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PHYSICS PROGRAM FOR MOLTEX-SALT BRFEDER REACTOR3 

A.  M. Per ry  

1. INTRODUCTION 

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

concept t h a t  emerges from the  design s tud ie s  conducted a t  ORNL i s  t h e  

prospect t h a t  very low fue l -cyc le  cos t s  w i l l  coincide with very good 
f u e l  u t i l i z a t i o n ,  t h a t  i n  f a c t  the curve of fue l -cyc le  c o s t  versus 

doubling time will possess a minimum a t  a doubling t i m e  as shor t  as 15 
t o  20 years*, and t h a t  t h i s  minimum f u e l  cos t  w i l l  be as low as 0.3-0.4 
mills/kwhr(e) 

func t ion  of annual y i e l d  are shown i n  F ig ,  1 f o r  two cases,  i e e e 7  with 
and without continuous removal of 233Pa. 

Our present  es t imates  of t he  fue l -cyc le  cos t  as a 

That a r eac to r  comprising e s s e n t i a l l y  graphite,  thoriurri, and ,333U 

should be ab le  t o  breed i s  not i n  i t s e l f  surpr i s ing ,  f o r  we have long 

had reason t o  be l i eve  t h a t  t h i s  i s  poss ib le ,  provided t h e  f u e l  i s  r e -  

processed a t  a s u f f i c i e n z l y  rapid r a t e .  

be accomplished economically, however, and tha t  a very high f u e l  s p e c i f i c  
power can be maintained while keeping neutron l o s s e s  i n  233Pa t o  a very 

l o w  l e v e l ,  appear t o  be unique p rope r t i e s  of the f l u i d  f u e l  reac tor .  

That such rap id  processing can 

It must be remembered t h a t  t he  exce l l en t  fuel-cycle c h a r a c t e r i s t i c s  

pro jec ted  f o r  the  Molten-Salt Breeder Reactor are based on a combination 

o f  a low ne t  breeding gain and a high s p e c i f i c  power. A n e t  breeding 

gain of about 0.07-0.06 w a s  found t o  be optimum ( i  .e., corresponds t o  
near-minimum f u e l  cos t )  f o r  the  cur ren t  reference MSBR design. 

This i s  of course a very s m a l l  margin f o r  breeding, and the  calcu- 
l a t i o n  of it i s  subjec t  t o  some uncer ta in ty .  I n  considering the  merit 

-x 
Throughout t h i s  r e p o r t l  doubling t i m e  i s  defined i n  terms of 

compound i n t e r e s t ,  i . e .  doubling time = Oa693/(annual y i e l d ) .  It thus 
app l i e s  t o  an expanding sys'cern o f  r eac to r s ,  r a t h e r  than t o  a s ing le  
r eac to r .  (Annual y i e l d  i s  of course the  annual f r a c t i o n a l  increase 
i n  fi ssih inventory ) 
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of the  IGBL'I concept, we must attempt t o  appraise  r e a l i s t i c a l l y  the 

poss ib le  magnitude and importance of unce r t a in t i e s  i n  the ca lcu la ted  
c h a r a c t e r i s t i c s  of the  reac tor ,  and t o  consider what s t eps  may be taken 

t o  reduce these  unce r t a in t i e s ,  

A descr ip t ion  of t he  Molten-Salt Breeder Reactor concept and of' 
our current  reference design f o r  an MSBR i s  given i n  the repor t  0FWI;- 

5996 ( R e f .  l), and w i l l  not be repeated here .  Some of' the  important 

c h a r a c t e r i s t i c s  t'flat are relevant  t o  a discussion of r eac to r  physics 

problems are given i n  Tables l and 2.  

p ropr ia te  t o  a s ing le  2225 M w ( t )  r eac tor ,  operat ing a t  an average core 

power d e r s i t y  of 80 kw/ l i te r ,  While they d i f f e r  s l i g h t l y  from those of 

a 5>5 M w ( t )  modular core operat ing a t  40 kw/ l i te r ,  the  d i f fe rences  a r e  

not, material t o  the present  d i scuss ion . )  

(These c h a r a c t e r i s t i c s  a r e  ap- 

Table 1, MSBR Performance 

Without Pa With Pa 
Removal Rem0 val 

Nuclear breeding r a t i o  
F i s s i l e  consumption ( Inventor ies  
pe r  year  a t  0.8 plant ,  f a c t o r )  
F i s s i l e  l o s s e s  i n  processing 
( Inventor ies  per  year  a t  0.8 p lan t  
f a c t o r )  
Fuel y i e ld ,  $ per  annum 
Neutron production per  f i s s i l e  
absorption, qe 
Spec i f ic  power, Mw( t)/kg fissile 
Fuel-cycle cost ,  mills/kwhr(e) 
Doubling time, years" 

L 0538 1.074 

1.03 1.17 

0.006 0 a 007 
4.56 '7.95 

3. Here defined as 0.6931 (annual y i e l d )  e 

"E'. R e  Kas-ten, E. S o  B e t t i s ,  and R .  C .  Robertson, Design Studies  
of lOOO-Mw(e)  Molten-Salt Breeder Reactors, ISSAEC Report ORNL-3996, 
Oak Ridge National Laboratory (August 1366). 



Table 2. MSBR Neutron Balance 

M a t  e r i a l  
Absorption s 

Without Pa Removal With Pa Rerrloval 

232rb 

233pa 

233u 

235U 
234u 

2 3 6 ~  

2 3 7 N p  
2 3 8 ~  

Carrier sa l t  (except %i) 
%i 
Graphi Le 

149 Sm 
1 5 1 ~ ~  

Other f i s s i o n  products 
Del-ayed neutron l o s s e s  
Leakage 

1 . 3 5 ~ ~  

0.9710 
0.0079 
0.9119 
0.0936 
0.0881 
0.0115 

0.0009 
0.0623 
o e 0030 
0.0300 
0. oo>o 
0.0069 
0.0018 
0.0196 
0.00~0 
0 , O O J - 2  

0.0014 

0.9370 
0.0003 
0.9247 
0.0819 
0 -0753 
0.0084 
0.0010 
0.0005 
o . 06 14.8 
0.0025 
0.0323 
0.00~0 
0.0068 
0.0017 
0.01-83 
o.ooh9 
0.0012 

Tot a1 2.2211 2.2268 

2 a ANALYSIS OF UNCERTAINTIES 

Because of the  O p e Y x L i i i g  f1exibil.j. Ly of f1ui.d fuel. reac tors ,  which 

allows cr i t ica l i -Ly  t o  'ne maintained by adjustment of  f u e l  concentration, 

we a r e  n o t  p r imar i ly  in- tercsted i n  the problem o f  ca1.culating the  c r i t i -  

ca l - i ty  factor per  se. We are concerned instead. with Lhe f rac t i .on  of  
source neu-trons t h a t  i s  ava i lab le  for absorption i n  the f e r t i l e  materis1.s. 

Estimates of  t h i s  quant i ty  may be uncertaj.n because of uncert ,a int ies  i n  

cross sections, i n  met32ods o f  coniput,ation, o r  i n  the assumptions made 
regarding t'ne behavior of f i s s i o n  produc-ts i n  t'ne r.eacLor system. Tflese 

sources of  uncer ta in ty  are  discu-ssed i.n t he  following sec t ions  
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2 . 1  Cross Sections 

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

sec t ion  unce r t a in t i e s  lead  to appreciable uncertainty i n  estimates of  

t h e  breeding performance of zhe reactor ;  only two o r  th ree  nucl ides  

have cross sec t ion  unce r t a in t i e s  t h a t  could, alone, a f f e c t  the breeding 
r a t i o  by as much as 0.01, 

The outstanding example, o f  course, i s  the  233U i t s e l f .  Here the  

important quant i ty  i s  the  average value o f  q J  averaged over the  e n t i r e  

reac tor  spectrum. This quant i ty  may be uncertain f o r  a t  Least three  
reasons: (1) t h e  value of  11 a t  2200 m/sec i s  uncertain by perhaps 1tO.3$,, 
( 2 )  the  var ia t ion  of 7 w i t h  neutron energy i n  the  range below 0.5 ev i s  
not known well  enough t o  e s t a b l i s h  7 ( i n  a thermal neutron spectrum w i t h  

kT 4.1 ev) t o  much b e t t e r  than 18, and (3)  
0.T ev i s  a l s o  subjec t  t o  an uncertainty of about 1%. 

i n  the  thermal average value of rl 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 uncertainty i n  breeding r a t i o .  

i n  a 1 / E  spectrum above 
The uncertainty 

The ambiguity i n  the e p i t h e m a l  q is, for tuna te ly ,  not so s i g n i f i -  
cant now as it has been u n t i l  recent ly .  The ambiguity arose from a 

discrepancy that  appeared t o  e x i s t  between average epithermal a values 
as  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 the  one hand, and from d i r e c t  i n t e g r a l  measurements of a on the  

o ther  hand. The d i f f e r e n t i a l  measwernents y i e l d  a value of averaged 

over a 1/'E spectrum above O e 3  ev, of about 0.23. This value is  subject  

t o  appreciable uncertainty,  however, because (Tc must be deduced by sub- 

t r a c t i o n  of  cr 

s t a t i s t i c a l  ana lys i s  of t he  probable e r r o r  i n  a, a s  derived from the 
d i f f e r e n t i a l  cross  sec t ions ,  has not been made. 

