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PREFACE 

An ~rner ica l l  Nuclear Socie ty  National  Topical 

Meeting on Reactor Physics  i n  the  Resonance and 

. Thermal Regions was h e l d  i n  San Diego dur ing  

February 7-9, 19661_-_Some 26 i n v i t e d  papers  and 

11 con t r ibu ted  papers  were presented  a t  t h e  

meeting. The rappor teur  system was u s e d - t o  re-  

view t h e  con t r ibu ted  papers .  I n  a d d i t i o n ,  panel  .' 
^*.. ..' 

discuss ions  were h e l d  on t h e  t y o  main t o p i c s .  .-. ..... 
. .- 

Unfortunately,  t h e  d i s c u s s i o n s  were poor ly  
. ... 

recorded and were t h e r e f o r e  omifffed from t h e  vol- 

umes of  t h e  proceedings. Because of t h e  i n t e r e s t  

of  t h e  a t t endees ,  t h e  imperfec t  t r a n s c r i p t  of t h e  

proceedings has  never the less  been e d i t e d  f o r  pub- 

l i c a t i o n .  

Jack  Chernick 
E d i t o r  
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Reporterls.Remarks on Contributed Papers on 

Neutron Thermali'zation 

P. Zweifel, ~ a ~ ~ o r t e u r  

It  i s  v i r tua l ly  a truism t o  point out how closely the devel- . . 

opment of reactor physics in  the pas t  do.zen o r  so y.ears has been 

t i e d  t o  the high-speed d i g i t a l  computer. It  i s  extraordinary, to  

compare the discussion a t  t h i s  conference with those, say, of the 

f i r s t  ANS meeting I attended 10 years ago. Today people a re  dis-  

cussing calculat ions techniques and methods which were unheard of 

i n  those days - due en t i r e ly  t o  the larger ,  f a s t e r  machines which 

have become available. 

I n  the  l i g h t  of t h i s  progrkss, I have t r i e d  t o  consider with 

some care the classes  of problems which reactor  physicis ts  
. . . . 

are  thinking of today, and I have more-or-less a r b i t r a r i l y  come up . 
' C  

with three such classes .  Before I describe them, l e t  me jus t  

mention some of the dangers of .the present computer age, arld then 

mention how I think these dangers can be, and are  being, avoided. 

Clearly, with the computer we can solve problems which were 

hopeless before. We. have thus ' the danger t h a t  we lose physical 

k \, insight  in to  the nature of the problems ( ins ight  -which was pro- 

vided by old-fashioned phenomenological methods l ' ike age theory, 



four-factor formulas, etc. ,  e t c . , ) .  Another r ea l ,  but not so 

obvious danger i s  t h a t  we lose understanding of the mathematical 

nature of the solution of the t ransport  equation. This brings 

us d i rec t ly  t o  what I have cal led Class I problems; essent ia l ly  

exact analyt ical  solutions of highly idealized physical s i tua-  

t ions.  Such problems serve the dual ro le  of giving the physical 

and mathematical ins ight  tha t  only analyt ical  solutions can and, 

a t  the same time, providing t e s t  cases against  which numerical 

methods can be tested.  Examples of work i n  t h i s  area a re  the 

tgansport. t h ~ o r e t i o a l  okudits ul: K. M. Case, and a l l  of the work 

t o  which it has led,  e.g. the paper i n  t h i s  session by Robinson 

and Ferziger t o  be described l a t e r .  

Many of the papers presented a t  t h i s  conference, and in  

par t icu lar ,  i n  t h i s  session, f a l l  i n to  t h i s  category. However, 

the advent of the computer has created another important f i e l d ,  

namely the necessity fo r  producing nuclear data of grea t  accuracy 

and d e t a i l  t o  serve as input fo r  the refined calculat ions now 

possible. This I c a l l  Class 11. There are  such papers a t  t h i s  

conference - both experimental and theore t ica l ,  and I w i l l  describe 

one by an I t a l i a n  team l a t e r  in  t h i s  report. 

The th i rd  c l a s s  involves the attempt t o  obtain solutions 

on the computer fo r  more or  l e s s  p rac t i ca l  problems. This may 

be an essent ia l ly  exact procedure, l i k e  THERMOS, or Monte Carlo, 

which solves.any p a r t  of a problem exactly, o r  it may involve a 

combination of several  calculat ions,  in  which case, even with 

our present computers, some pa r t s  m u s t  .involve.phenomenology. 

(Example - two or three dimensional multigroup with group 

constants obtained from MUFT). 



Thus, I have outlined three general categories: 

1. Exact solutions of idealized physical s i tua t ions .  

2. Generation of highly refined input data. 

3 .  Pract ical  solutions.  

The papers which I have been asked t o  review today f a l l  

i n to  a l l  three classes .  Let me begin with paper #1, Slow Neutron 

Scatterinq by Liqui'ds: A Hindered-Translation Model by Ardente, 

Nardelli,  and Reatto. This paper c lear ly  f a l l s  in to  Class 11. 

In this model, a l iquid  i s  considered t o  be composed of osc i l -  

l a t i n g  atoms which, however, become f ree  t o  t r ans la t e  whenever 

t h e i r  osc i l la tory  energy exceeds a cer ta in  value V taken t o  be 
0 

the "act ivat ion energy" of the l iquid.  Applying a method orig- 

ina l ly  developed by Wang and Uhlenbeck t o  account fo r  energy 

t ransfer  between vibrat ional  and t rans la t ional  modes, these 

authors a re  able t o  derive an expression for  the velocity auto- 

correlat ion function which we know (cf.  D r .  Rahman's t a lk ,  fo r  

example) can be re la ted  . t o  the neutron scatteri 'ng cross section. 

They compare with sca t te r ing  experiments in  l iquid  argon, sodium, 

and water. While it i s  not c lear  t h a t  t h i s  model gives substan- 

t i a l l y  b e t t e r  agreement than other models in  a l l  cases, it has, 

as  the authors point out,  the v i r tue  t h a t  it has no a rb i t r a ry  

parameters, so t h a t  it i s  a t ru ly  physical ra ther  than phenomenol- 

ogical model. (In -some cases, par t icu lar ly  argon, agreement i s  

be t t e r  than with previous calculations.)  This type of analysis 

represents an important attempt towards calculation of accurate 

cross-sectional data  for  l iquid  sca t te r ing  systems, and i s  cer- 

t a in ly  worthy of more comment than the br ief  remarks I am able 

t o  make here. 



Let  m e  next  s k i p  t o  paper  #6, An Enerqy Dependent Calcula- 

t i o n  o f  t h e  Disadvantaqe Factor ,  by Robinson and Ferz iger .  This  

paper  c l e a r l y  f a l l s  i n t o  Class  I, an e x a c t  c a l c u l a t i o n  of an 

i d e a l i z e d  p h y s i c a l  problem. Unfor tunate ly  t h e  problem i s  n o t  

s u f f i c i e n t l y  i d e a l i z e d  t h a t  an e x a c t  s o l u t i o n  can be  obta ined,  

b u t  a  r e s u l t  o f  very h igh accuracy i s  found. E s s e n t i a l l y ,  t h e  

au thors  apply t h e  method of Leonard and Ferz ige r  (based on Case ' s  

method of  s i n g u l a r  e igenfunct ions)  f o r  so lv ing  t h e  energy-de- 

pendent t r a n s p o r t  equat ion  (by expansion i n t o  or thogonal  eigen- 

f i l n r t i n n s  of t h e  enerqy t r a n o f c r  Iccrnel) .  'I'lir~~ L w u  dppruxlala- 

t i o n s  must be made: 

1. The expansion must be t runca ted .  

2.  The r e s u l t i n g  equat ion  must be so lved 
numerical ly.  

The f i r s t  d i f f i c u l t y  can be avoided t o  some e x t e n t  by 

t r u n c a t i n g  success ive ly  a f t e r  n, n+l ,  n+2, e t c .  terms. The 

second i s  handled e i t h e r  by reducing t h e  s i n g u l a r  i n t e g r a l  

equat ion  t o  a  Fredholm equat ion  and i t e r a t i n g ,  o r ,  a s  P ro fessor  

Fe rz ige r  t e l l s  me he  f i n d s  b e t t e r ,  t o  so lve  t h e  s i n g u l a r  i n t e -  

g r a l  equat ion  d i r e c t l y  on t h e  computer. 

The r e s u l t s  a r e  app l i ed  t o  n a t u r a l  U-H20 systems, and a r e  com- 

pared with THERMOS, wi th  reasonable  agreement and a  saving of 

two o r d e r s  of  magnitude i n  computer time. C lea r ly  much more 

needs t o  be done i n  t h i s  method, t o  apply t o  more p r a c t i c a l  

geometr ies  ( c y l i n d e r s )  and t o  make t h e  agreement wi th  THERMOS 

even b e t t e r .  I n c i d e n t a l l y ,  THERMOS i t s e l f  i s  an e s s e n t i a l l y  

exac t  method which can be used t o  test  approximation schemes, 

s o  i n  t h i s  case  the a t tempt  i s  t o  save  computer t ime i n  t h e  

e x a c t  s o l u t i o n .  



Next, paper #7,  Application of a Phenomenolosical Thermal- 

iza t ion  Model t o  Irradiated Heavy Water Lat t ices .  This paper 

f a l l s  in to  Class 111, as it attempts t o  combine t l ~ e m a l i z a t i o n  

i n  the presence of a la rge  resonance (Pu-239)) a procedure which, 

while again amenable t o  "exact" numerical solution (THERMOS) , i n  

a prac t ica l  case would run in to  excessive computing time. So 

the  authors combine numerical integrat ion of the Wilkins equa- 

t ion  (as the authors point out other thermalization models may 

be tested s imilar ly)  with. a phenomonelogical treatment of the 

resonance. Their code, THERMIDOR, shows good agreement with 

THERMOS, and thus gives hope of p rac t i ca l  application t o  highly 

complex geometrical systems. 

