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CALCULATED RADIOACTIVITY OF MSRE FUEL SALT 

M. J. Be l l  

ABSTFUCT 

Calculations have been made of t h e  inventory 
and r ad ioac t iv i ty  of the f i s s i o n  product and t rans-  
uranium isotopes present i n  the  ERE fuel  s a l t .  
calculat ions have included operation with both 
and 233U fue ls ,  t h e  e f f e c t  o f  s t r ipp ing  of noble gases, 

f l uo r ina t ion  of t h e  f u e l  s a l t  a f t e r  t he  period of '3% operation . Results a r e  presented which give the  
inventory and r ad ioac t iv i ty  of individual  isotopes i n  
t h e  sal t  up t o  January 1, 1975. 

23TF 

INTRODUCTION 

The Molten S a l t  Reactor Experiment a t  ORNL was f irst  operated a t  

ful l  power i n  May 1966.' 
f o r  over 100,000 Mwhr with both 235U and 233U f u e l s a 2  

the f u e l  s a l t  was processed by f luor ina t ion  t o  remove t h e  235U f u e l  

o r i g i n a l l y  charged, and t h e  reac tor  w a s  then fueled with 233U prepared 

a t  the  TURF f a c i l i t y  a t  ORNL. 

f irst  reac tor  t o  operate with 233U fue l .  Power operation with 

f u e l  began i n  January 1969, and operation of the reac tor  w a s  terminated 

on December 12 ,  1969. 
p r i o r  t o  permanent disposal.  

a c t i v i t y  of t h e  f i s s i o n  products present i n  t h e  fuel s a l t  d ra in  tank 

are required t o  provide f o r  s a fe  s torage and disposal  of t h e  s a l t .  

Such estimates should take i n t o  account, i n  as much d e t a i l  a s  possible,  

t he  operat ing h i s t o r y  and chemical processing history of the  fuel  s a l t .  

These estimates were made using a modification of t h e  ORIGEN isotope 

generation and deplet ion code which took i n t o  account continuous chemical 

processing. 

s i t i o n  and r a d i o a c t i v i Q  of t h e  f'uel s a l t  a f t e r  235U operation and after 

Since tha t  time the  reactor  has been operated 

I n  August 1968 

I n  October 1968 the MSRE became the  
233, 

The f u e l  salt was drained and is being s t o r e d  

Estimates o f  t h e  composition and radio-  

Calculated r e s u l t s  a r e  presented which describe the compo- 

operat ion with 233U. 



COMPUTATIONAL PROCEDURE 

Estimates of t h e  composition and radioact i -vi ty  of  t h e  MSRE f u e l  

s a l t  were made using a modification of the ORIGEN isotope generation 

and deplet ion code which took i n t o  account continuous s t r ipp ing  of t h e  

noble gases Xe and K r . 3  
assumed t h a t  noble gas s t r ipp ing  took place on a 487-sec cycle  w i t h  

an ef f ic iency  of  38%. It was a l so  assumed t h a t  tritium was removed 

a t  t he  same r a t e .  

s a l t  was approximated by t h e  s e r i e s  o f  increments of  constant average 

power shown i n  Table 1. 

was drained on a number of  occasions and a Ifheel” of  approximately 10% 

of t he  t o t a l  s a l t  volume remained in t h e  dra in  tank every t i m e  t h e  s a l t  

was returned t o  the reac tor .  This behavior was taken i n t o  account using 

the  same flflux-dilution!f technique applied t o  t h e  c i r cu la t ing  f u e l  s a l t ,  

i . e . ,  the  e n t i r e  s a l t  inventory was assumed t o  be exposed t o  a propor- 

t i o n a t e l y  lower neutron f lux .  

During per iods o f  power operation, it was 

I n  t h e  ca lcu la t ions  t h e  power h i s t o r y  of the  f u e l  

Between per iods of  operation t h e  f i e1  s a l t  

Nuclear data  used f o r  t h e  ca lcu la t ion  
was t h a t  compiled f o r  the  MATADCRZ s teady s t a t e  ma te r i a l  balance code. 4 
Three group s p e c t r a l  constants were derived from t h e  data  o f  Prince. 5 ’ 9 6  

During the  per iod of operation of t h e  NSRE addi t ions of uranium 

were made to the fue l  salt  which amounted t o  approximately 2% of t h e  

uranium inventory. 

l a t i o n s .  

required t o  maintain the  f i s s i o n  r a t e  a t  t h e  specif ied l e v e l  by l e s s  

than 2%, and is  expected t o  have a negl ig ib le  e f f e c t  on t h e  radio-  

a c t i v i t y  of t he  f u e l  s a l t .  

These addi t ions were neglected i n  t h e  present  calcu- 

This approximation has the  e f f e c t  of  r a i s ing  the  neutron f l u x  

During a six-day period i n  August 1968 t h e  MSFE f u e l  s a l t  was 

f luorinated t o  remove 235U before beginning operation w i t h  233U. 

processing a l s o  removed a l l  those f i s s i o n  products having s t a b l e  v o l a t i l e  

f luor ides  and any Np present  i n  the s a l t .  

noble gases and the halogens, Br and I, would a l s o  be expected t o  leave 

the  s a l t .  Accordingly, lo$ of  the elements H, He, Se, Br, K r ,  Nb, Mo, 

Tc, Ru, Te, I, Xe, U and Np were removed from the  s a l t  15’7 days a f t e r  

T h i s  

I n  addi t ion,  t h e  remaining 

the  end of power operation with 235u 
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Table 1. Approximate Power History of E R E  Fuel S a l t  

T i m e  Avg . Power Cumulative 
Period Elapsed This Period Burnup 

(MW 1 (Mwhr ) Comments Ending (days 1 

4/11/66 

10/13 /66 
11/17/66 
12/14/66 
1/14/6 7 
1/2 8/6 7 
5/8/67 
6/2 2/6 7 
9/18/67 
10/21/67 
3/25/68 
9/29/68 
1/4/69 

5/31/69 

10/1/69 
11/2/69 

9/22/69 

11/25/69 
12 /12 /6 9 

0 

185 

247 
2 78 
2 92 
392 
437 
494 
528 
714 
8 71 
1009 

1146 
1229 

220 

1268 
1301 
1324 
1341 

0 

1.76 
4.51. 

0 

7.81 
0 

7.49 
0 

6.56 
0 

6.10 
0 
0 

6.19 
0 

4.20 
7.44 

7.61 
0 

0 F i r s t  approach t o  full 
power 

7823 
11611 
11611 
17420 
17420 
35385 
35385 
44362 
44362 
n58o End of 235U operation 

71580 EM of *35~ processixg 

71580 Beginning of 23% full 

91944 
91 94.4 
95877 
101770 
101770 
104816 End of 233U operation 

power operation 

Y 
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CCIMPUTATIONAL RESULTS 

The calculated inventor ies  of f i s s i o n  products and transuranium 

elements present  i n  the  MSRF: f u e l  s a l t  a f t e r  the termination of operation 

with 235U f u e l  a r e  shown i n  Tables 2 and 3. 
a f t e r  shutdown reflect the removal of  noble gases, halogens, and elements 

with v o l a t i l e  s t a b l e  f luo r ides  by f luo r ina t ion  i n  August 1968. 
assumed tha t  100% of these elements was removed. The r emin ing  times 

p a s t  157 days cooling correspond t o  t he  period before  power operation 

with 233U fue l .  

i s  given i n  Tables 4 and 5 .  
t o  t h e  s t a r t  of 233U operation i s  0.289 x 10 

The inventor ies  a t  157 days 

It was 

The r ad ioac t iv i ty  of these  isotopes f o r  t he  same period 

6 
The computed a c t i v i t y  of t h e  f u e l  s a l t  p r i o r  

cur ies .  

The 233U charged t o  t h e  MSRE f o r  the second period of power opera- 

t i on  had been pur i f ied  by solvent  ex t rac t ion  and ion exchange i n  1964 
and 1965. The i so topic  composition o f  this mater ia l  a f t e r  pu r i f i ca t ion  

was 84.6% 233U, 6.93% 234U, 2.44% 235U, 0.15% 236U, 5.87% 238U, and t h e  
uranium contained approximately 225 pa r t s  pe r  mil l ion 232U.7 Table 6 
shows t h e  increase i n  r ad ioac t iv i ty  of this mater ia l  during the  per iod 

t h a t  elapsed between pu r i f i ca t ion  of t he  uranium and power operation of  

the E8.E with 233U fue l .  The r ad ioac t iv i ty  of  t h e  uranium reaches a 
l e v e l  of 1.53 x 10  3 cur ies  as  a r e s u l t  of t h e  presence of  228Th and i ts  

daughters. 

Tables 7 and 8 give the transuranium element and f i s s i o n  product 

inventor ies  i n  t h e  f u e l  sa l t  a t  the  end o f  233U power operation and a s  

a funct ion of t i m e  a f t e r  shutdown. The r ad ioac t iv i ty  corresponding t o  

these isotopes is  given i n  Tables 9 and 10. The r e s u l t s  ind ica te  t h a t  
5.88 x 10 4 curies  of r ad ioac t iv i ty  w i l l  remain i n  t h e  f'ud s a l t  a f t e r  

5 years  cooling time. 

r e s u l t  f rom transuranium elements, i n  p a r t i c u l a r ,  f rom 232U and i t s  

daughters. 

t o  isotopes which form very s t a b l e  f luor ide  salts. 

of t he  f i s s i o n  product r ad ioac t iv i ty  i s  t h e  r e s u l t  of  isotopes of noble 

metals which would not be expected t o  remain dissolved i n  t h e  salt. 