ments a r e  performed by measuring the  234U and f i s s i o n  product concen- 
t r a t i o n s  i n  i r r a d i a t e d  233U samples. 

and cs from the  measured u f T "  Furthermore, an adequate 

The i n t e g r a l  E measure- 

HesulLs of  t he  th ree  most recent 

'Based pr imar i ly  on the  measurements of Moore e t  al. ( M .  S .  Moore, 
L, G. Miller, and 0. D. Simpson, Phys. Rev. 118, 714 ( l $ O )  



10 

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

- a = 0.171 + 0.017 Ref. 3 Halperin 
Esch and Feiner a = 0.17:, ir 0.008 lief. 4 

Ref. 5 Conwsy anti. Gunst (x 7 0.175 ?1 0.006 
Avera &e (X = 0.175 +_ 0.005 

- 
- 
- 

We bel ieve  -tinat the  c lose  agreemen'c among these lndependent measure- 

ments and. the inherent ly  g rea t e r  accuracy of the d i r e c t  i n t e g r a l  a 

measurement support the  lowzr value of cx i n  the epithermai energy range. 

The value used i n  the  MSSR analyses was a == 0.173, leading t o  an average 

value of y, i n  a 1 / E  spectrum above 0 0 5  ev of 2.13. 
t ha t  an uncer ta in ty  of 0.01 i n  a ( x . 5  ev) generates  an  uncer ta in ty  of 

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

It may be noted 

A s imi l a r  di-screpancy between d i f f e r e n - t i a l  cross sec t ion  measure- 

iilents and d i r e c t  a measurements i n  the  epi.the:rmal region has ex is ted  f o r  

. In  recent  months t'ne a values deduced by d.e Saussure, Gwin, and 23SlJ 

IJes-Lon" from t h e i r  measurements of f i s s i o n  and capture cross  sec t ions  
f o r  23sU a r e  i n  nii~cii c lo se r  agreement with the  integral .  a measurements 

than any values previously derived from d i f f e r e n t i a l  c ross  for 235u 

secti-on measurements, and the re  i s  good reason t o  hope t h a t  t h i s  t rouble-  

some discrepancy i s  very near ly  resolved. Similar  experiments f o r  CT 
and C J ~  f o r  233U a r e  now underway by Tdestoii, Gwin, de Saussure, and t h e i r  

f 

'J. Halperin e t  al., The Average Capture/Fission Ratio of 233U f o r  
Epi.therma1 Neutrons, Nucl. Sc i .  Eng., 16(2)  : 243 (June 1963). 

4L. J. Esch acid F. Feiner,  Survey of Capture and Fissioi? In t eg ra l s  
of  F i s s i l e  Mater ia ls ,  paper presented a t  the  National Topical Meeting - 
Reactor Physics i n  the  Resonance and Thermal Regions, February 1966, 
San Diego, Cal i forn ia .  

Teclnnical. Progress Report Reac-tor Physics and. Mathematics f o r  the Period 
OcLober I, l$5 t o  January 1, 1966, USAEC Report WAPD-MRJ-32, p. 9, 
B e t t i s  Atomic Power La,boratory. 

Capture Cross Section, foi* E35U i n  t he  Energy Region from 3.25 ev t o  
1. -8 kev, USAEC Report OmL-3738, Oak Ridge Na-t;ioinal Laboratory, Apr i l  
1963, and subsequent p r i v a t e  communi ca t ions .  

'D. E. Conway and S .  B. Gunst, h3itherrnal Cross Sections of  233U, 

6G. de Saussure e t  a l . ,  Measurement of a, the Ratio of  the Neutron 



col laborators  a t  RPIe7 These measurements, (when combined with o ther  

da ta  a t  energies above L kev) p y ie ld  :a value f o r  a, averaged over a ( l / E )  

spectrum above 0.5 e v ,  01 0.188 t 0,0l, i n  much c loser  agreement with 

the  i n t e g r a l  measurements c i t e d  above We bel ieve,  therefore t h a t  the 
range of uncertainty i n  a has been s ign i f i can t ly  reduced. by these 

measurements, and can hardly exceed 2 0.01, centered around a mean value 

c lose  t o  t h a t  of the i n t e g r a l  measurements e 

- 

In addi t ion t o  the r e l a t ed  unce r t a in t i e s  i n  11 and i n  a, there  i s  

This i s  not  of any a l s o  an uncertainty i n  the value o f  v = ~ i ( l  f a ) .  

consequence i n  the subcadmium energy range, s ince q i s  a d i r e c t l y  

measured qua.ntity. In t'ne epicadsnium range, however, rg i s  deduced from 

a and v ,  and must r e f l e c t  unce r t a in t i e s  i n  both of these quan t i t i e s ,  

It i s  d i f f i c u l t  t o  assess  the uncertainty i n  v because of what appear t o  

be systematic discrepancies between determinations by various me+,hods. 
Nonetheless, we present ly  bel ieve it i s  unl ikely that  v l i e s  outs ide 
the range 2.50 3- 0.01, The combined e f f e c t  of the  unce r t a in t i e s  i n  
and i n  v i s  an uncertainby of 

ev. 
Uncertainty i n  the value 

spectruni i s  important because 

the  subcadmium neutron range 

about l'$ i n  y, i n  the energy range E > 0.5 

of ;1 averaged over the  thermal neutron 

-'-lo% of the absorptions i n  233U occur i n  

Direct measurements of q(  E ) / ~ ( o  .023 ev) 
have been made by severa l  invez-tigators s ince the  ea r ly  1-950's. The 

ex i s t ing  measurements a r e  not t n  good agreement with each o ther  o r  trith 

values deduced from d i f f e r e n t i a l  c ross  sec t ion  rneasuremenw, nor do 

they have the very high prec is ion  required t o  determine <q/qo>avg t o  an 

e r r o r  as s m a l l  as t h a t  i n  i t s e l f  [TI, = q(O,025 ev) ] 7, 
The problem i s  i l l u s t r a t e d  by the da ta  shown i n  Fig,  2, where the  

symbols represent d i r e e t  r e l a t i v e  rg measurements, normalized t o  7 = 

2.294*, and the s o l i d  l i n e  represents  the values used i n  the MSBR design 

s tudies .  

0 

Averaging t3vw a Mamellian f lux  d i s t r i b u t i o n  peaked a t  0.1 ev, 

7L. W. West39 e t  al., Measurement of the Neutron Fiss ion and Capture 
Cross Sect ions for 233U i n  the Energy Region 0.4 t o  1000 W J ,  USA= Report 
ORNL-TM-l7>l, Oak Ridge MationaZ Laboratory, April. LC967. 

t o  a value of 2.29 a t  0.0r[3 ev. 

x 
Except f o r  t h e  Harwell (1$4) measurements, which a re  normalized 
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one can e a s i l y  obtain values Tor 7 ranging from '2.26 t o  2.30 and the 

t r u e  value could possibly,  though not probably, l i e  outs ide t h i s  range. 

This uncertainty i n  the average thermal q of 233U remains t h e  most 

important s ing le  contr ibutor  t o  uncertainty i n  the  breeding r a t i o  of an 

MSBR. ,The P and fl measurements of Weston e t  a l .  a r e  now being ex- 

tended downward i n  energy t o  about 0,02 ev, ind it i s  expected t h a t  t h i s  
w i l l  s i g n i f i c a n t l y  reduce The uncertainty i n  the  average value of' q .  

C f 

One of t he  most abundant mater ia ls  i n  the  MSBR, and one of t he  most 
important p a r a s i t i c  neutron-absorbers, i s  f luo r ine ,  A s  i s  t r u e  of o ther  

l i g h t  elements, t he  resonances of f luor ine  a r e  predominantly sca t t e r ing  

resonarices, and the  rad ia t ive  cap Lure widths a r e  d i f f i c u l t  t o  determine 

accurately.  
the  high-energy (n,a)  cross  sec t ions  a r e  equal ly  uncertain.  These un- 

c e r t a i n t i e s  a f f e c t  t he  estimated breeding gain t o  the extent  of about 
0.005; while not Large i n  an absolute  sense, t h i s  i s  a non- t r iv i a l  

f r ac t ion  of the breeding gain, and it would f a c i l i t a t e  fu r the r  design 

and optimization of molten-salt  reac tors  t o  have improved accuracy i n  

these  cross  sec t ions  of f luo r ine ,  A more accurate determination of the 
resonance capture i n t e g r a l  would i t s e l f  be an appreciable help i n  re-  

ducing the  l i m i t s  of uncertainty i n  the  f luor ine  absorption r a t e .  

