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The United S ta tes  and the  European Atomic Energy Community (EURATOM) on 

May 23, and June 10, 1978, signed an agreement which provides a basis  f o r  

cooperation i n  programs f o r  t h e  advancement of t he  peaceful. appl icat ions  

of atoinic energy. This agreement, i n  pa r t ,  provides f o r  t he  establishment 

of a j o in t  U.;S.-ELTRATOM research and development.program which i s  aimed a t  

reac tors  t o  be const 'ructed-in Europe w-der t he  J o i n t  Program. 

The work described i n  t h i s  repor t  represents the  J o i n t  U.S. -EURATOM e f f o r t  

which i s  i n  keeping with t he  s p i r i t  of cooperation i n  contributing t o  t h e  

common good by the  sharing of s c i e n t i f i c  and technical  information and mini- 

mizing the  dupl icat ion of e f fo r t  by t he  l imi ted pool of t -echr ical  t a l e n t  

ava i lab le  i n  Western Europe and the  United States. 
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1.1 Statement of Problem 

The objective of t h i s  Erogrm i s  the eqerimental  d e t e d n a t i o ~  of basic 
L- . - - 

physical data and .emplopent of these data t o  establ ish and c o n f i r n i t h e -  
* -  ---- .: 
oretical.  model fo r  predicting the long-ten; changes i n  isotopic composition 
...-------- c---a-- d 

and reac t iv i ty  i n  plutonium-e.nraiched, light-water-moderated reactors.  Such 
_ _ C  

a ,model. f s  required f o r  the soimd economic evaluation of any proposed design 

f o r  'a l i g h t  -water reac tor  ng p.?_.utonimi e ~ i c h m e n t ,  par t icular ly any reactor 

csing p l ~ ~ t o n i  m recyc.le. 

The.required data are  being ibkained from a bwnup emeriment i n  which a por- 

t i o n  of a ur.as,E1a-pl?lto~~im fue l  S.attice, Sy-pical of light-water-moderated .- 
. reactcrs,  . i s  Seiag i r radiated to-high burnlap i n  the Val.lecitos Boiling Water 

Reactor. The techique of .resoname activation i s  being med t o  provide, a t  

several locations within the fue i  element, experimental ver if icat ion of the  

calculated slow r?eutrorr spectrw-. Cha-nges i n  isotogic composition as a func- . 
t i o n  of fue l  b m ~ p  a re  determined by mass spectroscopic assay of fuel  samples 

extracted a t  appropriate i r rad ia t ion  times. 

The need for  .such bmniip and activation d a t a . i s  discussed a t  .length i n  a .p re -  

irious Qwrterly,  GW-4081, as i s  the basic approach employed i n  the Program. 

The model which i s  so~lght.may be considered as  z, s e t  of procedures, grounded 

. i n  a l l  of the known relevant physical data aLd theory,;which i s  capable of 

accurate predictio;? both of .the .slow .neutron spectra within the Program 'fuel 

element and of the observed changes in . i so topic  composition with burnup. 

1.. 2 Qmrter2-y ,Progress 
wu2-d - 

~ o r t ~ - s i x ~ ~ - ~ e l l e t  faces have beex h i a d i o g r a p h e d .  These Paces have been 

prepared from twenty-.i;hree pel.1et.s 'by makirg an '  exposwe before and a f t e r  the 

removal of &ri additional ten .mils of fuel.. 

. A s u b s t ~ n t i a l  number of ' large "hot spots" continue t o  appear. The la rges t  
4-- 

spot so f a r  observed was 44 d l s  l.0~4, 20 xi.:ls wide, and of the order of . 

20 m i l s  thick.. This spot had a PuOg concectration which varied fram 70% on 

.the periphery t o  10~b a t  t h e  center. 

T'.ere 13 aoae ev5denr::e .that .the ~egv~cga.ted ?:.egio~ls are elong~,terl with t h e i r  

long axes perpendicular t o  the direct ion o f  the pressing of the green.pel le t .  

Deterrmi~lation of t5e s i ze  and concentratio2 dl.st.ri'b-dti on i s  conti  nlfing. 
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,'Be EPITHERM~~S code now seems t o  be operating correct ly .  A t e s t  problem fd r  - 
a t yp i ca l  water l a t t i c e  converged - i n  eleven i t e r a t i ons .  The c ~ n p u t a t ~ i o n  of 

t h e  spectrum fo r  a pure- water medium gave r e s u l t s  which agreed very well  with 

t h e  expected 1 / ~  spectrum. . 

A t  the  end of t he  quarter ,  t h e 2 ~ o g r a m  f u e l  element had received a cum!-dative 

t o t a l  of k449 W/T exposure. This t o t a l  i s  a>ogged by VBWR operating per-, - 
sonnel. Applying t he  same sca le  factor ,  between logged exposure and Ce-Cs 

analysis  of the  f i r s t  f u e l  samp.le, gives a corrected exposure of 5306 MMD/T. 

