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PHYSICS PROGRAM FQR MOLTFJl-SAL'F BREEDER REACTORS 

A.  M, Perry 

1. INTRODUCTION 

One o f  the a t t r a c t i v e  espects of the Molten-Salt Breeder Reactor 

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

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

f u e l  u t i l i z a t i o n ,  t ha t  i n  f ac t  the curve of  fuel-cycle cost  versus 

doubling t i m e  w i l l  possess a minimm a t  a doubling time a s  short  a s  l? 

t o  20 years*', and t h a t  t h i s  minimum fue l  cost  w i l l  be as low as 0.3-0.4 
rnills/kwhr(e) a 

f m c t i o n  of  annual y ie ld  a re  shown i n  Pig. P f o r  two cases, i . e . ,  with 

and without continuous removal of 233Pa. 

Our present estimates of the  fuel-cycle cost  as  a 

mat a reactor  comprising e s sen t i a l ly  graphite, thorium, and 2 3 3 ~  

shou9d be able t o  breed i s  not i n  i t s e l f  surprising, fo r  we have long 

had reason t o  believe t h a t  t h i s  i s  possible,  provided the fuel  i s  re-  

processed a t  a su f f i c i en t ly  rapid r a t e .  

be accomplished economically, however, and t h a t  a very high f u e l  spec i f ic  

power can be maintained while keeping neutron losses i n  23sPa t o  a very 

l o w  leve l ,  appear t o  be unique propert ies  of the f l u i d  fue l  reactor .  

That such rapid processing can 

It must be remembered that the excel lent  fuel-cycle charac te r i s t ics  

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

of a Pow net  breeding gain and a high spec i f ic  power. A ne t  breeding 

gain of about 0.07-0.06 was found t o  be optimum ( i * e e ,  corresponds t o  

near-minimum fuel cost)  f o r  the current reference M%BR design. 

This i s  sf course a very s r n a l l  m r g i n  f o r  breeding, and the cabcu- 

Eatisn of it i s  subject t o  some uncertainty.  In  considering the n e r i t  

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

compomd in t e re s t ,  i.e. doubling t i m e  = 0.695/(annual y ie ld )  It thus 
8pplies t o  an exganding systen o f  reactors ,  ra ther  than t o  a s ingle  
reactor.  
i n  f i s s i l e  inventory a ) 

(Annual y ie ld  is ,  of course, the annual f rac t iona l  Lncrease 

... .. . . . . . . . . . 
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' of the MSBW concept, we nust attempt to appraise realistically the 
possible magnitude and importance of uncertainties in the cal-culated 
characteristics of the reactor, and to consider what steps may be taken 

to seduce these uncertainties, 
A description of the Molten-Salt Breeder Reactor concept and of 

our current reference design for an MSBR is given in the report OFEL- 
59% (Ref. E) and will not be repeated here. Some of the important 
characteristics that are relevant to a discussion of reactor physics 
problems are given in Tables H and 2. 
propriate to a single 2227 ~w(t) reactor, operating at an average core 
power density of 80 kw/liter, While they differ slightly from those of 
a 333 Mw(t) modular core operating at 40 kwlliter, the differences are 
not material to the present discussion.) 

(These characteristics are ap- 

Table 1. MSBR Performance 

Without Pa With Fa 
Removal Removal 

EJuelear breeding ratio 1 0558 1.07h 
~issibe consumption (Inventories 
per year at 0.8 plant factor) 1.03 1 .l7 
Fissile losses in processing 
(Inventories per year at 0.8 pPsnt 
facto r ) 0 006 o e 0 ~ 7  
Fuel yield, $ per snnum 4 . g  7.75 

absorption, 2 0 221 2 227 
Specific power, Mw( t )/kg fissile 2.89 3.26 
~uel-cyc~e cost, miIls/kmr( e) 0.47 0.33 

14 B"7 

Neutron production per fissile 

8 Doubling time, years 

'P. R.  Kasten, E. S, Bettis, and 8. C. Robertson, Design Studies 
USAX Repor-t; S E W L - ~ ~ I ~ ~ ~  of POOO-NW( e) Molten-SaIt Breeder Reactors 

Oak Ridge National Laboratory (August 1966). 

... ... . . . . . . . . wkw' 
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Table 2. MSBW Neutron Eabance 

NateriaH 
Without Pa Removal With Pa Removal 

232m 

23%L 
233u 

235u 

2S%p 
=8u 
Carrier  salt (except %i) 
"Li 
Graphite 
"%e 

Sm 
15%h 

Other f i s s i o n  products 
Delayed neutron losses 
Leakage 

2 3 4 ~  

2 3 6 ~  

Total 2.2211 2 e 2268 

2 .  ANALYSIS OF UNCERTAINTIES 

Because sf the operating f l e x i b i l i t y  of fluid f u e l  reactors ,  which 

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

we a re  not primarily in te res ted  i n  the problem of calculat ing the c r i t i -  

c a l i t y  f ac to r  per  se.  We are  concerned instead with the f rac t ion  of 

source neutrons t h a t  i s  avai lable  f o r  absorption i n  the f e r t i l e  mater ia ls .  

Estimates of this quantity m y  be uncertain because of  uncer ta in t ies  i n  

cross sections,  i n  methods of computation, or i n  the assumptions nade 

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

sources of uncertainty a re  discussed i n  the following sect ions.  

These 



P 
2.1 Cross Sections 

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

sect ion uncertaint ies  lead t o  appreciable uncertainty i n  estimates 0% 

the breeding performance of the reactor; on ly  two or three nuclides 

have cross sect ion uncertaint ies  t ha t  could, alone, a f f ec t  the breeding 

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

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

important quantity i s  the average value of  v s  averaged over the e n t i r e  

reactor  spectrum. 
reasons: (I) the  va lue  sf q a t  2200 m/sec i s  uncertain by perhaps 90.3%~ 
( 2 )  the var ia t ion of 7 w i t h  neutron energy i n  the  range below O e >  ev i s  

not known well  enough to es tab l i sh  

kT 4.1 ev) t o  much b e t t e r  than I-$, and ( 3 )  { i n  a l / E  spectrum above 

0.3 ev i s  a l so  subject t o  an uncertainty of about 1%. 

i n  the  tbjermal average value o f  q produces an uncertainty o f  about 

20.02 i n  breeding r a t io ,  and appears to be by far the most important 

source of  uncertainty i n  breeding r a t io .  

This quantity may be uncertain f o r  a t  l eas% three 

( i n  a thermal neutron spectrum with 

The uncertainty 

The ambiguity i n  the epitherrnah ;1 is ,  fortunately,  not so s i g n i f i -  

cant now a s  it has been m c i l  recently.  The ambiguity hrose from a 

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

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

ments on the one hand, and from d i r e c t  i n t eg ra l  neasurements o f  a on the 

other  hand. The d i f f e r e n t i a l  measurements y ie ld  a value of averaged 
over a l / E  spectrum above 0.3 ev, of about 0.23. !!%is value is subject  

t o  appreciable uncertainty,  however, because 0 must be deduced bj sub- 

t r ac t ion  of a and a Prom the measured a Furthennore, an adequate 

s t a t i s t i c a l  analysis of the  probable e r r o r  i n  a, as derived from the 

d i f f e r e n t i a l  cross sections,  has not been made. 