The capture widths a r e  not know t c  b e t t e r  than +30$, and 

Uncertaint ies  i n  remaining cross sec t ions ,  including L i ,  Be, C,  Pa, 

and f i s s i o n  products, probably do not contr ibute  an uncer ta in ty  i n  
breeding rabio grea te r  than about 0 01. 

The e f f ec t ive  cross  sec t ions  OP thorium may indeed be subjec t  t o  
considerable uncertainty,  a r i s i n g  from imcer t a i c t i e s  i n  resonance pa- 

rameters, from methods of  computation of resonance se l f - sh ie ld ing ,  and 

from variat ions i n  geometry of the f e r t i l e  s a l t  passages. Variations 

i n  passage geometry m y  well contr ibute  the  g rea t e s t  uncer ta in ty  i n  

thorium absorption r a t e ,  Further ana lys i s  o f  t h i s  p o s s i b i l i t y  i s  re- 

quired, but i s  l i k e l y  t o  lead  t o  requirements on the  mechanical design 

of MSBR cores, r a the r  than t o  the  need f o r  €urther  measurements of cross 

sec t ions  o r  resonance i n t e g r a l s  Uncertaint ies  i n  cross  sec t ions  of 

234-[5 and 236U a r e  of' minor consequence, s ince these mater ia ls  reach 
equilibrium concentrations r a the r  quickly,  The 234U i s  a f e r t i l e  



material ,  while 236U i s  a poison. The eqv.il.ibri.um absorption rate i n  

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

pi-ecursors, 233U and 235U; however, t he re  i s  some small dependence on 

the  234U and 236U cross  sec t ions  because Soia? of the  material i s  ex- 
tracted.  froiii t he  f u e l  st;r.earn, along with the  f i s s i l e  isotopes,  a:; excess  

production. 

The 235U cross sec t ions  a r e  known w i t i i  about, the  same prec is ion  as 

those of 233U, bu t  are of f a r  l e s s  importance, s ince  less  than 10% of 

.y* e fissi l e -mater ia l  absorptions a r e  i.n 235U. 
%ne various cross  sec t ion  unce r t a in t i e s  that, contr ibute  s i g n i f i -  

can t ly  t o  uncer ta in ty  i n  the estimated breeding perfomlance a r e  sum- 

marized in Table 3. I n  t h i s  table,  we show nominal raages  of uncer ta in ty  
as  f r a c t i o n a l  deviat ions from what we be l ieve  t o  be t’ne most probable 

values.  We r e f r a i n  from tal-ling these deviat ions probable e r ro r s ,  be- 

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

normal e r r o r  d i s t r ibu t ion ,  and hence do not rea l ly  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 tile ranges wi.S.hin which the  t r u e  values have perhaps a 50% 

o r  g rea t e r  p robab i l i t y  of f a l l i n g .  Also shown a.re the  corresponding un- 

c e r t a i n t i e s  i n  breeding ga-in. I n  the  case of 233U, 234U, and 235U, t he  

consequent changes i n  235U/233U absorption r a t i o  and i n  z36U absorption 

r a t e  a re  Laken i n t o  account i.n the  indica.t,ed unce r t a in t i e s  i n  breeding 

gain. 
Since the  unce r t a in t i e s  l i s t e d  i n  Ta’ole 3 a r e  a l l  independent, and, 

wi-t’n respect  t o  the mos-t probable values of the various cross  sec t ions ,  

pos i t i ve  and negative deviat ions are equal ly  l i k e l y ,  we have combined 

t‘nem by taBing tile squ.are root  of the  sum of  the  squayes as the  ove ra l l  
uncer ta in ty  i n  breeding ra.-tio at-tributa’ole t o  cross sect ion unce r t a in t i e s .  

The resd-b ing  value, ( ~ 6 ~ )  

i n  the average thermal 7 of  2-33U. 
= 0.026, r e f l e c t s  p r h a r i l y  the uncer ta in ty  

The e f f e c t  of cross sec t ion  unce r t a in t i e s  can a l s o  be appreciated 

by reference t o  Fig.  3. Tfle various curves o f  fuel.-cycle c o s t  versus 

a.n_nual f u e l  y i e ld  t h a t  are shown i n  Fig.  3 represent  t he  r e s u l t  of re- 
optimizing t;he reac tor  t o  compensate for spec i f ied  a l t e r a t i o n s  i n  c ross  



Table 3. EPfect o f  Cross Secti.cn Uncertaint ies  
on Breeding Ratio 

Nuclide Cross Section 6Db AC 8BRd 
a 

7 ~ i  

Be 

0.003 

0.01 

0.01 

0,Ol 

0.015 

0~25 
0.1 

0.3 
0.1 

0.1 

0.1 

0.07 

0- 3 
0.3 

0.1 

0 .l 

0 .1  

0.15 
0.1 

0.1 

0.3 

0.033 

0.049 
-- 
0.008 

o a 0003 

0.013 

0 008 

0.006 

0.02 

0 e 001 

0.002 

0.003 

0.01 

0.01 

+o = 007 

20 009 

to. 003 

t0.022 

~0.001 
-- 

+<o a 001 
-- 

t<o . 001 
-- 
-- 

+o B 001 

t-o 003 
to. 002 

ti) * 002 
-- 
-- 

t o n  002 

+o ,001 
k0 D 003 

a The notat ion ( t )  s i g n i f i e s  the energy range below 1.86 
ev, and the  nota t ion  ( f )  s i g n i f i e s  energies above 1 A 6  evg 
except f o r  233U and E35U where the  break poin t  i s  0.5 ev. 

b6cr i s  the  f r a c t i o n a l  iuicertainty i n  the cross sect ion.  

r e l a t i v e  t o  7~ source 

dUncertainty i n  breeding r a t i o  r e su l t i ng  from indicated 

c Approximate typ ica l  absorptions 
neutrons; m a y  vary, of course9 f r o m  case t o  case. 

cross sect ion uncer ta in ty-  
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1) REFERENCE CROSS SECTIONS - WlTH Pa REPAOVAL 
3 REFERENCE CROSS SECTIONS - VJlTHOUT PCS REMOVAL 
3) 8NCREASEB FLUORINE ABSORPTION - 
4) ALL ABSORPTION CROSS SECTIONS INCREASED EXCEPT 

Pa, u, Tk 
59 ALL CAPTURE CRCl?S SECTIONS I W E A S E D  10% 

- 5 - 4 - 3 - 2 - 1  0 1 2  3 4 5 6 7 8 9 1 0  
ANNUAL FUEL YiELD (%/yr) 

Fig. 3 .  T'e E f f e c t  of Cross Sectioii TJncertaintiea on the 
MSBIi Performance. 



sec t ion  values used i n  the ca lcu la t ions .  Curves 1 and 2, which a l s o  

appear i n  Fig.  1, a r e  the reference curves with and without 233Pa re -  

removal , respect ively.  Curve 3 r e s u l t s  from increasing just t h e  f luor ine  

absorption cross  sec-tions, f o r  the  case without Pa removal, while curve 

4 r e s u l t s  from increasing the  absorption cross sect ions of a l l  con- 
s t i t u e n t s  of the core (except the  heavy elements Pa, U,  and Th) by the  

percentage amounts shown i n  Table 4. 

Table 4. Assumed Increases i n  Capture 
Cross Sections 

(Percent o f  reference values) 

mi thermal  (T a Isotope Thermal (Ta 

%i 
7 L i  
Be 
C 
F 
149sm 
l5'sm 
Other f i s s i o n  
products 

1 
11 
11 
9 
7 
10 
10 

10 

10 
LO 
15 
9 

32 
20 
20 

10 

To obtain curve 5 9  capture cross sec t ions  af a l l  nuclides,  i n -  

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

energies. 

crease of about 0.03 i n  the  average value o f  11. 

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- 

All of the  per turbat ions represented by curves j, 4, and 3 a r e  re -  

l a t i v e  t~ curve 2, i . e . ,  without Pa removal. Comparison of these w i t h  

curve 1 shows the  very subs t an t i a l  incent ive f o r  continuous removal of 

t he  Pa. 

rect ion,  represent ing an adverse reso lu t ion  of a l l  cross  sect ion m- 
c e r t a i n t i e s .  Deviations i n  the  o ther  d i r ec t ion  a r e  of course equal ly  

l i k e l y ,  so f a r  as cross  sec t ion  unce r t a in t i e s  a r e  concerned,) 

( A l l  of  the  per turbat ions shown. a r e  i n  the  unfavorable d i -  



i n  suinmary, the cross  sect ions which p a r t i c u l a r l y  requi re  f u r t h e r  

inves t iga t ion  are  : 

1) the  va r i a t ion  ol" 7 of 233U with neutron energy i n  -the range of  

0.01 io 1. ev; 

2 )  
3) t h e  r ad ia t ive  capture  wid.th, the ( n , a )  cross  sect ion,  and the  

the  absolute  values of  11 an.d II a t  0.025 ev; 

resonance capture integral .  of "F. 

