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ABSTRACT 

Unirradiated MSRE fuel salt w i l l  contain an 
appreciable neutron source due t o  spontaneous 
f i s s i o n  of t h e  uranium, and (a, n )  react ions of 
alpha p a r t i c l e s  from t h e  uranium with t h e  f luo-  I 

r i n e  and beryllium of  t h e  sal t .  The spontaneous 
f i s s ion  source i n  the  core (25 rt3 of  s a l t )  i s  
lo3 neutrons/sec . or less, mostly from U238. 
alpha-n source is much larger, giving about 4 x lo5 
neutrons/sec. i n  t h e  core .  

. 

The 

Nearly a l l  of t h i s  
la t ter  source is  caused by alpha p a r t i c l e s  from 
$34. 

NOTICE 
This document contains information of a preliminary nature and was prepared 
primwily for internal use at the Oak Ridge National Laboratory. It i s  rub'ect 
to nv is ion  01 corroctiun ond therefore doer not represent a final report. \he 
information i s  not to ba abstracted, reprinted 01 otherwise givon public dir- 
sominotion without the approval of the ORNL potent branch, Legal and Infor- 
mation Control Department. 
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LEGAL NOTICE 

This report was prepared as on account of Government sponsored work. Neither the United Stotes, 

nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with respect to the occuracy. 

completenesa. or usefulness of the informption contained i n  this report, or that the use of 
any information, apparatus, method, or process disclosed in  th is report may not infringe 

privately owned rights; or 

E. Assumes any l iabi l i t ies wi th respect t o  the use of, or for damoges resulting from the use of 
ony information, opparotur, method, or process disclosed in  this report. 

As used i n  the above, "person acting on behalf of the Commission" includes any employee or 

contraqtor of the Commission, or employue of such contractor, to the extent that such employee 

or contractor of thb Commission. or employee of such contractor preparea, disseminoter, or 

p-ovidei  acces'. w, ,cny i-forniotion purauant t o  his employment or contract wi th the iommiss;on. 

or his employmeit wi th such contractor. 
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Introduct ion 

When a r eamor  is  s u b c r i t i c a l ,  t h e  f i s s i o n  r a t e  and the  neutron f lux 

depend on t h e  s t rength  of t he  neutron source i n  the  reac tor  due t o  various 

reac t ions  and the  mul t ip l ica t ion  of these  source neutrons by f i s s ions  i n  

the  core .  By supporting t h e  f i s s i o n  r a t e  i n  the  s u b c r i t i c a l  reac tor  a t  

s u f f i c i e n t l y  high l eve l s ,  a source performs severa l  functions i n  reac tor  

operat ions.  The source s t rength  required for  some functions is higher 

than f o r  o thers .  

I n  a l l  reac tor  fue l s  t he re  i s  always a source of neutrons due t o  

spontaneous f i s s i o n ,  but  t h i s  source i s  r e l a t i v e l y  weak, p a r t i c u l a r l y  i f  

t h e  f u e l  i s  highly enriched uranium. In many reac tor  cores the re  i s  a l so  

an inherent photoneutron source produced by in t e rac t ion  of gamma rays with 

deuterium or beryll ium i n  the  core .  This source i s  usua l ly  not s ign i f i can t ,  

however, u n t i l  a f t e r  f i s s i o n  product gamma sources have been b u i l t  up by 

power operat ion.  Therefore, i n  near ly  a l l  reac tors  an extraneous neutron 

source i s  in se r t ed  i n  or near the  core .  The MSRE i s  unusual i n  t h a t  t he  

fue l  i s  a homogeneous fused s a l t  i n  which alpha-emitt ing uranium is  i n t i -  

mately dispersed with l a rge  quan t i t i e s  of f luor ine  and beryllium,both of 

which r e a d i l y  undergo alpha-n reac t ions .  Thus the re  i s  a s t rong alpha-n 

source inherent i n  the  MSRE fue l  sa l t  even before  it has been i r r a d i a t e d .  

