
, ~ ~ ~ A l  
O A K  RIDGE NATIONAL LABORATORY 

operated by 

UNION CARBIDE CORPORATION 
NUCLEAR DIVISION 

for the 
U.S. A T O M I C  ENERGY C O M M I S S I O N  

ORNL - TM - 1857 

COPY NO. - 
249 

D A T E  - June 12, 1967 

PHYSICS P R M  FOR NOLTEN-SALT BFSCEDER REACTORS 

A. M. Perry mm'I=C= 

ABSTRACT 

The sources of possible e r ror  i n  estimates of breeding per- 
formance of a Molten-Salt Breeder Reactor a re  discussed. Un- 
cer taint ies  i n  cross sections may contribute an uncertainty of 
about k0.026 i n  breeding ra t io .  Other sources of e r ror  may a r i se  
from assumptions regarding behavior of f i ss ion  products, o r  from 
inadequacies i n  methods of corrrput&tion. A reactor physics de- 
velopment program i s  outlined which should provide a sound basis 
for  design of a reactor experiment. 
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PHYSICS PROGRAM FOR MOLTEN-SALT BREEDER REACTORS 

A. M. Perry 

1. INTRODUCTION 

One of the a t t rac t ive  aspects of the Molten-Salt Breeder Reactor 

concept t h a t  emerges from the design studies conducted a t  ORNL i s  the 

prospect tha t  very low fuel-cycle costs w i l l  coincide with very good 

f u e l  u t i l iza t ion ,  tha t  i n  fac t  the curve of fuel-cycle cost  versus 

doubling time w i l l  possess a m i n i m  a t  a doubling time a s  short a s  15 
t o  20 years*, and tha t  t h i s  m i n i m  fue l  cost w i l l  be a s  low as  0.3-0.4 

mills/kwhr(e). Our present estimates of the fuel-cycle cost a s  a 

function of annual yield are  shown i n  Fig. 1 f o r  two cases, i .e . ,  with 

and without continuous removal of 233~a.  

That a reactor comprising essent ia l ly  graphite, thorium, and 23'5U 
should be able t o  breed is not i n  i t s e l f  surprising, f o r  we have long 

had reason t o  believe tha t  t h i s  i s  possible, provided the f'uel i s  re- 

processed a t  a suff icient ly rapid ra te .  That such rapid processing can 

be accomplished economically, however, and tha t  a very high fue l  specif ic  

power can be maintained while keeping neutron losses i n  233~a t o  a very 

low level ,  appear t o  be unique properties of the f lu id  fue l  reactor.  

It must be remembered tha t  the excellent fuel-cycle character is t ics  

projected f o r  the Molten-Salt Breeder Reactor a re  based on a combination 

of a low net  breeding gain and a high specif ic  power. A net  breeding 

gain of about 0.05-0.06 was found t o  be optimum ( i .e . ,  corresponds t o  

near -minim f'uel cost) f o r  the current reference MSBR design. 

This  i s  of course a very small m r g i n  f o r  breeding, and the calcu- 

la t ion  of it is subject t o  some uncertainty. In considering the merit 

- 

JC 
Throughout t h i s  report, doubling time i s  defined i n  terms of 

compound in teres t ,  i . e . , doubling time = 0.6931 (annual yield) . It thus 
applies t o  an expanding system of reactors, rather  than t;o a s ingle 
reactor. (Annual yield is, of course, the annual fract ional  increase 
i n  f i s s i l e  inventory. ) 
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Fig. 1. Fuel-Cycle Cost V e r s u s  Annual Fuel Y i e l d .  



of the  MSBR concept, we must attempt t o  appraise r e a l i s t i c a l l y  the  

poss ible  magnitude and importance of uncer ta in t ies  i n  the  calcula ted 

charac te r i s t i cs  of the  reactor ,  and t o  consider what s teps  may be taken 

t o  reduce these  uncer ta in t ies .  

A descr ipt ion of the  Molten-Salt Breeder Reactor concept and of 

our current  reference design f o r  an MSBR i s  given i n  the  repor t  O m -  

3996 ( ~ e f .  l), and w i l l  not be repeated here.  Some of the  important 

cha rac t e r i s t i c s  t h a t  a r e  relevant t o  a discussion of reactor  physics 

problems a r e  given i n  Tables 1 and 2. ( ~ h e s e  cha rac t e r i s t i c s  a r e  ap- 

propr ia te  t o  a s ingle  2225 Mw(t) reactor ,  operating a t  an average core 

power densi ty  of 80 lcw/liter. While they d i f f e r  s l i g h t l y  from those of 

a 555 ~ w ( t )  modular core operating a t  40 kwl l i t e r ,  the di f ferences  a r e  

not  mater ia l  t o  t he  present discussion.)  

Table '1. . MSBR Performance 

Without Pa With Pa 
Removal Removal 

Nuclear breeding r a t i o  1.0538 1.074 
F i s s i l e  consumption ( ~ n v e n t o r i e s  
per  year a t  0.8 p lan t  f ac to r )  1 .03 1 .17 
F i s s i l e  losses  i n  processing 
( ~ n v e n t o r i e s  per  year, a t  0.8 p l an t  
f ac to r )  0.006 0.007 
Fuel y ie ld ,  $ per  annum 
Ne-u[;ron pro&uc.l;ioa per f issf le 

4.96 7.95 

abso~p Lioli, 'IIC 2.221 2.227 
Specif ic  power, ~ w ( t ) / k ~  f i s s i l e  2.89 3.26 
Fuel-cycle cost ,  mills/kwhr( e)  0.45 0.33 
Doubling time, 14 8.7 

a 
Here defined a s  0.693/ (annual y ie ld )  . 

./.= .,. 

'P. R. Kasten, E. So Be t t i s ,  and R.  C. Robertson, Design Studies 
of 1000-Mw(e) Molten-Salt Breeder Reactors, USAEC Report om-3996, 
Oak Ridge National Laboratory ( ~ u g u s t  1966). 
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Table 2. MSBR Neutron Balance 

Absorptions 
Material  

Without Pa Removal With Pa Removal 

Ca r r i e r  s a l t  (except " ~ i )  
6 ~ i  
Graphite 
135~e  
143 s m  
lslSm 
Other f i s s i o n  products 
Delayed neutron l o s se s  
Leakage 

Total  

2. ANALYSIS OF UNCERTAINTIES 

Because of t he  operating f l e x i b i l i t y  of f l u i d  f u e l  reactors ,  which 

allows c r i t i c a l i t y  t o  be maintained by adjustment of f u e l  concentration, 

we a r e  not  pr imari ly  in.te:res:ted in '  .khe problem..of. cal.cula.ting.' .khe .cr i t . i -  

c a l i t y  f a c t o r  per  se.  We are concerned i n s t , e a d  wit -h  t.hp Fsect.ion of 

source neutrons t h a t  i s  ava i lab le  f o r  absorption i n  the  f e r t i l e  materials .  

Estimates of t h i s  quant i ty  may be uncertain because of uncertaint , ies i n  

cross sect ions ,  i n  methods of computation, o r  i n  the  assumptions made 

regarding the  behavior of f i s s i o n  products i n  the  reactor system. These 

sources of uncer ta inty  a r e  discussed i n  t he  following sect ions .  



2 .1  Cross Sections 

There a r e  comparatively few nuclides i n  the  MSBR f o r  which cross 

sect ion uncer ta in t ies  lead t o  appreciable uncer ta inty  i n  est imates of 

the  breeding performance of the reactor;  only two o r  three  nuclides 

have cross sect ion uncer ta in t ies  t h a t  could, alone, a f f e c t  the  breeding 

r a t i o  by a s  much a s  0.01. 

The outstanding example, of course, i s  the  2 3 3 ~  i t s e l f .  Here the  

important quanti ty i s  the  average value of 7, averaged over the  e n t i r e  

reac tor  spectrum. This quant i ty  may be uncertain f o r  a t  l e a s t  th ree  

reasons: (1) the  value of 7 a t  2200 m/sec i s  uncertain by perhaps +0.3$, 

( 2 )  the  var ia t ion of 7 with neutron energy i n  the  range below 0.3  ev i s  

not known well enough t o  e s t ab l i sh  11 ( i n  a thermal neutron spectrum with 

kT -0.1 ev) t o  much b e t t e r  than I$, and (3) 11 i n  a 1 / ~  spectrum above 

0.3 ev i s  a l so  subject  t o  an uncer ta inty  of a b o u t l $ .  The uncer ta inty  

i n  the  thermal average value of 7 produces an uncertainty of about 

k0.02 i n  breeding r a t i o ,  and appears t o  be by f a r  the  most important 

source of uncer ta inty  i n  breeding r a t i o .  