Further ana lys i s  of da ta  a1.read.y ava i l ab le  may e i t h e r  reduce the  

unce r t a in t i e s  assigned t o  some important yuan t l t i e s  such as tine average 

epithermal a, o r  may pinpoint  spec i f i c  nieasurements which would be 
espec ia l ly  he lp fu l  i n  red-ucing such unce r t a in t i e s .  

2-2 Compu.ta-t,i.onal Methods 

Ver i f ica t ion  of computational methods, without aiinigui.t,y f ~ o r n  cross  

sec t ion  unce r t a in t i e s ,  i s  usua l ly  d - i f f i c u l t  -Lo obtain.  However, our 

experience with the  MSRE leads  us t o  beli-eve that, on the whole our  

methods a r e  qu i t e  adequate t o  dea l  with t'nis type of reac tor .  Br ie f ly ,  
the  methods employed i n  "iine s t a t i c s  ca lcu la t ions  were one- and two- 

dimensional mu.l..i;igroup d i f fus ion  theory-. The neutron spectrum and group- 

averaged cross  sect ions were obtai-ned from GAM-'NEIIMOS c e l l  ca lcu la t ions .  
A comparison of predicted and subsequently observed values f o r  some o f  

the  important, cha rac t e r i s t i c s  of the MSRE i s  given i n  Table 5.  
The good agreement between predicted and observed values lends con- 

s iderable  confidence i n  the v a l i d i t y  of the me ihods employed. Similar  

methods were used by General Aton1i.c i n  the  pred ic t ion  of c r i t i - c a l  loadings 
f o r  t he  Peach So-ttom Heactor, which i s  complicated by nonuni.form 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 as cont ro l  

rods and poisoned dummy fuel elements, and by appreciable  self sh ie ld ing  
o f  the heterogeneously d i s t r ibu ted  thorium. 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'nis agreement 

prevail-ed over a range of core I.oadings, the p o s s i b i l i t y  of chance cancel.- 

l a t i o n  of sys'iciiiatj.c e r r o r s  i s  considerably reduced, 
Tt must be acknowledged, however, t h a t  the  MSBli configuration i s  

somewhat more corpl.i.cated than t h a t  of the MSI?E, and has complexities of 



Table 5. A Comparison of Predicted and 
Observed Charac te r i s t ics  of t h e  MSRE 

Charac te r i s t ic  Predicted Ob served 

C r i t i c a l  concentra.tion of 2 3 5 ~  J 

@;/l i ter  33 = 06 33.1 
Fuel concentration coe f f i c i en t  
of r e a c t i v i t y  

Isothermal temperature coef- 
f i c i e n t  of r eac t iv i ty ,  €k/k/"F -8.1 x low5 -'7.3 x LO-" 
React ivi ty  worth of th ree  

React ivi ty  e f f e c t  of f u e l  
c i r cu la t ion  ( loss  of delayed 

0.234 0.223 Y 6c c 

cont ro l  rods, $ 6K/k 5.46 3.39 

neutrons) $, 6k/k 0 * 222 0.21 

a somewhat d i f f e r e n t  character  from those of the  Peach Bottom Reactor. 

A sketch of the present  concept f o r  an MSBR l a t t i c e  c e l l  is  shown i n  

Fig. 4, Prom which one may appreciate  t he  importance of  a carefu l  calcu- 
l a t i o n  o€ the  space- and energy-dependence of the neutron f lux ,  both 

f o r  thermal neutrons and f o r  resonance neutrons. While es t imates  of the  
p o t e n t i a l  performance of the  MSBR concept are nod ser ious ly  a f fec ted  by 

e r r o r s  of a f e w  percent  i n  ca lcu la t ing  these d e t a i l s  of the f l u x  d i s t r i -  

butions,  t he  design ca lcu la t ions  f o r  a p a r t i c u l a r  reac tor  require  higher 

precis ion,  pr imar i ly  t o  provide assurance aga ins t  f i e 1  cos t  pena l t i e s  

t h a t  might a r i s e  i f  t he  c r i t i c a l  f u e l  concentration were appreciably 

d i f f e r e n t  than expected. 
the  adequacy of present ly  ava i l ab le  methods, it, w i U  be necessary t o  

ve r i fy  t h e i r  adequacy both by inves t iga t ing  the  e f f e c t  of fu r the r  re- 

finements i n  technique (cy. SEC. 3 0 3 )  and by comparisons between calcu- 

l a t i o n s  and the  r e s u l t s  of ca re fu l ly  selccLed experiments which reproduce 

the  d e t a i l s  of the  MSBR c e l l  geometry (cf  See. 3 . 6 ) .  

Although we have no a p r i o r i  reason t o  doubt 
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2 I( 3 Assumptions Regarding Salt Chemistry 

A s  i s  w e l l  known, the  conversion r a t i o  i n  a thermal-neutron r eac to r  

depends very much on the  r a t e  of processing o f  the  f’uel, l a r g e l y  because 

it i s  by t h i s  means t h a t  neutron l o s s e s  t o  f i s s i o n  products may be con- 

t r o l l e d .  I n  the  processing scheme proposed f o r  t he  f u e l  s a l t  of t h e  
MSBR, t he  t h i r t y  o r  more chemical elements of which s i g n i f i c a n t  amounts 

a r e  present  i n  the  f i s s i o n  products m y  be expected t o  behave i n  qu i t e  

d i f f e r e n t  ways, depending on t h e i r  chemical and physical p rope r t i e s  i n  

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

f i s s i o n  product behavior i n  the  MSBR s tud ie s  are c i t e d  i n  Table 6 .  

a desc r ip t ion  of the  processing system, see Ref. 1.) 

(For 

Table 6 Disposition o f  F iss ion  Product,s 
i n  MSBR Reactor and Processing System 

1. Elements present  as gases; assumed t o  be p a r t l y  
absorbed by graphi te  and p a r t l y  removed by 
gas s t r ipp ing  (l/27& poisoning assumed) 2 

assumed t o  be removed instantaneously: Rh, Pd, Ag,  In 

f luor ides ;  assumed t o  be removed i n  the S e ,  Br,  I, Nb, 
f l u o r i d e  v o l a t i l i t y  process: Mo, Ru, Tc, Te 

4. Elements t h a t  form s t a b l e  f luo r ides  l e s s  Sr, Y, Ea, La, C e ,  
v o l a t i l e  than LiF; assumed t o  be separated Pr, Nd, Pm, Sm, Eu, 
by mcuum d i s t i l l a t i o n :  Gd, Tb 

c a r r i e r  sa l t ;  assumed t o  be removed only 
by s a l t  d i scard :  Rb, Cd, Sn, C s ,  Z r  

Kr, Xe 
2. Elements t h a t  p l a t e  ou t  on metal surfaces;  

3. ?lalogens and elements t h a t  form v o l a t i l e  

5 .  E l e m m t s  t h a t  a r e  not separated lfrom the  

I n  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 h a t  these  assignments a r e  not i n  a l l  cases ce r t a in ,  

and one must a s c e r t a i n  the  e f f e c t  on MSBR performance o f  poss ib le ,  i f  

improbable, devia t ions  from these  assumptions 
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Because of t h e i r  combination of high f i s s i o n  y i e ld  and high neutron- 

absorption cross  sect ion,  and. because t h e i r  f1.uorid.e~ are probably not 

more stable t'naii t h e i r  carbides,  one i s  par t icu l -a r ly  l e d  -to exami.ne a l t e r -  

na t ive  mod.es of behavi-or f o r  t he  elements of group 3, e spec ia l ly  molybd-e- 
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  forin ne i tke r  f luo r ides  nor caybides, but  will. r a the r  form 

inter-inetal1i.c compounds with o ther  metal.Lic f i s s i o n  pyoducts, e . g *  , those 
of group 2, o r  simply remain i n  t h e  sal t  as colloi .dal  suspensions of t he  

m e t a l . .  I n  t h i s  event, these elements would s t i l l  be removed i n  the  vacuum 

d i s t i l l a t i o n  process,  and t'nere would be no change i n  the neutron balance.  