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

t r a t ions  i n  i r rad ia ted  233U samples. 

C 

f s T' 

The in t eg ra l  E measure- 

Results of the three most recent 

2Based pr imari ly  on the  measurements of Moore e t  al. (M- S. Moore, 
E. G-. Miller,  and 0 .  B. Simpson, Phys. Rev., 118, 714 ( l g 6 ) .  



10 

measurements of t h i s  type are as follows: 
- 

= 0.171- 0.017 Ref. 3 EaEperin 
Esch and Feiner Q = 0.173 f 9,008 Ref. ;6 

R e f .  7 Conway and Gunst cx = 0.175 0.006 
Average w = 0,173 f s.003 

- 
s 

- 

We believe thac the close agreement among these independent measure- 

ments and the inherently greater  accuracy of the d i r ec t  i n t eg ra l  Q 

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

The value used i n  the  NSBR analyses w a s  a = 0.173, leading t o  an average 

value of q2 i n  a I/E spectzum above 0 ~ 3  ev o f  2,13. 
t h a t  an uncertainty of 0.01 i n  a ( x . 7  ev) generates an uncertainty of 

about 0.006 i n  the breeding r a t io ,  for the M%BR reference configuration. 

It may be noted 

A s imilar  discrepancy between d i f f e r e n t i a l  cross section measure- 
ments and direct a measureaents i n  the epithermal region has exis ted for 
235Uo 
Westen" from t h e i r  neasurexents of f i s s ion  and capture cross sect ions 

f o r  2 3 5 ~  a re  i n  much c lose r  agreerrent w i t h  tke  in tegra l  a measurements 

fo r  235U than any values prexfiousiy derived from d i f f e r e n t i a l  cross 

section measurements, and there  is good reason t o  hope tha t  t h i s  trouble- 

some discrepzncy i s  very nearly resolved. Similar experiments for c 
znd a for 2 3 3 ~  a re  now blndemey by Weston, w win, de Seussure, and the'ir 

I n  recent months the a values deduced by de Saussure, Gwin, and 

f 
c 

'J. Halperin ez a l . ,  The Average CapturelFission Ratio of "'U f o r  
%itherma1 Reutrons, NU~H. sei. &g. 16(2): 245 ( ~ u n e  ~ $ 3 ) .  

%. J, ~ s c h  and F. ~ e i n e r ,  Survey sf Capture and Fission ~ n t e g r a l s  
of Fissile Nater ia ls ,  paper presented a t  the National Topical Meeting - 
I i e a ~ a r  Physics i n  the  Resonance and Therrlal Regions, February 1966, 
San Diego, California.  

Technical Progress Report Reactor Physics and Mathematics f o r  the Period 
Qctober l5 1$5 t o  January 1, 1$6, USA: Report WAPD-MW-32, p. 9, 
B e t t i s  Atomic Power Laboratory. 

g ~ .  de ~aussure e t  a1. 
Capture Cross Section, for 235U i n  the  Energy Region fram 3.25 ev to 
1.8 kev, U S A E  Report OF?KL-37389 Oak Ridge flational Laboratory, April  
1967 , and subsequent pr iva te  comimicatisns a 

"D. E. Conway and S.  B. ~ m s t ,  &itherma1 Cross Sections of 2 3 3 ~  2 

Measurerlent of a, the  ~ ~ t i o  of the ~ e u t r o n  



collaborators at FPIe7 These measurements, (when cor-bined with other 

data at energies above 1. 1cev);yield a value for ag averaged over a (E/E)  

spectrum above 0-3 evg of 0.188 f 0.01, in much closer agreement with 
the integral measurements cited above, We believe, therefore, that the 

range of uncertainty in 0: has been significantly reduced by these 
measurements, and can hardly exceed k 0.01, centered around a mean value 
close to that of the integra1 aneasurenents. 

In addition to the related uncertainties in 7 and in a, there is 
!Phis is nst of any also an uncertainty in the mkue of y = ~ ( 1  + a ) .  

consequence in the subcadmium energy range, s ince  q is a directly 

measured quantity. In the epicadmiurn range, however, 7 is deduced from 

cx and v t  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 2.30 2 0.01. 

and in v is an uncertainty of about 14 in yg in the energy range E > 0*3 
ev a 

Tkbe combined effect of the uncertainties in a 

Uncertainty rEn the value of 7 averaged over the therrcal neutron 
spectrum is important because -70% of the absorptions in 233U occur in 
the subcadmium neutron range. Direct measurements of -q( E)/q(Os023 ev) 

have been made by several. investigators sime the early Ig30fs. The 
existing measurements are not in good agreement with each other OF with 
values deduced from df f fe ren t ia l  cross section measurements, nor  do 

they have the very high precision required to determine <q/yo>avg to an 
error as s m a l l  as that  in itself [q, = q(0.023 ev) ] e 

0 

The problem is illustrated by the data shown in Fig. 2, where the 

symbols represent direct relative_ 7 measurements, normalized to r, = 

2,2g4*, and the solid bine represents the values used in the MSBR design 

studies. 

0 

Averaging over a Mamellian flux distribution peaked at 0.1 ev, 

%. W. Weston et a l , ,  Measurement of the Plreutron Fission and Capture 
cross Sections for 23% in the ~ ~ ~ e r g y  Region 0.4 to 1000 ev, USAK Report 
ORN&-TM-l73l, Oak Ridge National bbosatory,  Apr i l  1969 

to a. value of 2.29 at 0.073 ev. 

-x 
Except for the Marwell (1966) measurerrents, which are normalized 





one can easily obtain values for 

true value could possibly, though not probably, lie outside this range. 
 his uncertainty in the average thermal 11 of 2 3 3 ~  remains the most 

important single contributor to uncertainty in the breeding ratio of an 
MSBR. The bp and u measurements of Meston et a l .  are now being ex- 

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 q. 

ranging from 2.26 to 2.30 and the 

c f 

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 high-energy (n ,a)  cross sections are equally uncertain. 
certainties affect the estimated breeding gain to the extent of about 
0.OQg; 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. 

The capture widths are not know to better than ?SO$, and 

m e s e  un- 

Uncertainties in remining cross sections, including Ei, Be, C, Pa, 

and fission products, probably do not contribute an uncertainty in 
breeding r a t i o  greater than about 0.01. 

me effective cross sections of thorim may indeed be subject to 

considerable uncertainty, arising from uncertainties in resonance pa- 
rameters$ 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 w e l l  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 
234U and n36U are of minor consequence, since these materials reach. 
equilibrium concentrations rather quickly. me 2 3 4 ~  is a fertile 



rratesial, while 2 3 6 ~  i s  a poison. m e  equilibrium absorption r a t e  i n  

each depends primarily on the  capture-to-fission r a t i o  of the  f i s s i l e  

precursors, 233U and 235Uj however, there  i s  some s m a l l  dependence on 

the 2341J and 236U cross sections because s m e  of the material  i s  ex- 
trac-ced from the fuel  stream, along with the f i s s i l e  isotopes, as excess 

production. 