Three s e t s  of f lux  wires were successfully i r r ad i a t ed  a t  three  thimble loca-  

t i o n s  i n  t& pro jec t  f u e l  element. Counting i s  i n  progress and the  da% r, l i_ l l  

be reduced i n  the  next quar ter .  - 

The program f u e l  element was removed from the  VBWR during the  November shutdown - 
a t  t he  end of run 165 a f t e r  a cumulative exposure .of about 5000 MWD/T. Fuel p in  

F was removed f o r  analysis ,  and p in  U was moved over  i n t o  i t s  place.  An unir -  

rad ia ted  f u e l  pin, designated M, was inse r ted  i n  the  posi t ion vacated by U. 

The reassembled element was returned and re inser ted  i n  the  VBWR. . 
The VBWR discontinued operations i n  December, 1963. Qe pro jec t  f ue l  element 

was removed from the reac tor  and placeL i n  storage i n  the  Fuel Storage Building. - 
1.3. Pr inc ipa l  Invest igators  

M. A. Robkisl and C. R. Por ter  of t he  General E l ec t r i c  Atomic Tover Equi.pnert 

Department, and M. P. Lagache of EURATOM. 
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11. DESCRIPTION OF WORK '4 EXPERIMENTAL 

2.1 Fuel. I r radiat ion 

The project fue l  element received an .exposure of 746 MWD/T .dwing the q.uart?er, 

bringing.the t o t a l  exposure t o  4449 'MWD/T.- This t o t a l  .is as logged by VBWR 

operating persozinel. Applying the same c o r ~ e c t i o n  factor,  between logged ex- 

.posure and Ce-.Cs analysis of the f i r s t  fue l  sample, gives a corrected exposure 

of 5306 MWD/T. 

The fue l  i r rad ia t ion  was terminated.wfth the discontinuation of operation of 

t h e  VRWR. The project fue l  element was removed from the reactor.and placed 

in storage i n  the Fuel Storage Building, 

2.2 Flux Wire . m e r i m e n t  

Four s e t s  of flux wires were i r rad ia ted  i n  thimbles inserted i n  the.program 

element a t  the.November.shutdown. One set.was l o s t  on removal through the 

valve =d three se t s  were successfully retrieved and transferred t o  Physics 

for.countfng. The.positions i n  the element .from which wires were retrieved 

a r e  those designated Nos. 1, 2, and 3, i n  the Northwest, Northeast, and 

Southeast thimble posittons, respectively. These positions are  shown on 

Page 11 of Section I V  i n  the Sixth Quarterly Report, GEAP-4081. The s e t  of 

acti*vant;s ,used i n  these f lux wires, 'and the neutron energi es  t o  which they 

respond, a re  l i s t e d  on Page 31 of Subsection 4.2.1. . 

Counting of the activated wires is  inprogress ,  and the reduction of the data 

i s  expected t o  be completed i n  the next quarter. 

20 3 Autoradiography 

Examination of the unirradiated p r o j e c t f n e l  continued with the preparation 

of a sequence of polished faces. Twenty-three pe l l e t s  were used t o  produce 

t.wo s e t s  of autoradiographs, the . "A" sequence and the "B" sequence. Esexy 

member of the "A" sequence has a correspondi~g member of the "B" seq-cenee 

which was prepared by removing an additional 10 mils from the face ased t o  

make the "A" autoradiograph. . 
The 10-mil increment was used t o  determine the persistence of features fomd 

on the "A" face, so t h a t  some idea of the "thickness" of the hot. .spots could 

be obtained. Of the 23 "A" faces exrmined, o ~ i i y  LWO showed a. spot whhich per.- 

sis.ted. a f t e r  10 @ l ~  additional grinding, which suggests %hat the segregated 



PuO occurs a s  f l a t t ened  shapes. Further .evidence f o r  t h i s  konc~us ion  i s  2 
provided by some autoradiographs of sect ions  cut: p a r a l l e l  t o  t he  axes of the  

. pe l l e t s ,  . as  prepared by J. B. Burnham of Ihnford. . I n  these  autoradiographs, 

' the  f l a t t en ing  i s  qu i t e  apparent. The PuO regions appear t o  be or iented with 
2 

t h e i r  ,long dimension perpendicular t o  the  d i rec t ion  of pressing of the  green 

p e l l e t s  from the  mixed powders (i:;.e., with t h e i r  long dimension normal t o  t he  

-is of t he  p e l l e t ) .  