The ambiguity i n  the  epithermal 7 i s ,  for tunate ly ,  not  so s i g n i f i -  

cant now a s  it has been u n t i l  recently.  The ambiguity arose from a 

discrepancy t h a t  appeared t o  e x i s t  between average epithermal a values 

a s  deduced from d i f f e r e n t i a l  f i s s i o n  and t o t a l  cross sec t ion  measure- 

ments on.t,he one hand, and from d i r e c t  i n t eg ra l  measurements of a on t he  

other  hand. The d i f f e r e n t i a l  measurements y i e ld  a value of a,2 averaged 

over a 1 / ~  spectrum above 0.5 ev, . of about 0.23, This value i s  subject  

t o  a.ppreciahle uncertainty,  however, because a must be deduced by sub- 
C 

t r a c t i on  of a and a from the  measured a , Furthermore, an adequate f s T ' 
s t a t i s t i c a l  analys is  of t he  probable e r r o r  i n  E, a s  derived from the  

d i f f e r e n t i a l  cross sections,  has not  been made. The i n t eg ra l  5 measure- 

ments a r e  performed by measuring the  2 3 4 ~  and f i s s i on  product concen- 

t r a t i ons  i n  i r r ad i a t ed  2 3 3 ~  samples. Results of the  th ree  most recent ,, 

" ~ a s e d  primarily on the  measurements of Moore e t  a l .  (M.  S. ~ o o r e ,  
L. G:Miller, and 0 .  D. Simpson, Phys. Rev., 118, 714 (1960). 



measurements of t h i s  type a r e  a s  follows : 

- 
Halperin a = 0.171 + 0.017 - Ref. 3 
Esch and Feiner u = 0.lr(5 + 0.008 Ref. 4 
Conway and Gunst a = 0.175 + 0.006 - Ref. 5 
Average a = 0.175 + 0.005 

We bel ieve t h a t  the  c lose  agreement among these independent measure- 

ments and the  inheren t ly  g rea te r  accuracy of the d i r e c t  i n t eg ra l  a 

measurement support the  lower value of a i n  the  epithermal energy range. 

The value used i n  the '  MSBR analyses was a = 0.173, leading t o  an average 

value o f  7,  i n  a 1 / ~  spectrum a'bove 0.5 ev of 2.13. It may be noted 

t h a t  an unce&ainty of 0.01 i n  a ( x . 5  ev) generates an uncer ta inty  of 

about 0.006 i n  t h e  breeding r a t i o ,  f o r  the MSBR reference configuration. 

A s imi la r  discrepancy between d i f f e r e n t i a l  cross section measure- 

ments and d i r e c t  a measurements i n  the  epithermal region has exis ted f o r  

2 3 5 ~ .  In  recent mon L h s  the c.z values deduced by de Saussure, Gwin, and 

weston6 from t h e i r  measurements ~f f i s s i o n  and ca.pt.ure cross ~ e c t i o n o  

f o r  2 3 5 ~  a r e  i n  milch c lo se r  agreement with the  i n t eg ra l  a ~lieasurements 

f o r  2 3 5 ~  than any values previously derived from d i f f e r e n t i a l  cross 

sec t ion  measurements, and there  i s  good reason t o  hope t h a t  t h i s  trouble- 

some discrepancy i s  very near ly  resolved. Similar  experiments f o r  o 
f 

and uc f o r  2 3 3 ~  a r e  now underway by Weston, Gwin, d e  S~.assur.e, and t h e i r  

'J. Halperin e t  a l . ,  'The Average ~ a p t u r e l ~ i s s i o n  Ratio of 2 3 3 ~  f o r  
Epithermal Neutrons, Nucl. Sci .  Eng., 16(2)  : 245 ( ~ u n e  1963). 

4 ~ .  J. E ~ c h  and I?. Feiner, Survey of Capture and Fission In tegra l s  
of F i s s i l e  Materials ,  paper presented a t  the  National Topical Meeting - 
Reactor Physics i n  t he  Resonance and Thermal Regions, February 1966, 
San lli.ego, Cali fornia .  

"D. E. Conway and S.  B. Gunst, Epithermal Cross Sections of 2 3 3 ~  ,* 

Teclmfcal Progress Heport Reactor Physics and Mathematics f o r  the  Period 
Oct.ober 1, lag5 t o  January 1, 1'5~36, UGAM: Report WAPD-MRJ-32, p. 9, 
B e t t i s  Atornic Power Laboratory. 

6 ~ .  de S a u s ~ u r e  e t  a l . ,  Mea~u~em~ient of a, the  Ratio of the  Neutron 
Capture Cross Section, f o r  2 3 5 ~  i n  the  Energy Region from 3.25 ev t o  
1.8 kev, USAM: Report, ORNTJ-3738, Oak Ridge National Laboratory, Apri l  
1965, and subsequent p r i va t e  communications. 



collaborators at RPI.~ These measurements, (when combined with other 

data at energies above 1 kev) 7 yield a value for 5, averaged over a (1/~) 
spectrum above 0.5 ev, of 0.188 ,+ 0.01, in much closer agreement with 

the integral measurements cited above. We believe, therefore, that the 

range of uncertainty in 5 has been significantly reduced by these 
measurements, and can hardly exceed f 0.01, centered around a mean value 

close to that of the integral measurements. 

In addition to the related uncertainties in q and in a, there is 

also an uncertainty in the value of v = q(1 + a). This is not of any 

consequence in the subcadmium energy range, since 9 is a directly 

measured quantity. In the epicadmium range, however, q is deduced from 

a and v, and must reflect uncertainties in both of these quantities. 
It is difficult to assess the uncertainty in v because of what appear to 

be systematic discrepancies between determinations by various methods. 

Nonetheless, we presently believe it is unlikely that v lies outside 

the range 2.50 k 0 .OX. The combined effect of the uncertainties in a: 
and in v is an uncertainty of about 1% in 5, in the energy range E > 0.5 
ev. 

Uncertainty in the value of 7 averaged over the thermal neutron 

spectrum is important because -70% of the absorptions in 233~ occur in 
the subcadmium neutron range. Direct measurements of q(~) (0.025 ev) 

have been made by several investigators since the early 1950fs. The 

existing measurements are not in goad agreement with each other or *ith 

values deduced from differential cross section measurements, nor do 

Lhey have the very high precisian required to determine <d'b>avg to an 

error as small as that in % it~elf [qo = q(0.025 ev) 1. 
The problem is illustrated by the data shown in Fig. 2, where the 

symbols represent direct relative q measurements, normalized to 7 = 
0 

2.294*, and the solid line represents the values used in the MSBR design 

studies. Averaging over a Maxwellian flux distribution peaked at 0.1 ev, 

7 ~ .  W. Weston t al., Measurement of the Neutron Fission and Capture 
Cross Sections for z331J in the hergy Region 0.4 to 1000 ev, USAFL: Report 
ORNL-TM-1751, Oak Ridge National Laborakory , April 1967. 

* 
Except for the Harwell (1966) measurements, which are normalized 

to a value of 2.29 at 0.073 ev. 





one can easily obtain values for ranging from 2.26 to 2.30 and the 

true value could possibly, though not probably, ,lie outside this range. .. 

This uncertainty in the average thermal q of 233~ remains the most 

important single contributor to uncertainty in the breeding ratio of an 

MSBR. The a and a measurements of Weston.et al. are now being ex- 
C f 

tended downward in energy to about 0.02 ev, and it is expected that this 

will significantly,reduce the uncertainty in the average value of 7. 

One of the.'most abundant materials in the MSBR, and one of the most 

important parasitic neutron-absorbers, is fluorine. . As is true of other 

light elements, the resonances of fluorine are predominantly scattering 

resonances, and the.radiative capture widths are difficult' to determine 

accurately. The capture widths are not know to better than 430$, and 

the high-energy (n,a) cross sections are equally uncertain. These un- 

certainties affect the estimated breeding gain to the extent of about 

0.005; while not large in an absolute sense, this is a non-trivial 
. . 

fraction of the breeding gain, and it would facilitate further design 

and optimization of molten-salt reactors to have improved accuracy in 

these cross sections of fluorine. A more accurate determination of the 

resonance capture integral would itself be an appreciable help in re- 
. . 

ducing the limits of uncertainty in the fluorine absorption rate. 