The 235U cross sections a re  known with about the same precision a s  

those of 233~1 but a re  of fa r  less importance, since less than 10% of 

the f i s s i l e -ma te r i a l  absorptions a re  i n  2 3 5 ~ e  

"he various cross sect ion uncertaint ies  t h a t  contribute signifi- 

cantly t o  uncertainty i n  the  estimated breeding performance are sm- 

marized i n  Table 3.  I n  t h i s  table, we show nominal ranges of uncertainty 

&.s f rac t iona l  deviations from what w e  believe t o  be the most probable 

values. We r e f r a in  f r o m  ca l l ing  these deviations probable e r rors ,  be- 

cause i n  mny cases Lhey ds not represent standard deviations sf a 

n o m a l  e r ro r  d i s t r ibu t ion ,  and hence do not r e a l l y  represent confidence 

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

judpenc  of  the rsnges within which the true values hzve perhaps a 303 
or grea ter  probabi l i ty  of falling. &so shown a re  the corresponding un- 

c e r t a i x i e s  i n  breeding gain. In the case of 233U, 234U, and 235U, the  

consequent changes i n  2 3 5 ~ , / 2 3 3 ~  absorption r a t i o  and in 2 3 6 ~  absorption 

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

gain e 

Since the uncer ta in t ies  l i s t e d  i n  Table 3 a re  a l l  independent, and, 

whth respect to the most grsbable vrlues of' the  various cross sections,  

pos i t ive  and nega-eive deviations a r e  equally l i ke ly ,  we have corrbined 

them by taking the square root  of %he sum of the squares as the overa l l  

vacer'eainty i n  breeding r a t i o  a t t r i bu tab le  t o  cross section uncer ta in t ies  e 

The r e s d z i n g  value 

i n  the average 5hheParal 7 of 2 3 3 ~ .  

(C6:) '/' = 0.02% r e f l e c t s  p r i m r i l y  the uncertainty 
I 

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

by reference t o  Fig. 3. The various curves of fuel-cycle cost  versus 

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

optimizing the  reactor  t o  ce~pensa'ee f o r  specified a l t e r a t ions  i n  cross 



Table 3. Effect of Cross Section Uncertainties 
on Breeding Ratio 

AC amd a b EucPide Cross Section 6a 

0 e 003 
0.01 

0.01 

0.01 

0 e o n j  
0.1 

0.23 

0.1 

on3 
0.1 

0.1 

0.07 

0.3 
003 
0.1 
0.1 

0.1 

0.17 
0.1 
0.1 

0.3 

0 0 033 
0 a 049 
-a 

0 008 

0 e aoo3 
0 * OEj 
0 * 008 

0.006 

0.02 

0 D 001 

0.002 

O o 009 I- 0 0 003 
0.01 

0.01 

20 s 067 

+o .022 

+o e 009 

+o .003 
CO e 001 

-- 
+<0 a 001 

-- 
+<o .001 

-- 
-- 

20. 001 

+o 003 

fO ,002 

+o 002 
-- 
-- 

f 8.082 

co e 001 

+0 * 003 

a The notation (t) s ign i f i e s  the energy range below 1.a 
ev, and the  notation ( f )  s ign i f i e s  energies above 1.86 ev, 
except f o r  233Y and e3%, where the break point i s  0.7 ev. 

'W i s  the f r ac t iona l  uncertainty i n  the cross section. 

Approximate typ ica l  absorptions, r e l a t ive  t o  7~ source 

%ncertainty i n  breeding ratio resu l t ing  from indicated 

c 

neutrons; may vary, of course) from ease to case. 

cross section mcer t a in ty .  
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section values used in the calculations. 
appear in ~ i g .  1, are the reference curves with and without 2 3 s ~ a  re- 
removal, respectively. Curve 3 results from increasing just the fluorine 
absorption cross sections, for the case without Pa removal, while curve 

4 results from increasing the absorption cross sections of a l l  con- 

stituents of the core (except the heavy elements Pa, U, and Th) by the 
percentage amounts shown in Table 4, 

Curves 1 and 2 $  which also 

Table 4. Assumed Increases in Capture 
Cross Sections 

(Percent of reference values) 

mema1 Q a 

6Li 
,zEi 
Be 
c 
F 
14= sm 
15%h 
Other fission 
products 

E 
11 
lb 
9 
7 
PO 
IO 

10 

To obtain curve 3 9  capture cross sections sf" all nuclides, in- 
cluding the heavy elements, were increased by 16% at all neutron 

energies. 
crease of about 0.03 in the average value of 7. 

By far the largest effect of this perturbation is a de- 

All of the perturbations represented by curves 3,  4, and 3 are re- 
lative to curve 2> i.e., without Pa removal. Comparison of these with 

curve 1 shows the very substantial incentive for continuous removal of 
the Pa. 
rection, representing an adverse resolution of all cross section m- 
certainties. Deviations in the other direction are of course equally 
l&ely9 so far as cross section uncertainties are concerned.) 

( A l l  of the perturbations shown are in the unfavorable di- 



In  summary, the  cross sections which pa r t i cu la r ly  require fur ther  

invest igat ion ere: 

1) 
O.Ql to 1 ev; 

2 )  

3 )  

the var ia t ion of 7 of 233U with neutron energy i n  the  range of 

the  absolute values of 7 and v a t  0.02g ev; 

t h e  radiat ive c&pture width, the (n,a) cross section, and the 

resonance capture in tegra l  of =+Fm 

Further 8nalysis of data already avai lable  may e i t h e r  reduce the 

uncertaint ies  assigned t o  soxe important quant i t ies ,  such as the average 

epithermal a, or  may pinpoint spec i f ic  measurements which would be 

especial ly  helprul i n  reducing such uncertaint ies .  

2,2 Computational Methods 

Verification sf computational methods, without ambiguity from cross 
sect ion uncertaint ies ,  i s  usually d i f f i c u l t  t o  obtain. However, our 

experience w i t h  the  MSRE leads us to believe t h a t  on the whole our 

methods are quite  adequate t o  deal with t h i s  type of reactor .  

the  methods employed i n  $he statics calculat ions were one- and two- 

dimensional muHtigroup d i f h s i o n  “c‘neory, The neutron spectrum and group- 

averaged cross sectisms were obtained frox GAM-THERb/kOS c e l l  calculat ions.  

A comparison of predicted and su’osequently observed values f o r  some of  

the important charac te r i s t ics  of the  bGH3 i s  given i n  Table 5 .  