Paper #5, Operatinq Experience with UNC-THERMOPILE, An 

Advanced Monte Carlo Proqrarn f o r  the Evaluation of Thermal 

Assemblies, by Nakache and Kellman i s  another example of Class 

I11 and i s  an attempt t o  generate p rac t i ca l  solutions fo r  complex 

geometries. Again r e s u l t s  a re  compared with THERMOS fo r  simple 

cases (note the universal use of. THERMOS as a Class I case and 

Robinson's-Ferziger's attempt t o  improve on i t ) .  This code con- 

sists of an almost i n f i n i t e  number of subroutines such as  

NELICERN, SLODOPOX, EZGEOM, e tc .  for  using a l l  'available infor- 

mation. There i s  no point in  my trying t o  describe a Monte Carlo 

program here, except t o  point out t h a t  as  data improves and good 

phenomenological models a re  found for  handling portions of the 

problem, the Monte Carlois ts  a re  bound t o  come up with new codes 

incorporating 'the l a t e s t  resu l t s .  THERMOPIL'E appears t o  be 

much of an evolutionary study i n  t h i s  direct ion.  

Paper #3, Approximate ~ rea tmen t  of Neutron Thermalization i n  

Heteroqeneous Systems, by Haubert and Meyvaert. This paper again 



f a l l s  in to  Class 111, i n  t h a t  it attempts t o  solve the s p a t i a l  

problem as careful ly  as  possible (by multiple co l l i s ion  methods) 

so it replaces the thermalization problem by the celebrated 

Cadillhac approximation. The method is  applied t o  cyl indr ica l  

c e l l s ,  but with no numerical r e s u l t s  or. comparison with experi- 

ment reported. 

Paper #4, Experimental and Theoretical Thermal Fine Struc- 

tu re ,  Spectral Indices and Relative Conversion Ratios i n  Boilinq 

Heavy Water Lat t ices  of Sl iqht ly Enriched Uranium Oxide Clusters,  

by Jonsson, Pekaret,. Sokolowski, and Wikdahl, i s  more of Class I, 

as it uses 40 thermal groups, again with multiple co l l i s ion  

methods for  spa t i a l  dependence. It  does, however, replace the 

resonance region with one group and puts a l l  f a s t  neutrons in to  

one group, so it is  not r ea l ly  "exact", but those p a r t s  could 

he compared with "exact" calculations of those portions of the  

spectrum. Here the  r e s u l t s  a re  compared extensively with exper- 

iment - f ine  s t ruc ture  of absorption i n  u~~~ - with excellent 

r e su l t s .  I might comment t h a t  multiple co l l i s ion  calculat ions 

(as expounded extensively by Grossjean some years ago, seem t o  

be coming back in to  vogue, a development which I, for  one, had 

not foreseen).  

The l a s t  paper i s  #2 - Calculation of the Space Dependent 

Thermal Neutron Enerqy Spectrum i n  Heteroqeneous Assemblies by 

Flux-Synthesis Methods, by Hembd. In t h i s  method, the energy- 

dependent flux is  expanded as a l i n e a r  superposition of energy 

d is t r ibut ions  weighted by spa t i a l  amplitudes. Then the trans- 

por t  approximation, for  example, can be applied, and the resul t -  

ing energy equation solved numerically. This I would put in to  

Class I, except t h a t  the described calculat ions have been done 



in the diffusion approximation. It would be interesting to see 

this method combined, for example, with Case's exact treatment 

of the spatial distributions. 

' In .conclusion, I should say that my division into classes 

is somewhat arbitrary because so few exact solutions are possible 

that one tends to combine exact analytical with numerical or 

phenomenological as the best possibility. Total numerical solu- 

tions are still not possible, so,that one tends to combine 

phenomenological with numerical methods, and so forth. 



Panel Discussion on ~ e u t r o n - ~ h e r m a l i z a t i o n  

P. Zweifel - University of Michigan 
(Chairman) 

E. R. Cohen - North American Aviation 
Science Center 

J. E. Wilkins - General Atomic 
H. Honeck - USAEC 
R. Beyster - General Atomic 

(The following report  i s  not verbatim - only the  g i s t  of the 
comments i s  presented).  

P. Zweifel - D r .  Cohen w i l l  make an opening statement. 

E. R. Cohen - With respect t o  the many comments on both Monte 

Carlo calculat ions and physical insight ,  I think physical in- 

s ight  i s  very helpful i n  preparing Monte Carlo 'calculations, '. 
but I doubt i f  much ins ight .can  be gained from the  output of 

\. 

such a  problem. I also believe t h a t  as  computers ge t  bigger ' 

and f a s t e r m o r e p h y s i c a l  data  c a n b e  u s e f u l l y u s e d i n M o n t e  . ' '  

Carlo calculations.  However, the la rger  computers may not b.e 

as e f f i c i e n t  i n  handling Monte Carlo calculat ions a s  i s  hoped , 

because of input-output speed l imitat ions.  

J. A S ~ ~ W ( U K A E A )  - It may be possible t o  overlap the computing 

I with input-output routines.  



E. Wilkins - There must be a  good balance between computing speed 

and input-output times i f  we a re  t o  r ea l i ze  the f u l l  benefi t  

from future machines. The balance i s  not cor rec t  now - computing 

speed has improved much f a s t e r  than input-output capabili ty.  

H. Honeck - Changing the subject fo r  a  moment, I have not seen 

any breakthroughs in  the thermalizati.on f i e l d  since the 1962 BNL 

conference. However, the theory and i t s  application t o  the compu- 

t a t i o n  of sca t te r ing  kernels has advanced considerably since then. 

We a re  able t o  calculate  space dependent spectra provided we have 

the  time and money. 

It appears t h a t  the in tegra l  data and s ingle  d i f f e r e n t i a l  

data  are  both valuable i n  developing and evaluating sca t te r ing  

kernels,but I wonder i f  the double d i f f e r e n t i a l  data i s  s i m i l a r l y '  

useful.  To my knowledge, it has never been used. Can anyone 

comment on tha t?  With respect t o  the "physical insight"  opinions 

of our panel moderator, it seems t o  me t h a t  one can obtain more 

insight  from the purely numerical study of A. Rahman tfian from - ,  .. 

singular in tegra l  equations, fo r  example, 

D. T. Goldman (National Bureau of Standards) -. I have found t h a t  

double d i f f e r e n t i a l  data was valuable i n  developing a  poly- 

ethylene kernel. , . 

P. Daitch (Rensselaer Polytechnic I n s t i t u t e )  - I agree with 

Honeck t h a t  the theory has improved, and t h a t  double differen- 

t i a l  measurements have improved tremendously. This data can be 

used t o  discriminate between sca t te r ing  models, and one can con- 

ceive of eventually foregoing cross section measurements, and in- 

stead using double d i f f e r e n t i a l  data  t o  determine the best  cross 



P. ~aitch(~P1) (Cont'd.) 

section model and then deriving cross sections from that model. 

One could also estimate the magnitude of multiple scattering er- 

rors by measuring the double differential cross section between 

energies and angles which should yield the same value for S(a,p). 

Differences in S(a,p) would be informative in this regard. 

At RPI we use very thin scattering foils and the multiple 

scattering corrections are small. We are also doing a Monte Carlo 

analysis of the subject. 

J. Younq(GA) - In our work we have not used double differential 

data, except for the excellen.(; work. of Schmunk and Brugger on 

the dispersion relations for beryllium. We also expect to use 

their results for BeO. If you look at the scattering cross 

section measured at the same values of CY and p, the scattering 

law varies by as much-as a factor of 10. 

R. J,arvis (Chalk River) - We have found the double differential 

data useful in developing kernels in spite of multiple scattering 

problems. 

R. Bruqqer'   hilli ips Petroleum) - I believe all of this data is 

useful. Better spectrum .measurements motivated and led to effec- 

tive mass free gas kernels £or water and eventually Nelkin' s 

bound.kerne1. - Recent double differential data has led .to the 

McMurray-Russell kernel, and I trust that further measurements 

will lead to further improvements. 

R. Beyster(G~) - The re-entrant hole problem is an important 

problem but the experimental studies that we have been able to 

make on this point indicate that the effec't can't be too large, 



R. Beyster (GA) (Cont "d. ) 

I also believe that, the double d i f f e r e n t i a l  data t h a t ' h a s  

already been generated should be careful ly  studied and analyzed 

t o  maximize i t s  usefulness. I f  multiple sca t te r ing  corrections 

a re  very large,  it may be worthwhile t o  determine how t o  make 

the correction re l iab ly  begore doing too many more measurements, 

although I rea l i ze  t h i s  may be a minority opinion. 

We have had d i f f i c u l t y  analyzing our own data a t  times, 

and we a re  publishing the data  i n  great  d e t a i l  so t h a t  other 

people can study it. We t r y  t o  make measurements which a re  

susceptible t o  calculation but we a r e n ' t  always successful. 

R. Bruqqer(Phil1ips Petroleum) - Re-entrant hole problems don ' t  

stop GA from making fur ther  measurements, and we don ' t  f e e l  t h a t  

multiple sca t te r ing  corrections need stop us from doing useful 

double d i f f e r e n t i a l  sca t te r ing  experiments. 

D. T. Goldman (National Bureau of Standards) - I ' d  l i k e  t o  re- 

emphasize my feel ings about numerical calculat ions and the er rors  

t h a t  creep in to  them when one changes from d i f f e r e n t i a l  o r  inte- 

g ra l  type equations t o  difference equations. I personally have 

always been unhappy about the proce.dure.of'averaging cross sec- 

t ions  over groups of any width whatsoever, ra ther  than solving 

equations themselves point by point.  I j u s t  wish t o  point out 

t h a t  e r ro r s  creep i n  when one wishes t o  make detai led compari- 

sons with experiment which are  very d i f f i c u l t  t o  determine. 