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

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

a.nd hence remair! ind .e f in i te ly  i n  ti?e core. Deposition of severa l  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 j.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 are typ ica l  of a l l  the  MSRE graphi te ,  one can 

ca l cu la t e  t h e  f r a c t i o n  of each f i s s i o n  product species t'nat remains i n  

the  cori: e These f r ac t ions ,  calcul.ated from a c - i i v i t i e s  observed on tile 

graphi te  specimens removed from t,he MSRE i n  Ju ly  1.966, are shown i n  Table 

' 7 .  It i s  imed. ia te ly  ob-vious, of course, t h a t  any mechanisiii t h a t  can leave 

f i s s i o n  products i n  the  core inde f in i t e ly  i s  p o t e n t i a l l y  very ser ious,  

e spec ia l ly  so i n  a reac tor  with very hLgh spec i f i c  p o ~ e r .  

shown t h a t  the  add i t iona l  neutron absorption t h a t  would r e s u l t  would be 
near ly  proport ional  t o  t h e  f r ac 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 rermved i n  processing, The time required 
f o r  each species  t o  s a t u 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 severa l  f i s s i o n  produc-i nucl ides  t'nat 

imuld resu l t  from 100% re ten t ion  on t'ne graphi te  of an MSBR i s  shown. i n  

Table 8 as a funct ion of time, i n  full-power years,  a f t e r  s t a r t u p  of the  

reactor .  As an appl ica t ion  of t he  information given. i n  Table 8, 'Table 9 
shows the  average poisoning t h a t  would. resul t  i n  a n  MSBR i f  t he  various 

nucl ides  were deposited t o  the ex ten t  obscrved i n  the MSRE (as shown i n  

Table ' 7 ) .  
95M~, t h a t  is, t h a t  it behaves e i t h e r  l i k e  i t s  precursor,  95Nb, or l i k e  

It can e a s i l y  be 

(Two d i f f e ren t  assumptions were made regarding the  'oehavior of 



Table ‘9. Fission-Product Deposition i n  the Surface 
Layers” of MSRE Graphite 

(Percent  of Tota l  ) b 

Graphite Location 

1sot;ope Top of Middle of Bottom of 
Core Core Core 

13.4 
13.8 
11.4. 

12 

0.16 

0.33 
0.052 

1‘38 
0.19 

0.07 

3.24 

17.2 

13.6 
10.3 

59.2 

0.33 
0.27 

0.27 

3-30 
1.89 
0.63 
0.23 

11.5 

6.3 
62.4 
0.25 

0.13 

12.0 

0.14 
2.74 
1.14 
0.36 

0 * 212 

a Average of values i n  7 t o  10 mil cuts  from each 

bExpressed as percentage of the quant i ty  of each 
of th ree  exposed graphi te  faces .  

species  produced i n  the  reac tor  t h a t  w o u l d  be deposited 
on graphi te  i f  each cm2 of  t h e  2 x lo6 em2 of moderator 
had the same concentration as t h e  specimen, 



Table 8 .  Loss of Breeding Rat io  Corresponding to 

Products i n  the MSBR Core 
Complete Retention of Certai.n Fission 

'Time After Star tup ( fu l l  -power years )  
(04>-'- .___. 1-_1 

2 5 10 15 20 (yr) 
Nuclide 

Tota 1 

5.4 
36.2 

116 

1.3.8 

3.9 

9 .I 

53 

82 

0.51 

7 . S  

11.4 

58 

290 

19 3 

0.0167 

0.0026 

0.0008 

0 .OOO? 

0 .01.74 

0.0055 

0.0008 

0.0002 

0.0166 

0.0012 

0.0002 

0.0001 

-.. 
0.0002 

0.063 I. 

0.004l- 

0.0065 

0.0003 

0.035 

0.0323 

0.0062 

0.0020 

0.001'7 

0.0312 

0.011.8 

0.0020 

0.0005 

0.0169 

0.0024 

0.0004 

0.0002 

0.0001 

0.0006 

0.1083 

0.0099 

0.0143 

0.0009 

0.067 

0.0453 

0.0115 

0.0038 

0.0033 

0.0399 

0.0184 

0.0036 

0.0010 

0.0169 

0.0035 

0.0006 

0.0004 

0.0003 

0 .GO12 

0.1494 

0.0186 

0.0230 

0.0019 

0.099 

0.0507 

0.0163 

0.0055 

0.0049 

0 .  W25 

0.0222 

0.0051 

0.0015 

0.0169 

0.0041 

0 .OOO? 

0.0006 

0.0004 

0 .001.8 

0.1732 

0.0267 

0.0288 

0.0028 

0.1.20 

0.0528 

0.0201 

0.0073 

0.0065 

0 .0434 

0.0244 

0.006G 

0.0019 

0.0169 

0 .OW5 
0.0008 

0.0008 

0.0006 

0 -0023 

0.1-889 

0.0339 

0.0329 

0.0037 

0 . 1-36 



Table 9. Average Poisoning as a 
Deposition Fractions from 

Function of  Ewosure wi-t'n 
F i r s t  MBRE Samples 

t 
P ( t p  ) d t P  - 1  P = - $  

t o  

Time (years )  
A s  sump t i on 

2 5 10 13 20 

95Mo a c t s  l i k e  95Nb 0 e 0072 0.01-y o a 0229 0.0~7'3 o 03'20 
95M0 a c t s  l i k e  99M0 0.004:, 0.0081. 0,0121 0,0147 O.Ol66 

""Mo.) 
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, 

P ( t ) ,  shown i n  Table 8 represents  the current  loss of breeding r a t i o  a t  
t i m e  t a f t e r  s t a r t u p  with clean graphi te ;  a l s o  given i n  Table 8 i s  the 

t 
average l o s s  i n  breeding r a t i o ,  defined by 'i; = (l/t) 

Table 8 a l s o  l i s t s  the combined contr ibut ions oI" severa l  groupings 

F ( t P  ) d t B  (I 

0 The noble metals (group 2 i n  Table 6 )  cons t i t u t e  another group of 

f i s s i o n  products whose behavior may wel l  be different;  Yroni t h a t  assumed 

i n  the  MSBR s tudies .  
rutheniun) will be produced by one 1000-Mw(e) reac tor  over a p y e a r  

period., one would p r e f e r  t h a t  they not deposi t  on metal surfaces,  as w a s  
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 will r eac t  with o ther  f i s s i o n  products 
( e  a g r ,  molybdenum), forming in t e rme ta l l i c  compounds 

mental forni, and i n  e i t h e r  evefit be removed i n  the residue of the vacuum 

d i s t i l l a t i o n  process,  A ca lcu la t ion  of  the addi t iona l  poisoning t h a t  

would r e s u l t  f rom having these nucl ides  remziin i n  t h e  f u e l  stream for the  
normal processing cycle ind ica tes  a maximum l o s s  of breeding r a t i o  of 
0.001, which i s  ce r t a in ly  nothing t o  V Q ~ S ~  about. 

Since about two tons OS these mater ia ls  (mostly 

o r  remain i n  e l e -  

If, Tor any reason., a l l  of these nucl ides  were to  remain i n  the  

core inde f in i t e ly ,  the  asymptotic poisoning effeci; would be about 0.08, 

This would of course be ser ious ,  but the p robab i l i t y  of i t s  occurrence 

seems vanishingly small. 



‘The behavior of xenon (and krypton) i n  an MSHH system i s ,  o f  course, 

very important, with some 0.04 i n  breeding rati-o dependenti on near ly  
complete removal of these  gases by sparging with hel.i.um i n  the  fue3. pump. 

Experience with operat ion o f  Yne MSRE gives every assurance t h a t  thi.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 basis of -the kno-wn permeabi-lity 
o f  the  graphi te ,  a n  observation which may- be accounted f o r  by some s l i g h t  

entrainment of s m a l l  helium bubbles i n  the circulat , ing fue l  sa l t .  

The assumption with respect  t o  g ~ o u p  5 f i s s i o n  products i s  t h a t  they 

remain i n  the f u e l  ssl t  e s s e n t i a l l y  inde f in i t e ly .  It  i s  perhaps a-t; least ,  

as l i k e l y  t,hat cad-miuin and t i n  w i l l .  behave l i k e  group 2, t h a t  is ,  as j u s t  
discussed, be removed i n  the  regular  fuel. processing cycle .  Such a con- 

t ingency could. only improve the breeding r a t i o .  However, the  comhined 

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 l21t i s  only about O.3$, so t h a t  a t  most a gain i n  breeding ra- t io  

o f  0.003 might be real-ized. 

The reasons f o r  the f i s s i o n  product behavior observed j.n the MSHE 

a r e  not  ye-t f u l l y  understood. The ro1.e of various f ac to r s  which may 
inf luence t h i s  behavior, and tile most promising means of l i m i t i n g  the 

deposit ion of f i s s i o n  products w i l l  be thoroughly inves t iga ted  i n  a 

research program described i n  another  report .” 

here because the behavi-or of f i s s i o n  products cons t i t u t e s  t h e  prYncipal 

source ol” uncer ta in ty  i n  the  expected nilclear perfoymnnce of an bIS3H. 

%ne subject  i s  in-troduced 

An addi-t ional assumpt;ion of  some consequence, not l i - s ted  i n  Table 

6,  i s  t h a t  t he  237Np foriiied by neutron capture i n  236U w i l l  be removed 
from the  fue l  stream by t h e  f luo r ide  v o l a t i l i t y  process. If t h i s  were 

not t h e  case, and the  237Np were t o  remain i n  the f u e l  stream, along with 

-the uranium, there  would be a Loss of  4.01 i n  breeding r a t i o .  We be- 
l l e v e  t h a t  the  ricptuiiium can i n  f a c t  be removed, by proper operat ion of 

t he  sorbers  i.n the  fluorirle vcd.atj.li.ty process,  and the  p o t e n t i a l  l o s s  i n  
breeding r a t i o  j u s t  c i t ed  ind.icates Y l a t  t he re  i s  good reason t o  do so.  