Briefly,  

The good agreement betwe&n predicted and observed values lends con- 

s iderable  confidence i~ the va l id i ty  of the methods employed, 

nethods were used by General Atomic i n  the predict ion of c r i t i c a l  boadings 
f o r  the Peach Bottom Reactor, which i s  complicated by nonuniform d i s t r i -  

butions of f e r t i l e  material  and poisons,  by s i n m a r i t i e s  such as c o n t ~ ~ % .  

rods and poisoned dunmy f u e l  elements, and by appreciable self shielding 

of the heterogeneously d is t r ibu ted  -Lhorium. 

nsnctheless within 0.005 of predicted values, and since t h i s  agreement 

prevailed over a range of core loadings, the poss ib i l i t y  of  chance cancel- 

lation of systematic errors i s  considerably reduced, 

Similar 

Observed r e a c t i v i t i e s  were 

It mst be acknowledged, howver,  t h a t  t h e  KSBR configuration i s  

somewhat more complicated than t‘nat of the MSRE, and has complexities sf 



Table 5 .  A Comparison of Predicted and 
Observed Character is t ics  of the  WRE 

Character is t ic  Predicted ob s e rvea 

Critical concentration of a3% 3 

g / l i t e r  33 a5 33.1 
F'crel concentration coeff ic ient  

of r eac t iv i ty  

f i c i e n t  of reac t iv i ty ,  %/~/Q.F -8.1 x 10-5 -7.3 x u1-5 

Reactivity worth of  three 
control  rods, $ m/k >*46 7.59 
Reactivity e f f ec t  of Fuel 
c i r c a a t i o n  (loss of aeiayed 
neutrons), $7 a / k  0 e 222 0.21 

0 234 o e 223 , 9 & c  
IsQthe?XIB1 temperature @Oef- 

a somewhat differenl-l-eharactep from those of the Peach Bottom Reactor 

A sketch of the present concept fo r  an N?~BRlat t ice  c e l l  i s  shown i n  

Fig, lb3  from which one may appreciate the  importance sf a casef i l  ca lm-  

l a t i o n  of the space- and energy-dependence of the neutron flux, both 

f o r  thermal. neutrons and f o r  resonance neutrons. While estimates of the  

po ten t i a l  pe r fomnce  of the MSBR concept a r e  not ser iously affected by 

e r ro r s  of a f e w  percent i n  calculat ing these d e t a i l s  cf the  f l u  d i s t r i -  

butions, the design calculations for  a particular reactor require higher 

precision, primarily t o  p r o ~ i d e  assurance against  fuel  cos t  penal t ies  

t h a t  might arise i f  the  c r i t i c a l  fuel concentration were appreciably 

d i f f e ren t  than expected, 

the  adequacy of present ly  avai lable  methods, it w i U  be necessary t o  

ver i fy  their  adequacy both by invest igat ing the e f f ec t  of fur ther  re- 

finements i n  technique (c f .  Sec. 3 * 3 )  and by comparisons between calcu- 

l a t i o n s  and the  results of carefKUy selected experiments which reproduce 

the d e t a i l s  of the NSBR c e l l  geometry (cC See. 3.6). 

M-though we have no a p r i o r i  resson t o  doubt 
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Fig. 4. %J%B%tera-SaPt Breeder Reactor core Cell. 
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2.3 Assumptions Regarding Salt Chemistry 

As is well known, the conversion ratio in a thermal-neutron reactor 
depends very much on the rate of processing sf the fuel, largely because 

it is by this means that neutron losses to fission products may be con- 
troPPed. I n  the processing scheme proposed for the fuel salt of the 
MSBR, the thirty or more chemical elements of which significant amounts 
sre present in the fission products may be expected to behave in quite 
different ways, depending on their chemical and physical properties in 

a very complex environment. 

fission product behavior in the MSBR studies are cited in Table 6. 
a description of the processing system, see Ref. 1.) 

The assumptions that  were made regarding 

(For 

Table 6. l3isp~siti01-i of Fission Products 
in MSBR Reactor and Processing System 

l. Elements present as gases; assumed to be partly 
absorbed by graphite and partly removed by 
gas stripping (1/2$ poisoning assumed) : 

assumed to be removed instantaneously: Rh, Pd, Ag, En 

Kr, Xe 

2. Elements that plate out on metal surfaces; 

3.  Halogens and elements that form volatile 
fluorides; assumed to be removed in the Se, Br, I, m, 

4. Elements that form stsble fluorides less Sr, Y, Ba, La, Ce, 

fluoride volatility process: Mo, Ru, Tc, Te 

volatile than LiF; assumed to be separated ~ r ,  m, ~ m ,  sm, EU, 
by mcuubm distillation: Gd, m 

3.  Elements that are not separated f r o m  the 
carrier sdtj assumed to be removed o n l y  
by salt discard: Rb, Cd, Sn, C s ,  Zr 

~n most instances, (except perhaps for groups 2 and 3 )  we still be- 
lieve these to be the most probable modes of behavior. It must be 
acknowledged, however, 'chat these assignments are not in all cases certain, 

and one must ascertain the effect on MSBR performance of possible, if 
improbable, deviations from these assumptions. 
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Because sf t h e i r  combination of high f i s s ion  y ie ld  and high neutron- 

absorption 2ross section, and because t h e i r  f luorides  a r e  probably not 
EIQE s tab le  than zkreir carbides, one i s  pa r t i cu la r ly  l e d  t o  examine a l t e r -  

native modes sf behavior f o r  the elezents of  group 3,  especial ly  melybde- 

n m  and technetium It is  e n t i r e l y  possible,  even probable, t h a t  these 

elements w i l l  form nei ther  f luorides  nor carbides;, but w i l l  r a ther  form 

inter-metal l ic  compounds with other metal l ic  f i s s ion  products, e .g . ,  those 
of group 2, o r  simply remain i n  the salt  as colloidaE suspensions of the 

metal. Ira th i s  event, these elements would still be removed i n  the 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 the poss ib i l i t y  t h a t  some f rac t ion  of these group 3 f i s s ion  

products might react  w i t h  the  graphite moderator, forming metal carbides, 

and hence remain indef in i te ly  i n  the core. Deposition. of several  f i s s ion  

products, including M o ~  Kb, Ru, and Te, has i n  f a c t  been observed on 

graphite specimens in contact w i t h  the fue l  salt in the MSRE. If one 

assumes that  .these sanplea m e  t n i c a l  of all the  b%%E! graphite, one can 

calculate  the f rac t ion  of each fission product species that remains i n  

the core. These fract ions,  calculated from a c t i v i t i e s  observed on the  

graphite specinens r e ~ o v e d  from the EGWE i n  July 1966, are  shown i n  Table 

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

f i s s ion  products i n  the  core Indef in i te ly  i s  po ten t i a l ly  vesy serious, 

especial ly  so in a reactor  with very high spec i f ic  power. 

S ~ O W V ~  that  the addi t ional  neutron absorption That would r e s u l t  would be 

nearly proportional t o  t he  f rac t ion ,  f, of  the atoms i n  t h i s  group t h a t  

remain i n  core, ins'eead of being removed i n  processing. 

f o r  each species t o  saturate depends, of courseg on i t s  cross section. 

The poisoning e f f ec t  sf each of several  f i s s ion  product nuclides t h a t  

would r e s d t  from 100% re tent ion on  he graphite of m mBR is  shown i n  

T&bh 8 as a function of tirne, i n  full-power years, a f t e r  s ta r tup  of the 
reactor. & an application sf the  information given i n  Table 8,  abl le 9 
shows the average poisoning t h a t  would r e s u l t  i n  an MSBR i f  the various 

E t  can eas i ly  be 

The time required 

nuclides Were deposited t o  the  extent  observed i n  the MSm ( a s  shorn in 

Table 7 ) .  
9 5 ~ o ,  t ha t  is ,  that it behaves e i t h e r  l i k e  i t s  precursor, 3 5 ~ 7  o r  l i k e  

('Two d i f f e ren t  assumptions were made regarding the  behavior of 
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Table 7. Fission-Produet Deposition i n  the Surface 
Layersa of ERE ~raphite 

(percent of Total b 1 

Graphite Location 

Top of Middie of Bottom of Isotope 
Core Core Core 

11‘5 
12.0 

6.3 

0.23 

0.13 
0.14 
2.74 
1.14 

0.36 
0 * 212 

62.4 

a Average of values i n  7 to EQ m i l  cuts from each 

b~xpressed as percentage of the quantity of each 

of‘ three exposed graphite faces.  

species produced i n  the reactor tha t  woulg be deposited 
on graphite if each cm2 of the 2 x lo6 cmz of mderator 
had the same concentration as the specimen. 