It i s  conceivable t h a t  the source inherent i n  the  MSRE f u e l  salt ,  

which i s  c e r t a i n  t o  be present  whenever the re  i s  any chance of c r i t i c a l i t y ,  

i s  s t rong enough t o  s a t i s f y  some, i f  not a l l ,  of t he  requirements which 

make an extraneous source necessary i n  most r eac to r s .  In  determining 

whether o r  not an extraneous source is  required,  it i s  necessary t o  pre-  

d i c t  t h e  s t rength  of t h e  neutron source which i s  inherent i n  the  clean 

slat  before  t h e  photoneutron source becomes important. The present  repOrt 

descr ibes  t h i s  pred ic t ion .  The question of source requirements w i l l  be 

considered l a t e r ,  i n  a separate  r epor t .  

- Fuel Compos it ion 

The s t rength  o f  t he  inherent neutron source depends on the  composition 

I of t h e  f u e l  sa l t  and t h e  iso-;opic composition of t he  uranium i n  it. Three 
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f u e l  salts ,  with compositions shown i n  Table 1, have been considered f o r  

t h e  MSRE. 

Uranium concentrations shown are f o r  t h e  i n i t i a l  c r i t i c a l  experiment. 

For power operat ion t h e  uranium concentration w i l l  be higher  by about 17% 
( t o  compensate f o r  con t ro l  rods,  xenon and o ther  po isons) .  

The i so topic  compositions shown for t h e  uranium are t h e  values used 

i n  t h e  c r i t i c a l i t y  ca l cu la t ions .  

t y p i c a l  analyses o f  uranium enriched i n  t h e  d i f fus ion  p l an t  t o  t h e  indicated 

u~~~ content .  

The U234 and U236 f r ac t ions  a r e  based on 

The l i th ium composition is t h a t  of l i th ium a c t u a l l y  on hand fo r  fuel  

salt  manufacture. 

Table 1. Fuel S a l t  Compositions 

Fuel Type A B C 
~~~ - 

S a l t  comp: L i p  70 66.8 65 
(mole $) BeF2 23.7 29 29.2 

ZrF4 3 4 5 
mF4 1 0 0 
UF4 0 -313 0.189 o .831 

u238 3 5 64.4 

Density a t  1200 OF 144.3 134.5 142.7 
( lb / f t3  ) 

99.9926 5 Li7 .  a 

Spontaneous Fiss ion Neutrons 

The ra te  o f  neutron production by spontaneous f i s s i o n  is a s p e c i f i c  

property of  t h e  each nucl ide.  

h a l f - l i f e  fo r  spontaneous f i s s i 0 n . l  

I n  t h e  clean MSRE fuel,  U238 has t h e  sho r t e s t  

(See Table 2. ) 

-. 
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w . Table 2 .  Neutron Production by 
Spo:Ttaneous Fiss ion of 

1Jranium Isotopes 

Spec i f ic  Emission Rate 
(n/kg - s e d  

Isotope 

u234 6.1 
u235 0.31 

5.1 
~ 2 3 8  15.2 
~ 2 3 6  

The e f f e c t i v e  core of t he  E R E  ( the  graphite-containing region p lus  

some of t h e  f u e l  i n  t h e  upper and lower heads ) contains 25 ft3 of  f u e l  s a l t .  

The amounts o f  each uranium isotope and t h e  spontaneous f i s s i o n  neutron 

source i n  t h i s  volume a r e  gi\ren i n  Table 3 for each of t h e  th ree  fue l s  

described i n  Table 1. 

Table 3 .  Spontaneous F iss ion  Neutron Source i n  Core . 
Fuel A Fuel B Fuel C 

u2 34 0 -3  2 0 .2  1 0 . 2  1 
27 .o 14 16.5 8 26.4 13  

u238 0 . 3  2 0.2 1 0.2  1 
1 . 5  22 0.9 1 3  47.5 722 

40 23 737 

u23 5 

- 
u238 

- 4 

Neutrons From Alpha-n Reactions 

Energetic alpha partic1Les can produce neutrons by nuclear i n t e r a c t  ions 

with severa l  d i f f e r e n t  nucl ides .  Threshold energies vary widely, depending 

upon the  nucl ide.  

below t h e  maximum energy of  alphas from uranium. 

alpha p a r t i c l e  i s  a funct ion of  the  i n i t i a l  energy of  t h e  alpha p a r t i c l e  

Three nuc:Lides, Li7, Be9 and F19, have a-n thresholds  

The neutron y i e ld  per  

.I and t h e  composition of  t h e  medium i n  which it i s  slowing down. 
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Alpha Emission by Uranium 

Among t h e  uranium isotopes present i n  f r e sh  MSRE fue l ,  U234 has by 

f a r  t he  highest  spec i f i c  alpha emission and a l s o  emits t h e  highest-energy 

alpha p a r t i c l e s .  

Table 5 gives t h e  t o t a l  alpha source i n  the  e f f ec t ive  core of t h e  MSRE 

during the  i n i t i a l  c r i t i c a l  experiment (25 f't3 of  sa l t ,  containing t h e  

amounts of uranium shown i n  Table 3 ) . 

The spec i f i c  alpha sources a r e  summarized i n  Table 4 . l  

Table 4. Alpha Emission by Uranium 

Half-Life fo r  Decay Rate E, f a Source 
a-decay ( y )  (dis/sec-kg) (Mev) (all00 d i s .  ) (a/sec-kg) Isotope 

