
OAK RIDGE NATIDNAL LABORATORY LIBRARIES 

illllllllllirlllllll~~llllliUll lllillllll~~l~~l~ 

.,. I. 
I 



............................... 

Printed in  the United States of America. Available f rom 
National Technical In format ion Service 

U S .  Department o f  Comirrerce 

Price: Printed Copy $4.00; Microf iche $1.45 
5285 Port Royal Road, Springfield, Virginia 22151 

... ___-_._I__ 
.................. 

This report was prepared as an account o f  work  sponsored b y  the United 
States Government. Neither the Uni ted States nor the United States Atomic 
Energy Commission, nor any o f  their employees, nor any of their contractors, 
subcontractors, or their employees. makes any warraniy, express or implied, or 
assumes any legal l iabi l i ty o r  responsibility for the accuracy, completeness or 
usefulness o f  any information, apparatus, product o r  process disclosed, o r  
represents that i t s  use would not infringe privately owned rights. 



O R N L - T M ~ ' ~ ~  
(UC -77 Cas -Cooled 

React o r  Techno logy) 

Contract No. W-'(405-eng-26 

Reactor Division 

ESTIMATES OF FISSION-PRODUCT I m W O R I E S  I N  FUEL EmMENiC 
E06-01 OF TKE PEACH BOTTOM CORE 2: RESXJLTS, 

COMPARISONS, AND SENSITIVITY STUDY 

Melvin Tobias 

OCTOBER 1974 

NOTICE This document contains information of a preliminary nature 
and WBS prepared primerlly for internal use a t  the Oak Ridge National 
Laboratory. I t  Is subject to revision or correction and therefore does 
not represent a final report. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 

3 445b 0550477 2 





iii 

Cant en t  s -- 

Page 

Abstract ........................................................ 1 

I. In t roduct ion  .............................................. 1 

11. Calculat ion of  ~06-01 Inventor ies  ......................... 1 

111. Computed Results .......................................... 3 

IV .  Results of S e n s i t i v i t y  Study .............................. 3 

V. Conclusions ............................................... 12 

References ..................................... ................. 14 
Appendix A: Defini t ions of TKERM, mS, and FAST ................ 15 
Appendix B: A Method f o r  Computing Isotope Concentrations 

i n  Fission-Product Decay Chains . . . . . . . . . . . . . . . . . . . . 16 





ESTIMATES OF FISSION-PRODUCT INVENTORIES I N  FUEL E W N T  
E06-01 OF THE PEACH BOTTOM COFZ 2 :  RESULTS, 

COMPARISONS, SENSITIVITY STUDY 

Melvin Tobias 

The fission-product inventory of f u e l  element EGG-01 of  
the Peach Bottom Core 2 has been estimated using the ORIGEN 
code t o  provide a t h e o r e t i c a l  b a s i s  for the  present  prograxn 
of eqerimentalmeasurements. The input  numbers used, the  
r e s u l t s  obtained, and a comparison with numbers provided by 
GAC f o r  some of the fission-product nuclides a r e  shown. The 
r e s u l t s  of a stkdy intended t o  show the s e n s i t i v i t y  of ORIGEN 
ca lcu la t ions  t o  the  input  data a re  a l s o  discussed. 

Keywords: f i s s i o n  products, f u e l  element, Peach 
Bottom reac to r .  

I. Introduct ion 

In support of an experimental program cur ren t ly  underway t o  measure 

f iss ion-product  inventor ies  i n  fuel  element ~06-01 i n  Peach Bottom Core 

2, a ca lcu la t ion  has been performed using the ORIGEIYl code. 
obtained are displayed and compared wi th  the  experimental measurements 
f o r  se lec ted  nuclides and with r e s u l t s  obtained by General Atomic Company 

The r e s u l t s  

( GAC ) . 
The s e n s i t i v i t y  of ORIGEN resu l t s  t o  changes i n  input  data  i s  d i s -  

cussed with the  aim of c l a r i fy ing  poss ib le  sources of discrepancy. 

11. Ca l eu le t ion  of EOG-01 Inventor ies  

Input Da.ta. 