*..- 

‘W. R. Grimes, Chemical. Hesearch and Development f o r  Molten-Salt 
Breeder Reactors, USAEX Report OEwL-!TM-l833, O a k  Ridge National. 
Laboratory, d i m e  1967. 
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3.  MSBR E32IC.CTOR PHYSICS € ' R E M  

A s  a result; of the  hnalyses summarized i n  the preceding sect ions,  

we are qui te  confident t h a t  an MSBR w i l l  breed u n d e r  condlti.ons t h a t  

produce minimum o r  near-minimum fuel cos t s .  m e r e  are nonetheless a 
number of aspects  of the physics of MSBR reac tors  which requi re  f i r t h e r  

inves t iga t ion ,  both t o  e s t ab l i sh  an adequate bas i s  f o r  the  detailed 

design of ap? MSBR and t o  gain a much b e t t e r  understanding of the dynamic 

c h a r a c t e r i s t i c s  of these  reac tors .  

3.1 Inves t iga t ion  of Qnamic Charac te r i s t ics  

The design s tudies  of molten-salt  breeder reac tors  t h a t  have been 
ca r r i ed  out up t o  the present, have emphasized the  normal, s teady-slate  

behavior of such reac tors ,  i n  order  t o  determine the i r  p o t e n t i a l  per-  

formance with respect  t o  the gmls of resource u t i l i z a t i o n  and economic 

power. Less a t t e n t i o n  has been d i r ec t ed  to such questions as the dy- 

namic response c h a r a c t e r i s t i c s  of an MSBR, as influenced i n  d e t a i l  by 

the design parameters, and t o  possible  abnormal RlQdeS of behavior t h a t  
might r e s u l t  from failures anywhere i n  the system. 

I n  order  t o  take 9ull advantage of i t s  breeding po ten t i a l ,  t h e  MSBR 

design must minimize neutron lo s ses  t o  cont ro l  rods and associated hard- 

ware (such as thimbles).  

t h e  MSBR t o  be s t rongly  se l f - regula t ing .  

This implies t h a t  i t  i s  highly des i rab le  f o r  

While there  are no reasons t o  suspect unsa t i s fac tory  dynamic be- 

havior  i n  the  N33H,  t he  system has new f ea tu res  whose e f f e c t  on dynamics 
cannot be predicted quan t i t a t ive ly  on the  bas i s  of  p a s t  experience. 

instance,  the system w i l l  use  c i r cu la t ing  r?33U fuel ,  and the  small de- 

layed neutron f r a c t i o n  of 23313. w i l l  be reduced to  an even smaller  ef-  
f e c t i v e  value by fuel  c i r cu la t ion .  Also, the system i s  a heterogeneous, 

two-fluid, c i r cu la t ing  fue l  r eac to r  and consequently has almost every 
time delay conceivable i n  a reac tor  system (heat t r a n s f e r  from graphi te  

t o  fuel, h e 1  t r anspor t  i n  the core, blanket  t r anspor t  i n  the  core, e t c . ) .  

The negative temperature coe f f i c i en t s  of r e a c t i v i t y  which are t o  be de- 

signed i n t o  the system a r e  no gunrantee o f  s t a b i l i t y  unless  the  time lags 

a r e  su i t ab le  a 

For 
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The experience acquired wi Lh the MSl3.E provides understanding about 
this t y p e  of system which wi1.l a i d  in analyzing the MSBR. The pse- 

d i c  Lions of 
d j  cal,ing that s a t i s f a c t o r y  mathermt~ical models amrd ana lys i s  procedures 
werc used. Experience w i t h  the gropased 233U loading i n  the AWRI~ w i l l  

f i r t l ier  extend our understanding. 

dynamic behavior' 7~e1-e experi.mentall~r confirmed, lo i n -  

3.1.1 S t a b i l i t y  Analysis 

Analysis of the  d y n a d c  bchavSol- sf the N5FE was based on calcu- 
l a t ions  o f  the eigenvalues of the time-dependent equaSLons f o r  t h e  

neutron density,  on ana lys i s  o f  the system frequency responac ( transfer 
funct ions)  a,nd on computation o f  the t r ans l en t  response t o  various 
perturbations in system operating parameters. These methods must-, be 
applied to c l a r i f y  the complex re la t ionship  ex is t ing  between the  dy- 
namic behavior of the MSBH system and the design parameters. 
y s i s  must o f  C Q U ~ S F ~  include ca lcu la t ion  of a l l  temperature- and power- 

dependent reactivity e f f e c t s .  

term dimensional changes i n  the graphi te  s t ruc tu res  (resulting from f a s t  

neutron bombardment), and of to3.era.nCes or indeterminacy i n  the geometry 

of the sa l t  passages will be required.  The posslbility o f  oscillations 

o r  other i n s t a b i l i t i e s  associated with movement of graphi te  atauctures, 
and concomitant changes i n  salt-passage geometry, although V'rasught to be 
remote, rnust be inves t iga ted .  

The anal- 

An inves t iga t ion  of the  effects of long- 

Drawing upon these s tud ies  and the t rans len t  analyses described 
below,a conceptual- cont ro l  and safety system must be developed which 

involves the smallest possible s teady-s la te  l o s s  of  neutrons t~ elements 
of  the con t ro l  system, while providing ample operational f l e x l b i l i t y  and 
protec t ion .  

'25. 6. B a l l  and T. W. Kerl in ,  Stcibi l i ty  Analysis of tlic Molten-Salt 
Reactor Experiment, USAEC Report ORNL-TM-lO7O, Oak Ridge National 
Laboratory, December 1965. 

'OW. B. Briggs, ~ o ~ ~ t e n - ~ a ~  t Reactor P'sogrm Seniannilal ~ r o g r e s a  
Report f o r  Per iod hkding February 28, l$6, USAEC Report C)RNL-39$, Oak 
Ridge National Laboratory, Juw 1966. 



A program of experimentaP inves t iga t ions  must be developed f o r  the 

breeder r e a m o r  experiment i n  order t o  provide adclitional. verificat , ion 
of t he  models and physical  propert les  employed i n  thc avlhlysis f o r  the 

MSBF. configuration. Extensive pre-zmulysis of the experiments t o  
f a e i l i t e t e  s e l ec t inn  of the  best excerimentsl conditions, w i l l  g r ea t ly  

enhance the value of  the experiments Cheniselves. 

3.1 .2  Transient Analysis 

Because o f  t he  mathematical me l m d s  used, the dynamic: analyses 

discussed above deal pr imar i ly  wibh the e f fec t  of comparatively small 

disturbances i n  the reac tor  system, and itre therefore  p r inc ipa l ly  
appl icable  t o  noma1 operat ing conditions of the  reac tor .  Larger d i s -  

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

stoppages, o r  from any of a number of  o ther  rap id  changes i n  operating 

conditions.  The e f f e c t s  of such changes must be analyzed to determine 
whether system temperatures will inherent ly  remain within nccepLable 

l i m i t s  o r  whether, on the corxtrrary, spec i f i c  cont ro l  actions must be 

taken. Additional studies will be required i n  connection with the 
sa fe ty  ana lys i s  of the  MSBR, All poss ib le  sources of pos i t i ve  re- 

a c t i v i t y  addi t ion  must be i d e n t i f i e d  and evalualed, including those 

which might r e s u l t  from f a i l u r e s  outs ide t h e  nuclear  system proper, and 
could therefore  be regarded as secondary criticality aceiderits. 

The methods present ly  ava i lab le  f o r  studying nuclear  excursions i n  
an MSBR must be careflrZly examined; some extensions and improvements i n  
these methods m y  w e l l  be required,  p a r t i e d a r l y  with regard t o  the  

transient temperature distriblcition within the core: and the t rans ien t ,  
d i s t r i b u t i o n  of delayed neutron precursors ,  

3.1.3 Flux Fla t ten ing  

The Length of t i m e  du-ring which the graphi te  st-nncLures in an MSBR 
can continue t o  perform t h e i r  f u n c t i o n  depends par-l,l_y on the Y B S T ,  neutron 
f l u x  l e v e l  (isee, on power densi ty)  and payi;.j_y c11 thc gradient  of the 
power dens i ty ,  as w e l l  as on the  nature of the graphi te  i t s e l f ,  The use- 

ful  l i f e  of the  graphi te  m y  be extended somewhat 'uy I'la'ctcnirig !be power 



dist r i -but ion,  as f o r  example by varying the s i z e  of s a l t  passages from 

place 'io place within the  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  coeffi .cients associated with these  s a l t  passages. Both 

the  des i ra ,b i l i ty  of f lux f l a t t e n i n g  and the  e f f e c t  of  doing s o  on 

r e a c t i v i t y  coe f f i c i en t s  should be inves t iga ted .  