About 4% of the long  l i ved  r ad ioac t iv i ty  w i l l  

O f  t he  f i s s i o n  product a c t i v i t y ,  greater  than 98% is due 

Approximately 1% 
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U Table 2. F i ss ion  Product Inventory of MSRE Fuel S a l t  After Period of  

235U Operation as a Function of T ime  After Shutdown 

M S R E  O P E R A T I O N  k l T H  235 I J  FUEL 

POWER= 4.19 MU BURNUP= 2983. MUD FLUX= 2.35E 12 N/CM**Z-SEC 

NUCLIDE C O N C E N T R A T I O h S v  G R A M S  
CHARGE D I S C H A R G E  3.0 D 30.C D 90. D 157. 0 295. 0 

SE 80 0.0 
BR 81 0.0 
SE a2 0.0 
R B  87 0.0 
SR 88 0.0 
SR 69 0.0 

Y 89 0.0 
SR 90 0.0 
Z R  90 0.0 

Y 9 1  0.0 
Z R  9 1  0.0 
Z R  92 0.0 
Z R  93 0.0 
ZR 94 0.0 
Z R  95 0.0 
NB 95 0.0 
MO 95 0.0 
Z R  96 0.0 
HO 97 0.0 
no 98 0.0 
T C  99 0.0 
HOlOO 0.0 
RU101 0.0 
RU102 0.0 
RU103 0.0 
RH103 0.0 
RUlO4 0.0 
PO105 0.0 
RUlO6 0.0 
PO106 0.0 
PO107 0.0 
PO108 0.0 

I 1 2 7  0.0 
TE128 0.0 

1129 0.0 
TE130 0.0 
XE131 0.0 
CS135 0.0 
CS137 0.0 
BA137 0.0 
BA138 0.0 
LA139 0.0 
(E140 0.0 
C E 1 4 1  0.0 
P R l 4 l  0.0 
CE142 0.0 
PR143 0.0 
NO143 0.0 
CE144 0 0 0  

loO6E OG 1 s C k t  00 1006E GO 1.06E 00 0.0 0.0 
1.51E 00 l . q l E  CO 1.51E 00 1.51E 00 0.0 0.0 
3.48F OC 3.48C 00 3.48E 00 3.48E 00 0.0 0.0 
4.67E 00 4.67E 00 4.67E CO 4o67E 00 4067E 00 4.67E 00 
3.36E 00 3 ~ 3 7 E  00 3037E 00 3.37E 00 3037E 00 3037E 00 
6083E OG 6.56F 00 4.56E 00 2.06E 00 8.43E-01 1.34E-01 
3009E 01  4.C2k 0 1  4021F 0 1  4.47E 0 1  4.59E 01 4066E G 1  
6.52E 0 1  6.52F 0 1  6.51F 0 1  6048E C 1  6045E 0 1  6.39E 0 1  
1.3OE 00 1.31E CO 1.43E CO 1.69E 00 1.99E 00 2.58E 00 
1.14E 9 1  1.11E 01 8m06E 00 3097E 00 1.80E 00 3054E-01 
5.35E 0 1  5.83E 0 1  6.19E 01 6.60E 0 1  6.82E 0 1  6.96E 01 
7.34E 0 1  7035E 0 1  7035E 0 1  7.35E C 1  7035E 0 1  7.35E 0 1  
7095F 0 1  7007E 01 7.97E 0 1  7.97E 01 7.97E 0 1  7097E 0 1  
7099F 0 1  7099E 0 1  7.99E 0 1  7039E 01 7099E 0 1  7.99E 01 
l e 4 l E  0 1  1.36L 0 1  1 o C Z E  0 1  5 . 4 O E  00 2o64E 00 6.06E-01 
7.18E 00 7.20f 00 6.83E 00 4.74E 00 0.0 5 oO7E-0 1 
5.71E 0 1  5076E 0 1  6014E 0 1  6.83E 0 1  0.0 1e53E 00 

7.87E 01 7eir9E 0 1  7.69E 0 1  7.89E 01 0.0 0.0 
7.56F 0 1  7.56E C 1  7o56E 0 1  7.56E 01 0.0 0.0 
8013E 0 1  8.17E 0 1  8.20E 0 1  8.20E 0 1  0.0 0.0 
8.42E 0 1  8.42E 0 1  8.42E 0 1  8.42E 0 1  0.0 0.0 
6.75E C 1  6.75€ 01  6.75E 0 1  6.75E 01 0.0 0.0 
5.62E 01  5.62C 0 1  5062E 0 1  5e62E 0 1  0.0 0.0 
4082E 00 4057F 00 2.85E 00 9.97E-01 0.0 0.0 
3.65E 0 1  3.t8E 01 3085E 0 1  4.03E 0 1  4010E 0 1  4.10E 0 1  
2.58E 0 1  2.58F 01 2.58E 0 1  2.58E 01 0.0 0.0 
1034E 0 1  1.34E 0 1  1034E 01 1034E 01 1034E 01 1.34E 01 
3093E 00 3.91E 00 3.72F 00 3.32E 00 0.0 0.0 
2.57E 00 2.59E CO 2.79E 00 3.19E 00 3058E 00 3058E 00 
3042E 00 3042E 00 3.42E 00 3.42E 00 3.42E 00 3042E 00 
1.46E 00 1.46E 00 1.46E 00 1.46E 00 1.46E 00 1.46E 00 
2.18E 00 202OE 00 2023E 00 2.27E 00 0.0 0 .O 
7.18F 00 7.19E 00 7.19E 00 7o19E 00 0.0 0.0 
1036E 0 1  1036E 0 1  1.38E 0 1  l.4OE 0 1  0.0 0.0 
3.48E 0 1  3.486 0 1  3.486 0 1  3046E 0 1  0.0 0.0 
1.55E-03 2.81E-Cl 1015E 00 1023E 00 0.0 0.0 
2.56E 00 2.66E 00 2.66E 00 2.66E 00 2.66E 00 2066E 00 
8.80€ 0 1  8.8OE 01  8.78E 01 8.75E 01 8.71E 0 1  8064E 0 1  
1.63E 00 1.65E 00 1.EOE 00 2013E 00 2.50E 00 3026E 00 
4.93E 0 1  4.93E 0 1  4093E 01 4.93E 0 1  4093E 0 1  4093E 01 
1.17E 02 1 0 1 7 E  02 1.17E 02 1.17E 02 1.17E 02 1.17E 0 2  
1.31E 02 1032E 02 1035E 02 1036E 02 1.36E 0 2  1036E 02 
1.13E 01  1007E 0 1  6001E 00 1067E 00 3097E-01 2007E-02 
1.09E 02 1.09E C2 1.14E 02 1018E 02 l.2OE 02 102OE 0 2  
l o 1 4 E  02 1.14F 02 1.14E 02 l o l 4 E  02 1014E 02 l.14E 0 2  

l o O 8 E  02 1009E 02 1012E 02 1013E 02 1013E 02 l.13E 02 
5.d2E 01 5.77E 0 1  5041E 0 1  4.67E 0 1  3096E 01 2083E 01 

8 . 0 8 ~  01 8.08~ 01 8.08~ 01 8.08~ 01 8 . 0 8 ~  01 8 . 0 8 ~  01 

4.37E 00 4008F 00 1.07E 00 5013E-02 1073E-03 1061E-06 
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Table 2 (Continued) 

MSKE OPEXATION k I T H  235 U =U€L 

POUER= 4.13 MW EUFNUP= 2983. MkC F L U X =  2.35E 1 2  N/CM**2-SEC 

NUCLIDE CONCENTRAT Iords. G R A M S  
CHARGE C I S C t - C P G E  3.0 G 30.C C! 90. C 157. 0 295. 0 

NO144 O m 0  5.07F 0 1  5.11fI 0 1  5.4AF Cl t021E 0 1  6.92E 01 8.05E 0 1  
NO145 0.0 7.65F 0 1  7.&tE 01  7.66E 01  7.66E Of 7.66E 0 1  7.66E 01 
NO145 0.0 5039E 0 1  5mSYE C 1  5.991: 0 1  5m99E 01  5099E C 1  5099E 01 
PM147 0.0 3.7OE 0 1  3m71F 0 1  3.7*€ 01 3m61E 31  3043E 0 1  3.11E 0 1  
SM147 0.0 8m15F 00  9m23f 00 8m17E 00 loO6E 01 1m23E 0 1  1.55E 01 
NO148 0.0 3.38F 0 1  3 - 3 8 6  6 1  3038E 0 1  3036E 01  3m38E 0 1  3.38E 01 
SM148 0.0 1.34E OC 1 0 3 5 t  C C  1.39E 00 l.+OE 00 1m40E O @  1.40E 00 
SM163 0.3 3m63E OC 3m73E CC 3m79E 00 3079E 00 3075E 00 3.796 00 
NG150 0.0 1.35t 0 1  1.35F 01  1035E 0 1  1.35E C 1  1.35E 0 1  1.35E 01 
SM153 0.0 lm92E 0 1  lm92E 01 1092E 01  1m92E 0 1  1m32E 01 1092E 01 
SM151 0.0 7m21C 00 7.24F CC 1.241: 00 7.236 00 7.22E 00 7.20E 00 
SH152 0.0 7041k  00 7m4lE 00 7041F 00 7m41E 00 7.41E 00 7.41E 00 
EU153 0.0 3.68F 00 3.696 30 307CE 00 3.70E 00 3.70E 00 3.7OE 00 
SM154 Om0 1.C5E OC 1.e5F 00 1.6SE 00 1.65E 00 1.65E 00 1.65E 00 
SUBTOT 0.0 2.30E 0 3  L.3CE 33 2031E 0 3  2031E 03 l .7OE 03 1.70E 0 3  