Uncertainties in remaining cross sections, including Li, Be, C, Pa, 

and fission products, probably do not contribute an uncertainty in 

breeding ratio greater than about 0.01. 

The effective cross sections of thorium may indeed be subject to 

considerable uncertainty, arising from uncertainties in resonance pa- 

ra~~let;ers, f r o m  methods of computation of resonance self-shielding, and 

from variations in geometry of the fertile salt passages. Variations 

in passage geometry may well contribute the greatest uncertainty in 

thorium absorption rate. Further analysis of this possibility is re- 

quired, but is likely to lead to requirements on the mechanical design 

of MSBR cores, rather than to the need for further measurements of cross 

sections or resonance integrals. Uncertainties in cross sections of 

234~ and 236~ are of minor consequence, since these materials reach 

equilibrium concentrations rather quickly. The 234~ is a fertile 



mater ia l ,  while 2 3 6 ~  i s  a poison. The equilibrium absorption r a t e  i n  

each depends pr imari ly  on t he  capture- to-f iss ion r a t i o  of the  f i s s i l e  

precursors ,  2 3 3 ~  and 2 3 5 ~ ;  however, there  i s  some small dependence on 

t h e  2 3 4 ~  and 2 3 6 ~  cross  sect ions  because some of the  material  i s  ex- 

t r a c t e d  from the  f u e l  stream, along with the  f i s s i l e  isotopes,  a s  excess 

production. 

The 2 3 5 ~  cross  sect ions  a r e  known with about the  same precis ion a s  

those of 233~,  bu t  a r e  of f a r  l e s s  importance, since l e s s  than 10% of 

t h e  f i s s i l e -ma te r i a l  absorptions a r e  i n  2 3 5 ~ .  

The various cross  sec t ion  uncer ta in t ies  t h a t  contribute s i g n i f i -  

can t ly  t o  uncer ta inty  i n  t he  estimated breeding performance a r e  sum- 

marized i n  Table 3 .  In  t h i s  t ab le ,  we show nominal ranges of uncer ta inty  

a s  f r a c t i o n a l  devia t ions  from what we believe t o  be the  most probable 

values.  W e  r e f r a i n  from ca l l i ng  these  deviations probable - e r ro r s ,  be- 

cause i n  many cases they do not represent standard deviations of a 

normal e r r o r  d i s t r i bu t i on ,  and hence do not r e a l l y  represent confidence 

l i m i t s  i n  a conventional s t a t i s t i c a l  sense; they do represent our present 

judgment of the ranges wi thin  which the  t r u e  values have perhaps a 50% 

o r  g r ea t e r  p robab i l i ty  of f a l l i ng .  Also shown a r e  the  corresponding un- 

ce r t a in t i e6  i n  brecding gain. In t he  case of 2 3 3 ~  9 2 3 4 ~ ,  and 2 3 5 ~ ,  [;he 

consequent changes i n  23bU 1 2 3 ' ~  absorption r a t i o  and i n  2 3 6 ~  absorption 

r a t e  a r e  taken i n t o  account i n  the  indicated uncer ta in t ies  i n  breeding 

gain . 
Since the  unce r t a in t i e s  l i s t e d  i n  Table 3 a r e  a l l  independent, and, 

with respect  t o  t he  most probable values of t he  various cross sec t ions ,  

pos i t i ve  and negative deviations a r e  equally l i ke ly ,  we have combined 

them by taking t he  square roo t  of the  sum of the  squares as the  overa l l  

uncer ta in ty  i n  breeding r a t i o  a t t r i b u t a b l e  t o  cross section uncer ta in t ies .  

' h e  r e su l t i ng  value, (~6?) ' / '  = 0.026, r e f l e c t s  primarily the uncer ta inty  
1 

i n  t he  average thermal 17 of 233~ .  

The e f f e c t  of cross sect ion uncer ta in t ies  can a l so  be appreciated 

by reference to  Fig. 3. The various curves of fuel-cycle cos t  versus 

annual f u e l  y ie ld  t h a t  a r e  shown i n  Fig. 3 represent the  r e s u l t  of re -  

optimizing the  reac tor  t o  compensate f o r  specif ied a l t e r a t i ons  i n  cross 



Table 3. Effect of cross Section Uncertainties 
on. Breeding Ratio 

-- - 

a 
Nuclide Cross Section sub 

F.P. 

co. 002 

a 
The notation (t) signifies the energy range below 1.86 

ev, and the notation ( f) signifies energies above 1.86 ev, 
except TOP 2 3 3 ~  and 2 3 5 ~  where the break poiii.1; is 0.5 ev. 

b ' ~  is the fractional uncertainty in the cross section. 
C 
Approximate typical absorptions, relative to 7~ source 

neutrons; . may vary, of course, frvnl case' to case. 

'uncertainty in breeding ratio resulting f rorn indicated 
cross section uncertainty. 
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Fig. 3.  The Effect of Croos Eectioa Uncer~Lainl;ies urr the 
MSBR Performance. 
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sect ion values.used i n  the  calcula t ions .  Curves 1 and 2, which a l so  

appear i n  Fig. 1, a r e  the  reference curves with and without 2 3 3 ~ a  re-  

removal, respectively.  Curve 3 r e s u l t s  from increasing j u s t  t h e  f luor ine  

absorption cross sections,  f o r  the  case without Pa removal, while curve 

4 r e su l t s  from increasing the  absorption cross sect ions  of a l l  con- 

s t i t u e n t s  o f .  the  core (except the  heavy elements Pa, U, and ~ h )  by the  

percentage amounts shown i n  Table 4. 

Table 4. Assumed 1ncreases . in  Capture 
.Cross Sections 

(percent of reference values) 

Isotope Thermal aa mithermal  aa 

.%7~i 

Be 
C 
F 
149 s m  
l s l s m  
Other f i s s i o n  
products' . 

To obtain curve 5, capture cross sect ions  of a l l  nuclides, in -  

cluding t h e  heavy elements, were increased by 10% a t  a l l  neutron 

energies. By f a r  t he  l a r g e s t  e f f e c t  of t h i s  per turbat ion i s  a de- 

crease of about 0.03 i n  the  average value of 7. 

All  of the perturbations represented by curves 3, 4, and 5 a r e  re-  

l a t i v e ' t o  curve 2, i . e . ,  without Pa removal. Comparison of these  with 

curve 1 shows the  very subs tan t ia l  incentive f o r  continuous removal of 

the  Pa. (Al l  of the  per turbat ions  shown a r e  i n  t he  unfavorable d i -  

rection,  representing an adverse resolut ion of a l l  cross  sect ion un- 

ce r t a in t i e s .  Deviations i n  the  o ther  d i rec t ion  a r e  of course equally 

l i ke ly ,  so f a r  a s  cross sect ion uncer ta in t ies  a r e  concerned.) 



I n  summary, the  cross  sect ions  which pa r t i cu l a r l y  require fu r the r  

inves t iga t ion  a r e :  

1) t h e  var ia t ion  of 7 of 2 3 3 ~  with neutron energy i n  t he  range of 

0.01 t o  1 ev; 

2) t h e  absolute values of 7 and v a t  0.025 ev; 

3 )  t h e  rad ia t ive  capture width, the  (n ,a)  cross  section,  and the  

resonance capture i n t e g r a l  of "F. 

Further analysis  of data  already ava i lab le  may e i t h e r  reduce the  

unce r t a in t i e s  assigned t o  some important quantities, such as t h e  avera.e;p 

epithermal a, o r  may pinpoint  spec i f i c  measurements which wuuld be 

e spec i a l l y  helpfLil I n  reducing such uncer ta in t ies .  

2.2 Computational Methods 

Ver i f i ca t ion  of computational methods, without ambiguity from cross 

sec t ion  uncer ta in t ies ,  i s  usua l ly  d i f f i c u l t  t o  obtain. However, our 

experience with t h e  MSRE leads  us  t o  believe t h a t  on the  whole our 

methods a r e  qu i te  adequate t o  deal  with t h i s  type of reactor .  Br ief ly ,  

t h e  methods employed i n  t h e  s t a t i c s  calcula t ions  were one- and twn- 

dimensional multigroup diff 'usion theory. The neutron spectrum and group- 

averaged cross sect ions  were obtained from GAM-THERMOS c e l l  ca lcula t ions .  