...... . . . . .. W<>, 



Table 8. Loss of Breeding Ratio Corresponding t o  

f i O d U C t S  i n  the  MSBR Core 
Complete Retention of Certain Fission 

Time After Startup (full-power years) (B4Y1 
(P) 2 5 bQ 65 20 

Nuclide 

5 e 4  

36.2 
116 
118 
3.9 
9 'I 
53 
82 
0.51 

7.5 
11.4 
58 
290 

193 

0 0 Ob47 
0 * 0026 
0 e 0008 
0.0007 
0 a 0174 
0 e 0855 
0.0008 
0 * 0002 
0 0166 

0 0 6QL2 
0 * 0002 

Q a 0001 
-0 

0. 0002 

0. 063i 

6 .OoL;l  

0 0065 

a. 0063 

4.035 

0.0323 
0 0 0062 
6.0020 
0.0017 
0 0312 
0 * 0118 
0 e 0820 

0 0 coo5 
9.0169 

9.0024 

0 0 6064 
6 - 000% 
8 6 0001 

0 0066 

O.l.083 

0 0 0099 

0.0143 

0 0 ooa9 

c * 064 

0 # 0453 

0 e 0115 
0 * 0038 
0 D Q033 

0.6399 
6 r 0184 
0 * 0036 
0. 0610 
Q a Ob69 

6 0035 

6 e 0006 
0 a 0004. 
0 0 0803 

0.0012 

D 

0.0507 
c * 0163 
0.0055 
0 * 0049 
0 6 a 2 5  

0 0222 
0.0051 
0 a 0015 
0. e169 

0.004% 

0 0004 
0.0006 
0.0004 

0 e 0018 

0 1732 

0 e 0267 

0.0288 

a 0028 

0 a 126 

0 e 0528 
0 0201 
0.0673 
Q 0065 
0.0434 

0.0244 
0 e 0066 
6.0019 
0 a Ob69 

0.0045 

6 0008 
0 e 0088 
0 s COO6 
0. QQ23 

0 1889 

0.0339 

0 e 0329 

0 * 0037 

0 e 136 

r n '  

I 



a,... ..... . "e Table gF Average Poisoning as a l3mction of Exposure with 
Deposition Fractions from First MSRE Samples 

Time (years) 
As s u p  t Ion 

2 3 10 13 20 

95140 acts Pike 9 5 ~  0.0072 0.0l3n 0.0229 0.0278 Q . O ~ Z X I  
95M0 acts like "'MQ 0,SSbCg 0.0081 0.0121 0.0147 0.0166 

"%0.) 

of isotopes and the totals f o r  a l l  the isotopes listed. %he poisoning, 

P(t), shown in Table 8 represents the current loss of breeding ratio at 
time t after startup with clean graphite; also given in Table 8 is the 
average loss in breeding ratio, defined by 

The noble metals (group 2 in Table 6) constitute %other group of 

Table 8 also lists the combined contributions of several graupings 

t 
= (l/t) P ( t P  )dt' 

fission products whose behavior may well be different from that assuned 

in the MSBR studies. 
mtheniwa) will be produced by one lOOO-Mw(e) reactor over a 30-year 

period, one wouEd prefer that they not deposit on metal surfaces, as w a s  

asswaned to occur a h o s t  instantaneously. 
possibility seems to be that  they w i l l  react with other fission produets 

( e. g #, m~by'eae~-~~) , f ~ e n g  intermetallic compounds 
mental %om, and in either event be removed in the residue of the vacuum 
distillation proeess. 

w ~ ~ i l d l  result from having these nuclides remain in t h e  fuel stream far the 
normal processing cycle indicates a maximum loss of breeding ratio of 

0.001, which is certainly nothing to worry about, 

Since about two tons of these materials (mostly 

The alternative, and more likely, 

or remain in e~be - 

A calculation of the additional poisoning that 

Ifb for amy reason, all of these nuelides were t o  rexain in the 
core inaefinitely, the asymp-t;otic poisoning effect wodd be about 0.08. 

'phis w d d  of course be serious, but the probability of its occurrence 

seems minishingly small. 



The behavior of xenon (and krypton) i n  an MSBW system is,.of course, 

very important, w i t h  some 0.Sk i t 4  breeding ratio dependent on nearly 

complete removal of these gases by sparging with helium i n  the  fuel pump. 

Experience w i t h  operation of the MSBE gives every assurance t h a t  t h i s  

can in  f a c t  be done. The residual  xenon poisoning i n  the WBE appears t o  

be appreciably l e s s  than ant ic ipated on the bas i s  of the  known permeability 

0% the graphite, an observation which may be accounted for by some slight 
entsa iment  of s m a l l  helium bubbles i n  the c i rcu la t ing  fuel salt .  

'Pne assumption w i t h  respect t o  group 5 f i s s ion  products i s  t h a t  they 

remain i n  the  f u e l  salt  essentially indef in i te ly .  It i s  perhaps a t  l e a s t  

as likely t h a t  cadmium and t i n  will behave l i k e  group 2, t h a t  i s ,  as j u s t  

discussed, be removed i n  the regular fue l  processing cycle. 

tingency c o d 6  only improve the breeding r a t io .  However, the combined 

y ie ld  of all the  fission product chains from mass number 111 t o  mass 

number 124 i s  o n l y  about O.S$, SO that at most a gain i n  breeding r a t i o  

of 0.SOj might be realized. 

Such a con- 

The reasons for the f i s s i o n  product behavior observed i n  the MSEC 

&re not ye'c fukly LUlderSCood. The lvO%e Qf %rarioUs f a C t Q E 3  Which lT~8.y 

influence this behavior, and the mest promising means of l imi t ing  the  

deposition of f i s s i o n  products w i l l  be t h a r ~ u g h l y  investigated i n  a 

research program described i n  another report. The subject is introduced 

here because :=he behavior of f i s s ion  products cons t i tu tes  the pr inc ipa l  

source o f  uncertainty i n  the expected nuclear perfosmnce of an MSBR. 
h additional assunpti~~, of some eonsequence, not l i s t e d  i n  TaS%e 

6 ,  is t h a t  the 237Np formed by neutron capture i n  236u will be removed 

from the fue l  stream by the  f luoride v o l a t i l i t y  process. 

not  the case, and the  2 s 7 ~ p  were t o  remain in the f u e l  stream, along with 

the  uranium, there  would be a loss of  4.01 i n  breeding ratio. 

l i eve  that the neptunium can i n  f a c t  be removed, by proper operation 0% 

the  sorbers i n  the f luoride v o l a t i l i t y  process, and the po ten t i a l  l o s s  i n  

breeding r a t i o  j u s t  c i t ed  indicetes  t h a t  there i s  good reason ts; do so.  