The i r r a d i a t i o n  h is tory  of t h i s  Peach Bottom Core 2 element was  

provided i n  a l e t t e r  of January 4 ,  1974 by David Hoppes" of GAC (Table 

1). The flux data comes from a simulation of the a c t u a l  power h i s t o r y  
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Table 1. F l u  h i s t o r y  For f u e l  ekment  E06-01 Peach Bottom core 2 

(Fluxes are  a.verages f o r  fuel.. element computed- by GAUGE code) 

Four-group energy ranges ( e V )  
I _ _ - ~  

& :  14.96 x 10' - 8.61, io4 
g%: 8.65 x 10" - 17.6 
40: 17.6 - 2.38 
&: 2.38 - 0.0 

Fluxes a t  EO6.01 
( lo1" neutrons/cm2 see) 

@l $2 @3 44 

Time a.t 
power Core power 

( M w )  
Mean f ue 1-e lement 
temperature ( "c) 

(days ) 

107.6 
107.6 
107.6 

89.9 
Shutdown 

Shutdown 
111.0 
111.0 

Shutdown 
95.5 

93.0 
93.0 
93.0 
93 .o 
93.0 
93.0 

lo)+. 5 
103.2 

Shutdown 

Shutdown 

5 
25 
37 
4.5 
7 * 5  

80 
5 

25 
24 
10 
24 
$1. 

2 1  
40 

7 
162 

91-3 ( 1675 O F )  

913 (16*-(5 OF) 
913 ( 1673 OF) 

854 (1770~~) 

921 ( 1 6 9 0 " ~ )  
921- ( 1 6 9 0 0 ~ )  
860 ( 1 9 O 0 F )  

907 (1665°F) 
go4 ( 1660 OF) 

3.81 
3.86 
3.98 

3.27 

4.28 
5.02 
3.70 

3.41 
3.44 
3.46 
3-91 
3-39  

---... 

---- 

3.61 --- 
4.88 
4.15, 

1.02 
1.03 
3- * o'-( 
......-- 
0.88 

1.16 
1.36 

0.92 
0.92 
0.92 
1.05 
0.9'7 
0.97 

1.. 00 
---- 

2.65 
2.69 
2.85 

2.32 

5-19 
3.85 
2 -89 

2.61 
2.66 
2. '70 
5.28 
2.87 
2.91 

s--,.. 

---_ 

---- 
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of Peach Bottom Core 2, using the ?-D d i f f u s i o n  code GATJGE.'? 

addi t ion,  the  four-group cross sect ions ol' c e r t a i n  of the  nuclides were 

made ava i lab le  and a r e  shown i n  Table 2; these  cross sect ions se ;u l t  

from weighting over t he  Peach Bottom neutron energy spectrum, a s  ca l cu -  
l a t e d  f o r  a temperature of l:?OO"K ( l 7 O O O F ) .  

In 

The input  numbers T'HERM, RES, and FAST' were calculated t o  conform 

t o  the  flux spectrum indicated i n  Table 1, and the cross sec t ions  f o r  

'"U, 235U, and "32Th were a l t e r e d  to conform t o  the numbers i n  Table 2. 

i n  t h i s  way, presumably, the  power generated, a s  calculated by ORTGEN, 

would be the same a s  the power calculated by GAC. (The inventor ies  of  

many of those isotopes on a d i r e c t  y i e l d  chain a r e  s t rongly  dependent on 
the power l e v e l  and a co r rec t  power l e v e l  i s  therefore  e s s e n t i a l . )  

i n i t i a l  nuclide inventor ies  a r e  displayed i n  Table 5 and w e  f o r  the  

whole f u e l  element. 