A comparison of predic ted and subsequently observed values f o r  some of 

the  important cha rac t e r i s t i c s  of the  MSRF: i s  given i n  Table 5 .  

The good agreement betwebn predicted and observed values lends con- 

s iderab le  confidence i n  the  v a l i d i t y  of the  methods employed. Similar  

methods were used by General Atomic i n  the  predjction of c r i t i c a l  loadings 

f o r  t he  Peach Bottom Reactor, which i s  complicated by nonuniform d i s t r i -  

butions of f e r t i l e  mater ia l  and poisons, by s i n g u l a r i t i e s  such a s  control  

rods and poisoned dwnmy f u e l  elements, and by appreciable s e l f  shielding 

of the  heterogeneously d i s t r i bu t ed  'horium. Observed r e a c t i v i t i e s  were 

nonetheless within 0.005 of predicted values, and s ince  t h i s  agreement 

prevai led over a range of core loadings, the  p o s s i b i l i t y  of chance cancel- 

l a t i o n  of systematic e r r o r s  1s considerably reduced. 

It must be acknowledged, however, t h a t  the  MSBR configuration i s  

somewhat more complicated than t ha t  of the  MSRE, and has complexities of 



Table 5.. A Comparison of Predicted and 
Observed Characteristics of the MSRE 

Characteristic Predicted Observed 

Critical concentration of 235~ 9 

g/liter 33.06 33 1 

Fuel concentration coefficient 

Isothermal temperature coef - 
ficient of reactivity,  OF -8.1 x 10'~ -7.3 x 10'~ 
Reactivity worth of three 
control rods, $ &k/k 5-46 5 - 5 9  

Reactivity effect of .fuel 
- .  circulation (loss of delayed 

neutrons), $ &k/k 0.222 0.21 

a somewhat d%ffezen$ikhakacter from those of the Peach Bottom. Reactor. 

A sketch of the present concept for an MSBR.lattice cell,is shown in 

Fig. 4, from which one may appreciate the importance of a careful calcu- 
lation of the space- and energy-dependence of the neutron flux, both 

for thermal neutrons and for resonance neutrons. While estimates of the 

potential performance of the MSBR concept are not seriously affected by 

errors of a few percent in calculating these details of the flux distri- 

butions, the design calculations f0r.a particular reactor.require higher 

precision, primarily to provide assurance against fuel cost penalties 

that might arise if the critical f'uel concentration were appreciably 

different than expected. Although we have no a priori reason to.doubt 

the adequacy of presently available methods, it w i U  be necessary to 

verify their adequacy both 705 investLgating the effect of further re- 

finements 'in technique (cf. Sec. - 3.3) and by comparisons between calcu- 

lations and the results of carefully selected experiments which reproduce 

the details of the MSBR cell geometry (cf. Sec . 3.6) . 
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2.3 Assumptions Regarding S a l t  Chemistry 
. :  

As i s  well  known, the  conversion r a t i o  i n  a thermal-neutron reactor  

depends very much on the  r a t e  of processing of the  fue l ,  l a rge ly  because 

it i s  by t h i s  means t h a t  neutron l o s se s  t o  f i s s i on  products inay be con- 

t r o l l ed .  In  the  processing scheme proposed f o r  the  f u e l  s a l t  of the  

MSBR, the  t h i r t y  o r  more chemical elements of which s ign i f i c an t  amounts 

a r e  present i n  the  f i s s i on  products may be expected t o  behave i n  qui te  

d i f fe ren t  ways, depending on t h e i r  chemical and physical  p roper t i es  i n  

a very complex environment. The assumptions t h a t  were,made regarding 

f i s s i on  product behavior i n  the  MSBR- s tudies  a r e  c i t ed  i n  Table 6.  o or 
a descr ipt ion of the  processing system, see Ref. 1.) 

Table 6. Disposition of Fission Products 
i n  MSBR Reactor and Processing System 

1. Elements present a s  gases; assumed t o  be p a r t l y  
absorbed by graphite and p a r t l y  removed by 
gas s t r ipp ing  (112% poisoning assumed) : K r ,  Xe 

2 .  Elements t h a t  p l a t e  out  on rnecl;al surfaces;  
assumed t o  be removed instantaneously: R h ,  Pd, Ag,. In  

3. Halogens and elements t h a t  form v o l a t i l e  
f luorides;  assumed t o  be removed i n  the  , Se, Br,. I, Nb, 
f luor ide  v o l a t i l i t y  process: Mo, Ri, Tc, Te 

4. Elements t h a t  form s t ab l e  f luor ides  l e s s  Sr, Y, Ba, La, Ce, 
v o l a t i l e  than LiF; assumed t o  be separated Pr, Nd, Pm, Sm, Eu, 
by vacuum d i s t i l l a t i o n :  Gd, Tb 

3 .  Elements t h a t  a r e  not separated. from the  
c a r r i e r  s a l t ;  assumed t o  be relrloved a l l y  
by s a l t  discard:  Rb, Cd, Sn, Cs, Z r  

In  most instances,  (except perhaps f o r  groups 2 and 3) we s t i l l  be- 

l i e v e  these  t o  be the  most probable modes of behavior. It must be 

acknowledged, however, t ha t  these  assignments a r e  not i n  a l l  cases ce r ta in ,  

and one must ascerLaifl the e f f e c t  on MSBR performance of possible ,  i f  

improbable, deviations from these assumptions. 



Because of t h e i r  combination of high f i s s i o n  y ie ld  and high neutron- 

absorption cross sect ion,  and because t h e i r  f luor ides  a r e  probably not 

more s t a b l e  than t h e i r  carbides,  one i s  pa r t i cu l a r l y  l e d  t o  examine a l t e r -  

na t ive  modes of behavior f o r  the  elements of group 3, especia l ly  molybde- 

num and technetium. It i s  e n t i r e l y  possible,  even probable, t h a t  these 

elements w i l l  form ne i t he r  f luor ides  nor carbides, but  w i l l  r a t he r  form 

in te r -meta l l i c  compounds with other  meta l l i c  f i s s i on  products, e.g.,  those 

of group 2, or  simply remain i n  the  s a l t  a s  co l lo ida l  suspensions of the  

metal. I n  t h i s  event, these  elements would s t i l l  be removed i n  t he  vacuum 

d i s t i l l a t i o n  process, and there  would be no change i n  the neutron balance. 

There remains t he  p o s s i b i l i t y  t h a t  some f r ac t i on  of these group 3 f i s s i o n  

products might r eac t  with the  graphite moderator, forming metal carbides, 

and hence remain i n d e f i n i t e l y  i n  the  core. Deposition of several  f i s s i o n  

products, including Mo, Nb, Ru, and Te, has i n  f a c t  been observed on 

graphi te  specimens i n  contact  with the  f u e l  s a l t  i n  the  MSRE. If one 

assumes t h a t  these  samples a r e  t yp i ca l  of a l l  the  MSFU3 graphite,  one can 

ca l cu l a t e  the  f r ac t i on  of each f i s s i on  product species t h a t  remains i n  

t h e  core. These f r ac t i ons ,  ca lcula ted from a c t i v i t i e s  observed on the  

graphi te  specimens removed from the  MSRE i n  July  1966, a r e  shown i n  Table 

7. It i s  immediately obvious, of course, t h a t  any mechanism t h a t  can leave 

f i s s i o n  products i n  t h e  core i nde f in i t e ly  i s  po t en t i a l l y  very serious,  

espec ia l ly  so i n  a reac tor  with very high spec i f ic  power. It can e a s i l y  be 

shown t h a t  the  add i t i ona l  neutron absorption t h a t  would r e s u l t  would be 

near ly  propor t ional  t o  t h e  f rac t ion ,  f ,  of the  atoms i n  t h i s  group t h a t  

remain i n  core, ins tead of being removed i n  processing. The time required 

f o r  each species t o  s a tu r a t e  depends, of course, on i t s  cross sect ion.  