P. Zweifel - I take i t  then t h a t  you're in  favor of Monte Carlo 

calculations,  since tha t  i s  one way of ge t t ing  around the prob- 

lem of using average group cross sections.  



D. T. Goldman - Not necessarily. Group averaged.cross sections 

a re  sometimes.used i n  Monte Carlo calculations;  especial ly  i n  

the epithermal range. Then cross sections,  resonance parameters, 

e tc .  must be averaged and the answer you get  i s  dependent on jus t  

how you took the average. It  i s . p o s s i b l e  t o  do it accurately, 

but it requires care. 

R..Sullivan (Nuclear U t i l i t y  services)  - I ' d  l i k e  t o  come back 

t o  the question of how much a l l  t h i s  i s  worth. Part  of khe 

answer w i l l  be given about a month from now in  a cross-section 

1~1eeL11iy i n  washiiigton, where one of my co-workers i s  going t o  

present the r e s u l t s  of a parametric study on the e f fec t s  of un- 

c e r t a i n t i e s  i n  nuclear parameters on fuel  cycle costs .  

P. Zweifel - Perhaps we should adjourn t h i s  meeting and a l l  re- 

convene a t  t h a t  time. 

E. ~ e l b a r d ( ~ c t t i s )  - I think there has been some misconception 

about the amount of time involved i n  running Monte Carlo calcu- 

la t ions .  I f  you do a calculat ion where you throw everything in ,  

it w i l l  certain1.y take a l o t  of time, but the typica l  design 

calculat ion a t  Bet t i s  takes 3 t o  5 minutes. This i s  with the 

Philco-2000. Another generation of.machines i s  coming i n  the 

door, and we should be able t o  r ea l i ze  a speed increase of a 

factor  of 5. So the times involved are  not very great .  

P. Zweifel - Are you talking about a thermal multi-group cal-  

culation? 

E. Gelbard - Yes, not about a calculation which couples a l l  

energies together. I don ' t  know how much time t h a t  w i l l  take. 

P. Zweifel - That i s  probably s t i l l  not feas ib le  fo r  the next 

generation of computers. 



E. . Gelbard - I don' t think i t ' s  unfeasible. I think it would 

take about 30 minutes of time on the, present computer for  such 

a  problem. 

P. Zweifel - Then i n  the future,  a l l  exact numerical calcula- 

t ions  may be done with Monte Carlo. 

E. Gelbard - I f  the machines keep f a s t e r  and f a s t e r ,  by 

perhaps a factor  of 20 over Philco-2000, then the type of prob- 

lems I'm talking about w i l l  be almost t r i v i a l .  

P. Zweifel - A state~oen't l i k e  t h a t  doesn ' t  d i s t r e s s  me as much 

as it used to.  Now t h a t  I have s e t  up my c lass i f i ca t ion ,  I see 

t h a t  y o u ' l l  only be able t o  make progress in  Class 3  and not i n  

Classes 1 and 2. 

F. Nakache(UNC) - I ' d  l i k e  t o  say a  few words about Monte Carlo 

c0de.s. F i r s t ,  the amount of time it takes t o  run a  Monte Carlo 

program depends completely on how big a  problem you have se t .  

up. Problems of i n t e r e s t  to  us take perhaps 3-4 minutes on the  

IMB-7090. Secondly, we have also checked our program r e s u l t s  

(UNC-THERMOPILE) against  l a t t i c e  experiments with good r e s u l t s  

and against  i n f i n i t e  medium spectra. 

Finally, I disagree with the posi t ion t h a t  you ge t  no 

physical insight  .from using a  Monte Carlo code. I think .it 

takes great  physical insight  t o  run a  Monte Carlo calculat ion 

in te l l igen t ly .  

P. Zweifel - We could argue a t  length on t h i s ,  I guess. I 

jus t  don ' t  f e e l  t h a t  you get  much physical ins ight  from the 

re su l t s  of the calculat ion,  although I ' l l  admit t h a t  writing 

the program i n  the f i r s t  place requires a  r e a l  understanding 

of the physical processes. 
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Reporter's Remarks on Contributed Papers on 

'Resonance Absorption 

J. Cheriiick, Rapporteur 

The plan of the present meeting i s  t o  use the  reporter  

system to  review contributed papers. The reporter  system has 

become qui te  popular a t  s c i e n t i f i c  meetings because of time 

l imitat ions.  

There are  times when it i s  even successful. A good example 

was  the Brookhaven Conference on Neutron Thermalization in  1962, 

where judging by post conference comments, there  was general 

sa t i s fac t ion  with the work of the several reporters.  However, 

the papers of the l a t t e r  conference were a l l  contributed papers 

on narrow topics and therefore qui te  cohesive in  content. The 

papers contributed t o  the present meeting a re  much more diverse 

in  character and one would face a more complex task i n  any 

attempt t o  unravel them i n  depth. 

For t h i s  reason, I w i l l  spend much of my time se t t ing  the 

papers in to  some h i s t o r i c a l  perspective, make some observations 

concerning the character of the work and, I hope, leave some 

time for  the audience t o  ask questions not c l a r i f i e d  by the 

authors ' summaries, 



There are  four contributed papers t o  the present session. 

The f i r s t  of these i s  a  review of work a t  Ispra i n  I t a l y  on 

Orgel type of l a t t i c e s .  The second paper by John Askew of 

Winfrith i s  concerned, as was the  paper we heard yesterday, by 

George Tyror, with possible inadequacies i n  the U-238 resonance 

absorption data as indicated by analysis of c r i t i c a l  experiments. 

The paper by LeSage and Sher i s  primarily experimental, while 

t h a t  of Garrison discusses a  two-level formulation of resonance 

s t ruc ture  fo r  the analysis  of strong interference e f f e c t s  between 

ad j  acenk levels .  

To understand how these papers f i t  in to  the general frame- 

work of resonance absorption theory, it i s  necessary t o  review 

some of the h is tory  of the subject.  As you know, the ear ly work 

on the resonance absorption of neutrons was completely dominated 

by the methods developed by the Manhattan Project and i n  par- 

t i c u l a r  by Wigner's pioneering report  CP-4. Wigner's formulas 

were admittedly rough and empirical with constants which were 

f i t t e d  t o  the nuclear data.  Nevertheless, i n  the immediate post- 

war era ,  few dared t o  tamper ser iously with the tes ted  recipes 

of the Manhattan Project because of the ca l iber  of i t s  phys ic is t s  

and fo r  lack of b e t t e r  data.  As l a t e  as the f i r s t  Geneva Con- 

ference i n  1955, we reported the Manhattan Project value of 240 

barns for  the d i l u t e  resonance in tegra l  of uranium along with a  

current estimate by Jack Harvey of 276212 barns based on the 

then known resonances. It  was i n  t h i s  paper t h a t  we f i r s t  sug- 

gested the use of co l l i s ion  probabi l i ty  methods as  a  hopeful way 

of t r ea t ing  resonance absorption i n  reactor  l a t t i c e s .  We were 

aiso able t o  report  r e s u l t s  of the  f i r s t  Monte Carlo calculations 

by Richtmyer of resonance capture of neutrons by individual 

resonance leve ls  of U-238. 



Wigner's'original study led to a division of resonance inte- 

grals into volume and surface terms with by far the chief emphasis 

on the volume term. In 1955, Wigner pointed out the need to 

modify this formula - at least the surface term - which was based 
on the weak assump.tion that the fuel lump was impenetrable to 

resonance neutrons entering the lump. The early studies at 

Brookhaven of resonance capture of low energy U-238 resonances 

indicated the dominant importance of the low energy rcsonances 

and hence the importance of the surface term in the resonance in- 

tegral formula. At the same time the inadequacy of the conven- 

tional narrow resonance approximation bccame evident and we sug- 

gested the equally simple NRIA or wide resonance formulation as 

it is now sometimes called. That the Russians were also dissatis- 

fied with the standard US formula became apparent when the USSR 

recipe for resonance integrals was unveiled at the first Geneva 

Conference. The USSR formulation expressed the surface term as 

proportional to the squsre root of the surface to mass ratio of 

the lump. 

The first analytical studies indicating serious inadequacies 

in both the NR and NRIA formulas for individual levels was car- 

ried out by the late K. T. Spinney at Brookhaven in 1955 and 1956, 

and was presented at the 1956 Brookhaven Conference on Resonance 

Absorption of Neutrons in Nuclear Reactors. 

In spite of Spinney's results, Wigner's formulations con- 

tinued to influence prominent workers in the field until early 

1958. ' By then, the results of Vernon and myself at Atomics 

~nternational had convinced many workers of the need at 1eas.t.t.o 

distinguish between the NR and NRIA resonances on the basis of 



what Wigner c a l l e d  t h e  p r a c t i c a l  width of  t h e  resonance. I t  be- 

came c l e a r  a l s o  t h a t  t h e  Russian formula f o r  resonance i n t e g r a l s  

was t o  be p r e f e r r e d ,  a p re fe rence  a l s o  i n d i c a t e d  by H e l l s t r a n d ' s  

experiments. There was a sugges t ion  a t  t h e  t i m e  by Dick Cohen 

f o r  a compromise resonance i n t e g r a l  formula t h a t  was f i r s t  used 

by Vernon and l a t e r  blossomed i n t o  t h e  Goldstein-Cohen-Brooks 

in te rmedia te  resonance o r  I R  approximation which was d iscussed 

t h i s  morning by Goldstein.  The sponsorship of  t h e s e  s e r i o u s  de- 

v ia . t ions  from 'Wigncr ' s o r i g i n a l  methods by Nordheim beginning 

early in 1 q58 d i d  much 'Lo cgnvince pcople of  both t:he soundness 

of t h e s e  methods and of t h e i r  use fu lness  f o r  q u a n t i t a t i v e  calcu-  

1 a,t ion  s . 