~~~~~ 

u234 2.48 x 105 2.28 x 1011 4.77 
4.72 

u23 5 7.13 x lo8 7.90 x lo7 4.58 
4.47 
4.40 
4.20 

u236 2.39 x io7 2.35 109 4 . y  
4.45 

u238 4.51 x 109 1.23 x io7 4.19 
4.15 

72 
28 
10 

3 
83 
4 

73 
27 
77 
23 

1.64 x 10l1 
0.64 x 10l1 
0.79 x io7 
0.24 x io7 
6.56 x io7 
0.32 io7 
1.72 x 109 
o .63 x 109 

o .28 x io6 
0.95 x lo6 

Note: E i s  t h e  i n i t i a l  energy o f  t h e  alpha p a r t i c l e  and f i s  a 
t he  percentage y i e ld  of alphas of t h a t  energy i n  t h e  n a t u r a l  alpha 

decay of t h e  nuc l ide .  

Table 5. Alpha Source i n  MSRE Core 

Source Strength (a/sec ) 

Fuel A Fuel B Fuel C 
Isotope Ea (Mev) 

4.77 

4 . 9  
4 -47 
4.40 
4.20 
4 . Y  
4.45 

u234 

u23 5 
4.72 

~ 2 3 6  

u238 4.19 
4.15 

4.74 x l o l o  2.90 x 1O1O 3.71 x l o l o  
1.85 x io10 1.13 x io1O 1.45 x ioxo 
2.13 x io8 1.30 x io8 2.09 x io8 
0.65 x lo8 0.40 x 10' 0.63 x lo8 

0.86 x lo8 0.53 x lo8 0.85 x 10' 
17.7 x lo8 10.8 x lo8 17.3 x lo8 

5.01 x io8 3.06 x lo8 3.92 x lo8 
1.83 x io8 1.12 x io8 1.44 x io8 
1.40 x lo6 0.86 x lo6 0.45 x lo8 
0.41 x lo6 0.25 x lo6 0.13 x 10' 

a 
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w Alpha-n Yields i n  Fuel S a l t  

The y ie lds  of neutrons from Be', F19, and L i7  vary with the  energy of 

t h e  a lpha-par t ic le ,  genera l ly  increasing with energy. Yields f o r  4.77-Mev 

a lpha-par t ic les  i n  t h i c k  t a r g e t s  of pure mater ia l  a r e  40, 6 and 0.1 neutrons 

per mi l l ion  a lpha-par t ic les  i n  beryllium, f luor ine ,  and lithium-7, respec- 

t i v e l y .  In  t h e  MSRE f i e1  sa:Lt, t h e  productive nuclides comprise only a 
f rac t ion  of t h e  t o t a l ,  and t h e  y ie ld  is af fec ted  by the  d i l u t i o n  with other  

elements. Yields f o r  a lpha-par t ic les  of  each energy i n  Table 5, i n  each 

of t h ree  f ie1 salts ,  were calculated by procedures described i n  the  Appendix. 