If t h i s  were 

We be- 

"W. R, Grirne~, Chemical Research and Fievelopment f o r  Molten-Salt 
Breeder Reactorsi, USA= Regert 0FNL-W-18532 Oak Ridge National 
Laboratory, June 1967. 
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As a restit a% the anaPyses summztrized in the preceding sections, 
we are quite @onfiaent that an MSBR wiu breed under Conditions that 

prsal.m? mini- or near-minim fuel costs. v?kiere are nonetheless a 
nmber of aspects of the physics 0% MSBR reactors which require firther 
investigation, both to establish an adequste basis for the detai%ed 
design sf an MSBR and to gain a mu& better u&derstandin ~3% the dynamic 
eharaeteristics of these reactors. 

3.1 Investigation 0% Dynamic Characteristics 

The design studies of molten-salt breeder reactors that have been 
carried out up to the present kLave e~kasizea the normal, steaay-state 
behavior of such reactora, in oraer to determine their potential per- 
formance with respect to the goals of resauree utilization and economic 
power ‘ Less attention has been diredxd to such questions as the dy- 
namic response characteristics of an MSBW, as influenced in de%aiP by 
the design parameters, and to possible abnormd modes of behavior that 
might result from failures an~here in the system. 

In order to take full advantage of its breedin potential, the KSBR 

design must minimize neutron Iosses to centsoL rods and associated hard- 
ware (such as thimbles), This %mpEies that it is highly desirable for 
the MSBR to be stron&y selbf-re a-king D 

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 cpxd.itativ&Ly on the basis of past experience. For 
instance, the system will use circulating 233U f"ueP, and the smalb de- 
layed neutron fraction of 233U will be reduced ts an even t;maLLer ef- 
fective value by fuel cfrcu.l.ation. Also, the system is a heterogeneous, 
two-fluid, cirdlating fuel reactor and consequently has almost every 
time aday conceivable in a reactor system (heat transfer from graphite 

to fuel, fuel transport in the corep blanket transport in the core, etc.). 
The negative temperature eodfieients of reactivity which are to be de- 

signed into the system are no guarantee of stability unless the time lags 
are suitable. 
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The experience acquired with the MSRE provides understanding about 
this type of system which will aid-in.analyzing the MSBR, The pre- 
dictions of MSRE dynamic behavior9 were experimentally conflrmedtfo in- 
dicating that satisfactory mathematical models and analysis procedures 
were used. Experience with the proposed 233U loading in the -MSRE will 
further 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 oncomputation 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 anal- 
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 indetetinacy in the geometry 

of the salt passages will be -required. ..lhe -possibility of oscillations 
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+ 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 operationsl~flexlbillty and 
protection. :. 

: 

‘S. . J. Ball snd T.. w. Xerlin, Stability Analysis of the Moltenkalt 
Reactor Experiment, USAEC Report ORNL-TM-1070, Oa& Ridge National . 
Labordory, December ‘19fjg. ; 

‘OR; B. Briggs, Molten-Salt Reactor Program Semiannual Pkgiess 
Report for Period- Ending February 28, i966; USAEC Report ORNL-39%; oak 
Ridge National Laboratory, June 1966, 
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A program of experimental investi a t ions  mnust be developed f o r  %he 

breeder reactor  experiment i n  order -to provide addi t ional  ve r i f i ca t ion  

of the models and physical propert ies  employed I n  the an&lysis for the 
E B R  confi@rat isn.  Extensive pre-analysis of the  emesiments, t o  

fac i i i t a te  seiectian of  the best ex=pepimentai conditions, ~ i i ~  great ly  

enhance the value of the e ~ e r i r n e n t s  themselves. 

3.1.2 Transient Analysis 

Because of the  mathematical methods used, the dynamic analyses 

discussed above deal prirmari .~~ -with the ef fec t  of comparatively s m ~  

dis turknces  i n  the reactor  system, and are %herefore pr inc ipa l ly  

%urbances can of  c0urEAe a r i s e  from abmpt changes in load, from pump 

applicable to XI~ZTBH operating cobaditionG 0% the react~s. Larger d i s -  

stoppagesg o r  from any of a number of other r ~ p i d  changes i n  operating 

conditions. The effec%s of: such changes mst be analyzed t o  determine 

&ether system tempem-i;ures w i l l  inherently r emin  ~ L t h i n  acceptable 

l i m i t s  o r  whether, on the contrary, spec i f ic  csntro1 act ions must be 

taken. AaBitionaa. s tud ies  will be requires in c c t ~ ~ - t ; i ~ n  with the 

safe ty  analysis  of  the mBR. d g k l  possible sources Of pos i t ive  re-  

a c t i v i t y  addi t ion mst t~ identified and evduatea, in~iuding those 

c s d d  therefore  be regarded as secondaq c r i t i c a l i t y  accidents. 

an rnBR mst be carefu l ly  examined; some extensions and i ~ r s v e m e a t e  i n  

which m i g h t  result from f a i l u r e s  outside the  nuclear system proper, and 

Tbae methods present2.y available for studying nuclear excursisns in 

these methods m y  we11 be required, pa r t i cu la 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.  

301.3 

The length of  time during which the graphite stmctures i n  an  MSBR 
can continue t o  perform t h e i r  function depends par t ly  on the f a s t  neutron 

f lux  level  (i. e e 

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

ful Eire of the graphite my be extended somewhat by f l a t t en ing  the power 

on power density) and p a r t l y  on the gradient sf the 



dis t r ibu t ion ,  as for example by varying the s i z e  of s a l t  passages from 

place t o  place tr i thin %he core. Such var ia t ions could also fnfluenee 

the  reectivity coeff ic ients  associated with these s a l t  passages. 

the des i r ab i l i t y  of  f lux  f la t ten ing  and the e f f e c t  0% doing so on 

r eac t iv i ty  coeff ic ients  should be investigated.  

Both 

9.2 Investigation of Alternate Core Designs 

While it i s  unlikely t h a t  there i s  any configuration for ac KSBR 

tha t  would have s igni f icant ly  b e t t e r  breeding perfsmance a t  low c o s t  

than does the  present reference design, there  may be a l t e rna te  core 

configurations t h a t  could y ie ld  e s sen t i a l ly  the saxe performance while 

possessing di f fe ren t ,  and perhaps desirable,  mechanical fea tures .  A 

search for such a l t e r m t i v e s  should be carr ied fornard t o  provide addi- 

t i ona l  assurance ehat the p r ~ ~ ~ ' ; ; r i s e  reactor  design w i l l  represent the 

bes t  basic  core concept. 

3.3 kvelopment of Methods 

F-uther improvement and refinement of  zomputational methods i s  

needed- i n  order t o  es tab l i sh  a sa t i s f ac to ry  l e v e l  of confidence i n  the  

procedures - whether nost elaborate o r  r e l a t ive ly  sinple - t h a t  s s i l l  be 

u-sed i n  design of a spec i f ic  MSBW, such as the l50-M~ reactor  experiment, 

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

physics eqerirnents ( c f .  see .  3.6). 
reactor  l a t t i c e s ,  the key problems r e l a t e  t o  the calculat ion of c$(r,E), 

the neutron flux as e non-separable function sf posi t ion and energy, i n  

the  source-energy region, i n  the resonax& region and i n  the thermalization 

range. 

and cannot be said ;Q have been F d l y  resolved. The special  features  of 

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

t i l e  Raterials i n  separate sa l t  streams, to the  geometrical i r r e g u l a r i t i e s  

of salt  passages, and t,o the s ign i f icant  sca t te r ing  contribution of the  file1 

salt i t se l f .  