The c a l c u l a t i o n s  t h a t  Vernon and I had c a r r i e d  o u t  a t  Atomics 

I n t e r n a t i o n a l  had no t  aimed f o r  h igh  accuracy. Thus, we had t o  

admit t h e  u n c e r t a i n t y  o f  our  e s t ima te  of  t h e  p-wave c o n t r i b u t i o n  

t o  resonance cap tu re ,  t h e  l a c k  of  accura te  knowledge of  t h e  h igh  

energy c o n t r i b u t i o n  i n  r e a c t o r  l a t t i c e s ,  and we cor rec ted  f o r  

Doppler broadening by applying a rough equivalence p r i n c i p l e  t o  

o l d e r  c a l c u l a t i o n s  by Dresner. This l a t t e r  d e f e c t  was s h o r t l y  

remedied by Nordheim and h i s  co-workers, by Vernon, and o t h e r s .  

The s t a t i s t i c s  o f  resonance parameters  i s  a l s o  important  

t o  q u a n t i t a t i v e  es t ima tes  of resonance absorpt ions  i n  t h e  un- 

resolved resonance range. Dancoff was t h e  f i r s t  t o  concern him- 

s e l f  wi th  t h e  s t a t i s t i c s  of U - 2 3 8  resonance parameters  and i n  

1949 Wigner poin ted  o u t  t h e i r  importance f o r  e s t i m a t e s  of CY f o r  

f i s s i o n a b l e  nuc l ides  a t  in te rmedia te  energies .  I n  t h e  e a r l y  5 0 ' s  

t h e s e  ques t ions  were pursued by Sophie Oleksa and by Don Hughes 

a t  Brookl~aven. Olelcsa' s work a t t r a c t e d  t h e  a t t e n t i o n  of  t h e  l a t e  

Charles  P o r t e r  and l e d  t o  t h e  d e r i v a t i o n  of t h e  Porter-Thomas 



distribution of neutron widths which now plays such a key role 

in the theory of statistical fluctuations of resonance parameters. 

The recent book by Porter on fluctuation theory indicates the wide 

diversification of this field. 

Garrison, a couple of years ago, carried out a comprehensive 

review of the implications of this work to neutron cross sections. 

We have had reports at this conference from Moore and Schmidt, 

which represent further advances in this direction. A contributed 

paper by John Garrison which we shall discuss later probes in 

deeper waters along this same path. 

Since 1958, the most important advances in the field have 

been in the improvement of the quantitative methods. I shall not 

go into these methods in any detail, since they were reviewed 

for the last Geneva Conference. In brief, they consist of im- 

provements in the accuracy of collision probability methods, in 

numerical methods of solving the slowing down integral eyua,tion, 

in faster Monte Carlo methods, and in the improvement of integral 

experiments. 

Under the narrow resonance approximation for the moderator, 

our collision probability method for lattices yields a single 

integral equation in energy to be solved. Nordheim and his co- 

workers at General Atomic have developed a numerical method, ZUT, 

to solve this equation which is adequate for many lattices and 

is in widespread use in the United States. The codes ZUT, and 

ARES 11, the latter based on the intermediate resonance formula- 
.. .. .. 
.',>. ..::. ' 

,;.kLon, will be discussed later in connection with a paper from 

Euratom. Similar, accurate US codes exist for other energy 

ranges, for example, Dr. Herbert Rief's (Euratom) Monte Carlo 

code (MOCA) for high energy neutrons and Henry ~oneck's code 



THERMOS for  low energy neutrons. By combining these codes, i t  

i s  possible t o  achieve rapid and accurate analyses of l a t t i c e  

experiments as  Hellens and Honeck have shown i n  the case of water 

l a t t i c e  experiments and Honeck and Crandell have shown i n  the 

case of s ingle  rod l a t t i c e s  in  heavy water. Several of these 

codes have recently been combined in to  a s ingle  code cal led 

HAMMER by John Suich of Savannah River Laboratories and by 

Henry Honeck, now with the AEC. The methods developed abroad 

fo r  the same purpose are  on a par with US methods i f  perhaps 

slower and l e s s  automated. Since high speed computing machines 

are not as  prevalent abroad, ingenuity and pa t ien t  analyt ical  

calculations have taken the place of machine time consuming 

numerical methods and Monte Carlo calculations which are  more 

prevalent in  the United States.  

A remarkable development i n  the past  several  years has 

been the growth i n  power of co l l i s ion  probabili ty methods fo r  

reactor physics calculations.  While such methods were used in  

a limited way during the Manhattan Project they were never gen- 

e r a l l y  popular i n  the United States.  We f i r s t  u t i l i zed  them 

a t  Brookhaven in  the ear ly 50 's  t o  obtain f a s t  f i ss ion  fac tors  

i n  water l a t t i c e s  and then t o  solve such problems as the  P e i e r l ' s  

equation for  s lab  l a t t i c e s  and f i n a l l y  t o  at tack the problem of 

resonance absorption of neutrons in  general reactor l a t t i c e s .  

Our reasons a t  the time were the same as  those s t i l l  exis t ing 

in  Europe and i n  Asia today, the lack of easy access t o  high 

speed computers. Although such computers are,  with time, be- 

coming more and more readily available we expect an even greater  

d ivers i f ica t ion  of the use of co l l i s ion  probabili ty methods in  

the future.  It has been s ta ted  here tha t  one can never do cal- 

culations fo r  clustered l a t t i c e s  by such methods but it' i s  



dangerous t o  make such a statement because people who d o n ' t  know 

any b e t t e r  a r e  going t o  go ahead and do it anyway. 

With these  introductory remarks we can pass now t o  t he  con- 

s ide ra t ion  of t he  contributed papers. The paper by the . team from 

Euratom, I spra ,  r epo r t s  work on c lus te red  rod, organic cooled, 

heavy water moderated l a t t i c e s .  The reported work includes 

measurements a t  I sp ra  of resonance in t eg ra l s  on s ing le  rods of 

uranium monocarbide and on c l u s t e r s  of metal and carbide rods. 

While the  ana lys i s  of some of these  experiments i s  incomplete, 

good agreemcnt with ca lcu la t ions  is  reported. Now, i f  you re- 

c a l l ,  D r .  Hellstrand pointed ou t  some disagreement i n  t he  ex- 

perimental numbers t h a t  he has obtained with those given i n  t h i s  

paper. Perhaps we can g e t  t o  t h i s  question l a t e r .  

The ca lcu la t ions  f o r  ORGEL type l a t t i c e s  a r e  based on t h e .  

multi-region code, apparently developed loca l ly ,  ca l l ed  SKAOL. 

Resonance in t eg ra l s  a r e  based on equivalence theorems with con- 

s t a n t s  obtained from Nordheim's ZUT and TUZ codes. 

Dancoff coe f f i c i en t s  f o r  c lus te red  fue l  rods a r e  found by 

use of a code ca l l ed  SHOCK which i s  apparently based on approxi- 

mate c o l l i s i o n  probabi l i ty  methods but  has been checked ou t  

aga ins t  a more exact  code by Amyot and Benoist. Since neutron 

capture i n  the  1 ev resonance i n  Pu-240 i s  important t o  f u e l  

burnout s tud i e s  of power reac tors ,  the  e f f e c t  of conventional 

approximations such as  f l a t  f lux ,  the  NR approximation i n  the  

moderator and the  neglect  of thermal motion of the  moderator, 

have been s tudied by use of a multigroup S code fo r  ORGEL l a t -  
n 

t i c e s .  Comparison with the  ZUT, TUZ, and ARES I1 codes show 

t h a t  e r r o r s  i n  l a t t e r  codes of about 10% i n  es t imates  of reson- 

ance capture can accrue under these  approximations i n  cases  of 



i n t e res t .  However, before condemning these codes it i s  f a i r  

t o  point out t h a t  they were being used in  an area fo r  which they 

were r ea l ly  not applicable, A t  l e a s t  i n  the United States ,  I 

think most people would normally use a thermalization code: THERMOS, 

GATHER, e tc . ,  for  t h i s  purpose with i n i t i a l  energy above the re- 

sonance a t  1 ev. Comparisons of various numerical methods of 

dealing with.such low energy resonances, I should also l i k e  t o  

point out,  were also given a t  a session of the 1965 winter meeting 

of the American Nuclear Society i n  Washington, D.C. The refer -  

ence i s  Reactor Calculations, Scssion I,, Transactions of the ANS, 

Vol. 0, Number 2. 