T O l A L S  0.0 2.32E 03 2.32E C3 2032E 03 2032E 03 1.70E 03 1.70E 03 



Table 3. Transuranium Isotope Inventory of  ERE Fuel S a l t  After Period 

of 235U Operation as a Function of  Time After Shutdown 

M S R E  OPERATION WITH 235 U FUEL 

POWER= 4013 M W  PURNUP= 2 9 3 3 0  MWD F L U X =  2o35E 1 2  N/CM**2-SEC 

NUCLIDE CONCENTRATIONS, GRAMS 
CHARG€ DISCHARGE 3.0 D 3 O o C  0 9 0 0  D 15'0 C 2 9 5 0  D 

U234 7o97E 02 7 0 7 6 t  0 2  7.761: 02 7076E 0 2  7o76E e2 000 1 54E-04 
U235 7os7E 04 7 o C 9 E  04 70091  04 7oOC)E C4 7009E C4 G o 0  60 52E-03 
U236 3o37E 02 1oO3E 0 3  loG3€  G3 1003E 0 3  1o03E C3 0.0 1 oC6E-03 
U239 l o 4 9 E  05 1 o 4 8 E  05 l . L E F  05 1049E 05 1049E C 5  000 1 0  24E-08 

YP237 000 3o51E 3@ 3056t? 00 3062F 00 3o63E 00 G o G  4.30E-05 
PU239 0.0 6.13E C2 6.16C 02 6 . l 8 E  02 6.18E 0 2  b o l e €  02 6.18E 0 2  
PU2*0 0.0 2 o 7 7 E  C 1  2077f 01 2 0 7 7 F  0 1  2.77E 3 1  2o77E Cl 2o77E 0 1  
PU241 000 1047E 0'2 1047F OG 1046E 00 1065E C(! lo44E 00 1o41E GO 
SURTOT 2 o 2 5 E  05 2022E 05  2022E 0 5  2o22E 05 2022E 05 6oL7E 02 6047F C2 

TOTALS 2o25E 05 2022E 05 2022k 05 2o22E C 5  2 0 2 2 6  C 5  6047E 02 6o47E 0 2  
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Table 4. Fission Product Radioactivity of MSRE Fuel S a l t  After Period 

of 235U Operation as a Function of Time After Shutdown 

MSRE OPERATION M I T H  235 U FUEL 

POWER= 4018 MM BURNUP= 2983. HhC FLUX= 2035E 12  N/CM**2-SEC 

NUCLIDE R A D I O A C T I V I T Y *  CURI€S 
CHARGE 

S R  83 000 
SR 90 000 

Y 93 0.0 
Y 91 000 

ZR 35 000 
NB 95H 000 
Nf3 95 000 
MO 99 000 
T C  99M 0.0 
TC 93 0.0 
RU103 0.0 
RH103M 0.0 
RUlO6 0.0 
RH106 G o 0  
A G l l l  000 
CD115M 0.0 
SN119M 0.0 
SN123M 000 
SB124 000 
SNl25 000 
58125 000 
TEl25H 000 
58126 0.0 
58127 000 
TE127Y 000 
T E l 2 7  0.0 
TE129H 0.0 
T E l 2 9  000 
I131 3 o G  

XE131M 0.0 
TE132 000 

1132 000 
XE133 000 
CS13Q 000 
CS136 000 
CS137 000 
BA137H 000 
BA140 0.0 
LA140 000 
C E l 4 l  000 
PR143 000 
CE144 000 
PR144 000 
NO147 000 
PH147 000 
~ ~ i 4 e n  0.0 
PHl48 000 
PMl49 000 
SM151 000 

0 I SCHARGE 3 . 0  D 3OoC D “ 0 0  D 1570 0 2 9 5 0  @ 
1o93F 0 5  l o 6 5 F  C5 1o29E 05 5o81E 04 2038E 04 3o76E 03 
9022E 03 9022E 03 9 0 2 0 E  0 3  9016E 03 9012E 03 9.04E 0 3  
9.24E 0 3  9 o 2 3 E  03 9o20E 03 9.17E 03 9 o l 3 E  03 9 o C 4 E  03 
2077E 05 2o7OF 05 1o97E 05 9 o 7 0 E  04 4o40E 04 8o65E 0 3  
2038E 05 2.89E 05 2.16E 05 l o l 4 E  05 5059E 04 1 o 2 6 E  0 4  
5o96F 03 5.92t  C3 4o59E 03 2.43E 03 000 2072E 02 
2o82E C 5  2063F 05 2o08E 0 5  1.84E C5  0.0 1099E 0 4  
3.10E 05 l o 4 7 E  05 1081E 02 6012E-05 0.0 0.0 
2070E 05 1041E 05 1073E 02 5o85E-C5 000 0.0 
1.39E 00 l o 3 9 F  00 l 0 4 0 E  00 1o40E 00 0.0 Q.0 
1o54E 05 1.4OE 05 ?o13E 04 3.19E 04 0.0 0.0 
1054E 05 1047E 05 9014E 04 3020E 04 9089E 0 3  0.0 
1o32E 04 1031E 0 4  1o25E 0 4  1 0 1 1 E  04  000 0.0 
1 0 4 0 F  04 1031F. 04 1.25E 04 1 o 1 1 E  04  9082E 03 0.0 
1 0 2 9 E  0 3  9082E 02 8o lOE 01 3016E-01 6047E-04 1o87E-09 
3o63E 01  3 0 4 t E  0 1  2o24E 0 1  6.50E 00 2089E 00 3 o l t E - 0 1  
l 0 l O E  00 l o l O E  C O  1002E 00 Ra60E-01 000 0.0 
6.055 01  5 o Q 5 E  0 1  5o12E 0 1  3o67E 0 1  0.0 0.0 
2009F 00 2o02E 00 1048E 00 7 0 4 l E - 0 1  0.0 0.0 
7oSIE 02 6.02E 02 8oZ2E 01 9085E-Cl  000 0.0 
3 0 3 3 f  0 2  3 0 3 4 E  C2 3034E 02 3.21E 02 000  0.0 
l 0 l O E  02 l o l l E  C2 1o16E 02 l o 2 2 E  02 000 0.0 
1.23E 03 1004F 03 2.33E 02 8037E 00 0.0 0 .O 
7003E 0 3  4o*9E 03 3059E 01 7.88E-04 0.0 0.0 
1036E 03 103bE 33 1o16E 03 8.04E 02 0.0 0.0 
6o82E 03 5o23E 03 1o2OE 03  7095E 02 0.0 0.3 
1052E 04 1043E 04 8027E 0 3  2o44E 03 C O O  0.0 
3o?OE 04 902O€ C3 5o30E 0 3  1o56E C3 000 0.0 
1051E 05 1019E C 5  l e l 7 E  04 6069E 01 C O O  0.0 
1.05E 00 l o f 5 E  C2 2056’ 02 1o23E 0 1  0.0 0.0 
2018E 05 1015F 05 3o63E 02 1o03E-03 C O O  0.0 
2.25f 05 1019E 05 3o74E 02 1007E-C3 0.0 0.0 
6043E 02 ‘ + O O Z E  C 4  1038F 03 5014E-01 0.0 0.0 
1.27E 00 1o26E 00 1o23E 00 l o l 6 E  00 1009E 00 9.64F-01 
5015E 02 *039F C2 l o O 4 E  02  4.25E 00 1019E-01 7064E-05 
7o66E 0 3  7066E 0 3  7ob4E 0 3  7.61E C3 7058E 03 7o52E 0 3  
7o16E 03 7016E 03 7.15E 03 7012E 03 7009E 03 7oO3F 03 
3o20E 05 2o72C C5 6.31E 04  2.45E 03 6.5GE 0 1  3o72E-02 
3020E 05 3 0 0 0 f  C 5  7026E 04 2082E 03 7.486 01 4o28E-02 
3023E 05 3006F C5 l o 7 Z E  05 4 0 7 6 E  04 l o l 4 E  04 5093E 02 
2.91E 05 2.72E C5 7o12E 04 3o42E C3 1o15E 0 2  l o o ? € - 0 1  

1.A6E 05 L o P 4 F  05 1.73E 05 1 0 4 9 E  05 1o27E 05 9004E 04 
1020E 05 1 o C O E  C 5  1o85E C4 4o37E C2 6066E 00 1021E-03 
3 o i 3 E  04 3 0 6 5 ~  04 3o48E 04 3o35E 04 3o19E 04 2069E 04 
5 . 3 9 6  0 2  5o13E 02 3029E 02 1o22E C2 4o04E 01 4o14E 00 
5075E C3 3oQ2E C3 1049E 02 9o87E 00 3025E 00 3033E-01 
5o93E 0 4  2036E 04 5.01E 00 3o44E-06 20636-17 000 
10905 02 1.97F 02 1.37E 02 1o97E 02 1o97E 0 2  1 o 9 t E  0 2  

1.e6F 05 10e4F C5 1.73E 05 1.49E 05 1.27E 05 9004E 04 

I 
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Table 4 (Continued) 