The poisoning e f f e c t  of each of several  f i s s i o n  product nuclides t h a t  

would r e s u l t  from 100% retent ion on the  graphi te  of an MSBR i s  shown i n  

Table 8 a s  a f i nc t i on  of time, i n  Ml -power  years, a f t e r  s t a r t up  of the  

reactor.  A s  an app l ica t ion  of the  information given i n  Table 8, Table 9 

shows the  average poisoning t h a t  would r e s u l t  i n  an MSBR i f  the  various 

nuclides were deposited t o  t he  extent  observed i n  the  MSRE ( a s  shown i n  

Table 7 ) .  (Two d i f f e r en t  assumptions were made regarding the  behavior of 

"MO, t h a t  i s ,  t h a t  it behaves e i t h e r  l i k e  i t s  precursor, 9 5 ~ b ,  o r  l i k e  



Table 7. Fission-Product Deposition i n  the Surface 
~ a ~ e r s ~  of MSRE Graphite 

b (percent of Total  ) 

Graphite Location 

Isotope Top of Middle of Bottom of 
Core Core Core 

a 
Average of values i n  7 t o  10 m i l  cu t s  from,each 

of three  exposed graphite faces.  

b~xpre s sed  as percentage of the quant i ty  of each 
species produced i n  the  reac tor  t h a t  would be deposited 
on graphite i f  each cm2 of t he  2 x lo* cm' of moderator 
had the same concentration a s  t he  specimen. 



Table 8. Loss of Breeding Ra t io  Corresponding t o  
Complete Retention of Certain Fiss ion 

Products i n  the  MSBR Core 

(o(p)-l 
Time After  Star tup (full-power years)  

Nuclide 
(yr) 2 5 10 15 2 0 



,Tab le  9. Average Poisoning a s  a Function of Exposure with 
Deposition Fractions from F i r s t  MSRE Samples 

Time (years)  
Assumption 

2 5 10  15 20 

9 5 ~ o  a c t s  l i k e  9 5 ~ b  0.0072 0.0151 0.0229 0.0278 0.0320 

9%0 a c t s  l i k e ' 9 9 ~ o  0.0043 0.0081 0.0121 0.0147 0.0lG6 

9 9 ~ o . )  Table 8 a l s o  l i s t s  the  combined contributions of several  groupings 

of isotopes and the  t o t a l s  f o r  a l l  the  isotopes l i s t e d .  The poisoning, 

~(t), shown i n  Table 8 represents t he  current  l o s s  of breeding r a t i o  a t  

time t a f t e r  s t a r t up  with clean graphite; a l s o  given i n  Table 8 is  the  
t 

average l o s s  i n  breeding r a t i o ,  defined by P = ( l / t )  I P ( t l  ) d t l  . 
The noble metals (group 2 i n  Table 6 )  cons t i t u t e  &other group of 

f i s s i on  products whose behavior may wel l  be d i f f e r en t  from t h a t  assumed 

i n  t he  MSBR studies.  Since about two tons of these mater ia ls  (mostly 

ruthenium) w i l l  be produced by one 1000-Mw(e) reactor  over a 30-year 

period, one would p r e f e r  t h a t  they not deposi t  on metal surfaces, a s  was 

assumed t o  occur almost instantaneously. The a l t e rna t ive ,  and more l i k e l y ,  

p o s s i b i l i t y  seems t o  be t h a t  they w i l l  r eac t  with o ther  f i s s i o n  products 

(e .  g., molybdenum), forming in te rmeta l l i c  compounds, o r  remain i n  e l e -  

mental form, and i n  e i t h e r  event be removed i n  the residue of the  vacuum 

d i s t i l l a t i o n  process. A ca lcula t ion of the  add i t iona l  poisoning t h a t  

would r e s u l t  from haring these  nuclides remain i n  t he  f u e l  stream f o r  t he  

normal processing cycle indicates  a maximum l o s s  of breeding r a t i o  of 

0.001, which i s  c e r t a in ly  nothing t o  worry aboiat. 

I f ,  f o r  any reason, a l l  of t h e ~ e   nuclide^ were t o  remain i n  the  

core indef in i te ly ,  the asymptotic poisoning e f f e c t  would be about 0.08. 

This would of course be ser ious ,  bu t  the  p robabi l i ty  of i t s  occurrence 

seems vanishingly small. 



The behavior of xenon (and krypton) in an  MSBR system is,:.of course, 

very important, with some 0.04 i n  breeding r a t i o  dependent on near ly  

complete removal of these  gases by sparging with helium i n  the  f u e l  pump. 

Experience with operation of the  MSRE gives every assurance t h a t  t h i s  

can i n  f a c t  be done, The res idua l  xenon poisoning i n  the  MSRE appears t o  

be appreciably l e s s  than an t ic ipa ted  on the  bas i s  of the  known permeability 

of t he  graphite,  an  observation which may be accounted f o r  by some s l i g h t  

entrainment of small helium bubbles i n  the  c i rcu la t ing  f u e l  s a l t .  

The assumption with respect  t o  grow 3 f i s s inn  prnrl1act.s i s  t.hat they 

remain i n  thc  f u e l  s a l t  e s s e n t i a l l y  indefir1itel.y. It i s  perhaps a t  l e a s t  

a s  l i k e l y  t h a t  cadmium and t i n  w i l l  behave l i k e  group 2, t h a t  is, a s  j u s t  

discussed, be removed i n  t he  regular  f ue l  processing cycle.  Such a con- 
tingency could only improve the  breeding r a t i o .  However, the combined 

y i e ld  of a l l  the  f i s s i o n  product chains from mass number 111 t o  mass 

number 124 i s  only about 0.3$, so t h a t  a t  most a gain i n  breeding r a t i o  

of 0.003 might be real ized.  

The reasons f o r  the  f i s s i o n  product behavior observed i n  the  MSRE 

a r e  not  y e t  fu l ly  understood. The r o l e  of various f ac to r s  which may 

influence t h i s  behavior, and the  most promising means nf 1 i m i  tine t.he 

deposit ion of f i s s i o n  products w i l l  be thoroughly invest igated i n  a 

research program described i n  another r e p ~ r t . ~  The subject  i s  introduced 

here because the behavior of fissj..n ~ r ~ d u c t s  cnnst,i t , i~t ,~s t , h ~  p r inc ipa l  

source of uncer ta inty  i n  t he  expected nuclear perforwnce of an MSBR. 

An add i t iona l  assumption of some consequence, not l i s t e d  i n  Table 

6, i s  t h a t  the  2 3 7 ~ p  formed by neutron capt.ure i n  2 3 6 ~  w i l l  be removed 

from the  f u e l  stream by t he  f luor ide  v o l a t i l i t y  process. I f  t h i s  were 

not t he  case, and t he  z j ' ' ~ p  were t o  remain i n  the  f u e l  stream, a l ~ n g  with 

t he  uranium, there  would be a l o s s  of f l .01  i n  breeding r a t i o .  We be- 

l i e v e  that thc  neptunium can i n  f a c t  be removed, by proper operation of' 

t h e  s ~ r b e r s  i n  t h e  f luor ide  v o l a t i l i t y  process, and t he  po t en t i a l  l o s s  i n  

breeding r a t i o  j u s t  c i t e d  ind ica tes  t h a t  the re  i s  good reason t o  do so. 

'w. R. Grime$,$ Chemical Research and Development f o r  Molten-Salt 
Breeder Reactors, USAM: Repart ORNL-TM-1853, Oak Ridge National 
Laboratory, June 1967. 



3. MSBR REACTOR PHYSICS PROGRAM 

As a result of the analyses summarized in the preceding sections, 

we are quite confident that an MSBR will breed under conditions that 

produce minimum or near-minimum fuel costs. There are nonetheless a 

number of aspects of the physics of MSBR reactors which require further 

investigation, both to establish an adequate basis for the detailed 

design of an MSBR and to gain a much better understanding of the dynamic 

characteristics of these reactors. 

3.1 Investigation of Dynamic Characteristics 

The design studies of molten-salt breeder reactors that have been 

carried out up to the present have emphasized the normal, steady-state 

behavior of such reactors, in order to determine their potential per- 

formance with respect to the goals of resource utilization and economic 

power. Less attention has been directed to such questions as the dy- 

namic response characteristics of an MSBR, as influenced in detail by 

the design parameters, and to possible abnormal modes of behavior that 

might result from failures anywhere in the system. 