For same time George Tyror of the UK has f e l t  t h a t  there  was 

something wrong with the standard U-238 resonance parameters 

based on h i s  analyses of graphite moderated l a t t i c e s .  Askew now 

adds fue l  t o  the controversy by reporting extensive se r i e s  of 

calculations fo r  other l a t t i c e s .  Again, a qui te  adequate com- 

plex amalgam of UK codes cal led WIMS i s  used fo r  the calcula- 

t ions.  An idiosyncracy of W I M S  i s  t h a t  it tends t o  somewhat 

overestimate Dancoff factors .  In contrast  t o  most U S  codes, 

, however, there  a re  co l l i s ion  probabi l i ty  options for  c lus te r s  of 

rods, f i n i t e  cylinders and other odd geometries as  well as  s ingle  

rod l a t t i c e s .  Since the discussion of t h i s  paper w i l l  probably 

prove l ive ly ,  judging by a preview which I attended a t  Brookhaven, 

and judging by the remarks following Tyror's paper, I w i l l  re- 

s t r a i n  myself from fur ther  comments. A s  the author points out 

himself, h i s  estimate of the p-wave contribution i s  la rger  than 

most US estimates. He also uses an epithermal value of ct of 

0.67 above half  a vol t ,  whereas the weight of the evidence from 

in tegra l  experiments indicates  a value closer  t o  0.5. It  

appeared t o  me, a t  the 1965 ANS meeting a t  Gatlinburg, tha t  
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advocates of the value obtained by integral measurement had all 

the better of the argument. This impression is only reinforced 

by the talks given us by both Brooks and Feiner. Askew's calcu- 

lations are based on the present U-238 resonance data and are, 

like Tyror's calculations, in agreement with Hellstrand's meas- 

urements. However, they disagrke with the calculations of 

Hellens, Honeck and Sehgal at Brookhaven which tend to give good 

agreement with experimental bucklings for water lattices. One 

of Askew's points is a discrepancy in cadmium ratio which was 

also observed by Sehgal, but the scatter in experimental data is 

large and the extent of the discrepancy seems to require further 

experimentation. : 

The calculations reported by Askew appear to be comprehen- 

sive and well documented. There remains then a clear contra- 

diction between present US and UK calculations of water lattices 

but the difference is principally attributable to differences 

in estimates of the epithermal value of ct in U-235. For graphite 

lattices, however, the problem is not so easily traced while 

again this needs verification by independent calculations and 

pertinent experiments. 

For some time I have wondered when experimentalists would 

try to make accurate measurements of resonance integrals of 

other absorbers besides uranium and thorium. The paper by LeSage 

and Sher reports measurements of dilute resonance integrals for 

a number of absorbers of particular interest to reactors. These 

include cobalt, niobium, molybd&num, silver, indium, hafnium, 

tantalum and several other elements. In some cases, for example 

palladium and platinum, the previously known data were of very 

poor quality. In some cases the standard error of the determin- 

ation has been improved as in the case of rhodium where a value 



, 
of 1075250 b i s  a t ta ined 'agains t  previous values of 1200+100 - b. 

The value obtained fo r  niobium of 18.523 barns considerably ex- 

ceeds the values and the claimed accuracy of e a r l i e r  determina- 

t ions.  The method employed was detection of capture gamma rays 

with a Moxon-Rae counter. Counts were taken for  a sample ex- 

posed t o  a beam geometry with and without a cadmium f i l t e r  i n  

the beam. Resonance in tegra ls  were calculated from the cadmium 

r a t i o  o r  by using (only the cadmium f i l t e r  count and assuming 

l i n e a r i t y - o f  the counter with respect t o  gamma ray energy. In 

general, t h e  agreement is  very good. The lower l h i L  for the 

measurement of resonance in tegra ls  by t h i s  technique i s  near the 

value of 18.5 barns which they obtained for  niobium. Resonance 

self-shielding fac tors  seemed i n  some cases t o  be considerable, 

being 0.44 fo r  indium f o i l s  and varying from 0.7 t o  0.9 over . 

the range of s i l v e r  and hafnium f o i l s .  

Finally,  the paper by Garrison discusses the Kapur-Peierls 

(KP) formalism for  nuclear reactions.  This p a r a l l e l  approach 

t o  R-matrix theory apparently f i r s t  used by Adler and Adler, was 

f e l t  t o  he pa r t i cu la r ly  convenient i n  the study of strong in te r -  

ference e f fec t s  between resonance levels .  The study i s  l imited 

t o  a two level  approximation in  order t o  reduce the complications. 

One of Garrison's findings i s  t h a t  under intermediate in te r -  

ference conditions, the KP resonance parameter d is t r ibut ions  a re  

apparently not the same as those of R-matrix parameters but i n  

f a c t  turn out t o  be a function of the average width t o  spacing 

ra t io .  (The resu l t s ,  of course, f o r  large r a t i o s  of width t o  

spacing are  admittedly invalidated by t h e i r  l imi ta t ion  t o  the two 

level  formulation). Since Porter and Thomas' or ig ina l  work, the 

explanation of missed leve ls  has always been a problem. From 

Michaudon's work it appears t h a t  20% of the t o t a l  leve ls  a re  



not observed i n  U-235. Garrison indicates  t h a t  h i s  work i s  

su f f i c i en t  t o  explain the missing leve ls  although it appears 

t h a t  a t  Saclay they have a l so  been able t o  explain the missing 

20% of the leve ls  without the issue of interference between 

levels ,  so it i s  not a unique explanation. The cross section 

,shape predicted by the two level  K P  formulation i s  examined in  

d e t a i l  fo r  the case of a pure sca t t e re r  and fo r  cer ta in  f i s s i l e  

cases under strong interference.  It i s  noted t h a t  weak levels  

can have an important d i s to r t ing  e f fec t  on strong leve ls .  

Further d e t a i l s  on the actual shapes of the resonances from 

the two level  formulation are  given i n  the summary. 

This i s  a s  much as I f e e l  competent to  comment upon these 

papers. For the r e s t ,  I'm going t o  ask the authors t o  answer 

questions here, from the platform, and I ' d  l i k e  to  use the pre- 

rogative of Rapporteur t o  ask the f i r s t  question. 

I ' d  l i k e  t o  c a l l  f i r s t  on D r .  Askew. Could he indic,ate 

what he f ee l s  needs t o  be done t o  resolve the discrepancies tha t  

they have found both with US ca lcu la t ions~  and the whole group 

of,  experiments t h a t  they have done in  England. 

J. Askew - Of course, one-of the d i f f i c u l t i e s  t h a t  we have had in  

convincing ourselves, l e t  alone other people, t h a t  these dis-  

crepancies we have found in  U-238 resonance a re  r e a l  and not 

jus t  a r e s u l t  of e r rors  i n ' o u r  calculations,  has been the in- 

a b i l i t y ' t o  show some plausible  hypotheses as t o  what was the 

cause of these discrepancies. 

It may be t h a t  there i s  . j u s t  one clue which I think we may 

have now. The clue i n  which the natural  uranium l a t t i c e s  tended 

t o  give us not diss imilar  e r rors  in  r eac t iv i ty  estimation. We 

looked a t  t h i s  as well as  reaction r a t e  methods, and when we come 
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t o  repeat these calculations with b e t t e r  data  fo r  U-235 it  does 

seem t h a t  our discrepancy i s  going t o  be grea tes t  on the massive 

metal rod systems as  compared t o  the oxide systems. Now, in .  

f ac t ,  from buckling evidence, the natural  uranium - graphite 

l a t t i c e s ' d o  need something l i k e  a 15% change in  epithermal 
,. 

capture as  opposed t o  numbers l i k e  6 t o  10% fo r  some of the 

oxide c lus te r s  which were referred t o  yesterday. This i s  the 

only lead we have on t h i s  a t  the moment. It does seem conceiv- 

able t11dL il: L h i s  i s '  t ~ u c  that t;h@ discr~pancy l i e s  mainly in  

some p a r t  of the resonance calculat ion where the cross sections 

are  not heavily shielded. The unshielded contribution which i s  

constant makes a .b igger  contribution t o  the t o t a l  resonance in te-  

g ra l  of say, 10.barns fo r  the one inch metal rods, as  opposed t o  

20 o r  30 barns fo r  some oxide l a t t i c e s .  Because the discrepancy 

seems par t icu lar ly  big i n  these massive metal rods and because 

we are  absolutely convinced t h a t  we can see it, one of the 

things we are  'proposing t o  do i s  some conversion r a t i o  measure- 

ments upon a system, a t  low energy, with large metal rods. I f  

we can see in  t h i s  case a t  l e a s t  15%, we rea l ly  should be able 

t o  see a major difference,  we should both be convinced of the 

f a c t  and.also we sha l l  have some idea i f  the problem i s  in  the 

unresolved region or  conceivably due t o  the shape of resonances 

out on the wings or in  between resbnances wh@reVdirect differen-  

tialmeasurernents a re  perhaps l e a s t  accukate.' ' There i s  one' 
. . 

other :possibi l i ty .  Perhhps there - i s  s6mething <uncertain "in the 
. . 

. ... . cross section i n  between resonances. 

Q - Have you estimated the e f fec t s  of p-wave resonances? 

J. Askew - Yes, we do have a contribution from p-wave resonances. 

It does seem consistent with the l a t e s t  measuremehts. 



J. Chernick - I should l i k e  t o  ask D r .  LeSage,and.Sher what can be 

done t o  improve t h e  accuracy of p r e s e n t  d e t e c t i o n  systems f o r  

t h e  measure~r~ent of  resonance i n t e g r a l s .  Obviously, now t h a t  we 

a r e  c a l c u l a t i n g  them so  we l l ,  one demands more and 'more of t h e  

exper imenta l i s t s  and w e  d o n ' t  want 20 o r  30% e r r o r s  anymore. So, 

can you t e l l  us  what hope t h e r e  is  t o  reduce t h e  minimum meas- 

u r a b l e  resonance i n t e g r a l  from say 18.5 barns  t o  g e t  even smal ler  

va lues?  What ,hope i s  t h e r e  f o r  improvements i n  accuracy? 

,L. L-eSage - The t h i n g  t h a t  l i m i t e d  u s  r e a l l y  i n  our  accuracy - we 

quoted 10 barns  b u t  maybe 18 i s  more r e a l i s t i c  - i s  t h e  cons tan t  

background t h a t  we g o t  - s i n c e  we were t ak ing  t h e  inc ident 'beam 

d i r e c t l y  from t h e  r e a c t o r  even with cons iderable  sh ie ld ing .  