MSRE OPERATION YITH 235 U FUEL 

POWER= 4. 1 8  MW BURNUP= 2983. MUD FLUX= 2m35E 12 N/CM**2-SEC 

NUCLIDE RADIOACTIVITY CURIES 
CHARGE DISCHARGE 3.0 D 30.0 0 90. 0 157. 0 295. 0 

EU152 0.0 l o15E 00 1015L 00 1015E 00 1m14E 00 1013E 00 l m 1 0 E  00 
EU154 0.0 1.27€ 01 1026E 01 1026E 01 1e25E 01 1.2CE 01 1022E 01 
EU155 0.0 4069E 02 4.68E C2 4 .556  02 4027E 02 3098E 02 3045E 02 
EU156 0.0 1087E 03 1.65E 0 3  4074E 02 2096E 01 1034E 00 2.28E-03 
G O 1 6 2  0.0 2015E 00  201'tE 00 2003E 00 l o 8 1 E  CO 1.59E 00 1023E 00 
T0162M 0.0 2.15E 00 2.14E 00 2003E 00 1081E 00 1059E 00 l.23E 00 
SUB131 0.0 4.52E 06 3.79E C6 1087E 06 9.?3E 05 4074E 05 2.89E OS 

TOTALS 0.0 2.64E 07 3097E 06 1.87E 06 9.73E 05 4074E 05 2089E 05 
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Table 5.  Transuranium Isotope Radioact ivi ty  of MSRE Fuel S a l t  After 

Period of 235U Operation a s  a Function o f  Time After Shutdown 

W 

Y S R E  OPERATION W I T H  2 3 5  U FUEL 

N U C L I D E  H A D I O A C T I V I T Y p  C U R I E S  
CHAPGE D I S C H f i R G F  2 . 3  c 33.c c 3 0 .  C 

U 2 3 ~  k.87E 93 4 . 8 O E  CO 4 .SOE CO 4.80E 00 4 o F ) O E  CO 
U237 6.0 9055E C 3  7oG2E 03 4 0 3 9 E  0 2  7.25E-01 

NP235 0.3 1.11E O t  4 . C . O E  C 5  1.53E 02 3.30E-06 
PU239 3.0 3 0 7 6 E  0 1  3.76: 0 1  3.795 0 1  3073E C1 
PU24C C . 0  6.12E GO 6.12E 00 6.12E 00 4.12E 00 
PU241 3.0 1 . 6 R E  0 2  1.68E C 2  l . h l E  0 2  1.64E C2 
CM242 0.0 1045E 00 1.4bE 00 1.30F C O  1 . 0 l E  CO 
SUBTOT 4.87E 00 1.12E 04 4.67E 05 8.1SE 02 2.16F C2 

15’. 0 295. D @. 0 4 5 5F-07 
0.0 O*@ 
0.0 1*59E-C5 
307SE 0 1  3079E 0 1  
6.12E 00 6.12E GO 
1.64F 0 2  1 0 b l E  02 
7.57E-Gl 4.22E-01 
2.09E 32 2005E 0 2  

TOTALS L.%F 00 2.224’ 06 4.66F 05 8.17E 02 2.19E 02 Z o l O E  02 2.06E 02 

Y 
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W Table 6. Radioactivity of Enriching 233U Used t o  Fuel  MSRE as a Function 
of  Postpurif icat ion Time  

HSRE 233-U FUEL CCMPOSITION A F T E R  PUPIFICATION 

NUCLIDE R A D I O A C T I V I T Y  9 C b R I E S  

TL208 0.0 1.97E 0 1  3033E 0 1  4025E 01 4.87~2 C 1  
PB212 0.0 5 a 4 8 E  0 1  3024E 0 1  1.19E 02 1035E 02 
81212 0.0 5048E 0 1  9.2uE 0 1  1.18E C2 1.35E 02 
PO212 0.0 3.51E C 1  5a92F 01 7a56E 0 1  8066E 01  
PO216 0.0 5 a 4 6 c  0 1  9a24E 0 1  1.18F 02 1.35E 02 
RN220 0.0 5 a 4 @ E  0 1  9a24E 0 1  1.18E 02 1015E 02 
RA224 0.0 5 0 4 8 E  0 1  3.24F 01  1.18E C2 la35E 0 2  
TH228 0.0 5 a 4 @ E  01 “024E 0 1  1.1BE 02  1.35E C Z  
TH229 0.0 3a10E-CZ 6.2@€-02 9.31E-02 1.24E-01 

U232 1.61E 02 1.79F 02 1.77E C2 1a76E C2 1.74E C2 
c1233 3.26E 02 3026E 02  3a26F 02 3.26E C Z  3.26E C2 
U234 1074E 0 1  1a74F C 1  1.74E C 1  1.74F 0 1  1.74E 01  

I N I T I A L  366.0 D 732.C 0 1095. C 146c. C 

U236 3.87E-03 3. 87F-03 3.97E-03 3.97E-03 3.87E-03 
SUBTOT 5024E CZ 9007E 02 1.17E C3 1.35E 03 1.47E 03 

183Ca D 
5.29F: 01 
1.47E 02 
la47E 02 
9.4CE 01 
1.47E 02 
1.47E 02 
1047E 02 
1.47F 02 
1.55E-01 
1.72E 02 
3.26E 02 
1074E 01 
3.87E-’33 
1.54E 03 

TOTALS 5.24E 02 9.C7E 02 l o l 7 F  C3 l a35E 03 1a47E C3 1.54E 03 
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Table 7. Fiss ion Product Inventory of  ERE Fuel S a l t  After Period of 

233U Operation as a Function of  Time After Shutdown 

M S R E  OPERATION WITH 233-U FUEL 

POWER= 4.19 HW BURNUP= 13870 MWD FLUX= 3o89E 1 2  N/CM**Z-SEC 

NUC L I DE CONC ENTR AT I ON S 9 

CHARGE DISCHARGE 3840 
RB 97 4067E 90 8o48F 0 0  8.4QF 
SR 8(! 3037E 00 5069F C O  5064E 

Y 89 4o66E 01 6066: 0 1  7o23F 
SR 90  6o33E 0 1  9055E 01 9031c 
Z R  9 0  2o58E 00 4o+4E 90 6o'lF 
ZR 9 1  cio90E 0 1  9o73E 0 1  1005F 
L R  92 7035F 0 1  l o 1 C E  02 l o l O F  
ZR 93 7097E 01 1 0 1 9 c  02 1019F 
ZR 94 7o91E 01  101RF 02 1019F 
H O  0 5  l o 5 3 E  00 2044E 0 1  309?F 
Z R  9 6  9.386 0 1  1014F 02 1 o 1 4 E  
HO 3 1  0.0 3025F 0 1  3 0 2 5 f  
MO 98 000 3016: 0 1  3016E 
T C  99  0.0 2o98F 0 1  2099E 
H O l O O  000 2085E C 1  2 o P q E  
R U l O l  0.0 1 0 9 5 c  0 1  lo9SE 
RU102 000 1o56E 0 1  1056F 
RH103 4 o l O E  01 5007E 01 5o30E 
RUlO4 000 7088E 00 7068E 
PO105 1o3+E 01 l o a 2 E  0 1  1m82E 
PO106 3o58E 00 4 0 6 l F  00 5o76F 
PO107 3041E 00 5064E OC 5oC4F 
TE129 0.0 9o46F 09 9m47E 

I129 000 1oG9E 0 1  1.58E 
TE130 000 20C9E 0 1  2oCOF 
CS137 8063E 0 1  1.28E C Z  1.25E 
RA?37 3026& GO 5 0 5 6 F  00 8o65F 
8A135 4o93E 01 7o44F C 1  7o44E 
LA133 1o17E 02 1o7OF C Z  107@F 
C E 1 4 @  lo3GE 02 1oS9F C2 1oSCF 
PR141 1o20E 02 1o70E C2 1096f: 
CE142 1 o 1 4 E  02  1073F 02 l o 7 3 F  
NO143 1013E C 2  1067: 02 1o73F 
CE144 2.84E 0 1  3o98E 0 1  1.56: 
NO164 8o05E 0 1  1o13F 0 2  1.37F 
ND145 7.656 01 1oC7E 0 2  1oC7E 
NE144 5o99E 0 1  8 0 4 1 f  0 1  8 0 4 1 i  
PH147 3o1OE 0 1  4 o O l E  0 1  3016F 
SM147 1056E 01 2o39E 0 1  3.40p 
NO148 3o37E 01  4o63E 0 1  4063F 
NO150 1.35E 0 1  1 0 9 0 F  0 1  1.CIOE 
SM150 1092E C 1  2.71F 0 1  2071F 
SM151 7o20E @O 5o39E O C  5 o 3 e F  
SM152 7o42E PO 1046F 0 1  1046E 
EU153 3o7CIE CO 5065F PO 5o49E 
SUBTDT 1.635 G3 2o66F 0 3  2071E 

GR AM S 

C O  8.48E 00 8.45' 0'3 8 o 4 ' 3 E  
O C  5064E 00 So64E 00 5064E 
C 1  7024E 0 1  7o24E 0 1  7o24E 
0 1  9 o C B E  01 8086E 0 1  R065€ 
CO ao18E 00 1.14E 0 1  1o3hE 
C2 loO5F 02 1o05E 02 1005E 
C 2  1 0 1 O E  02 1010E C2 l 0 l r ) E  
02 1.19E 02 1 0 1 9 E  02 1.13E 
C Z  1 o l B E  0 2  1o18E C2 l o l 3 E  
C 1  3097E 0 1  3097E 0 1  3o97E 
C2 1 o l ' t E  C Z  l m 1 4 E  02 l o l O E  
0 1  3025E c1  3025E 0 1  3025E 
F 1  3o15E C 1  3o16E 0 1  3o16E 
0 1  2o99E C 1  2m9QE 0 1  2o99E 