The 

111. Computed Ne s ul-t s 

Table IC disp lays  the r e s u l t s  computed by ORIGEN f o r  a se lec ted  

list of nucl ides .  For c e r t a i n  of these,  experimental comparisons a r e  

ava i lab le  .* 
t i e s  show no p a r t i c u l a r  b i a s .  I n  Table 5 ,  on the  other  hand, there  

appears $0 be a d e f i n i t e  tendency f o r  the GAC values t o  be lower than 

the ORIGE3I r e s u l t s .  
oughly. One possible  explanation is t h a t  a Lower power may have been 

used i n  the GAC ca lcu la t ions .  Also, f o r  lack of enough information, the  

ca lcu la t ions  take no account of the possible  e f f e c t s  of' cixial f l u x  

d i s t r i b u t i o n s  upon results. Tke experimental r e s u l t s  a r e  normalized t o  

the  inventory oi' a f u l l  fuel element of 30 compacts by simple proportion. 

The deviat ions between the ca lcu la ted  and measured a c t i v i -  

Tirce d id  not  permit checking the  d i f fe rence  tho r -  

IV. Results of S e n s i t i v i t y  Study 

To eva.lua.te t he  s e n s i t i v i t y  of r e s u l t s  obta.ined by ORIGEPJ t o  the  

input  parameters 'DE17M, RES and FAST, a s e r i e s  of cases wa.s run T,.i-i.th 

-X 
See Appendix A f o r  d e f i n i t i o n s  of TKEXM, RES, and FAST. 
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Table 3. Fuel  element EO6-01 i n i t i a l  inventor ies '  

Nuclide Inventory, grams 

C 

1.03 & 

85fjO.X 

13'73 .8 

3 .?4 

232.4.7 

1.25 

12.11 

6.156" 

' T h i r t y  f u e l  compacts a t  285 g C each (Table  
Ir-1, Ref. 8). 

.x.-x. 
Eighteen of t h e  compacts conta.in rhodium. 
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Table 4. Resul ts  of ORIGEN ca lcu la t ion  f o r  se lec ted  
f i s s i o n  products a t  end. of i r r ad ia t j  on period 

Gram atoms Curies Me a.s ured ac t iv i ty"  % 
( cu r i e s  ) Deviation* 

'(.*E-4 

1.7IE-3 
1.31~-2 

2.93-3 

a. 0 5 ~  J L  

3.523-4 
4.333-7 
1.423-6 
li .87~-3 
2.119~-> 
) L .  09E-7 

2.393-3 
2.06~Jt 
9.23~4 

6 . 8 ~ ~ 4  

6.903-3 
6. '173-7 
1.47E-I: 

1.41E-2 

1. 343-3 

1.99E-5 

2611 

429 
166 
5 B O  
2660 

196 
0.224 
24. T7 
6.45 

29.9 
1110 

5 03%-5 

3340 
16 1 
163 

6950 
6230 
3180 3135 (30) J 0.8 
0.0193 

3.3 3.0'7 (21) '7.3 
3.94 

5639 (30)%-* 23.1 

2128 (2) -125.0 

229.5 (30) -1.4 .6 

129.0 (30) +2+ .8 

185.7 ( 3 0 )  -9.5 

Calculated- a c t i v i t y  - 
Measinred a c t i v i t y  

* 
Deviation = 

YY 

Figures i n  t h i s  c o l i m  a r e  normalized to 30 compacts. Number o f  
rue1  compacts a c t u a l l y  measured shown i n  parentheses e 
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I s 0 tope 

Table 5 .  Comparison of ORIGEq and GAC inventor ies  
a t  end of 162-day shutdown 

GAC result; 
(gram atoms) 

OFBL r e s u l t  
( gram atornsj 

GA C Ratio, - OmTL 

'3 'MO 1.294&E-02 1.34-E-02 

"Tc 1.237c);E-02 1 * 3m-02 

103% 5 16933-02 4.59E-02 

l3 " e  5 -4'778E-03 5.35E-03 
3Nd 1.1694-E-02 1.283-02 

5 37 56E -02 l.4lE-02 1 3 3 c s  

0.9'7 

0.91 

1. .I3 

0.92 

(3.91 

0.98 

0.38 

0.67 
9 1. . 0 
0.84 
0-66 

1.53 

0.81 

0. GO 

0.43 

*Production requires neutron capture. (Other isotopes p a r t  
of d i r e c t  y ie ld  chain.) 