It may be  t h a t  we can c u t  t h e  background by a  f a c t o r  of  two, 

b u t  t h e r e  i s  n o t  too  much f u r t h e r  one can go i n  t h i s  d i r e c t i o n .  

J. Chernick - I should l i k e  t o  ask D r .  Garr ison t o  amplify t h e  d i s -  

cuss ion  o f  t h e  meaning of  t h e  non-agreement of  t h e  s t a t i s t i c s  

r e s u l t i n g  from t h e  R-matrix and KP formulat ion of resonance 

theory .  Perhaps he  could amplify on t h a t  when he  comes t o  t h e  

microphone. 

J. Garrison - Perhaps I should make a  few in t roduc to ry  remarks. I 

s t a r t e d  t h i s  s tudy i n  o r d e r  t o  understand what i s  happening i n  

t h e  i n t e r f e r e n c e  between two l e v e l s .  People have i n v e s t i g a t e d  

t h e  c r o s s  s e c t i o n s  of  U-233, U-235 and Pu-239, b u t  t h i s  i s  a  

weak i n t e r f e r e n c e  cond i t ion  f o r  t h e  most p a r t .  I wanted t o  s tudy 

i n t e r f e r e n c e  i n  a  more genera l  way. It  t u r n s  o u t  t h a t  J. E. Lynn 

who i s  a t  Harwell i s  a l s o  malting a  s tudy of t h i s  type  which dup l i -  

c a t e s  what I am doing i n  some ways. 
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In  looking f o r  some s o r t  of framework t o  hang t h i s  study on, 

one looks a t  the  formalisms which a r e  ava i lab le  t o  s t a r t  making 

these  ca lcu la t ions .  There i s  the  R-matrix theory, the  Kapur- 

Pe i e r l s  theory, and . the  Rosenfeld-Humblet formulation f o r  the  

nuclear react ions .  You can make ca lcu la t ions  with a l l  of these.  

The problem i s  what do you use f o r  parameters f o r  making these  

calcula t ions .  The bas i s  on which I s t a r t e d  was motivated by 

seeing the  work t h a t  was done by Adler and Adler a t  I l l i n o i s .  

I t  seemed that h a v i r ~ g  a rel.at.ionship between - nr h ~ i n q  able t o  

present  - the sxile c ross  sec t ion  i n  two d i f f e r e n t  ways by using 

both the  R-matrix theory and the  Kapur-Peierls theory i s  a goad 

way o f ' s e e i n g  what was going on. There i s  a transformation 

which can take you from one formalism t o  the  other .  This allows 

you t o  look a t  the  same c ross  sec t ion  i n  terms of two d i f f e r e n t  

s e t s  of parameters. 

Now the  work which was done by Wigner, Por ter  and Thomas 

and o thers  gives information a s  t o  what t o  expect f o r  t he  d i s -  

t r i b u t i o n  of t he  resonance parameters of nucle i .  This has been 

considered mostly f o r  widely spaced resonances. However, i f  you 

t r y  t o  explain the  d i s t r i b u t i o n s  i n  terms of R-matrix theory, 

t he re  i s  no reason why these  d i s t r i b u t i o n s  should not  be t he  same 

f o r  narrow spacings when the  widths of t he  resonances a r e  of t he  

order  of the  spacings. In  assuming t h i s  you have some way of 

knowing what s o r t  of values of the  parameters you should put  i n t o  - 

the  R-matrix theory when the  resonances a r e  c lose  together.  

That is,  i f  you say the  d i s t r i b u t i o n s  a r e  t h e  same when the  re-  

sonances a r e  c lose  together a s  when they a re  f a r  apar t ,  you know 

how t o  pick the  R-matrix parameters f o r  i n t e r f e r i n g  l e v e l s  t o  

study t h e i r  in te r fe rence .  The transformation which takes you 



J. Garrison (Cont 'd. ) 

from the R-matrix theory t o  the Kapur-Peierls theory allows you 

t o  say what the Kapur-Peierls parameters are  i f  you specify the 

R-matrix parameters. Since these are  functional re lat ionships 

between the R-matrix and Kapur-Peierls parameters, i f  you say you 

know the d is t r ibut ions  of the R-matrix parameters a re  the same 

as  fo r  widely spaced resonances, then t h i s  automatically says 

what d i s t r ibu t ion  you w i l l  have for  the Kapur-Peierls parameters. 

It fur ther  says t h a t  there w i l l  be a correlat ion between these 

~ a ~ u r - ~ e i e r l s  parameters which i s  qui te  complicated. 

I n  some ways the R-matrix theory i s  the preferred point of 

view since it gives a very e x p l i c i t  energy dependence in  cross 

section; a l l  the energy dependence i s  showing. However, when 

you get  these resonances close together, even i n  the . two ' leve1 

case, then you can look a t  the formulas of the  cross sections . . 

and not be able t o  say in  any way what the cross section i s  going 

t o  look l i k e  because it i s  so complicated. However, by coupling. 

t h i s  with the Kapur-Peierls formulation. you are  able t o  say a 

l i t t l e  b i t  b e t t e r  what the shape of the cross section i s  going 

t o  be. Several things come out of t h i s .  One fac t  i s  t h a t  when 

we 'bring two levels  together, in  the 'intermediate region the 

shape i s  complicated, but for  very strong interference where 

the separation i s  qui te  small compared t o  the width of the 

resonances, then both these resonances assume Breit-Wigner shapes 

and parameters again. The viewpoint t h a t  you should take i s  

t h a t  the R-matrix parameters be con.sidered the  parameters which 

say what shape these resonances, t h e i r  strength and so on, 

would have when the resonances are  f a r  apart .  Then you proceed 

t o  bring the resonances together keeping the R-matrix parameters 

the same and see what happens t o  the shape. Of course, the 

Kapur-Peierls parameters w i l l  change when you bring the  reson- 

ances together, but when you do t h i s  process you f ind t h a t  
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Kapur-Peierls indicates t h a t  the cross section w i l l  be two 

Breit-Wigner shapes when the resonances are  very close together. 

J. Chernick - Any questions o r  comments. 

G. Bell (Los ~larnos)  - I would l i k e  t o  inquire whether i n  the  

study of the interference between two levels  you have looked a t  

how,. on the average, alpha would be changed by the e f f e c t  of 

interference,  where by alpha fo r  two levels  I mean the  r a t i o  of 

t h ~  int~gral 11nder t h e  cag.l;ure csoss section t o  thc in tegra l  

under the fissiori cross section. 

J. Garrison - Yes, I can say a  l i t t l e  b i t  about tha t .  In  the  

Kapur-Peierls formulation the cross sections are  represented by 

the sum of two resonance terms which look l i k e  Breit-Wigner shape 

terms, plus an interference term for  each resonance. You can use ... 

t h i s  t o  ge t  the areas under the resonances jus t  as they a re  obtained 

for  i so la ted  s ingle  Breit-Wigner resonances. You can compare the . , 

area which you ge t  under the cross sect ion when they are  in te r -  
, < 

,I , . ,r 

fer ing with the area which these resonances would have when they .* . .. . , .,. . 

are  f a r  apart .  When you do t h i s ,  fo r  a l l  possible cases, when 

the f i ss ion  i s  large compared t o  capture and capture large ,com- 

pared t o  scat ter ing,  under the assumption tha t  interference i s  

equally l ike ly  plus or minus, you find the capture cross section 

i s  enhanced re la t ive  t o  the f i s s ion  cross section. I do not 

know what w i l l  happen when capture i s  large compared t o  f i ss ion .  

G. Bell - Good, we find t h i s  i n  s tudies  we have made too. . 

J. Garrison - The same thing happens fo r  scat ter ing.  It i s  en- 

hanced re la t ive  t o  f i ss ion .  



M. S. Moore(Phil1ips) - I have my own ideas as  , t o  why t h i s  might 

be so, bu t  I would l i k e  t o  hear  your comments, as  t o  why capture 

w i l l  be enhanced r e l a t i v e  t o  f i s s ion .  

J. Garrison - I don ' t  have any simple answer. It  comes out  t h i s  -. 

way. I t  i s  a nonlinear e f f e c t ,  I do not  know how t o  explain it, 
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J. Chernick - I sha l l  ask each of the panel members t o  rmake a 

statement 0.f about f ive  minutes, and then we w i l l  en ter ta in  

questions from the f loor .  F i r s t ,  I ' l l  c a l l  on D r .  Lothar Nordheim. 

L. Nordheim - In my personal involvement in  the  subject of reson- 

ance absorption, I soon became convinced t h a t  t h i s  topic  needed 

mechanization and machine computations. There a re  just  too many 

resonances, and s implif icat ions such as  rat ional ized co l l i s ion  

probabi l i t ies ,  and un-Dopplered l i n e  shapes introduce considerable 

errors .  After a l l ,  the slowing down equations can be eas i ly  

integrated numerically fo r  a rb i t r a ry  cross sections obviating the 

necessity for  special  procedures such as  the narrow (NR) o r  wide 

( I M )  resonance approximations. 

When I worked on t h i s  program some years ago, I t r i e d  t o  

include a l l  e f fec t s  t h a t  seemed t o  be relevant,  and good agreement 

with experiment was achieved as discussed here by Hellstrand. 

Nevertheless, even a t  t h a t  time I remained fu l ly  conscious about 

the l imi ta t ions  and shortcomings. The main l imitat ions were the 

neglect of interferences between close resonances, the treatment 

of the moderator i n  the  NR approximation and the  calculat ion of 



L. Nordheim (Cont ' d. ) 

escape o r  co l l i s ion  probabi l i t ies  on the basis  of a  f l a t  f lux i n  

each region. Now t h e . f i r s t  two of these are  eas i ly  remedied. 