C l  1o95E 01 1o95E 0 1  1o95E 
C l  1o56E 0 1  l e 5 4 E  0 1  1oSbE 
C 1  5o3C)E 0 1  5030E 0 1  5o30E 
00 7o88E 00 7o88E 00 7o8BE 
C 1  1082E 01 1o82F 01 1o92E 
00 6 0 3 0 E  00 6057E 00 6o71E 
O C  5o64E O C  5064E 00 5.646 
00 9o47E 00 9 0 4 7 €  00 9047E 
0 1  1058E 01 1058E c 1  1058E 
'I1 2.0QE C 1  2o09E 0 1  2009E 
C2 l o 2 3 E  C t  1o20E C Z  1 0 1 7 €  
OC 1o15E 0 1  1043E C 1  1070!F 
0 1  7o44E 0 1  7o44E 0 1  7044E 
C 2  1o70E 02 1o73E CZ 1070E 
C2 1.90E 0 2  1090E C2 1090E 

C 1  2 0 8 5 E  C 1  Z085E C 1  2.85E 

c2  i . a 4 ~  02  1 . ~ 4 ~  c z  1 . 9 ~ ~  

C 1  6.40E OC 2.62E C C  1.07E 

C2 1073E '22 1 0 7 3 F  02 l o f 3 E  
C2 1.73E C2 1073E CZ 1073E 

'22 1046E e2 1050E c 2  1052E 
02 1.07E '22 l o 0 7 E  02 1or)7E 
0 1  8.41F C 1  8.41E C l  8.4lC 
0 1  2o42E 0 1  1oB6E 0 1  1 0 4 3 E  
'I? 4 0 1 ' t E  C1 407r)E C 1  5o13E 
01 L(o63E 0 1  bo63E 0 1  *o63E 
C l  1o9OF 0 1  1o93E 0 1  1 o q O E  
C 1  2 o 7 1 f  C 1  2o71E 0 1  2o71E 
OC l io33E C O  5o29E 00 5025E 
0 1  1o4hE 0 1  1o44E C 1  1o4hF 
C O  5o49E 00 5049E C O  5o49F 
0 3  2 o 7 l E  03 2.7115 C3 2o71F 

W 

TOTALS 1.70E 03 2.76E C3 2.?6E 23 2.76E C3 2.76E C 3  2.76E 03 2.76E C 3  
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Table 8. Transuranium Isotope Inventory of IGFE Fuel S a l t  After Period 

of 233U Operation as a Function of Time After Shutdown 

HSRE OPERATION WITH 233-U FUEL 

POWER= 4.18 MM BURNUP= 1387. MWD FLUX= 3.89E 1 2  N/CM**2-SEC 

NUCLIDE CONCEIWTRATIONS, GRAMS 
CHARGE DISCHARGE 384.0 D 749.C D 1115. D 1480. D 1845 

U232 8.05E 00 70@5E 00 7078 t  00 7071E 00 7.64E 00 7056E 00 7049E 
U233 3.45E 04 3.30E 04 3030E 04 3.30E C4 3030E 04 3030E 04 3e30E 
U234 2081E 03 2.94E 03 2 0 9 4 L  03 2094E 03 2.94E 03 2.94E 03 2.94E 
U235 9e94 f  02 9036E 02  9.86F C2 9.36E 02 9096E C2 9.R6E 02 9.86E 
U236 6.09E 01 6.80E 0 1  6.i3CE C1 6.8OE 01  6080E 9 1  6.8OE 01 608'3E 
u238 2 . 3 8 ~  03 2 . 3 7 ~  0 3  2.37~ 0 3  2 . 3 7 ~  03 2 . 3 7 ~  a3 2 . 3 7 ~  03 2 . 3 7 ~  

PU239 7.48E 02 6.31E 02 6.311: 02 6.31E 02 6.31E 02 6m31E 02 be31E 
PU240 3m62E 01 7a74E 01 7074E 01 7074E C 1  7074E 0 1  7074E 01 7074E 
PU241 1.4 lE 00 7.89E 00 7m16F 00 7.08E 00 6.71E CO 6036E 00 6.03E 
SUBTOT 4.15E 04 4.01E 04 4001E 04  4.31E 0 4  4oOlE 04 4.01E 04 4eOlE 

0 0  
00 
04 
c 3  
02 
01 
0 3  
02  
0 1  
00 
0 4  

TOTALS 4.15E 04 4.01E C 4  4mOlF C 4  4001E 04 4.01E 04 4oOlE 04 4.01E 04 
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Table 9.  Fiss ion  Product Radioact ivi ty  of MSRE Fuel S a l t  After Period 

of  233U Operation as a Function of Time After Shutdown 

M S R E  OPERATION W I T H  233-U F U E L  

POWERS + 0  1 8  MW BURNUP= 1387. PhC F L U X =  3oe5E 1 2  N/CM**Z-SEC 

NUCLIDE R A D I O A C T I V I T Y  p CURIES 
CHARGE D I S C H A R G F  3flb.O 3 749.C D 1 1 1 5 0  D 14800  P 18450 D 

SR 89 3.77E 03 l .62F 05 9.72F 02 3.0CE C 1  Q.12E-01 2.8lF-02 8.67E-04 
SR 90 9oC4E C3 1o35F 04 1032F C4 1.2AE 04 1025E 04 l o 2 2 E  04 l o 1 9 E  04 

Y 90 9o06E 03 1o36E 04 1.326 C 4  l o 2 8 E  06 1025E 04 1o22E 0 4  1 0 1 9 E  0 4  
Y 91 8.64E 0 3  1 0 8 3 t  C5 1099E C 3  5o38E 0 1  Z o B S E  GO Io56F-01  8o43E-03 

Z R  95 loZ8E 04  2oO0F C 5  3o33F 03 1036E 02 1 o l O E  C 1  8o96E-01 7o31E-02 
NE 95M 2.72E 02 4015E 03 7oOPE C 1  1.64E 00 1017E-C l  Qo51E-03 7o76F-04 
NB 95 1o99E 04 1o7ZE 05 A o 3 0 F  03 1o7dE 02 1o29E 01 1.05f 00 8.56E-CZ 
RU103 000 7o4OF 04 9 0 9 2 €  C l  5o9QE-01 3096E-03 2o56F-05 l o79E-07 
RH103H 000 7o4OF 04  8092C 0 1  3000E-01 1o9RE-03 1o33E-05 8e9kE-08 
RUlO6 000 7o49E 0 3  3063F 03 1082E 0 3  9012E 02 4058F  02  2o30E 02  
RH106 000 8 o 7 5 E  03 3.63' 03 1o8ZE C3 9012E C2 L.58E 02 2o3OF 02 
SN123H 000 1o39E 02  1 0 t S F  0 1  2o1'3E CO 2.8tE-01 1o5 lE -01  7o99E-02 
58125 000 6o3eE 02 5012F C2 3096F  02  3006E 02 2o37E 02  1.33E 0 2  
TE125M 000 1097E (32 2011E C2 1o85E 02 1o45E C2 1012E 02 8o70E C 1  
T E 1 2 7 H  000 3 0 9 4 F  03 3 o 7 C E  02 3063E 0 1  7.08E CO 2078E 00 1 o 0 9 E  00 
TE127 000 3.28E 04 3065F C 2  3.59F C 1  3o5OF CO 1o37F 00 5o39F-01 
TE129M 000 2o67E 04  2.15E 0 1  5o06E-02 1.16E-04 2073E-07 6o4OE-10 
TE129 O o C  9 o 7 9 F  04  6eClF OC 1062E-02 3073E-C5 8074E-08 2005E-10 
CS134 9o63E-01 5.52E OC 3oF7E 00 2.76E 00 l o Q 7 E  C O  1 o 4 0 E  OC 1000F 00 
CS137 7o51E 03 l o 1 2 F  04 1009F 0 4  1oO7F 04 1o04E C4 l o 0 2 E  0 4  9 o 9 5 E  03 
BA137M 7003E 03 l o 3 5 E  04 1or )ZF  04 QoQ7E 0 3  907' tE C3 9052E 03 9 0 3 0 E  03 
CE141 5.93E 02 4o10E 05  2023C 02 3o63E-01 5077F-04 co37E-07 1o52E-09 
CE146 9o96E G4 1o27E 05 4 o S B E  04 2.04E C4 8037F G3 3043E 03 1041F C 3  
PRl44  9o05E 04  1025E '?5 4.9PC C4 Z o O 4 C  04 B o 3 7 E  C 3  3o43E 03 1o41F 0 3  
PH147 2.68k 04  3.7zE C4 2.93F 04 2.25E C4 1.73c 04 1.33E 04 1.02E 04 
PM148M 4 o l 4 E  00 1 0 O 5 ~  03  1 o R b F  CC 1.8OE-CZ 1072E-C4 1.66E-06 1o61E-08 
SH151 1096E 02 1o47E 02 1o46E 02 l o 4 5 E  C2 1 o 4 4 E  02 l o 4 3 F  02 1o42E 0 2  
EU152 1 o l O E  00 5.38E C G  5 o O 6 F  CO 4 0 ? 3 E  00 4051E CO 4 o 2 6 f  00 4o02E 00 
EU154 1.22E 0 1  3.52: 0 1  3036E 0 1  3.22E 01 3o08E 0 1  2 o 9 5 E  91 2oR3E 01 
EU155 3.44E C 2  3.556 C2 203eC C2 1o62F 02 1 o l C E  02  7o53E 0 1  5o14E 01  
GO162 1023E 00 2 0 7 4 f  CC 1032E CO 6o6 lE -01  3030E-01 1o65E-01 8o27E-02 
T6162H 1 0 2 3 E  CO 2o74F 00 1032F CO 6061E-01  3030C-C1 1o65E-01 8 o 2 7 E - 0 2  
SUBTOT 2 o 8 9 E  05 1 . 8 C E  C b  Z o 0 l E  35 1 o 1 5 E  05 f l o l 8 E  04 6.58E 04 So7 lE  C 4  