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

AS i s  usual  i n  geometrically complex 

- 

Problem of t h i s  sor t  a r e  present i n  nany types of rekctor l a t t i c e s ,  

430th two-dimensional arultigroup neutron-transport methods 

% 

P 
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in the analysis of lattice e eriments -%s aetermine t , t ~  am0~a91-t of d e t a i ~  

i n  the descr ipt ion of $ ( r , E )  that it is necessary to obta in  in order to 

I~ the same vein, ana in view 0% tihe dominant impsst~nce OQ C ~ ~ C U -  

- 
account f o r  all important characteristics of the Y&BR lattice. 

lating correctly %he spectrum-avera ed capture-to-fission ratio for 

23%, it is hi 

materials without assuming aey?nptotic flux shapes above ehch reson&nce, 

and, of" ccsurse, t o  do t h i s  in a co 

not likely, in fact ,  that  any r ea l l  cts ,  i n  an mBR, are  

associated w%th the details of %he f lux dislributions implied by such 

refinements sf analysis. However) the objective 0% achieving an un- 

to glmrantee the perf'srwnce sf the reactor within very narrow limits 

suppsr%%ng eqerimental  Tmrk (See 0 3.6 1 E 

$sting Ihpp%er-bFQ&dea%ed, ~elf-shielded CFOSS section% for the fissile 

degree o f  reli&bi%ity i n  the design c a l  

requires both meticdous at$ention ta deta i l  i n  the calcul.atisn.s, and 

Because of the  relatively smb% s f z e  of  an BE core, which r e a d t s  

from its high power density,  and because of  the continusus removal of 

xenon from the fuel salt,  Et8 w e l l  as the thorough mixin 
even if xenon were present in the sa l t ,  there w i n  be no tendency towards 
f l u  instabilities 0% %he kind nosmelly eab-ayected in la%. e power reactsps. 

that w o d d  Occur 

The question sf nsn-separable time- and space-dependent effects  w i l l  

nevertheless arise in connection ~ 5 t h  the analysis of' po ten t ia l  accidents. 
Further investigations will be required to determine wka& extensions in 
corrrputational technique my be needed to describe the reactor adequately 
f o r  sueh transient analyses, and, depending on the outcome of these in- 

vestigations, additional work m y  be necessaq to accomplish the indi- 
cated development 0% methods. 

3.4 Cross Section XmPvation 

mere is a constantly accelerating rate Of acquisition 0% new experi- 

mental infomation on neutron cross sections of interest in reactctr 

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

la ted into OW ~omputationai stmcture,  any SB" tlae s e ~ t i ~ n ~  
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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 informatlon on 23sV cross sections, espe- 
cially, requires significant effort, In determining the.resonance pa- 
rameters that best fit the experimental 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~resultlng 
information in terms best suited for reactor computations. Some of.this 
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 not in terms of the conventional parameters.. 

In addition to analysis, evaluation, and, In some sastances, 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 pro,ject must acknowledge and support.- 

w 
c 

I 

c 

3.5 Development of Computer Codes 

.In support of the MSBR design studies, ‘which culminated In I+$ ref- 
erence des%gn described in’Ref, 1, a procedure was devised fbr finding 
automatically the optimum corihlnation of 8s many as twenty variablepa: 

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

ratio, fuel- and fertile-stream volume fractions, thorium a& uranium 

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

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

‘?I. .F. Bauman and J. L. Lucius, OPTIMERC: ‘-A Reactor Design 
Optimization Code, Oak Ridge National Laboratory (to be, issued), 
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one-dimensional 'multigroup diffusion theory, alternating between.radial 
and axial directions in the core to synthesize a two-dimensional model, 
and generates space- and energy-integrated reaction rates for each tyj?e 
of nuclide. The isotope chain equations are solved to find the equilib- 
rium he1 concentrations corresponding with a specified processing rate. 

. 

.L Solutions of the diffusion equations and of the isotope -equations are 
interleaved in a convergent iterative procedure which is better described 
in Ref.9 . The program systematically searches (by a method of'steepest 
gradient) for that combination of variables that gives the optimum value 
for a selected figure of merit, such as lowest power cost. This code 
has proven to be extremely useful in arriving at an optimum core design. 
It still has some restrictions whose removal will make the tool still 
more useful and convenient in evaluating proposed'alternative core con- 
cepts and possibly in exploring the changes in design and operating 
conditions that might result from changing conditions in the nuclear 
power industry, such as increases in the cost of fissile material. These 
improvements will require a fairly modest effort, and should be undertaken. 

In connection with the maintenance of a master-cross-section library, 
from which data can be retrieved and processed for various specific com- 
putational needs, data-handling procedures need to be improved and some 
additional codes developed'to facilitate full and reliable use of the 
library. 

Many of the computer codes that will be used in further analyses of 
the MSBR reactor need to be transcribed for the latest generation of 
digital computers, and in some instances altered and improved to take 
full advantage of computer capability. 

3.6 Experimental Physics Program 

As was discussed in Sec. 2.2, the general approaches employed in 
the MSBR studies have proven quite effective in analysis of the MSRR, 
the Peach Bottom Reactor, and others. However, the validity of these 
approaches, or of the improvements discussed in Sec. 3.3> as applied to 
the complex lattice geometry of an MSBR, should be confirmed by a few 
well-selected and carefully executed experiments on. the characteristics 
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of-an MSBR lattice. The most appropriate type of experiment~to.fill 
this need appears to be the kind of lattice substitution measurement, 
and associated flux and activation measurements, .tiat can be made in : 
the-Physical Constants Test Reactor (PCTR) and the High-Temperature 
Lattice Test Reactor (HTLTR) at the Pacific Northwest Laboratories. 
Extremely accurate determinations of lattice reactivity can be made,with 
a small number of typicallattice cells, requiring far less material 
and fabrication cost than would be needed for exponential-or critical 
experiments. - For lattices.with k, close to unity, and-with a-precision 
of perhaps S$ in determining (k, - 1) s one may expect to ‘determine k, 
for the lattice to within about fOIOOll or possibly better. 

, A measurement of k, does not by itself, of .course, provide an un- 
ambiguous determination,of breeding ratio. A nearly direct measurement. 
of this important quantity can be obtained by measuring the ratio of 
absorptions in lhorlum to -fissions in =3Vj i.e.., (Aoe/Fm).' In natural 
or slightly enriched uranium systems, the ,analogous ratio,, (A2s/F&), 
can be measured to within about l$,'or possibly a little better, if ' 
extreme care is taken. Far less experience has been accumulated with 
the thorium-"% system (which, .of course , involves'different character- 
istic decay gamma rays), and it is not quite clear how high a precision- 
can be achieved in this measurement. Further investigationof this 
question will be required, and some development work may be needed, 
before we can determine just how much information can be obtained,. and 
with what,pqxision. ~.It,appears nevertheless that a-program of such. 
latticemeasurements on ,the PCTR orthe HTLTR, including determinations 
of reactivity, flux distributions', and activation,ratPos'can go,.far to,- 
provide the detailed understanding of the lattice characteristics that 
will be required for the designof an MSBR. : i 

In connection with PCTR and HTLTR experiments? it is. both .pqss$bie 
and desirable.to obtain'additional informationrelated to variouS\.rey ^ 
activity.coefficients for the lattice under study, ,.,Temperature coef- .- 
ficients, density coefficients , effects of,displacement of,various com- 
ponents of the lattice cell,can:~~be~measured with-high accuracy if 
the experiment is appropriately designed with these measurements in 
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HTLTR, with which one can undertake measurements of the low-energy 

neutron s p e c t m  as a function of posi t ion i n  the l a t t i c e  cell. 