It i s  easy t o  superpose d i f fe ren t  resonances. For the moderator 

flux,  one can write down a  separate in tegra l  equation and solve 

it simultaneously with the  one fo r  the absorber. Such a  code 

exist-s and i s  presently i n  use (GAROL, GA-6632 by L. A. Stevens 

and N. K. Smith). It  i s  much more d i f f i c u l t  to .  ge t  away from 

the  f l a t  flux approximation since t h i s  involves the f u l l  com- 

plexity of a  space-energy problem. However, t h i s  e f fec t  i s  i m -  

portant only fo r  rather  thick absorbers. Adler has mentioned 

here that the has now developed a  numerical method, and i f  it 

i s  needed one can always f a l l  back on Monte Carlo calculations.  

So i n  general, the s i tua t ion  i s  qui te  sa t i s fac tory  for  thermal 

reactors. 

Fast reactors,  however, pose qui te  d i f f e ren t  problems. A 

la rge  amount of e f f o r t  and ingenuity has been spent on these 

problems during the l a s t  years. Looking a t  these e f f o r t s  I have 

come t o  a  perhaps s t a r t l i n g  and he re t i c  conclusion: 

"In p rac t i ca l  reactor  calculations fo r  large reactors ,  do 

not waste your time on the Doppler coef f ic ient  fo r  the unresolved 

resonances in  the f i s s i l e  isotopes." 

The reasons are  as follows: 

1. Experimentally no c lear  cut e f fec t  of significan,t  mag- 

nitude has been detected. In the recent Argonne experiments, the 

f i r s t  one which showed an indication of a r e a l  e f fec t ,  it was 

small and of the same order as thermal expansion ef fec ts .  I n  

r e a l  f a s t  assemblies containing predominantly f i s s i l e  isotopes 

only small upper l imi t s  have been obtained, while in  assemblies 

more representative of prac t ica l  designs with a  r a t i o  of f e r t i l e  
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I t o  f i s s i l e  nuclei  of order 2 5, the e f fec t  from the f e r t i l e  iso- 

I topes alone i s  in  reasonable agreement with experiment. 

2 .  The sign of the Doppler coef f ic ient  i s  theore t ica l ly  

s t i l l  i n  doubt. Of course f i ss ion  and absorption w i l l  both in- 

crease with temperature', but ' the balance i s  precarious. This 

i s  well i l l u s t r a t e d  by some recent calculations (Kelber and Kier, 

Trans. ANS 8.2, 469(1965)) in  which possible "ladders" are  

constructed from assumed s t a t i s t i c a l  d i s t r ibu t ion  of resonance 

parameters. Different ladders of which only one would correspond 

t o  r e a l i t y  provided the s t a t i s t i c s  which were used were correct ,  give 

somewhat d i f f e ren t  resul t s .  The important r e s u l t  i s  t h a t  the  var- 

iance i n  the Doppler coef f ic ient  i s  la rger  than the e f fec t  i t s e l f .  

Thus, there  i s  not much point i n  calculat ing it. 

There are  some additional remarks. From the discussions by 

Moore and Schmidt a t  t h i s  conference there i s  now mounting evi- 

dence of two d i f fe ren t  se r i e s  of resonances in  the f i s s i l e  iso- 

topes corresponding t o  the two d i f fe ren t  spin s t a t e s .  This i s  

most pronounced fo r  Pu-239. The resonances with J = O  have a large 

f i s s ion  width and are  thus wide and l i t t l e  affected by Doppler 

broadening, while the resonances with J=1 have a small f i ss ion  

width, give thus mostly absorption and are  more sens i t ive  t o  the 

Doppler e f fec t .  Thus it seems t h a t  w i t h . t h i s  more r e a l i s t i c  

d is t r ibut ion  of parameters, the Doppler coeff ic ient  of reactiv- 

I i t y  w i l l  be smaller, o r  even negative, as  compared to  calcula- 

t ions based on the usual assumption of some average d is t r ibut ion .  

The  second,remark pertains  t o  the interference between 

resonances belonging t o  d i f f e ren t  sequenc.es or isotopes. When 
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Codd and Collins brought t h i s  e f fec t  t o  general a t tent ion two 

years ago it was thought t o  be of considerable importance. Since 

then it has been shown by various authors (Froelich, O t t ,  Nicholson, 

Greebler) tha t  it largely drops out i f  one uses proper f lux 

weighted average cross.  sections such as: 

It seems now t h a t  applications of procedures based on t h i s  

def ini t ion,  and for  regimes where the resonances can s t i l l  be con- 

sidered as  d i sc re te  with s-waves alone w i l l  give adequate r e s u l t s  

fo r  large f a s t  reactors.  The grea tes t  source of e r r o r  w i l l  be 

in  the calculat ion of the fract ion contained i n  the low energy 

pa r t  of the flux spectrum i t s e l f .  I believe a t  the present stage 

the s i tua t ion  can hardly be improved by the rather  doubtful t r ea t -  

ment of higher energies and higher 1-values. It  remains, however, 

a challenge t o  improve our knowledge of the resonance s t ruc ture  

of the f i s s i l e  nuclei  and i t s  incorporation i n  a meaningful theory. 

J . Chernick - I ' d l i k e  next t o  c a l l  . on D r .  Schmidt. 

J, J. Schmidt - Thank you very much. I think t h a t  D r .  ~ordheim- 

has already said much of what I would l i k e  t o  say. I might under- 
( 

l i n e  with respect t o  Doppler coef f ic ients  t h a t  i f  there  i s n ' t  any 

rea l  posi t ive Doppler coef f ic ient  i n  the plutonium resonances, 

t h i s  i s  probably due t o  s-wave resonances a t  lower energies and 
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n o t  t o  p-wave resonances. For p-wave f i s s i o n ,  I t h i n k  t h e  knowl- 

edge i s  s t i l l  much less than f o r  s-wave resonances. 

I p e r s o n a l l y  suspect  t h e  f i s s i o n  resonances i n  U-235 t o  

r a i s e  many more ques t ions  than  t h e  f i s s i o n  resonances i n  p lu to -  

nium-239. Espec ia l ly  important  a r e  t h e  probable c o r r e l a t i o n s  be- 

tween cap tu re  and f i s s i o n  h a l f  -widths. 

I have a f e e l i n g  t h a t  t h e  l a r g e  va r i ance  i n  t h e  cap tu re  

widths ohserved i n  t h ~  s i n g 1  ~t l.eve1 ana lys i s  of resonance exper- 

iments on U-235 i s  due t o  d i f f e r e n c e s  i n  i n t e r p r e t a t i o n s .  Thc 

number of  c a p t u r e  channels used i s  20 o r  30 i n s t e a d  of t h e  ex- 

pected number of  100, o r  so. 

I t h i n k  it was Lynn who pointed  o u t  t h a t  t h e  cap tu re  widths 

might be very much more narrowly d i s t r i b u t e d .  

Another important  t o p i c  i s  t h a t  of s p i n  s t a t e s .  Any r e a l i s -  

t i c  e s t ima te  o f  t h e  f i s s i o n  widths of d i f f e r e n t  s p i n  and p a r i t y  

s t a t e s  i s  s t i l l  impossible.  

I t  would be very u s e f u l  t o  have more good spectroscopy i n  

t h e  range 0.5 and 2 mev beyond t h e  ground s t a t e . . t o  g e t  a  b e t t e r  

f e e l i n g  f o r  t h e  l o c a t i o n  of bound s t a t e s  and t h e i r  p r o p e r t i e s .  

J. Chernick - Thank you very much Dr.. Schmidt. I ' d  l i k e  next  t o  

c a l l  on D r .  He l l s t r and .  

E. He l l s t r and  - I s a i d  most of what I wanted t o  say  l a s t  Monday, 

b u t  I w i l l  make a few random comments. The f i r k t  one concerns 

t h e  discrepancy between c a l c u l a t i o n s  and measurements on re.son- 

ance absorpt ion  which our English f r i e n d s  have d iscussed.  I 

guess,  a t  l e a s t  f o r  g r a p h i t e  l a t t i c e s ,  one would o b t a i n  a t  l e a s t  

some improvement by us ing  t h e  in te rmedia te  resonance approach 

which D r .  Goldstein t a l k e d  about today. but  i n  t h e  o t h e r  
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direct ion,  the average values which I gave l a s t  Monday fo r  the 

resonance in tegra l  a re  somewhat la rger  than those used by our 

English colleagues. These e f f e c t s  a r e  small, however, especially 

fo r  uranium metal. 

A second point concerns the thorium resonance in tegra ls .  I 

showed i n  my e a r l i e r  t a l k  a l imited number of experimental re- 

s u l t s ,  and it was pointed out t o  me l a t e r  t h a t  some recent work 

has been done on t h i s  subject a t  NRTS. I showed a curve of 

the adjoint  f lux which had been calculated fo r  those experiments, 

but resonance in tegra ls  fo r  Tho and UO have also been measured. 
2 2 

There were mostly fo r  S/M values la rger  than those I talked about 

e a r l i e r ,  but there i s  some overlap and i n  t h a t  region the agree- 

ment i s  good between the new values and the ones I showed on the 

s l ides .  Concerning the discrepancy between the calculat ions and 

measurements of the thorium resonance in tegra l ,  there  i s  some un- 

cer ta in ty  in  the calculated values, especially between 3 kev and 

1 2  kev. 

The th i rd  point concerns the energy cutoff.  A value of 0.65 ev 

has been recommended by the European-American Nuclear Data Committee, 

and D r .  Feiner quoted in tegra l  values consistent with 0.5 ev. I 
I 

think it would be nice t o  f i x  on one number. 