TOTALS 2089E 05 301Ok 0 7  2oOlE C5 l o l 5 F  05  Q o l Q E  C4 6059E 0 4  5o71E 0 4  
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Table 10. Transuranium Isotope Radioactivity of I%RE Fuel S a l t  After 

Period o f  23% Operation as a Function o f  T ime  After Shutdown 

HSRE OPERATION W I T H  233-U FUEL 

POWERS 4.18 HW BURNUP= 1387. MWO FLUX= 3089E 1 2  N/CM**2-SEC 

NUCLIDE RADIOACTIVITYr CURIES 

TL208 5029E 01 5049E 01 5066E 0 1  5.76E 0 1  509GE 01 5.81E 01 5092E 01 
PB212 l o 4 7 E  02 1.53F 0 2  1.57F 02  1.60E 02 1061E 02 l o h 2 E  02 1052E 0 2  
61212 1.47E 0 2  1.53E 02 1.57€ 02 1.60E 02 1061E 02 1.62E 0 2  1062E 0 2  
PO212 9040E 01 9076E 0 1  1 0 0 1 E  C 2  1002E 02 1003E 02 1003E 02 1003E 0 2  
PO216 1.47E 02 1.53E 02 1.57E C2 1060E 02 1061E 02 1062E 0 2  1062E 0 2  
RN2ZO 1.47E 0 2  1.53E 0 2  1.57E 02 1.60E 02 1061E 02 1062E 02 1062E C2 
RA224 1.47E 02 1.53E 0 2  1057E C2 1.60E 02 1061E C2 1.62E 02 1062E 0 2  
TH228 l o 4 7 E  02 1053E 02 1057E 0 2  1060E 02 1 0 6 1 E  C2 1062E 02 1062E 0 2  

U232 1.72E 02 1.66E 02 l o t 7 E  02 1065E 02 1064E 02 1042E 02 1060E 0 2  
U233 3.27E 02 3013E 02 3013E 02 3.13E 02 3013E 02 3013E 02 3013E 0 2  
U234 1074E 01 1082E 01 1.82E 0 1  1.82E 0 1  1082E 01 1.82E 01 1.82E 01 

PU238 9.00E-01 l 0 9 0 E  CO l o l O E  00 1 0 1 1 E  00 l o l O E  00 l o l O E  00 1009E 00 

PU240 7099E 00 l .71E 0 1  1071E 0 1  l .71E 0 1  1.71E Ul l.71E 01 l o 7 l E  0 1  
PU241 1.61E 02 9 m O l E  0 2  8.5ZE 02 8008E 02 7046E 0 2  7.266 02 608RE 0 2  
AM241 2.94E-01 om59E-01 Zo35E CO 3060E 00 4079E CO 5.91E 00 6.97E 00 
CM242 4022E-01 2045E 0 1  4088F 00 1.05E 00 2.34E-01 6.30E-02 3.@1E-02 
SUBTOT 1.76E 0 3  2.55E C3 2041E C:! 2048E 03 2045E 0 3  2041E 0 3  2037E 03 

CHARGE DISCHARGE 384 .0  o 749.0 I! 1115. o 1480.  D 1845. D 

PU239 4.59E 01 3.87E 0 1  3.@7E 01 3087E 0 1  3.876 0 1  3087E 01 3.87E 01 

TOTALS 1.76E 03 7.84E 04 2.51E C ?  2.48E C3 2045E 03 2.41E 0 3  2.38E 03 
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Table 11 presents  the photon spectrum produced by radioact ive 

The photon energy decay of  t h e  f i s s i o n  products i n  the  f u e l  s a l t .  

group s t r u c t u r e  f o r  t he  calculat ion is the  same a s  t h a t  used i n  the  

PHOEBE code. 

each of these  groups are summarized i n  Table 1 2 .  

The most important f i s s i o n  product gamma r a y  sources i n  

The photon spectrum produced by radioact ive decay of t he  t rans-  

uranium isotopes i s  shown i n  Table 13. I n  t h i s  t a b l e  the  0.3 MeV mean 

energy group has been subdivided i n t o  seven low energy groups t o  include 

the x-radiat ion accompanying a-decay of the  ac t in ides .  

shielding problem presented by these  isotopes is t h e  2 x 10l2 photons/sec 

of 2.62 MeV energy generated by radioact ive decay of  208T1, a daughter 

of  232U. A t  the  end of f i v e  years storage t h e  r a d i o a c t i v i t y  of 208T1 

w i l l  determine the y-ray shielding required t o  sh ip  the f u e l  s a l t .  
this time t h e  e n t i r e  decay chain of 232U and i t s  daughters w i l l  be i n  

secular  equilibrium and w i l l  be disappearing with t h e  72 year h a l f - l i f e  

of  t he  former. 

The g rea t e s t  

A t  

An estimate has a lso  been made of  the  neutron production r a t e  i n  

the  f u e l  s a l t  by a-n react ions with 9 Be and I9F. Using values given 
8 by Arnold 

dependence of  neutron y ie ld  on energy, a neutron source s t rength  of 
9 4.5 x 10 

s u f f i c i e n t l y  high t h a t  t h e  neutron dose r a t e  w i l l  be t h e  cont ro l l ing  

rad ia t ion  through a lead sh ie ld .  

f o r  neutron production r a t e s  i n  th ick  absorbers and f o r  

neutrons/sec was obtained. This neutron production r a t e  i s  

I 

” 



Table 11. Photon Spectrum of Fiss ion Products i n  MSRE Fuel S a l t  After Period of 233U Operation 
as a Function of Time After Shutdown 

HSRE OPERATION WITH 233-U FUEL 
POWER= 4.18 MY BURNUPI 1387. HWD FLUX= 3089E 1 2  N/CH**Z-SEC 

TWELVE GROUP PHoTak RELEASE RATES, PHOTONS/ SEC 

EHEAN 
(WEVI 

3 . OOE-0 1 
6 30E-0 1 
l . lOE 00 
1055E 00 
1.99E 00 
2038E 00 
2075E 00 
3025E 00 
3.70E 00 
4.22E 00 
4.7OE 00 
5.25E 00 

DISCHARGE 200.0 D 
2011E 17 4.14E 14 
3041E 17 3066E 15 
1059E 17 2052E 13 
1009E 17 1019E 13 
1062E 16 3031E 13 
1.99E 16 1032E 12 
8024E 15  3.80E 10 
4.25E 15 6037E 08 
5022E 15  0.0 
1.97E 15  0.0 
6089E 15  0.0 
0.0 0.0 

TLHE AFTER DISCHARGE 
384.0 D 56600  D 749.0 D 

2001E 14 1026E 14 8 0 2 l E  13 
9060E 14 4 0 9 0 E  14 4006E 14 
1064E 13 1018E 13 8.58E 12 
7034E 12 4095E 12 3036E 12 
2012E 13 1037E 13 8080E 12 
9012E 11 6047E 11 4058E 11 
2068E 10 1090E 10 1035E 10 
5099E 04 6029E 00 6025E-04 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

930.0 D 
5.4OE 13 
3081E 14 
6.356 12 
2032E 12 
5069E 12 
3025E 11 
9057E 0 9  
6. 92E-08 
0.0 
0.0 
0.0 
0.0 

111s. D 
3056E 13 
3.66E 14 
4.74E 12 
1061E 12 
3064E 12 
2029E 11 
6.75E 09  
0.0 
0.0 
0.0 
00.0 
0.0 

1297. 0 
2.39E 13 
3.55E 14 
3.62E 12 
1.14E 1 2  
2035E 12 
1.63E 11 
4078E 0 9  
0.0 
0.0 
0.0 
0.0 
0.0 

1480. 
1. 62E 
3.47E 
2. 81E 
8. 22E 
1.52E 
1. lSE 
3.39E 
0.0 
0.0 
0.0 
0.0 
0.0 

, D 1662. D 
1 3  1012E 13 
14 3041E 14 
12 2.24E 12 
11 6.10E 11 
12 9081E 11 
11 8.16E 10 
09  2040E 09 

0.0 
0 .0  
0 . 0  
0 .0  
0 .0  

1845. 0 
7.91E 12 
3.356 14 
1.82E 12 
4066E 11 
6.34F 11 
5.78E 10 
1.70E 09  
0.0 
0.0 
0.0 
0.0 
0.0 LJ 

4 
1 

TOTAL 8.82E 17 4015E 15 1021E 1 5  6.476 14 5009E 14 4049E 14 4.12E 14 3087E 14 3069E 14 3.56E 14 3045E 14 

M E V /  SEC 7.97E 17 2055E 15 7.39E 14 3.96E 14 3014E 14 2.79E 14 2057E 14 2.42E 14 2.31E 14 2.23E 14 2.17E 14 

TWELVE GROUP ENERGY RELEASE RATES, MEV/WATT-SEC 

EHEAN 
(WEV) 

3 00E-01 
6030E-01  
l . lOE 00 
1055E 00 
1.99E 00 
2.38E 00 
2.75E 00 
3025E 00 
3.70E 00 
4.22E 00 
4.7OE 00 
5.25E 00 