**OIwL resu1.t basttd on 1,,4 yr hal f - l i fe .  k more recent 
value i s  4,65 yrs. 
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t he  Peach Bottom t o t a l  inventory a s  a. b a s i s .  Figure 3- shows a f e w  of 

the  fission-product chains f o r  those nucl ides  for which neutron a.bsorp- 
t i o n  ma.y s ign i f i can t ly  a.I.ter r e s u l t s .  

and de@a.y Froper t ies  a s  they ex i s t  i n  the  ORIGEN I lbrary ;  f o r  reference 

tile ava.iI.able va.lues from BNL-325 a.re displayed i n  parenthesis  e The 

approxima.te f l u x  level i s  3 x 1013 neutrons/(cm2 s e c ) .  

Table 6 gives the  cross sec t ion  

Table 7 shows the  r e s u l t s  o f  varying the  power l eve l ,  a.nd Y'HE.R.M, 

RES, and FAST individua.l ly.  The "sta.nda.rd." va.lues a.re 112.7 MW, 

TKFRM 
d i f f e r e n t  from those used i n  the  ca lcu la t ion  f o r  the element E06-01. 

They a.re more i n  cba.racter with a large HTGR.) 

0.5888, RES = 0.1~02'7, and FAST ::: 0.9. (T'nese nwnbers a re  qu i t e  

The most s t ab le  qua.nti.ty i n  T'a'o1.e 7 is -the concentration of 137Cs, 

which i n  a. constant power case l i k e  t h i s  i s  unaffected by a.ny of the 

s u b s t a n t i a l  changes i n  input  except f o r  the  power change i n  case M.x 

'The inventory i s  then approxima.tely one-tenth of  the higher power case.  

T'ne other  isotopes disp1a.y a. Pa.r more i r r e g u l a s  b e h a . ~ o r  with the  changes. 

No other  isotope i n  case N shows a one-tenth reduction. 
Since a l l  t h e  cases in Table '7 are  a t  consta.nt power, a r i se  i n  any 

of  the  input  parameters, TKERM, RES, or  FAST causes a. drop - i n  the  t.inema1. 

flux i n  the ca lcu la t ion  and a r ise  i n  t h e  e f f e c t i v e  cross sec t ions .  
Furthermore, .the production ra te  of 1ea.ding members of f iss ion-product  
chains remains unchanged a1; constan-t power. The inventory depends upon 

-the value of aQ, which r ises  or f a . l l s  depending on the  individua.1 nucl ide.  

I n  the  case of the FAST changes (cases L and M ) ,  the  e f f e c t s  a r e  ra. ther 

s r n a l l  s ince  the fission-product cross  sec t ions  a re  not  a f f ec t ed  by t h i s  

change. The e f f e c t s  a.re due e n t i r e l y  t o  the  f l u x  change. Much more 

pronounced changes occur with a l t e r a t i o n s  i n  RES and THJ3RM. The expla- 

na t ion  o f  wha.t i s  seen i s  highly nuclide depeiident. I n  the case of 
THEBM, t he  neutron capture r a t e s  i n  ' -09Ag,  133Cs and 1 5 3 E ~  f a l l  a s  THERM 

i s  reduced i n  case J, cu t t ing  down formation of ' lornAg, 134Cs, and 1 5 4 E ~  

i n  the  900-da.y time range. 

l e v e l s . )  

(None of these isotopes i s  a.t s a tu ra t ion  

I n  the  case of 'E2Eu, t he  reduction i n  inventory i s  ca.used by 

y. 
1.77Cs i s  pr imar i ly  produced by the rap id  decay of d i r e c t - f i s s i o n  

y i e ld  isotopes.  
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' 3 3 c s  

1348, 

KEY 

152 3 Fig. 1. Fission-product chains f o r  'lomA, " 2  134 cs 9 Eu, and (Neutron absorption r a t e s  may s i g n i f i c a n t l y  a l t e r  inventor ies  164 EU. 
f o r  these nuclides ) 
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Table 6. Cross sec t ions  of c e r t a i n  f iss ion-product  nuclides 
a.s l i s t e d  i n  ORIGEN l i b r a r y  