3.2 Investiga-Lion of Altcrnate  Core Designs 

While i t  i s  unl ike ly  that there  i s  any configuration f o r  an MSBR 

t h a t  would have s igni . f icant ly  b e t t e r  breeding performance a t  low cos t  

t'nan does t h e  present  reference design, t he re  may be al.terne.{;c core 

configurat ions t h a t  could y i e l d  essent ia . l ly  the same performance while 

possessing d i f f e r e n t  , and perhaps des i rab le ,  mechanical f ea tu re s .  A 

search f o r  such a l t e r n a t i v e s  should be ca r r i ed  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  tile 

best bas i c  core concept. 

3.3 Development of  Methods 

Further improvement and refinemenl; o f  computational methods i s  

needed i n  order  t o  e s t ab l i sh  a satisfacto-ry leve l  of confidence i n  tile 

procedures - whether most e labora te  o r  r e l a t i v e l y  simple - Lhat wi1.l. be 

used i n  design of a spec i f i c  MSBR, such as the 190-Mw reac to r  experiment, 

and i n  order  t o  provide f o r  p rec i se  interpretat i .on o f  r e l a t e d  lat" bLce 

physics experiments ( c f .  See. 3 .6) .  
reac tor  l a t t i - ce s ,  the  key problems r e l a t e  t o  the ca lcu la t ion  of $ ( r , E ) ,  

the neutron f l u x  as a non-separable func-Lion of pos i t i on  and energy, i n  
the  source-energy region, i n  the resonancg region and i n  the thermalizat ion 
range. Problems of t h i s  s o r t  are  present  iil many -types o f  r eac to r  l a t t i c e s ,  

and cannot be sa id  t o  have been fii1.J-y resolved. The spec ia l  Tea-Lures of 

the MSBR la1;l;ice re la te  -Lo tine physical  separa t ion  of the f i s s i l e  and fe r -  

t i l e  materials i n  separate  s a l t  s t r e a m ,  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 g n i f i c a n t  sca.tteri.ng contr ibut ion of t he  fue l  

sa l t  i t s e l f .  Both two-dimensional. mu.l.t,i.group neu-Lron-transport methods 

and Mon'ie Carlo methods should be t e s t ed ,  aml one or born approaches used 

A s  i s  usua l  i.n geometrical-ly complex 

- 



i n  the ana lys i s  of l a t t i c e  experiments t o  determine the aaount, of d e t a i l  
i n  the descr ip t ion  of $(E,E) that it i s  necessarjr t o  obtain i n  order t o  
account for a l l  important c h a r a c t e r i s t i c s  of t h e  @BR lattice. 

In  the same vein,? and i n  view of the dominant importance of Talcu- 

lating cor rec t ly  the spectrum-averaged capture-to-fission r a t i o  f o r  
Z332T, it i s  highly des i rab le  to develop suitahLe procedure:; f o r  C~LXI-  

l a t i n g  Doppler-broadened, se l f - sh ie lded  cross  sec t ions  f o r  the  f i s s i l e  

materials without assuming asymptotic f l u x  shapes above each resonance, 

and, of course, t o  do t h i s  i n  fz comrrplex hekerngenesus Lat t ice .  

not l i k e l y ,  i n  Pact, tha t  any r e a l l y  large e f f e c t s ,  i n  an WBR, are 

assoc ia ted  with the detai2.s of t he  f lux  d i s t r i b u t i o n s  implied by such 

refinements of ana lys i s .  Hawever, the obJect;i.ae o f  achieving an un- 
usua l ly  high degree of reliability i n  the design ca lcx la t ions  i n  order  

t o  guarantee t h e  performance of %he reactar wjl;hin wry : i a r m w  l i m i t s  
r equi res  both meticulous a t t e n t i o n  t o  d e t s i l  i n  the ca lcu la t ions ,  and 

supporting experimental. work ( S e c .  3 " 6 )  

It i s  

Because of the  r e l a t i v e l y  smll s i z e  of an MSBR core, which results 

from i t s  high power densi ty ,  and because of the continuous removal of 
xenon from t h e  fuel salt,  as wel l  as the  t'norough mixing that would oecur 
even i f  xenon were present  i n  the salt ,  thcre  will be no tendency towards 

flux i n s t a b i l i t i e s  of t h e  kind normally expected i n  l a r g e  power reac tors .  
The question of non-separable time- and space-dependent e f f e c t s  w i l l  
nevertheless  arise i n  connection with the  ana lys i s  of p o t e n t i a l  acc idents .  

Further inves t iga t ions  w i l l  be required $0 determine what; extensions i n  
computational technique m y  be needed t o  descr ibe the  reac Lcr adequately 
f o r  such t r a n s i e n t  analyses,  and, depend.ing 0x1 t he  outcorae of t hese  in -  

ves t iga t ions ,  add i t iona l  work nay be necessary t o  accomplish the ind i -  

cated development of  methods. 

5.4 cross See'cion Emlmt ion  

There i s  a cons tan t ly  acce lera t ing  ra te  of acqu i s i t i on  of  r iew experi- 
mental information on neutron cross sec t ions  of i n t e r e s t  i n  renebor  

ca l cu la t ions .  Such information must be r,ol.l_ected, evaluated,  and assimi- 

l a t e d  i n t o  our computational structure, Many of  the cross sect ions 



discussed in Sec. 2.1, while not  individually contributing major im- 
c e r t a i n t i e s  i n  the nuclear cdxubat ions  for an BE, lleea further analy- 

sis and evaluation to ensure that best values are employed in OMF andy-  
ses and that  uncertainties and sources of error are more quanti-l;atively 

assessed than has y e t  been done. 

m e  assimilation sf new information on 2 3 3 ~  cross sections, espe- 
cially, requires signLficsnt effort;, in dctemining t h e  resonance pa- 

rameters that best f i t  the experimental data, in deriving statistical 
distributions of these parmetere for use in the urnresolved resonmce 
region (including proper allowance for resomc",es not identified in the 
differential cross sectfan measurements), and i n  expressing the r e su l t i n  
information in terns best sui ted f o r  reactor computations. Some of this 
Work i f 3  CUS~OllBPily and €QprO&Wia%eby perfaXTit?d by the ~~~~~~~~~~~6 
themselves, notably %he f i t t i n  of parameters to the resolved resonances; 

but the r eac to r  physicist still has mch to do, especially if the desired 
representakion of t h e  cross sections for  the purpose of' reactor saleu- 
l a t i ons  is not  Pn terms of the conventional par 

In addition to analysis, evaluation, and, in some instances, t h e  

theoretical calculation of needed cross secttan data, the ~a~~~~~~~~~ 
of" an Up-to-date CTOBS section libraw is R ~"egd..@r ~ ~ ~ s ~ ~ ~ ~ p ~ ~ ~  chore 
that each mJar reactor project must acknowledge and support. 

3.3 Development of" Computer Codes 

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

erence design described in R e f .  1, a procedure was devised f o r  finding 
automatically the o p t i m  combinatian 09 as mny 8s  twenty variable pa- 
rameters o f  the reactor system, such as care size and height-to-di 
ra t io ,  fuel- and fertile-stream vo92une f r ac t ions ,  thorium and uranium 
concentrations in the salt, blanket %hicknessp processing rates, fertile 
salt hold-up volume, and others. Cabled O P T 1  
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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 type 

of nuclide. The isotope chain equations are solved to find the equilib- 

rium fuel concentrations corresponding with a specified processing rate. 

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) f o r  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 bas some restrictions whose removd will make the tool still 

more userul 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 f'ul.1 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  t he  latest generation of 

digital computers, and in some instances altered and improved to take 

fu l l  advantage of computer capability. 

3.6; Experimental Physics Program 

As was discussed in See. 2.2r the general approaches employed in 

the MSBR studies have proven quite effective in analysis of the MSW, 

the Peach Bottom Reactor, and others. However, the mlidity of these 

approaches, or of the improvements discussed in Sec. 3 . 3 ,  as applied to 

the complex lattice geometry of an MSBR, should be eofifirmed by a few 

well-selected and carefully executed experiments on the  characteristics 



of an 

this need appears t o  be Yne k ind  of latt.1 ce substitution nieasurement, 

and associated flux and. activation measurements, that can be made in 

the Physical Constants T e s t  Reactor (PCTR) and t he  High-Temperature 

Lattice T e s t  Reactor (HTLTR) at the Pacific BoPt,kdeat Laboratories 
Extremeby accurate determinations of lattice reactivity can be made with 
a small number of typical lattice cells, requiring far less material 
and fabrication cos t  than would be needed f o r  exponential o r  critical 
exgeriments, 
of perhaps 3 
f o r  the lattice to within about kO.001, or posslbly better, 

lattice. The most appropriate type o f  ex~erimen-i; to fill 

For lattices w i t h  k, close to unity, and with 8 precision 
in determining (km- 1), one may expect to d c t e r d n e  k, 

A rneasurement of k, docs not by itself, of c~urse, provide an un- 
A nearly direct measurement ambiguous determination of breeding ratio. 

of this important quantity can be obtained by measuring the r a t i o  of 
absorptions in thorium to ffssions In 233U, i.e.) (b2/lFa), 
or slightly enriched uranium systems, the  analolgcrua ratio, (A2a/F2s) 

can be measured to within about l$$ o r  passibly a l i t t l e  better, if" 

extreme cEnre is taken, Far less experience has been a c e m a t e d  w i t h  
the t ~ t i o r i u m - ~ ~ %  system (which, of course, involves different chracter- 
istic decay gamma rays), and it i s  not quite clear 'how hi 
can be achieved in this measurement. Further investigation of this 

question w i l l  be required, and same development work. m y  be needed, 
before we can determine juslc how much information can be obtained, and 
with what precision. 

lattice measurements on the PCTR or the HTLTR3 including determinations 
of reactivity, flux distributions, and activakion ratios can go far to 

provide the detailed imderstanding OS the I -a t t icc  characteristics that 
w i l l  be required f o r  the design of BM MSBR. 