DISCHARGE 200.0 D 
1.52E 10 2097E 07 
5.14E 10 5.52E 08 
4017E 10 6.64E 06 
4004E 10 404CE 06 
7.71E 09  1.58E 07 
1.13E 10 7.SOE 05 
5043E 0 9  2.5CE 04 
3.31E 09 4096E 02 
4062E 09  0.0 
1099E 09  0.0 
7.7% 09 0.0 
0.0 0.0 

TIME AFTER DISCHARGE 
384.0 o 566.0 D 749.0 D 

1045E 07  9.08E 06 SOBS€ 06 
1.45E 08 7039E 07 6013E 07 
4.32E 06 3010E 06 2026E 06 
2.72E 06 1084E 06 1.25E 06  
1.01E 07 6052E OB 4019E 06 
5020E 05 3069E 05 2.61E 05 
1.77E 04 1.25E 04 8.87E 03 
4.66E-02 4089E-06 4086E-10 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

930.0 0 
3088E 06 
5.74E 07 
1.67E 0 6  
8060E 0 5  
2.71E 0 6  
1.85E 05 
6030E 03 
5038E-14 
0.0 
0.0 
0.0 
0.0 

1115. D 1297. D 
2.56E 06 1.72E 06  
5.52E 07 5036E 07 
1.25E 06  9053E 05 
5.96E 05 4.22E 05 
1.74E 06 1012E 06  
1031E 05 9.27E 04 
4.44E 03 3.15E 03 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

1480.. D 
1017E Of 
5.24E 0 7  
7.40E 05 
3005E 05 
7.23E 05 
6056E 2.23E 04 03 

0.0 
0.0 
0.0 
0.0 
Go 0 

1662. D 
8.OTE 05 
5.14E 07 
5.89E 05 
2026E 05 
4.67E 05 
4.65E 0 4  
1.58E c3 
0.0 
0.0 
0.0 
0.0 
0.0 

1845. 
5.68E 
50OSE 
4.80E 
1-13!! 
3.02E 
3029E 
1.12E 
0.0 
0.0 
0.0 
0.0 
0.0 

m D  
0 5  
07 
05 
05 
05 
04 
03 

TOTAL lo91E 11 6.1CE 08 1077E 08 9048E 07 7051E 07 6067E 07 6014E 0 7  5.79E 07 5.54E 07  5.35E 07 5 0 2 0 f  07 

WATTS 1.28E 05 4.08E 0 2  1.18E 02 6.34E 01 5.03E 01 4047E 01 4.11E 01 3088E 01 3071E 01 3.58E C 1  3048E C 1  



Table 1 2 .  Summary of Important F iss ion  Product Gamma Ray Sources i n  MSRE Fuel S a l t  

P R I N C I P A L  PHOTON SOURCES I N  GROUP I r  MEV/YATT-SEC 
MEAN ENERGY 0 0 3 0 0 M E V  

TIME AFTER DISCMARGE 
200.0 0 384.0 D 566.0 D 749.0 D 930.0 D 
2007E 07 1.32E 07 8049E 06 5043E 06 3049E 06 

P R I N C I P A L  PHOTON SOURCES I N  GROUP 21 MEV/YATT-SEC 
MEAN ENERGY 00630MEV 

T I M E  AFTER DISCHARGE 
200.0 0 384.0 0 566.0 D 749.0 D 930.0 D 
1052E 08 2.14E 07 3.07E 06 8073E 05 2054E 0 5  
3016E 08 5.6LE 07 8044E 06 1.21E 06 3018E 0 5  
5046E 07 5.40E 07 5033E 07 Fo27E 07 5.21E 07 

P R I N C I P A L  PHOTON SOURCES I N  GROUP 39 MEV/YATT-SEC 
MEAN ENERGY 1.100MEV 

T I M E  AFTER DISCHARGE 
200.0 D 384.0 0 566.0 D 749.0 D 930.0 0 
5.63E 06 3.97E 06 2.82E 06 1.99E 06 1.42E 06 
2.58E 05 2.52E 05 2.47E 05  2.41E 05 2.36E 0 5  

P R I N C I P A L  PHOTON SOURCES I N  GROUP 49 MEV/YATT-SEC 
MEAN ENERGY = 1.550MEV 

T I M E  AFTER DISCHARGE 
200 .0  C 384.0 D 566.0 0 749.0 D 930.0 0 
1.42E 06 1 . O C E  06 7.10E 0 5  5.OZE 05 3.57E 0 5  
2.57E 06 1.6*E 06 1005E 06 6074E 05 4033E 0 5  

P R I N C I P A L  PHOTON SOURCES I N  GROUP 5 9  MEV/YATT-SEC 
MEAN ENERGY 1.990MEV 

T I M E  AFTER DISCHARGE 
200.0 C 384.0 D 566.0 0 749.0 D 930.0 D 
1.51E 07 9.66E 06 6.20E 06 3.96E 06 2.55E 06 

P R I N C I P A L  PHOTON SOURCES I N  GROUP 69 MEV/WATT-SEC 
MEAN ENERGY = 2.380MEV 

T I M E  AFTER DISCHARGE 
2 0 0 . 0  0 384.0 D 566.0 0 749.0 D 930.0 D 
7.36E 05 5.2CE 05 3.69E 05  2061E 05 1.85E 0 5  

P R I N C I P A L  PHOTON SOURCES I N  GROUP 7r MEV/YATT-SEC 
MEAN ENERGY 5 2.750MEV 

T I M E  AFTER DISCHARGE 
200.0 D 384.0 D 566.0 D 749.0 D 930.0 D 
2050E 04 1.77E 04 1.25E 04 8.87E 03 6030E 0 3  

N U C L I D E  
D ISCHARGE 

C E l W  3038E 07 
1845. D 
3074E 05 

1115. D 
2.22E 06 

1297. D 
1043E 06 

1180. D 
9012E 05 

1662. D 
5085E 05 

NUCL I DE 
01 SCHARGE 

ZR 95 1029E 09 
N8 95 1.17E 09 
BA137Y 5.53E 07 

12970 0 
2.02E 04 
205 lE  04 
5.09E 07 

1480. D 
5.75E 03 
7013E 0 3  
5.03E 07 

1662. D 
1065E 03 
2.05E 0 3  
4.98E 07 

1845. D 
4.69E 02 
5.82E 02 
4.92E 07 

1115. 0 
7005E 04 
8.74E 04 
5.15E 07 

NUCL I DE 
DISCHARGE 

RHlO6 9.81E 06 
EU15G 2.64E 05 

1115. D 
9.99E 05 
2031E 05 

1297. D 
7.09E 05  
2.266 0 5  

1480. D 
5.02E 0.5 
202lE 05 

1662. D 
3.56E 05 
2.17E 05 

NUCL I DE 
01 SCHARGE 

RH106 2.47E 06 
PR144 4.20E 06 

1115. D 
2.52E 05 
2.76E 05 

1297. 0 
1.78E 05 
1.77E 05 

1480. D 
1.26F 05 
1.13E 05 

1662. D 
8.46E 04 
7025E 04 

1845. D 
6.34E 04 
4.64E 04 

NUC L I DE 
DISCHARGE 

P R 1 4 4  2.47E 07 
1115. 0 
1.62E 06 

1297. D 
1.04E 06 

148C. 0 
6.666 05 

1662. 0 
4.2’E 05 

1845. 0 
2073E 05 

NUCL I D €  
DISCHARGE 

R H l O 6  1.28E 06 
1115. D 
1031E 05 

1297. D 
9027E 04 

1480. D 
6.5QE 04 

1662. 0 
4.6SE 04 

1845. 9 
3.29E 04 

NUCL I DE 
DISCHARGE 

PH106 4.36E 04 
1115. 0 
4.44E 03 

1297. D 
3.15E 03 

1480. D 
2023E 03 

1662. D 
1.58E 03 

1845. D 
1.12E 03. 



Table 13. Photon Spectrum of  Transuranium Isotopes i n  MSRE Fuel S a l t  A f  
Operation as a Function of Time After Shutdown 

HSRE OPERATION WITH 2 3 3 4  FUEL 
POWER- 4.18 HW BURNUP- 1387. MY0 FLUX- 3.89E 1 2  N/CW*2-SEC 

ACTINIOE PHOTON RELEASE RATES* PHOTONS/ SEC 

EHEAN 
(HEV) 

3 00E-02 
4.OOE-02 
6. 3OE-02 
1 . 00E-01 
1 50E-01 
2.OOE-0 1 
3 OOE-01 
6.30E-01 
l . lOE 00 
1055E 30 
1099E 00 
2038E 00 
2075E 00 
3.25E 00 
3.70E 00 
4.22E 00 
4.7OE 00 
5.25E 00 

01 SCHARGE 
9.88E 13 
3067E 14 
5.07E 14 
7078E 14 
3059E 14 
2086E 14 
1091E 14 
2.956 13 
2.02E 1 2  
7045E 1 C  
3.59E 10 
2078E 0 1  
1.93E 12 
0.0 
0.0 
0.0 
0.0 
0.0 

200.0 D 
1.82E 09 
1073E 11 
6036E 11 
1.82E 12 
1009E 11 
5092E 12 
5009E 11 
4068E 12 
1038E 12 
7058E 10 
3.66E 10 
2.97E 01 
1.97E 12 
0.0 
0.0 
0.0 
0.0 
0.0 