In order to take full advantage of its breeding potential, the MSBR 

design must minimize neutron losses to control rods and associated hard- 

ware (such as thimbles). This implies that it is highly desirable for 

the MSBR to be strongly self-regulating. 

While there are no reasons to suspect unsatisfactory dynamic be- 

havior in the MSBR, the system has new features whose effect on dynamics 

cannot be predicted quantitatively on the basis of past experience. For 

instance, the system will use circulating 2 3 3 ~  fuel, and the small de- 

layed neutron fraction of 2 3 3 ~  will be reduced to an even smaller ef- 

fective value by fuel circulation. Also, the system is a heterogeneous, 

two-fluid, circulating fuel reactor and consequently has almost every 

time delay conceivable in a reactor system (heat transfer from graphite 

to fuel, fuel transport in the core, blanket transport in the core, etc.). 

The negative temperature coefficients of reactivity which are to be de- 

signed into the system are no guarantee of stability unless the time lags 

are suitable. 



The experience acquired with the MSRE provides understanding about 

this type of system which will aid in analyzing the MSBR. The pre- 

dictions of MSRF: dynamic behaviorg were experimentally confirmed,'' in- 

dicating that satisfactory mathematical models and analysis procedures 

were used. Experience with the proposed 2 3 3 ~ .  loading in the MSRE will 

f'urther extend our understanding. 

3.1.1 Stability Analysis 

Analysis of the dynamic behavior of the MSRE was based on calcu- 

lations of the eigenvalues of the time-dependent equations for the 

neutron density, on analysis of the system frequency response (transfer 

functions) and on computation of the transient response to various 

perturbations in system operating parameters. These methods must be 

applied to clarify the complex relationship existing between the dy- 

namic behavior of the MSBR system.and the design parameters. The A . ~ R I . -  

ysis must of course include calculation of all temperature- and power- 

dependent reactivity effects. An investigation of the effects of long- 

term dimensional changes in the graphite structures ( resulting from fast 

neutron bombardment), and of tolerances or indeterminacy in the geometry 

of the salt passages will be required, !.The goasibility of oscillatl.c)ns 
or other instabilities associated with movement of graphite structures, 

and concomitant changes in salt-passage geometry, although thought to be 

remote, must be investigated. 

Drawing upon these studies, and the transient analyses described 

below,a conceptual control and safety system must be developed which 

involves the smallest possible steady-state loss of neutrons to elements 

of the control system, while providing ample operational flexibility and 

protection, 

's. J., Ball and T. W. Kerlin, Stability Analysis of the Molten-Salt 
Reactor Experiment, USAM: Report OmL-TM-1070, Oak Ridge National 
Laboratory, December 1963. 

'OR. B . Briggs , Molten-Salt Reactor Program Semiannual Progress 
Report for Period Ending February 28, i966, USAEC Report ORNL-3936, Oak 
Ridge National Laboratory, June 1966. 



A program of experimental investigations must be developed f o r  the  

breeder reactor experiment i n  order t o  provide addi t ional  ver i f ica t ion  

of the models and physical proper t ies  employed i n  the analysis  f o r  the 

MSBR configuration. Extensive pre-analysis of the  experiments, t o  

f a c i l i t a t e  selectiian of the bes t  experimental conditions, w i l l  g rea t ly  

enhance the value of the experiments themselves. 

3.1.2 Transient Analysis 

Because of the  mathematical methods used,, the dynamic analyses 

discussed above deal primarily with the e f f ec t . o f  comparatively small 

disturbances i n  the reactor system, and a re  therefore pr inc ipa l ly  

applicable t o  normal operating conditions of the reactor .  Larger d i s -  

turbances can of course a r i s e  from abrupt changes i n  load, from pump 

stoppages, o r  from any of a number of other  .rapid,changes i n  operating 

conditions. The e f f ec t s  of such changes must be - analyzed t o  determine 

' whether system temperatures w i l l  inherently -remain wi'thin acceptable 

l i m i t s  o r  whether, on the contrary, spec i f ic  cont ro l .ac t ions  must be 

taken. Additional s tudies  w i l l  be required i n  connection with the 

sa fe ty  analysis of the MSBR. A l l  possible sources of pos i t ive  re- 

a c t i v i t y  addit ion must be iden t i f ied  and evaluated, including those 

which might r e su l t  from f a i l u r e s  outside the  nuclear system proper, and 

could therefore be regarded a s  secondary c r i t i c a l i t y  accidents.  

The methods presently available f o r  studying nuclear excursions i n  

an MSBR must be careful ly  examined; some extensions and improvements i n  

these methods may well  be required, pa r t i cu l a r ly  with regard t o  the 

t rans ien t  temperature d i s t r ibu t ion  within the core and the t r ans i en t  

d i s t r ibu t ion  of delayed neutron precursors. 

3.1.3 Flux Flattening 

The length of time during which the graphite s t ruc tures  i n  an MSBR 

can continue t o  perform t h e i r  function depends p a r t l y  on the f a s t  neutron 

f lux  l eve l  ( i . e . ,  on power density) and pa r t l y  on the gradient of the 

power density, as  well as on the nature of the graphite i t s e l f .  The use- 

f u l  l i f e  of the graphite may be extended somewhat 'by f l a t t en ing  the power 



d i s t r i bu t i on ,  as f o r  example by varying the  si-xe of s a l t  passages from 

place  t o  place wi thin  t he  core. Such var ia t ions  could a l s o  influence 

t h e  r e a c t i v i t y  coe f f i c i en t s  associated with these s a l t  passages. Both 

t he  d e s i r a b i l i t y  of f l u x  f l a t t en ing  and the  e f f e c t  of doing so  on 

r e a c t i v i t y  coef f ic ien t s  should be investigated.  

3.2 Invest igat ion of Alternate Core Designs 

While it i s  un l ike ly  t h a t  there  i s  any configuration f o r  an MSBR 

t h a t  would have s i gn i f i c an t l y  b e t t e r  breeding performance a t  low cos t  

than does t h e  present  reference design, t . h ~ r e  my be a l t e r n a t e  corc 

configurations t h a t  could y i e l d  e s sen t i a l l y  the  same performance while 

possessing d i f f e r en t ,  and perhaps desi rable ,  mecha.nica1 fea tures .  A 

search f o r  such a l t e r n a t i v e s  should be ca r r ied  forward t o  provide addi- 

t i o n a l  assurance t h a t  t he  prototype reac tor  design w i l l  represent the  

b e s t  ba s i c  core concept. 

3.3 Development of Methods 

Further improvement and refinement of computational methods i s  

needed i n  order t o  e s t ab l i sh  a sa t is factory l e v e l  of confidence i n  the  

procedures - whether most e laborate  o r  r e l a t i v e l y  simple - tnha.t. w i l l  be 

used i n  design of a spec i f i c  MSBR, such a s  the  150-Mw reac tor  experiment, 

and i n  order  t o  provide f o r  precise  in te rpre ta t ion  of re la ted  l a t t i c e  

physics experiments ( c f .  Sec. 3.6). A s  i s  usual  i n  geometrically complex 

r eac to r  l a t t i c e s ,  the  key problems r e l a t e  t o  the  calcula t ion of 4 ( r , ~ ) ,  - 
t he  neutron f l ux  a s  a non-separable function of pos i t ion  and energy, i n  

t h e  source-energy region, i n  the  1-esonance region and i n  the  therrr~alization 

range. Problems of t h i s  s o r t  a r e  present i n  many types of reac tor  l a t t i c e s ,  

and cannot be sa id  t o  have been fi i l ly resolved. The ~gecisl f c n t , i ~ r ~ ~  of 

the  MSBR l a t t i c e  r e l a t e  t o  t he  physical  separation of the  f i s s i l e  and f e r -  

t i l e  mater ia ls  i n  separate  sal t  streams, t o  the  geometrical i r r e g u l a r i t i e s  

of s a l t  passages, and t o  the s i gn i f i c an t  sca t te r ing  contribution of the  f u e l  

salt i t s e l f .  Both two-dimensional multigroup neutron-transport methods 

and Monte Carlo methods should be t es ted ,  and one o r  both approaches used 



in the analysis of lattice experiments to ,determine the amount ' of ' detail 

in the description of $(r,~) - that ,it is necessary to obtain in order to 

account .for all important characteristics of the MSBR lattice. 

