  we find the exact result:  

Of course ,  this formula could have been bbtained direct ly  f rom Eq. ( 9 )  by 
using the convolution theorem of the Laglace transform. Eqilat.inn ( 1  4 )  can  
be solved by success ive  approximation i f ,  a s  usual, the expressions 

a r e  smal l .  

11 ) 2 
Denoting the nth approximation by F( = Q(*)(v )v (1 / L), it is  

found up to second o rde r  
0 0 

Formula  ( 2 2 )  shows c lear ly  that even to f i r s t  o rde r ,  the usual mean-  
emission-time correc t ion  i s  not sufficient. 



A formula  c o r r e c t  to  f i r s t  o r d e r  can  a l so  be obtained direct ly  f r o m  
the continuous slowing-down model, where  

Here ,  the m e a n  emis s ion  t ime  i s  s imply  ~ ( v ) ,  and by introducing Eq. (24)  
into Eq. (1 )  i t  i s  found that  

where  now, however,  the re la t ion between velocity and t ime  i s  given 
implicit ly by 

It i s  worthwhile to point out that  for the ca se  of ~ . ~ e c t r a  mcasu remen t  i n  
multiplying media ,  where  the m e a n  e m i s  s ion ' t ime become s quite l a rge ,  the 
pure exponential decay.corresponding to Eq. (17) i s  quite a good approxi-  
mat ion for sy s t ems  ,not too f a r  away f r o m  cr i t ical i ty .  This  i s  mos t  eas i ly  
s e e n  when the capture  and.f iss ion ( l l v  c r o s s  sec t ions)  probabil i t ies do not 
depend on energy  and  the leakage can be neglected.. The t rans ien t  neutron 
f lux corresponding to th is  simplified c a s e  i s  

where  jj i s  the l i fe t ime,  k i s  the prompt  multiplication constant, and 6k  = 
1 - k. N(v, t )  s tands  for the t rans ien t  flux produced in  the s a m e  assembly ,  
by the same source ,  but assuming  that  v = 0 ( v  being the number  of neutrons  
produced per  f ission).  It  i s  eas i ly  s een  f r o m  Eq. (L 7 )  ihal allel tiixeo of 
the o r d e r  of a, the pulse decays exponentially with a mean  life 1 /A = 
a / d k  >> 1,.  thus justifying the u se  of Eqs .  (17) and (20) for computing the 
mean-emiss ion- t ime  cor rec t ion  for  neu t ron-spec t ra  measu remen t s  in 
these  conditions. Another convenient feature  in  the c a s e  of multiplying 
a s sembl i e s  i s  that  the die-away t ime  l / h  = T can be obtained d i rec t ly  f rom . 
the exper iment .  In nonmultiplying media ,  however,  the cor rec t ion  t e r m s  - 
T and?2 and the i r  der ivat ives  have to be computed f r o m  theore t ica l  
sca t te r ing  models  by the conventional sou rce  i t e ra t ion  method of cal~ci la t ing 
spec t rum t ime  moments .  
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