TIME AFTER DISCHARGE 
384.0 0 566.0 D 749.0 D 

2052E 09 3 0 2 0 E  09  3.87E 09 
1073E 11 1073E 11 1073E 11 
6045E 11 6053E 11 6061E 11 
1085E 12 1 0 8 6 E  12 1 0 8 7 E  12 
1009E 11 1olOE 11 1010E 11 
6000E 12 6.OSE 12 6010E 12 
5014E 1 1  5.18E 11 5.2OE 11 
4074E 12 4.79E 12 4.82E 12 
1040E 12 l .41E 12 1.42E 12 
7068E 10 7075E 10 7081E 10 
3.71E 10 3074E 10 3077E 10 
3.04E 0 1  3007E 01 3007E 01 
1099E 12 2001E 12 2.02E 12 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

930.0 0 
4oIOE 09 
1073E 11 
6069E 11 
L 8 8 E  12 
1.1OE 11 
6. 13E 1 2  
5022E 11 
4.85E 12 
1043E 12 
7084E 10 
3.79E 10 
3007E 01 
2003E 12 
0.0 
0. 0 
0.0 
0.0 
0.0 

1115. 0 
5014E 09 
1073E 11 
6077E 11 
1089E 12 
l . lOE 11 
6015E 12 
5024E 11 
4.86E 12 
1.43E 12 
7087E 10 
3080E 10 
3006E 01 
2004E 12 
0.0 
0.0 
0.0 
0.0 
0.0 

1297. D 
5074E 09 
1073E 11 
6.84E 11 
1.89E 1 2  
1.11E 11 
6016E 12 
5.246 11 
4087E 12 
1044E 12 
7.89E 10 
3081E 10 
300% 01 
2.05E 12 
0.0 
0.0 
0.0 
0.0 
0.0 

TOTAL 2.62E 15 1.73E 13 1.75E 13 1077E 13 1.78E 13 1079E 1 3  1.80E 13 1.80E 13 

MEV/ SEC 3021F  14 1017E 13 1018E 13 1019E 13 1020E 13 1021E 13 1.21E 13 1021E 13 

ACTINIOE ENERGY RELEASE R A T E S 9  MEV/YATT-SEC 

E MEAN 
tMEVl 

3 OOE-02 
4.00E-02 
e . 00E-02 
1 0 0 f - 0 1  
1 50E-01 
2.OOE-01 
3 G O € - 0  1 
4 30E-01 
l . lOE 00 
1.55E 00 
1.99E 00 
2.38E 00 
2.75E 00 
3025E 00 
3.70E 30 
4.22E 00 
4.7OE 00 
5.25E OC 

DISCHARGE 
7.09E 05 
3052E 06 
7.28E 06 
1.86E 07  
1029E 07  
1.37E 07 
1038E 07  
4.4% 06 
5.32E 05 
2.766 04 
l . 7 l E  04 
1.58E-05 
1.27E 0 6  
0.0 
0.0 
0.0 
0.0 
0.0 

20c.o 0 
1031E 01 
1066E 03 
9013E 03 
4-37E 04 
3092E 03 
2.84E 05 
3.65E 04 
7.07E 05 
3.64E 05 
2.81E 04 
1074E 04 
1.65E-05 
l .29E 06 
0.0 
0.0 
0.0 
0.0 
0.0 

TIME AFTER DISCHARGE 
384.0 D 566.0 D 749.0 0 

1.61E 0 1  2030E 01 2.78E 01 
1.66E 03 1.66E 03  1066E 03  
9026E 0 3  9038E 03 9.50E 03 
4.42E 04 4046E 04 4049E 06 
3.93E 03 3094E 03 3.95E 03 
2.97E 05 2.9CE 05 2.92E 05 
3.69E 04 3072E 04 3074E 04 
7.16E 05 7.22E 05 7.27E 05 
3069E 05 3072E 05 3075E 05 
2.85E 04 2088E 04 2.90E 04 
1.77E 04 1078E 04 1079E 04 
1073E-05 1075E-05 1075E-05 
1031E 06 1032E 06 1033E 06 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

930.0 0 
3023E 01 
1066E 03  
9061E 0 3  
4.51E 04 
3.966 03 
2093E 05 
3.75E 04 
7031E 05  
3077E 05 
2091E 04 
1.80E 04 
1 75 E-05 
1034E 0 6  
0.0 
0.0 
0.0 
0.0 
0.0 

1115. 0 
3.69E 01 
1066E 0 3  
9072E 03  
4052E 04 
3097E 03  
2094E 05 
3.76E 04 
7033E 05 
3078E 05 
2092E 04 
1.81E 0 4  
1. 74E-05 
1034E 0 6  
0.0 
0.0 
0.0 
0.0 
0.0 

1297. 0 
4.13E 01 
1066E 03  
9.83E 0 3  
4.53E 04 
3097E 0 3  
2.95E 05 
3077E 04 
7.35E 05 
3079E 05 
2093E 0 4  
1081E 04 
1. 74E-05 
lo35E 06 
0.0 
0.0 
0.0 
0.0 
0.0 

TOTAL 7067E 0 7  2.79E 06 2.82E 06 2 0 8 5 E  06 2.87E 06 2089E 06 2089E 06 2.90E 0 6  

WATTS 5014E 01 1087E 00 1083E 00 1091E 00 1.92E 00 1.93E 00 1094E 00 lo94E 00 

23 'ter Period of 

1480. D 
6034E 09 
1073E 11 
6092E 11 
1.89E 1 2  
1.11E 11 
6016E 12 
5024E 11 
4087E 1 2  
1044E 12 
7089E 10 
3081E 10 
3.01E 01 
2.OSE 12 
0.0 
0.0 
0.0 
0.0 
0.0 

1662. 0 
6091E 09 
1073E 11 
6099E 11 
1089E 12 
1.11E 11 
6 0 1 6 E  12 
5025E 11 
4087E 12 
1 .44E 12 
7.89E 10 
3081E 10 
3.03E 01 
2oOSE 12 
0.0 
0.0 
0.0 
0.0 
0.0 

1.8OE 13 1.80E 13 

1.21E 13 1.21E 13 

1480. 0 1662. D 
4.55E c 1  4.97E 0 1  
1.66E 0 3  1.66E 03 
9094E 03 1.OOE 04 
4.53E 04 4053E C4 
3.98E 0 3  3.99E 03 
2.95E 05 2.95E 05 
3.77E 04 3-77E C4 
7.35E 05 7035E 05 
3.79E 05 3.79E 05 
2093E 04 2.93E 04 
1.81E 04 1.81E 04 
1. 73E-05 1.73E-05 
1.35E 06 1.35E C6 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

2.90E 06 2.90E 06 

1.94E 00 l o % €  00 

3, 

18650 0 
7.48E 09 
1073E 11 
7.06E 11 
1.89E 1 2  
1.11E 11 
6017E 12 
5.25E 11 
4.88E 1.44E 12 12 

7089E IO 
3.81E 10 
3.C2E 01 
2.05E 12 
0.0 
0.0 
0.0 
0.0 
0.0 

1.81E 1 3  

1021E 1 3  

G 
v3 

1 

1845- 0 
5.37E 01 
1.66E 03 
1001E 04 
4053E 04 
3.99E 03 
2.95E 05 
3.77E 04 
7035E 05  
3.79E cs 
2.93E 06 
1.82E 04 
1072E-05 
1.35E 06 
0.0 
0.0 
0.0 
0.0 
0.0 

2.90E 06  

1.%E 00 



-20 - 

REFERENCES 

1. 

2 .  

3. 

4. 

5 .  
6. 

7. 

8 .  

E R  Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037. 

MSR Program Semiann. Progr. Rept. Feb. 28, 1970 ( i n  prepara t ion) ,  

Chem. Technol. Div. A n n .  Progr. Rept. May 31, 1969, ORNL-4.422, 
pp. 89-91. 

Chem. Technol. Div. Ann. Progr. Rept. I‘hy 31, 1969, ORNL-4.422, 
pp. 12-15. 

MSR Program Semiann. Progr. Rept. Feb. 28, 1967, CRNL-4119, 

MSR Program Semiann. Progr. Rept. Aug. 31, 1967, ORNL-4191, 

pp. 79-83. 

p ~ .  50-58. 
r) 

J. M. Chandler and S, E. B o l t ,  Preparation of Enriching S a l t  ‘ILF- 
233UF 

E. D. Arnold i n  Engineering Compendium on Radiation Shielding, R. G. 
Jaeger, Ed, Vol. I, Chap. 2 (1968). 

f o r  Refueling t h e  Molten S a l t  Reactor, ORNL-4371 (March 1969). 
___L 



-21- 

DISTRIBUTION 

1 - 2 .  
3. 

4-6. 
7. 

8-22. 

23 

24. 
25-29. 

30 
31 9 

32 
33 
3k 
35 
36 
37 
38 9 

39 
40 
41. 
42. 
43 

44-45. 
46. 
47. 
48 

Central  Research Library 
Document Reference Section 
Laboratory- Records Dept. 
Laboratory Records, ORNL R.C. 
Division of Technical 

Laboratory and University Division, 

ORNL Patent Office 
M. J. B e l l  
E. S. Bettis  
R. B. Briggs 
W. L. Carter 
W. P, Eatherly 
D. E. Ferguson 
C. H. GabbaTd 
P. N. Haubenreich 
P. R. Kasten 
K. 0. Laughon, AEC S i t e  Repr. 
R. E. MacPherson 
L. E. McNeese 
J. P. Nichols 
E. L. Nicholson 
A .  M. Pe r ry  
M. W. Rosenthal 
Dunlap Scot t  
R. E. Thoma 
M. E. Whatley 

Information Extension 

AEC -OR0 


	HELP: 
	home: 