(Numbers i n  parentheses from BNL-325, 3Ci ed . ,  vol. 1) 

Nuclide A ( sec- l )  Ha Lf - l i fe  (2200 mps) Resonance 
%Y integra .1 

('barns ) (ba.rns ) 

--- 
6.6393-05 
1.. 071E -08 
7.32510 
2.526~-10 

--- 

253.0 days (2.32) 

2.9 :V 

2-05 years (2.06) 

30 years 

87.0 years (93) 
0.0 

12.0 years (4.8~) 
0.0 

0.0 

82.0 (82) 

31.6 (29.0) 
2.6 
134 a 0 ( 111-0 ) 
0.11 (0.11) 

6120 (15000) 

8800 (9200) 

TO00 (2300) 

390 (390) 

0.0 

460.0 (415) 
0.0 

66.0 

0.3 

2500.0 (5300) 

0.0 (3300) 

0.0 

1430.0 (1635 ) 
l S C F U  2 1.3733-09 16.00 yews (16.0) 1500 (1500) 

*Probable erroneous en t ry .  



Table 7. Sens i t iv i ty  of ORIGEN results t o  input  parameters 

“Sta.nda.rd”: Power = 112.7 fM, THERM = 0.%88, 
RES = 0.4027, FAST = 0.58 

Case 
i 5 2~~ 154% 137 cs identification Parameter 

0 

K 
J 

€3 

M 

G 

F 

L 
M 

Standard” 

THEm = 0.8865 

Power = 11.27 

KES = 0.8 

RES = 0.0 

FAST = 0.0 

FAST = 5.8 

2 4 2313-03 
2.44E-03 

I. 94E-03 

1. 33E-03 

1.742-05 

3-34E-03 

2 .  Q3E-04 

2 283-03 

2 24E -03 

4*97 

5.25 

4.36 

3.14- 

4-65E-C2 

6.71 

0 562 

4.98 

4.86 

~ ___-  

0.941 

9.998 

0 a g16 

0 575 
5 %E-03 

1.34 

c .I48 

0.943 

0.918 

- _- 

27.3 

27.3 

27.3 

27.3 

2.71 

27.3 

27.2 

27.3 

27.2 



a Y i s e  i n  t h e  neutron capture r a t e  for t h a t  nuclide.  Similar individu- 

a l i z e d  discussions a r e  required for the  RES r e s u l t s  a s  well. 
The above cases were a l l  a-t constmil; power. A few cases were done 

for the  ca.se of  lssEu us ing  a. BASIC program t o  check t h e  ORIGEN results 

Although lssEu comes from t h e  p deca.y of 155Sn, which i s  8 d i r e c t l y  

yielded f i s s i o n  product, about ha l f  of the  1 5 5 E ~  inventory- comes from 

neutron captures i n  1 5 3 E ~  and lS4Eu. 

of this  source; l ack  of time prevented elabora.ting the program t o  i n -  

c1ud.e the  techniques indica.ted i n  Appendix B .  

The BASIC program took no accouni; 

Table 8 shows the  strong e f f e c t  of t he  neglect  o f  the  153il:1i and 

Eu production of Eu . Case 3, using a more up-to-date half  l i f e , 5  
shows hardly any cha.nge i n  the  f i n a l  iiiventosy, although t h e  a c t i v i t y  

i n  cu r i e s  WOUW be fa.r d i f f e r e n t ,  a.8 would t h e  concentration a . f t e r  a 

lengthy deca.y period. 
inventory upon the  cross sec t ion .  

Cases 1.1. and 3 show t he  strong dependence of the 

V. Conclusions 

1. The 0RIGE.N l i b r a r i e s  a.re i n  considerable need of being brought up 
t o  da.te, a.nd this i s  being done, with t h e  use of ENDF/B-IV data.. 

2.  The ca.l-cula.tions and the  s e n s i t i v i t y  study have shown the  profound 

importance of co r rec t  input  spectra.. 