In addition, there  w i l l  be a veloci ty  se lec tor  avai lable  a t  the 

By gerfomfng some si? these measurements ( e & ,  r eac t iv i ty  and 

ac t iva t ion  r a t i o s )  on various l a t t i c e  configurations, some of which m y  

not  be t yp ica l  of  an E B R  per seg but which are chosen t o  emphasize one 

o r  another pa r t i cu la r  aspect of the neutron balance, one m y  gain further 

understanding 0% the detai led behavior of the ~ ~ U L P O ~ S  in an MSBR l a t t i c e .  

as opposed ts molten salt ,  the method of containing the salt ,  and so 
Questions of exact eqer fmenta l  design, such as  use of frozen salt 

for th ,  k i ~ e  not  been emlored. Some of the lattice ce l l s  -perhaps 8 s  

few as seven - shoaa~d contain primarily " 3 ~  as fissi~e material .  

this purposeb not more than a kilogram o r  two of 

~ s r  

should be required. 

f i r t h e r  work i s  needed t o  aeveiop a de ta i led  eseperimentaa. p r s g r m  

along these lines, and t o  determine how many separate lattices ~ h s a d d  be 

investigated.  

these experiments, we assme that not more than f i v e  lattices would be 

studied, and t h a t  three of these wo%albd be studied i n  the PCTR, and two 

i n  %he HTLTR. 

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

mile the  l a t t i c e  studies in the PCTR and H ~ T R  can provide some 

Such studies 

information on r e a c t i e t y  coef f ic ien ts ,  they camo%,sf cowse, tell us 

anything about the overall dynamic behavior of an MSBR. 
w i l l  have t o  be carried out on the reactor  e-eriment. 

program f o r  these experiments mst be planned i n  advance, i n  order  t o  
A detailed 

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

reactor.  !&be 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- 

erating parameters, as a function of RXX%Q~ power level, fie1 eircu- 
l a t i o n  rate, and control  mode. 

The experiments themelves  and the asssciatedi analysis  will of 

course follow ssmgPetion sf the prototype, and are not ineluded i n  the 
t i m e  period covered by t h i s  report .  



Results of most of the investigations discussed i n  See. 3 ~hov-ld be 

avai lzble  as a basis f o r  the detai led design of the experimental MSBW. 

According t o  the proposed schedule for this reactor,  the design should 

begin i n  IT 1$8 and be completed by the end of FY lgql. 
ghysics program outlined i n  f n i s  report  should therefore  l a rge ly  be com- 

pleted by the end of FY 1970, and the manpower a l loca t ions  and cos t  

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

The t o t a l  cost  of the program, over the three-year period FY 1968 to 
E7c lg73, i s  e s t i w t e d  t o  be about $ l , lBO,OOO.  

The reactor 

me program outlined above i s  designed t o  psovide, by the enti of 

IT 1970, a secure bas i s  %or the  design of the k5O-Mw reactor  experiment. 

In the ensuing fiscal years, 1971-1975, it w i l l  be necessary t o  carry on 
a continuing program of r eac to r  physics invest igat ions i n  support of the  

MSBR concept. 

of new cross section information as it becones avai lable ,  continuing 

improvement and refinement of methods of  analysis  

operational problems and charac te r i s t ics  of rmltera-salt breeder reactors  

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

onomical approaches t o  reactor  control, and a continuing study of po ten t i a l  

sa fe ty  probleas - i n  shorc, a continuing e f f o r t  t o  gain 2 more complete 

understanding of the  eherac te r i s t ics  of t h i s  reactor  concept, so t h a t  the 

twin objectives of safe, r e l i ab le  operation arid economical power pro- 

6uction can be rnost s a % i s f % ~ ~ % o r i l y  accomplished. 

supporting experimental work my be recognized as the program p ~ g r e s s e s .  

We believe t h a t  a support level of $200,0CQ per yeas f o r  the five-year 

period F11 lgql-FY 1975 w i l l  be required for t h i s  program. 

This program w i l l  comprise fu r the r  analysis  and evaluation 

fur ther  s tudies  of 

A need f o r  addi t ional  

The reactor  physics e f f o r t s  t h a t  have been discussed i n  t h i s  report  

should provide a sound basis  f o r  thoroughly r e l i ab le  assesszients of the 

performance of e thermal molten-salt breeder reactor  zs proposed i n  . .:. , . . . . . . . ........ . . -., 
n '  



Table 10. Manpower and Cost Estimates for MSBR Physics Development Program 

Section Act ivi ty  
FY 196% FY 1969 FY 1970 3-Year T o t a l  

3.1 Inves t iga t ion  of Dymamic Character is t ics  0.7 24 1.6 60 2.2 84 4.5 16% 

3.2 Inves t iga t ion  of Alternate Care Designs 0.5 18 1.0 38 0.5 20 2.0 76 
3.3 Development of Methods f a r  Analysis 0 1.5 56 1.2 46 2.7 102 
3 * 4  cross Section Evaluation 0.5 18 0.5 1% 0.5 E 8  1.5 54. 

3.5 Development and Improvement of Computer 0.5 18 1.Q 38 1.Q 38 2.5 94 
w 
-4 

C d e s  

3 a 6 Experimental Physics Program 

Lattice experiments - planning, 0.5 1% 2.0 75 2.0 75 4 -5 168 
design, ana lys i s  

fiocurement, measurements 200b 2QOb 400 
Dynamic experiments - planning 0.3 10 0-4 1s 0.6 23 1.3 48 

Totals 
- -  - -  - -  - P 

3.0 1.06 8.0 500 8.0 504 19.0 1110 

a Costs are  d i s t r ibu ted  roughly 80%0for d i r e c t  s a l a r i e s  and overhead, and 20'$6f'or computer 
charges e (Cost in thousands a 1 

b ~ n c l u d e s  estimated cos t s  f o r  a l l  necessary hardware, including fuel ,  but not including value of 
fjssil-e mater ia l  used; includes a l s o  estimated expenses of Pacific Northwest Laboratories for per- 
forming experiments. 



Ref. 1, and, together w i t h  operation of the reactor experiment, should 

permit select ion and detai led design of a full-scale MSI3R. 

program w i l l  result  i n  improved nuclear data, i n  a much better under- 

standing of the dynamic charac te r i s t ics  of' such ~ ~ ~ c % Q F s ,  and i n  con- 
firmed method of computation. 

The proposed 

The author acknowledges w i t h  thanks the invaluable assistance of 
C. W. Craven, Jr., 'E. W. Kerlin, B. E. Prince, and others  i n  the 

preparation of t h i s  report .  
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