In the same vein, and in view of the dominant importance of calcu- 

lating correctly the spectrum-averaged capture-to-fission ratio for 

233~,, it is highly desirable to develop suitable procedures for calcu- 

lating Doppler-broadened, self-shielded cross sections for the fissile 
' materials without assuming asymptotic flux shapes above each resonance, 

and, of course, to do this in a .complex heterogeneous .lattice. It is 

not likely, in fact, that any really large effects, in an MSBR, are 

associated with the details of the flux distributions implied by such 

refinements of .analysis. However, the objective of achieving an un- 

usually high degree of reliability in the design calculations in order 

to guarantee the performance of the reactor within very narrow.limits 

requires both meticulous attention to detail in the calculations, and 

supporting experimental work (~ec . 3.6) . 
Because of the relatively small size of an MSBRcore, which results 

from its high power density, and.because of the continuous removal of 

xenon from the fie1 salt, as well as,the thorough mixing that would occur 

even if xenon were present in the salt, there will be ,no- tendency towards 

flux instabilities of the kind normally.expected in large power reactors. 

The question of non-separable time- and space-dependent effects will 

nevertheless arise in connection with the analysis of potential accidents. 

Further investigations will be required to determine what.extensions in 

computational technique may be needed to describe the reactor adequately 

for such transient analyses, and, depend.ing on the outcome of these in- 

vestigations, additional work may be necessary to accomplish the indi- 

cated development of methods. 

3.4 Cross Section Evaluation 

There is a constantly accelerating rate of acquisition of new experi- 

mental information on neutron cross sections of interest in reactor 

calculations. Such information must be collected, evaluated, and assimi- 

lated into our computational structure. Many of the cross sections 



discussed in Sec. 2.1, while not individually contributing major un- 

certainties in the nuclear calculations for an MSBR, need further analy- 

sis and evaluation to ensure that best values are employed in our analy- 

ses and that uncertainties and sources of error are more quantitatively 

assessed than has yet been done. 

The assimilation of new. information on 235 cross sections, espe- 
cially, requires significant effort, in determining the resonance pa- 

rameters that best fit the eqerimental data, in deriving statistical 

distributions of these parameters for use in the unresolved resonance 

region ( including proper allowance for resonances not identified in the 
differential cross section measurements), and in expressing the resulting 

information in terms best suited for reactor computations. Some of.th$s 

work is customarily and appropriately performed by the experimenters 

themselves, notably the fitting of parameters to the resolved resonances; 

but the reactor physicist still has much to do, especially if the desired 

representation of the cross sections for the 'purpose of reactor calcu- 

lations is no* in terms of the conventional parameters. 

In addition to analysis, evaluation, and, in some instances, the 

theoretical calculation of needed cross section data, the maintenance 

of an up-to-date cross section library is a regular housekeeping chore 

that each major reactor project must acknowledge and support. 

3.5 Development of Computer Cohes 

In support of the MSBR design studies, which culminated in the ref- 

erence design described in Ref. 1, a procedure was devised for finding 

automatically the optimum combination of as many A S  variable pa- 

rameters of the reactor system, such as core size and height-to-diameter 

ratio, f'uel- and fertile -stream volume fractions, thorium and 11m.nium 

concentrations in the salt, blanket thickness, processing rates, fertile 

salt hold-up volume, and others. Called OPTIMERC ,I1 the program uses 

"R. F. Bauman and J. L. Lucius, OPTIMERC: A ~eactor Design 
Optimization Code, Oak Ridge National Laboratory (to be issued) . 



one-dimensional multigroup d i f fus ion  theory, a l t e rna t i ng  between r a d i a l  

and a x i a l  d i rec t ions  i n  the  core t o  synthesize a two-dimensional model, 

and generates space- and energy-integrated react ion r a t e s  f o r  each type 

of nuclide.  The iso.tope chain equations a r e  solved t o  f ind the  equ i l ib -  

rium f u e l  concentrations corresponding with a specif ied processing r a t e .  

Solutions of t he  di f fus ion equations and of the  isotope equations a r e  

in ter leaved i n  a convergent i t e r a t i v e  procedure which i s  b e t t e r  described 

i n  Ref. g . The program systematically searches (by a method of s teepes t  

gradient)  f o r  t h a t  combination of var iables  t h a t  gives the optirmun value 

f o r  a se lected f igure  of merit ,  such a s  lowest power cos t .  This code 

has proven t o  be extremely usef'ul i n  a r r i v ing  a t  an optirmun core design. 

It s t i l l  has some r e s t r i c t i o n s  whose removal w i l l  make t h e  t o o l  s t i l l  

more usef'ul and convenient i n  evaluating proposed a l t e rna t i ve  core con- 

cepts and poss ibly  i n  exploring the  changes i n  design and operat ing 

conditions t h a t  might r e s u l t  from changing condit ions i n  t he  nuclear 

power industry,  such a s  increases i n  the  cos t  of f i s s i l e  mater ia l .  These 

improvements w i l l  require a f a i r l y  modest e f f o r t ,  and should be undertaken. 

I n  connection with the maintenance of a master-cross-section l i b r a r y ,  

from which da ta  can be re t r ieved and processed f o r  various spec i f i c  com- 

pu ta t iona l  needs, data-handling procedures need t o  be improved and some 

addi t ional  codes developed' to f a c i l i t a t e  f'ull and r e l i a b l e  use of t he  

l i b r a ry .  

Many of the  computer codes t h a t  w i l l  be  used i n  fu r the r  analyses of 

the  MSBR reactor .  need t o  be t ranscr ibed f o r  the  l a t e s t  generation of 
' 

d i g i t a l  computers, and i n  some ins tances  a l t e r e d  and improved t o  take 

f u l l  advantage of computer capab i l i ty .  

3.6 Experimental Physics Program 

A s  was discussed i n  Sec. 2.2, the  general  approaches employed i n  

t he  MSBR s tud ies  have proven qu i te  e f f ec t i ve  i n  ana lys i s  of the  MSRE, 

the  Peach Bottom Reactor, and others .  However, the  v a l i d i t y  of these 

approaches, o r  of the  improvements discussed i n  Sec. 3.3, a s  applied t o  

the  complex l a t t i c e  geometry of an MSBR, should be confirmed by a few 

well-selected and care fu l ly  executed experiments on t he  cha rac t e r i s t i c s  



of an MSBR l a t t i c e .  The most appropriate type of experiment t o  f i l l  

t h i s  need appears t o  be the  kind of l a t t i c e  subst i tut ion measurement, 

and associated f lux  and act ivat ion measurements, tha t  can be made i n  

the  Physical Constants Test Reactor (PCTR) and the High-Temperature 

Lat t ice  Test Reactor (HTLTR) a t  the Pacif ic  Northwest Laboratories. 

Extremely accurate determinations of l a t t i c e  reaot ivi  t y  can be made with 

a s m a l l  number of typica l  l a t t i c e  c e l l s ,  requi r ing-far  l e s s  material 

and fabricat ion cost  than would be needed fo r  exponential o r  c r i t i c a l  

experiments. For l a t t i c e s ,  with k, close t o  unity, and with a ,precision 

of perhaps 5$ i n  determining (k, - l ) ,  one may expect t o  determine k, 

f o r  the l a t t i c e  t o  within about fO.OO1, o r  possibly be t t e r ,  

A measurement of k,does not by i t s e l f ,  of course, provide an un- 

ambiguous determination of breeding ra t io .  A nearly d i r ec t  measurement 

of t h i s  important quantity can-be obtained by measuring the r a t i o  of 

absorptions i n  thorium t o  f i ss ions  i n  2 3 3 ~ ,  i.e.,, ( A ~ ~ / F ~ ~ ) .  In  natural  

o r  s l i g h t l y  enriched uranium systems, the analogous rat io ,  (+B/~25) , 
can be measured t o  within about 18, ' o r  possibly a l i t t l e  be t te r ,  i f  

extreme care i s  taken. Far l e s s  experience has been accumulated with'  

the  t h o r i ~ r n - ~ ~ ~ u  system (which, .of course, involves d i f fe rent  character- 

i s t i c  decay gamma rays),  and it i s  not qui te  c lear  how' high a precision 

can be achieved i n  t h i s  measurement. Further investigation of t h i s  

question will be required,, and some development work mfiy 'he needed, 

before we can determine Jus t  how much information can be obtained', and 

with what precision. It appears nevertheless tha t  a program of such 

l a t t i c e  measurements on the  PCTR o r  the HTLTR, including determinations 

of react ivi ty ,  f lux  dis t r ibut ions,  and act ivat ion ra t ios  can go- f a r  t o  

provide the detai led understanding of the l a t t i c e  charac ter i s t ics  tha t  

w i l l  be required f o r  the design of an MSBR. 