I n  natural 

$. precision 

S t  appears nevertheless that a program o f  such 

Ln connection with PCTR and NmTR eqer iments ,  it -9s both possible 
and desirable to obta in  additional information related to various re- 

activity coefficients f o r  the l .a t t icr  under study, Temperature cod?- 

ficients, density coefficients, effects of displacement of various com- 
ponents of the lattice cell, can a l l  be measur-ei! with high. accuracy if 

the experimnt  is appropriately designed with these measurements i n  



mind. 

HTI;TR, with which one can undertake measurements of the  low-energy 

neutron spectrum as a funct ion of pos i t ion  i n  the  l a t t i c e  c e l l .  

I n  addi t ion ,  there  w i l l  be a ve loc i ty  s e l e c t o r  ava i l ab le  a t  the  

By performing some of  these  measurements ( e . g . ,  r e a c t i v i t y  and 

ac t iva t ion  r a t i o s )  on various l a t t i c e  configurat ions,  some of which may 
not  be t y p i c a l  of an krlsBR p e r  s e ,  bu t  which a r e  chosen t o  emphasize one 

or another p a r t i c u l a r  aspect  of the  neutron balance, one may gain f'urther 

understanding of the de t a i l ed  behavior of the  neutrons i n  an MSBR l a t t i c e ,  

Questions of exact  experimental design, such as use of frozen salt 
as opposed to molten s d t J  the  method of containing the  s a l t ,  and so 
f o r t h ,  have no t  been explored. 

few as seven - should contain pr imar i ly  233U as fissile material. 
t h i s  purpose, not more than a kilogram o r  two  of 233U should be required.  

Some of the  l a t t i c e  c e l l s  -perhaps  as 
For 

Further  work i s  needed t o  develop a de ta i l ed  experimental program 

along these  l i n e s ,  and to determine how many separate  l a t t i c e s  should be 

inves t iga ted .  I n  order  t o  es t imate  the scope of the  e f f o r t  required i n  

these  experiments, we assume that not more than f i v e  l a t t i c e s  would be 

s tudied,  and t h a t  th ree  of these would be studied i n  the PCTR, and two 

i n  the HTILTR. 

3.6 .1  ~ y n  amics Exgeriments 

While the  l a t t i c e  studies i n  the  PCTR and HTLTR can provide some 
information on r e a c t i v i t y  coe f f i c i en t s ,  they camot ,of  com$e, tell us 
anything about t he  o v e r a l l  dynamic behavior of an MSBR. 
w i l l  have t o  be ca r r i ed  out on t h e  reac tor  experiment. A d e t a i l e d  

program fo r  these  experiments must be planned i n  advance, i n  order  t o  
ensure that  adequate provis ion i s  made f o r  them i n  t h e  design of the  
reac tor .  "he experiments w i l l  include measurements of frequency re- 
sponse and t r a n s i e n t  response t o  various per turba t ions  i n  system op- 

e r a t i n g  parameters, as a funct ion of reac tor  power l e v e l ,  f u e l  c i rcu-  

l a t i o n  r a t e ,  and cont ro l  mode. 

Such s tud ie s  

The experiments themselves and the  assoc ia ted  ana lys i s  will of 

course follow completion o f  the  prototype, and are not included i n  the 

time per iod covered by t h i s  r epor t .  



4. MANPOWER AND COST ESTIMATES 

Results of most of the inves t iga t ions  dl.scussed i n  Sec. 3 should be 

ava i l ab le  as a b a s i s  f o r  the de t a i l ed  design of the experimental MSRR. 

According t o  the  proposed schedule f o r  t h i s  reac tor ,  the  design should 
begin i n  I T  1968 afid be completed by the  end of FY 1971.. 
physics program out l ined  i n  this repor t  should therefore  l a r g e l y  be com- 

p l e t ed  by the  end of  F'! 1970, and t h e  manpower a l l a c a t i o n s  and cos t  
estiimates shown i n  Table 10 have been prepared with k h i s  schedule i n  mind. 

The total .  cos t  of the program, over the three-year period FY 1968 t o  

FY 1970, i s  estimated to be about $1,100,000, 

The reac tor  

The program out l ined  above i s  designed t o  provide, by t h e  end of 
%'Y 1970, a secure b a s i s  f o r  -the design of t he  130-Mw r eac to r  experiment. 

I% the  ensuing f i s c a l  years,  19'(1-1973, it w i l l  be necessary t o  ca r ry  on 
a continuing program of r eac to r  physics inves t iga t ions  i n  support of t h e  

MSBR concept. This program w i l l  comprise f u r t h e r  ana lys i s  and evaluation 

of new cross sec t ion  information as it becomes ava i lab le ,  continuing 

improvement and refinement of methods of ana lys i s ,  f u r t h e r  s tud ie s  of 

opera t iona l  problems and c h a r a c t e r i s t i c s  of molten-salt  breeder r eac to r s  

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

onomical approaches t o  r eac to r  cont ro l ,  and a continuing study of p o t e n t i a l  

s a f e t y  problems - i n  shor t ,  a continuing e f f o r t  t o  gain a more comp1et;e 

understanding of the  c h a r a c t e r i s t i c s  of t h i s  reac tor  concept, so Ynat the  

twin objec t ives  of sa fe ,  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 for add i t iona l  

supporting experimental work may be recognized as the  program progresses.  
W e  be l ieve  t h a t  a support l e v e l  of $200,000 pe r  year f o r  t he  five-year 
period FY 1971-FY 1973 w i l l  be required f o r  t h i s  psogram. 

5 .  CONCLUSIONS 

Tne r eac to r  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 a b l e  assessments of t he  
performance of a thermal molten-salt breeder r eac to r  as proposed i n  



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

Section Act ivi ty  
FY 1968 FY 1969 FY 1970 3-Year Total  

MY costa NY costa fin costa r.Iy costa 

3.1 Inves t iga t ion  of Dynamic Charac te r i s t ics  0.7 24 

3.2 Invest igat ion of Alternate Core Designs 0.5 18 

3.3 Development of Nethods f o r  Analysis 0 

3.1 Cross Section Evaluation 0.5 18 
3.5 Development and Improvement of Computer 0.5 18 

3 * 6  Experirrental Physics Frogram 

design, ana lys i s  

Codes 

h t t i c e  experiments - planning, 0.5 18 

Procurement, measurements 

Dynamic experiments - planning 0.3 10 

Totals 
- -  
3.0 106 

1.6 60 2 . 2  84 

1.0 36 0.5 2c. 

1.5 56 1.2 46 

0.5 18 0.5 i 6  
1.0 38 l o o  3% 

2.0 75 2 .G 75 

200b 2OOb 

0.4 15 0.6 23 

8.0 500 6.0 504 

4.5 

2.0 

2.7 

1.5 

2.5 

4.5 

1.3 

168 

76 

102 

54 

94 

168 

400 

4% 

19.0 1110 

a Costs a r e  d i s t r ibu ted  roughly 80%ffor d i r e c t  s a l a r i e s  and overhead, and 20(70for computer 

_includes estimated c o s t s  f o r  all necessary hardware, including fuel, but  not including TJalue of  

charges. 

f i s s i l e  mater ia l  used; includes a l s o  estima"sd expenses G f  Pac i f i c  florthwes4'; LEboratorTeE for per- 
forming experiments. 

(Cost i n  thousands e 1 
b- 
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Ref. 1, and, together with operation of' t he  r eac to r  experiment, should 

permit s e l ec t ion  and de ta i l ed  design of a f u l l - s c a l e  MSBR. 

program will r e s u l t  i n  improved nuclear da ta ,  i n  8 much b e t t e r  under- 

standing of t he  dynamic c h a r a c t e r i s t i c s  of such reac tors ,  and i n  con- 

firmed method of computation, 

The proposed 

The author acknowledges with thanks the invaluable a s s i s t ance  of 
C .  W. Craven, Jr., T. W. Kerlin, B. E. Prince, and o thers  i.n t he  

preparation of t h i s  report .  
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