3.  The ORIGETJ code should be a.ltered. t o  permit changes: i n  THERM, RES, 

and FAST wi th  t i m e .  
A siniple ORIGEN l i b r a r y  co r rec t ion  scheme should be implernented f o r  
a l l  nuclides.  A t  present ,  oiily the  ac t in ide  elements can be a l t e r e d  

ea s i l y  . 

J49 

The above needs concerning ORIGFJ!J ha.ve been noted. by o the r s  besides  
this w r i t e r .  Work i s  c u r r e n t l y  i n  progress t o  implement these and other  
changes a.s pa.r.l; of the e f f o r t s  of t he  CSEWG Fission-Product Task Force. 6 
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APPENDIX A 

Defin i t ions  o f  THERM, RES, and FAST 

T’ne following d e f i n i t i o n s  have been taken from pages 22 and 23 

of the  ORIGEBJ r epor t ,  ORNL-4628: 
THERM = r a t i o  of the  neutron r eac t ion  r a t e  f o r  a l /v  absorber  

with a population of neutrons t h a t  has  a Maxwell-Boltzmann 

d i s t r i b u t i o n  of‘ energies a t  absolute  temperature, T, bo 
t h e  reac t ion  r a t e  with 2200 m/sec neutrons 

RES = r a t i o  of the resonance f l u x  pe r  uiit le thargy  t o  the 

thermal  neutron flux. 

FAST = l . k 5  times the r a t i o  of the flux above 1 MeV t o  the  

thermal neutron flux. 
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APPENDIX B 

A Method f o r  Computing Iso’cope ConcenLrations 
i n  Fi. s s ion -Product Decay Chains 

Suppose a sequence of isotopes geiiesated i n  chains represented b y  

t h e  followirig d - i f f e r e n t i a l  equa-Lions: 

............ 

where P 

o v e ~  the  time i n t e r v a l  of i n t e r e s t .  

= ( y i e l d  of isotope j )  times f i s s i o n  r a t e  assumed 
j 

Chains of equations l i k e  these can be d e a l t  wif;h i n  a 

way t h a t  can g r e a t l y  s implify t h e  solut ion.  Spec i f i ca l ly ,  

cons t a n t  

s e quenti. a 1 

suppose the 

concentrations of t he  isotopes are known a t  the  beginning of a time 

i n t e r v a l  which runs from t t o  tf. Then Eq. (1) has t h e  so lu t ion  i 

where K1 5 1, + ol@. 

it will be necessary t o  know i n  whak follows what t h e  i n t e g r a l  

- i s .  integrating by p a r t s :  



dN1 
Since dt = PI - K1Nl t h e  value of li can be cadculated, thus 

Thus, the  integral des i r ed  i s  obtainable  from the end po in t  va.lues 
a.lready obta.ined. 

The so lu t ion  of the j t h  equa.tion i s  

K t  K .t J i  - - e  K . t  j f  K t  
N j  (tf >e j - N . ( t . ) e  J i L p  e 

K2 j J l  
J 

( 6 )  

where 

The value of 

can be found from the va.lue of 

f' ,Kjt N .  ( t ) c i t  
J -2 

i t 

................. ........... . .................. ................ ................ . . . .  . . . . . . . .  



K .-t 
K t  d(Nj-l e ) - N  K.e j 

d t  j-1. J 

Therefore, given the  so lu t ion  of the  f i r s t  equation i n  the sequence by 
formula (2  ) , the second can be obtained from Eq. (6 )  with j = 2, and 
formula ( 5 )  with  i - 2. 

applying Eqs. (6)  and (8) a s  needed. 

exercised t o  prevent numerical d i f f i c u l t i e s ,  tha t  i s ,  f o r  large values of K . L .  Also, the  procedure w i l l  not  work a s  given i f  K j = Kj-L, bu t  

t h i s  i s  only of academic i n t e r e s t .  

here f o r  reference i.n the hope t h a t  i n t e r e s t e d  readers W i l l  no t  have t o  
r e  -invent it. 

The remainirg equations can be solved by 

Care, of course,  needs t o  be 

J 

The above procedwe i s  not claimed t o  be o r ig ina l .  I t  i s  displayed 
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