I 

Large "hot spots" continued t o  appear. I n  t he  46 faces, 13 spots  l a rge r  than 

15 m i l &  vcrc oboei-ved, wiLL t he  largest being an i r r egu l a r  t r i angula r  shape 

with a 20-mil base and 44-mil a l t i t ude .  These l a rge  spots were a l l  of high 

Pu02 content, running well  above 5076 f o r  most, with the  l a r g e s t  a t  nearly 

pure (10%) Pu02. 

Estimates of . s ize ,  shape, and concentration .now ind ica te  t h a t  about 10% of 

t h e  t o t a l  Pu02 i s  segregated as large ,  high concentration "hot .spots t ' ,  with 

an add i t iona l  small amount segregated a s  small, lower concentrat ion spots.  

The t o t a l  segregated amount i s  estimated on t he  basis  of a l l  of the  autoradio- 

.graphs t o  be i n  the  neighborhood of '1% ( t o  within a f ac to r  of two). 

2.4 Fuel Sampling 

The Program fueL element was.removed from the  VBWR during the  November'shut- 

.down a t  the  end of 'run 165 a f t e r  a cumulative exposure of about 5OOO WIT. 
Fuel p in  F w a s  removed fo r . ana ly s i s  and p in  U was moved o v e r ' i n t o  i t s  place. 

.An.unir radia ted f u e l  pin, designated.M, was inse r ted  i n t o  the  posit ion.-vacated 

by U. The ,reassembled element.was returned and r-einserted i n t o  the  VBWR. . 

The above f u e l  manipulation corresponds t o  t h e  f i r s t  s t ep  i n  an i r r a d i a t i o n  

sequence designed t o  u t i l i z e  two homogeneous coprecipitated U0,-1.5% PuOe 
L 

f u e l  p ins  which were t o  have been fabr icated i n  January, ,1964. . With t he  

shutdown of t he  VBWR, the  proposal t o  f ab r i ca t e  two coprecipi ta ted f u e l  p ins  

has been abandoned. 

The fuel ,  element Was examined v i sua l ly  i n  t he  Radioactive Materials Laboratory 

during i t s  dismantling and reassembly. Figure 2.4.1 shows four views of t he  

element p r i o r  t o  disassembly. Some surface discolorat ion i s  evident, but  no 

s igns  of s i gn i f i c an t  corrosion, damage, o r  unusual conditions are apg~.rent .  





111. DESCRIPTION OF W O M  - THEORETICAL 

3.1 , EPITHERM~~S 

The d i f f i c u l t y  i n  t he  .convergence of t he  . e p i t h e m l  p a r t  of the  code has been 

eliminated. . The f a i l u r e  of the  calcula t ion t o  converge was t raced t o  the  use 

of  the  value of t he  i n i t i a l  f l ux  guess a t  the  ceoter  of the  geometry and a t  

t h e  t en th  energy point. For those cases where t h i s  f l ux  value i s  not t h e  

maximum (a s  assumed by the  code), it takes much longer f o r  t he  ca lcu la t ion  t o  

converge t o  an e r r o r  ,which i s . a . g i v e n  f r ac t i on .o f  t h i s  reference value. 
/ 
, 

The code was corrected by requir ing t h a t  it search through t he  i n i t i a l  f l u x  

guess t o  f i nd  the  l a rge s t  value. The number of i t e r a t i o n s  required t o  s a t i s f y  

t h e  convergence requirement f e l l  from over 100 t o  11 f o r  a pa r t i cu l a r  t y p i c a l  

case t r i e d .  

The Library cross sect ion f o r  Pu-240 was adjusted t o  give t he  resonance i n -  

t e g r a l  cross sec t ion  f o r  i n f i n i t e  d i l u t i on  corresponding t o  a 1 / ~  spectrum 

between .785 and 10  ev. The value of 8300 barns was chosen as the  best  value 

f o r  the  resonance in tegra l .  

For the  case of pure water, a f t e r  .11 i t e r a t i ons ,  t he  f i r s t  th ree  energy moments 

and t he  d i l u t e  Pu-240 resonance i n t e g r a l  were a s  follows, where the  t heo re t i c a l  

values correspond t o  a  1 / ~  ;spectrum. 