Table 6 i l l u s t r a t e s  how beryUium, f luor ine ,  and l i th ium contr ibute  t o  t h e  

t o t a l  y i e ld  for t h e  most numerous and highest-energy group of alpha p a r t i -  

c l e s .  

6 

Table 6 .  Neutron Yields f o r  4.77-Mev 
Alpha P a r t i c l e s  i n  MSRE Fuel S a l t  

Yield (n/lo6/cx) 

Fuel A Fuel B Fuel C 
Constituent 

Be 2.65 3.32 3.20 
F 4.36 4.44 4.40 
L i  0.02 0.02 0.02 

Total  7 -03 7.78 7.62 

Table 7 gives  t h e  neutron source i n  t h e  e f f ec t ive  core o f  t h e  MSRF: 

when t h e  uranium concentration i s  a t  i t s  i n i t i a l ,  clean, c r i t i c a l  va lue .  

r -  
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Table 7 .  Alpha-nNeutron Source i n  Core 

D 

Neutron Source Strength (n/sec ) 

Fuel A Fuel B R e 1  C 
Ea (MeV) 

Alpha 
Source 

4 -77 

4 . 3  
4.47 
4.40 
4.20 
4 . Y  
4.45 

u234 

4.72 
~ 2 3 5  

~ 2 3 6  

u238 4.19 
4.15 

3.33 x io5  
1.21 x io5  
1.14 x io3  
0.30 x io3 
7 3  x io3 
o .28 x io3 
2.45 x io3  
o .83 x io3 

4.36 
1.21 

2.26 x 105 
0.82 x io5  

0.21 x io3 
5.20 x io3 
0.20 x io3 
1.68 io3 
0.57 io3 

o .85 

0.78 x io3 

3 -07 

2.83 x io5  
1.03 x io5  
1.23 x io3 
0.32 x io3 
8.13 x io3 
0.31 x io3 
2.10 x io3 
0.72 x io3 

157 
43 

Tota l  4.67 105 3.17 x io5  

Discussion 

3.99 x io5 

The ca lcu la t ions  ind ica te  t h a t  t h e  bulk of t h e  neutron source inherent  

i n  t h e  clean MSRF: f i e1  i s  due t o  alpha-n reac t ions ,  with spontaneous f i s -  

s ion  contr ibut ing r e l a t i v e l y  l i t t l e .  Furthermore, about 97 percent  o f  t h e  

neutron source i s  caused by alpha p a r t i c l e s  from a s i n g l e  isotope,  U234, 
which comprises a very small f r a c t i o n  o f  t h e  t o t a l  uranium. Therefore, t h e  

neutron source w i l l  be xrery closel:; p ropor t iona l  t o  t h e  U234 content of t he  

f u e l  s a l t .  

In  n a t u r a l  uranium, t h e  abundance of U234 i s  only 0.0057%, or 0.0079 
of t h e  U235 abundance. 

r a t i o  i s  increased, so t h a t  i n  uranium containing over 9% U235 t h e  

U234 / U235 r a t i o  i s  0.010 or above. 

In  a gaseous d i f fus ion  p l an t ,  however, t h e  U234/U235 

The U234 f r ac t ions  which were used i n  t h e  ca l cu la t ions  are based on 

t y p i c a l  analyses of enriched uranium, and thus  are only  estimates of  what 

w i l l  appear i n  uranium which w i l l  be used i n  making up t h e  MSRE fue l  s a l t .  

The estimate i s  probably good t o  within +20% i n  t h e  case o f  Fuels A and B, 

which use h ighly  enriched uranium. I n  t h e  case of Fuel C it was assumed 

t h a t  t h e  uranium would be taken from the  d i f fus ion  p l a n t  a t  about 35% U235, - *  
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'br and t h a t  t h e  U234 content would be only 0.30%. 

uranium may be added t o  t h e  MSRE f i e 1  s a l t  i n  two batches:  t he  f irst  of  

n a t u r a l  o r  depleted uranium; t h e  second, highly enriched. If t h i s  course 

i s  followed, t h e  U234 content of Fuel C would probably be higher, perhaps 

by as much as a f ac to r  of 1 . 4 .  
be higher by t h e  same f a c t o r .  