In connec~Llun with PCTR and HTLTH experiments, it i s  both possible 

and desirable  to  obtain additional information related t o  various re-  

a c t i v i t y  coeff ic ients  f o r  the l a t t i c e  under study. Temperature coef- 

f i c i en t s ,  density coeff ic ients ,  e f fec ts  of displacement of various com- 

ponents of t he  l a t t i c e  cel1,can a l l  be measured with high accuracy i f  

the experiment i s  appropriately designed with these measurements i n  



mind. In  addit ion,  there w i l l  be a velocity se lec tor  avai lable  a t  the  

HTLTR, with which one can undertake measurements of the low-energy 

neutron spectrumas a function of posi t ion i n  the l a t t i c e  c e l l .  

By performing some of these measurements ( e  . g., r eac t iv i ty  and 

act ivat ion r a t i o s )  on v a r i o u s . l a t t i c e  configurations, some of which may 

not be typ ica l  of an MSBR per  se, b u t  which a r e  chosen t o  emphasize one 

o r  another par t icu la r  aspect of the neutron balance, one may gain f'urther 

understanding of the detai led behavior of the  neutrons i n  an MSBR l a t t i c e .  

Questions of exact experimental design, such a s  use of frozen s a l t  

a s  opposed to molten s a l t ,  the method of containing the s a l t ,  and so 

for th ,  have not  been explored. Some of the l a t t i c e  c e l l s  - perhaps a s  

few a s  seven - should contain primarily 2 3 3 ~  as  f i s s i l e  material .  For 

th, is  purpose, not more than a kilogram o r  two of 2 3 3 ~  should be required. 

Further work is  needed t o  develop a de ta i led  experimental program 

along these l i nes ,  and to  determine how many separate l a t t i c e s  should' be 

investigated.  In order t o  estimate the scope of the e f f o r t  required i n  

these experiments, we assume t h a t  not more than f ve 1at t ices .would be 

studied, and t h a t  three of these would be studied i n t h e  PCTR, and two 

i n  the HTLTR. 

3.6.1 Dynamics Experiments 

While the l a t t i c e  s tudies  i n  the  PCTR and HTLTR can provide some 

information on r eac t iv i ty  coeff ic ients ,  they cannot,of course, t e l l  us 

anything about the  overa l l  dynamic behavior of an MSBR. Such s tudies  

w i l l  have t o  be carr ied out on the reactor experiment. A de ta i led  

program f o r  these experiments must be planned i n  advance, i n  order  t o  

ensure t h a t  adequate provision i s  made f o r  them i n  the design of  the 

reactor.  The experiments w i l l  include measurements of frequency re-  

sponse and t rans ien t  response t o  various perturbations i n  system op- 

erat ing parameters, as  a function of reactor power leve l ,  fuel circu- 

l a t i o n  ra te ,  and control  mode. 

The experiments themselves and the associated analysis  w i l l  of 

course follow completion of the prototype, and a re  not included i n  the 

time period covered by t h i s  report .  



4. MANPOWER AND COST ESTIMATES 

Results  of most of the  invest igat ions  discussed i n  Sec. 3 should be 

ava i lab le  a s  a b a s i s  f o r  the  de ta i l ed  design of the  experimental MSBR. 

According t o  the  proposed schedule f o r  t h i s  reactor,  the  design should 

begin i n  FY 1968 and be completed by the  end of FY 1971. The reactor  

physics program out l ined  i n  t h i s  repor t  should therefore  l a rge ly  be com- 

p le ted  by t he  end of FY 1970, and t he  manpower a l loca t ions  and cos t  

es t imates  shown i n  Table 10  have been prepared with t h i s  schedule i n  mind. 

The t o t a l  cos t  of the program, over the  three-year period 2T 1068 t o  

EY 19'70, i s  estimated t o  be about $1,100,000. 

The program out l ined  above i s  designed t o  provide, by the  end of 

FY 1970, a secure b a s i s  f o r  t he  design of t he  150-Mw reac tor  experiment. 

In  t he  ensuing f i s c a l  years,  1971-19'15, it w i l l  be necessary t o  carry  on 

a continuing program of reac tor  physics invest igat ions  i n  support of the  

MSBR concept. This program w i l l  comprise fu r the r  ana lys i s  and evaluation 

of new cross  sec t ion  information a s  it becomes avai lable ,  continuing 

improvement and refinement of methods of analysis ,  f u r t he r  s tudies  of 

operat ional  problems and cha rac t e r i s t i c s  of molten-salt breeder reactors  

a s  influenced by d e t a i l s  of design, the  search f o r  b e t t e r  or  more ec- 

onomical approaches t o  reac tor  control ,  and a continuing study of po t en t i a l  

s a f e ty  problems - i n  short ,  a continuing e f f o r t  t o  gain a more c o m ~ l e t e  

understanding of the  cha rac t e r i s t i c s  of t h i s  reactor  concept, so t h a t  the  

twin object ives  of safe ,  r e l i a b l e  operation and economical power pro- 

duction can be most s a t i s f a c t o r i l y  accomplished. A need f o r  add i t iona l  

supporting experimental work may be recognized a s  the  program progresses. 

We bel ieve t h a t  a support l e v e l  of $200,000 per  year f o r  the  f ive-year 

period FY 1971-FY 1975 w i l l  be required f o r  t h i s  program. 

5 CONCLUSIONS 

The reac tor  physics e f f o r t s  t h a t  have been discussed i n  t h i s  repor t  

should provide a sound bas i s  f o r  thoroughly r e l i ab l e  assessments of the  

performance of a thermal molten-salt breeder reac tor  a s  proposed i n  



Table 10. Manpower and Cost Estimates f o r  MSBR Physics Development Program 

FY 1968 FY 1969 FY 1970 3-Year Tota l  
Section Act iv i ty  

MY costa MY costa MY costa MY costa 

3.1 Inves t igat ion of Dynamic Charac te r i s t i c s  0.7 24 1.6 60 2.2 8r, 4 .5  168 

3.2 Inves t igat ion of Alternate Core Designs 0.5 18 1.0 38 0.5 20 2.0 7 6 

3 .3  ~ e v e l o ~ m e n t  of fiIethods f o r  -4nalysis 0 1.5 56 1.2 46 2.7 102 

3.4 Cross Section Ekaluation 0.5 18 - 0.5 18 0.5 18 1 .5  54 

3.5 Development and Improvement of Cl2mputer 0.5 18 1.0 38 1.0 38 2.5 94 
C 'de  s w 

-1 

3.6 Experimental Physics Program 

La t t i ce  experiments - planning, 0.5 18 2.0 75 2.0 75 4.5 168 
design, ana lys i s  

Procurement, measuremsnts 200b 200b 400 

Dynamic experiments - planning 0.3 10 0.4 15 0.6 23 1.3 48 

Tota ls  

a Costs a r e  d i s t r i b u t e d  roughly 8OT0for d i r e c t  s a l a r i e s  and overhead, and 2070for computer 
charges. (cos t  i n  thousands. 

b ~ n c l u d e s  estimated c o s t s  f o r  a l l  necessary hardware, including f u e l ,  but  nc.t including value of 
f i s s i l e  mate r i a l  used; includes a l s o  estimated expenses of Pac i f i c  Northwest Labcratories f o r  per- 
forming experiments. 



Ref. 1, and, together  with operation of the  reactor  experiment, should 

permit  se lec t ion  and de t a i l ed  design of a fu l l - s ca l e  MSBR. The proposed 

program w i l l  r e s u l t  i n  improved nuclear data,  i n  a much b e t t e r  under- 

standing of the  dynamic cha rac t e r i s t i c s  of such reactors ,  and in ' con-  

firmed method of computation. 

The author acknowledges with thanks the invaluable a s s i s t , ~ , n r ~  of 

C .  W. Craven, Jr., T. W. Kerlin, B. E. Prince, and others  i n  the  

preparation of this repor t .  
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