TABLE .3,1,1 

-- - 

r e l a t i v e  un i t s  I ($1 

Theory 9.858 110.7 1409 8300 I 
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I'V. CONCLUSIONS 

I 

A s  addi t ional  faces of the  unir radia ted pro jec t  f u e l  a r e  examined, the  same 

extensive microsegregation of PuO i n t o  l a rge  ?olumes continues t o  be o'bserved. 
-CC-- 2 

Insofar  as these l a rge  spots (10 m i l s  o r  l a r g e r )  a r e  concerned, a 10-mil d i f -  

ference between faces f o r  46 faces represents  the  examination of a volume about 

equal t o  t h a t  of one p e l l e t .  This reasoning i s  based on a s s i g n i ~ ~  a t yp i ca l  

' th ickness  of 10  mils t o  each la rge  ho t , spo t ;  and, since p r ac t i c a l l y  every face  

has a t  l e a s t  one hot spot as la rge  a s p  o r  l a rge r  than, 10  mils, about 1/2 inch 

of p e l l e t  i s  examined f o r  l a rge  spots ,  

Silff icient  s t a t i s t i c s  have accumulated t o  consider th.at, t o  wi thin  a f ac to r  of 

two, about 10% of the  plutonium may be, considered t o  be segregated a s  high con- - .- 
cen t ra t ion  PuO On the  bas i s  oh the  s i ze s  observed, t he  e f f e c t  of the  "hot 

2' 
spots"  on t h e  react ion r a t e s  i n  t he  f u e l  w i l l  be re-evaluated. 

For determining the  burnup and isotopic  composition of the  f u e l  i n  t h e  presence 

of the  extensive segregation, a sampling procedure i s  needed which averages out - 
t h e  segregated plutonium i n  a l a rge  sample volume, . It i s  proposed t o  obtain 

samples which cons t i tu te  about ha l f  a p e l l e t  each by use of a quarter-inch d r i l l  

t o  core out the  centers  of each of three  p e l l e t s .  Six samples w i l l  be obtained, 

of which th ree  w i l l  be "inner" hal f  ' pe l l e t s  and th ree  w i l l  be "outer" ha l f  

. p e l l e t s .  

Since the  sampling procedure used f o r  the  1860 IWD/T f u e l  p in  .was  based on 

r a d i a l  grinding .of ' s m a l l  annular volumes, the  s t a t i s t i c a l  uncertainty i n  t h e  

plutonium content and isotopic  composition, due t o  the  microsegregation, 

l a rge ly  inva l ida tes  t he  subsequent .assays of t he  samples s o  obtained. 

By performing assays on new samples obtained from the  s tored 1860 MWD/T pin, 

by the  large-volume d r i l l i n g  described above, it w i l l  be poss ible  t o  use both 

exposure points  (1860 and 5000 WIT) t o  ver i fy  t he  procedure developed t o  

. cor rec t  t h e  isotopic  .evolxtion f o r  t he  e f f e c t  of microsegregation. 
-I 

The EPITHERM~~s code now seems t o  be working very wel l  f o r  water . l a t t i c e s ,  and 

coniputes a PU-240 resonance cross  sect ion which i s  i n  good agreement with t he  

value reported i n  t he  l i t e r a t u r e  (8300 barns). comparison of the  computed 

reactloil ra Les rur .[;he resonance actlvants with the  measured values 

w l l . 1  serve t o  confirm the  r e l i a b i l i t y  of the  code. . 

6 
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The reduction of t he  data  obtained i n  t he  f l ux  wire irra.dintfon experiment 

w i l l  be completed. 

The large-volume sampling procedure.wil1 be ca r r ied  out on th ree  cen t r a l  

pel . le ts  of t he  p in  exposed t o  5000 MWD/T, and on th ree  surv iv ing .pe l le t s  

c lo se s t  t o  the  center  of t he  plutonium region . in  t he  p in  which -was '  ex2osed 

t o  1860 .MWD/T. .The samples w i l l  be analyzed f o r  burnup and f o r  t he  plutonium 

and uranium isotop%c c~mgositinn. 

. A  t heo re t i c a l  evaluation of t he  e f f e c t  of segregation on reac t ion  r a t e s  w i l l  

be made and t he  resu l t ing  computed i so top ic  composition w i l l  be compared t o  

t h e  experimental analysis .  

A comparison w i l l  a l s o  be made between t he  r e s u l t s  of t he  f l ux  wire activatiorr  

experiment and t he  r e l a t i v e  react ion r a t e s  computed by EPITHERM~~s. 
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VI. . -REPORTS ISSUED SINCE 'INCEPTION OF THE PROGRAM 

Report Period 

April  1 - Ju ly  1, 1961 

Ju ly  1, - September 30, 1961 
October 1 - December 31, 1961 

January 1 -   arch 31, 1962 

Apri l  I - June jU, 1962 . 

.July 1 - september 30, 1962 

October 1 - December 31, 1962 

January 1 - March 31, 1963 
Apri l  1 - June 30, 1963 

' '  

Ju ly  '1 - September 30, 1963 

Le t te r  Report 

Le t te r  Report 

GWP-3902, EURAEC 355 

G I T A P - ~ ~ ~ ~ ,  EURAEC 357 ' 

GEAF-4051 

GEW-4081 

GEAP-4161 
GEAP -4216 

GEAP-4303 

Gl$~l?-lt.385 

TOPICAL REPORTS 

None 