Finally,  fo r  the future,  I don ' t  see much point in  repeating 

1 / E  resonance absorption measurements. A t  low temperatures, a t  

l e a s t ,  we should concentrate on measuring such things a s  conver- 

sion ratios' ,  fo r  example. As fo r  the temperature dependence, I 

think recent r e su l t s  from KAPL are very in teres t ing  where they 

have shown the adequacy of a simple formula which has the reson- 

ance integral  as l inea r ly  proportional t o  the square root of the 
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0 temperature.  They have made measurements t o  1800 K and h igher .  

Fur the r  work of  t h i s  type  a s  wel l  a s  work on non-uniform temper- 

\ a t u r e  d i s t r i b u t i o n s  would be worthwhile, I th ink .  

11 J. Chernick - Thank you. F i n a l l y ,  I ' d  l i k e  t o  c a l l  on D r .  Gast. 

P. Gast - I n  fol lowing D r .  Nordheim, I f i n d  most o f  t h e  t h i n g s  I 

wanted t o  say have a l ready been s a i d .  I agree  with him t h a t  it 

i s  p o s s i b l e  t o  do very accura te  resonance i n t e g r a l  c a l c u l a t i o n s ,  

l i m i t e d  mostly by t h e  uncerta.i.nt.y i n  the nuclaar data; 

This i s  not  t h e  s o l u t i o n  t o  some p e o p l e ' s  problems, however. 

I n  t h e - b u s i n e s s  of  t r y i n g  t o  des ign  r e a c t o r s ,  it i s  u s u a l l y  no t  . 
f e a s i b l e  t o  do d e t a i l e d  resonance c a l c u l a t i o n s .  For survey ca l -  

c u l a t i o n s ,  a  good approximate method i s  needed f o r  o b t a i n i n g  reson- 

ance i n t e g r a l s .  I n  t h i s  a rea ,  we've a l s o  made s i g n i f i c a n t  p rogress ,  

exemplif ied by t h e  in te rmedia te  resonance method. Why it i s  n o t  

too  good i n  some c a s e s  i s  n o t  y e t  f u l l y  understood, b u t  it might 

be due t o  any one of a  number of th ings .  But t h e r e  a r e  some 

s i t u a t i o n s  where one might expect  on t h e o r e t i c a l  grounds t h a t  such 

an approximation might occas iona l ly  go a s t r a y .  Such a  s i t u a t i o n  

i s  one where t h e r e  i s  a  l o t  of s c a t t e r i n g  i n  t h e  resonance. You 

r e c a l l  from D r .  G o l d s t e i n ' s  t a l k  t h i s  morning t h a t  h i s  method 
I 
I e s s e n t i a l l y  assumes a  t r i a l  func t ion  f o r  t h e  f l u x  which has  a  

I f l u x  depress ion  symmetric with r e s p e c t  t o  energy i n  t h e  resonance 

and i s  f l a t  i n  space. I n  most cases ,  a f t e r  one i t e r a t i o n  t h e  

I f l u x  depress ion  w i l l  s h i f t  a  l i t t l e  downstream. But a c t u a l l y  i n  

s c a t t e r i n g  resonances one h a s  a  r a t h e r  v i o l e n t  f l u c t u a t i o n  i n  

f l u x  a s  shown i n  some of A d l e r ' s  s l i d e s  yes terday,  and f l u x  peaks 

can occur.  There may be room f o r  improvement i n  t h i s  a r e a  - 
perhaps by us ing  a  more complex t r i a l  funct ion .  Actual ly ,  it may 
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make l i t t l e  d i f f e r e n c e  i n  t h e  c a l c u l a t e d  i n t e g r a l s  f o r  a  s i n g l e  

i s o l a t e d  resonace,  b u t  i n  over lap  s i t u a t i o n s ,  it could make a  

b i g  d i f f e r e n c e .  

I have only  one o t h e r  t h i n g  t o  say - a  s p e c u l a t i v e  suggest ion.  

I f  t h e  a d j o i n t  i s  normalized i n  a  c e r t a i n  way, then it tends  

asymptot ica l ly  t o  t h e  value (1-p) on t h e  h igh energy s i d e  of t h e  

resonance. So one might t o y  wi th  t h e  i d e a  of c a l c u l a t i n g  reson- 

ance escape ( o r  non-escape) by c a l c u l a t i n g  t h e  a d j o i n t  i n s t e a d  

o f  t h e  resonance i n t e g r a l .  A t  f i r s t  g lance ,  t h i s  may n o t  appear 

t o  b e ' a  good i d e a  s i n c e  t h e  equatiorls a r e  not  much simpler .  But 

t h e  source term f o r  t h e  a d j o i n t  i s  j u s t  t h e  absorpt ion  cro'ss 

sec t ion ,  and i n  a  heterogeneous l a t t i c e  t h i s  g ives  a  f l a t  source  

i n  t h e  absorber  region.  So maybe t h e  a d j o i n t  d o e s n ' t  vary a s  

v i o l e n t l y  a s  t h e  c o l l i s i o n  d e n s i t y ,  and one might be a b l e  t o  c a r r y  

o u t  t h e  c a l c u l a t i o n  by assuming a  d e l t a  func t ion  i n  energy a s  

t h e  source and then i n t e g r a t i n g  t h e s e  s o l u t i o n s  over  t h e  e n t i r e  

resonance t o  i n f e r  a  va lue  f o r  (1-p) . 
However, I ' m  encouraged by A d l e r ' s  c a l c u l a t i o n ,  descr ibed 

yes terday,  which showed t h e  c o l l i s i o n  d e n s i t y  t o  be p r e t t y  smooth 

through some o f  t h e s e  resonances and, hence, maybe one can s t i l l  I 
g e t  away with a simple a s s m p t i o n  f o r  t h e  a d j o i n t  t r i a l  funct ion .  

J. Chernick - Thank you very  much. Are t h e r e  any ques t ions  of  

any of our  speakers? 1 

H. Golds te in  - I ' d  l i k e  t o  make a  few comments on what D r .  Gast 

s a i d .  The I . R .  program was developed t o  p r imar i ly  c a l c u l a t e  

' r e s o n a n c e  i n t e g r a l s ,  whether you use  a  v a r i a t i o n a l  method o r  a  

success ive  approximation method. 
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I f  you a r e  i n t e r e s t ed  i n  the  f l ux  shape, it pays t o  use a  

second o r  t h i r d  order  function of t he  f l ux  depending on the  

accuracy you want. The second i t e r a t e  does r e f l e c t  the  charac- 

t e r i s t i c s  of the  s c a t t e r i n g  resonance t h a t  you re fe r red  to .  I f  

one wants t o  make use of t h i s  second order f l ux  i n  a  va r i a t i ona l  

p r inc ip l e  a s  a  t r i a l  function,  t h e r e  i s  no formal d i f f i c u l t y  i n  

doing t h i s .  Of course t h e  v a r i a t i o n a l  r e s u l t s  can g e t  q u i t e  com- 

p l i ca t ed  and t h a t  i s ,  perhaps, why people a r e  using the  i t e r a t i v e  

To re turn  t o  the  asymptotic value of un i ty  r a t h e r  than (1-p) 

i n  the  I . R .  formalism, I d o n ' t  th ink t h a t  t h i s  i s  important with 

respect  t o  resonance i n t e g r a l  ca lcu la t ions  because i t ' s  weighted 

by the  absorption c ross  sect ion.  I f  you ' re  i n t e r e s t ed  i n  t he  

f l u x  shape, however, t h i s  could probably be improved upon. 

M. Dyos (GA) - You can extend t h e  I . R .  method t o  a  t h i r d  i t e r a t i o n  

which can be obtained i n  closed form. The Placzek o s c i l l a t i o n  

below the  resonance energy i s  shown very markedly i n  t h i s  t h i r d  

i t e r a t e ,  f o r  a predominantly s c a t t e r i n g  resonance. The condit ions 

f o r  t h i s  Placzek o s c i l l a t i o n  t o  e x i s t  can be es tab l i shed  from the  

second i t e r a t i o n ,  i . e .  by how much a  resonance has t o  be predom- 

inan t ly  sca t te r ing .  

J. ~ a r r i s o n  (GA) - I ' d  l i k e  t o  comment on D r .  Schmidt's re-  

marks. I ' v e  already sa id  t h a t  the  f l uc tua t ions  i n  t he  rad ia t ion  

widths might a r i s e  from the  way i n  which the  da ta  i s  analyzed. 

In t he  two-resonance ca lcu la t ions  t h a t  I ' v e  done, I ' v e  always. 

held  the  R-matrix r ad i a t i on  width constant .  I f  the  resonances 

a r e  moved together ,  the  Kapur-Peierls r ad i a t i on  widths change. 

So i f  you analyze t h e  resonances i n  any o ther  way than using 

R-matrix theory i n  which I? i s  constant ,  then you' d  f ind  f luc-  
Y 

tua t ions .  Further,  a  l o t  of these  resonances look l i k e  one i n s t e a d '  
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of two o r  more when they are  in ter fer ing  and t h i s  could lead t o  

d i f f i c u l t i e s  i n  determining the correct  radiat ion widths. 

G. Tyror (UKAEA) - I ' d  l i k e  t o  say a few words t o  c l a r i f y  our 

posit ion on the comparison of calculated and measure.d.reactiv- 

i t i e s  about which I reported e a r l i e r .  While we do use the 

Goldstein-Cohen method fo r  our design s tudies ,  a l l  of our ob- 

servations on the discrepancies between calculation and experi- 

ment have been based on what I would c a l l  exact methods. I 

fee l  t h a t  the discrepancies a re  r ea l  and not due t o  some inac- 

curacy o r  misapplication of the methods on our par t .  

Secondly, with respect t o  a well defined lower cutoff for  

resonance in tegra ls ,  we a re  in  agreement. But, I think an upper 

energy l i m i t  should also be considered since one i s  never qui te  

sure where the 1 / ~  spectrum runs out. 