It now appears t h a t  t h e  

The neutron source for Fuel C would then 
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APPENDIX 

Calculation o f  Alpha-n Yields i n  MSRE Fuel S a l t  

d 

Information on alpha-n y ie lds  from various nuclides usua l ly  appears 

i n  one of two forms: 

t h e  a-n reac t ion  as a function of  alpha energy, or 2 )  t h e  y i e ld  of neutrons 

per  mi l l ion  alpha p a r t i c l e s  of  a given i n i t i a l  energy emitted i n  an i n f i -  

n i t e  medium of the  pure nucl ide.  If the  alpha p a r t i c l e s  a r e  emitted i n  a 

mixture, it is  necessary t o  take i n t o  account t he  d i l u t i o n  of t h e  produc- 

t i v e  nuclides by o thers  which only slow down t h e  alpha p a r t i c l e s .  

1) t h e  microscopic cross  sec t ion  of  t h e  nuclide f o r  

Dilution bv Non-Productive Consti tuents of Fuel S a l t  

The correct ion fo r  t h e  d i l u t i o n  of  a productive nuclide i n  a mixture 

i s  e s s e n t i a l l y  t h e  f r ac t ion  of  t h e  alpha energy l o s s  which i s  a t t r i b u t a b l e  

t o  t h e  productive cons t i tuent  . 
L e t  nmax be the  y i e ld  of neutrons f o r  alpha p a r t i c l e s  emitted i n  an 

i n f i n i t e  medium cons is t ing  e n t i r e l y  of a productive nucl ide.  

y ie ld  f o r  t h a t  nuclide i n  a mixture. It has been t h a t  a f a i r l y  

good approximation i s  

Let  n be t h e  

n N S  
- P P  

max E N .  S 
- 

n 
i i  i 

where S i s  t h e  " r e l a t ive  atomic stopping power", N i s  t h e  number dens i ty  

of a nuclide,  and p r e f e r s  t o  t h e  productive cons t i tuent .  

The bes t  information on r e l a t i v e  stopping powers i s  s t i l l  a 1937 
They give S r e l a t i v e  t o  a i r  f o r  16 a r t i c l e  by Livingston and Bethe.* 

elements fo r  6-Mev a lpha-par t ic les  and f o r  6 elements a t  7 other  energies 

from 2 t o  52 Mev. Table 8 gives values of S f o r  t he  cons t i tuents  of  t he  

MSRE f u e l  salt ,  obtained by in te rpola t ion  i n  energy and atomic number of 

t h e  Livingston - Bethe da ta .  The r e l a t i v e  stopping powers i n  t h i s  t a b l e  

a r e  evaluated a t  4 .5  MeV, because t h i s  i s  approximately t h e  energy of  t h e  

uranium a lpha-par t ic les  . 

P , 



Table 8 .  Relative Stopping Power of 
Constituents of MSRE Fuel S a l t  

f o r  4.5-Mev Alpha Pa r t i c l e s  

N S / ~ N ~  si 
Constituent sa 

Fuel A Fuel B Fuel C 

L i  0.57 0.163 0.159 0.149 
Be 0.70 0.068 0.085 0.082 
F 1.19 0.692 0.707 0.699 
Z r  2 .8  0.077 0.047 0.056 
Th 3.9 0.016 0 0 
U 4 .2  0.005 0.003 0.014 
a Atomic stopping power r e l a t i v e  t o  a i r .  

If the  microscopic cross sec t ion  of a nuclide fo r  t h e  alpha-n reac t ion  

i s  known, then t h e  number of  neutrons produced by an alpha p a r t i c l e  can be 

found from5 

EO 

(2  1 
0 

Harris’ has presented 

d i f f e r e n t  substances. For a mixture one may assume t h a t  

dE’-l as a function o f  alpha energy for  severa l  

dE - - -  
1 

where u i s  t h e  weight f r ac t ion  of const i tuent  i i n  the  mixture. Table 9 
gives values of  e - E) - fo r  t h e  c’onstituents o f  t h e  MSRE taken from r e f e r -  

ence 1, and t h e  products o f  t h i s  quant i ty  and t h e  weight f rac t ions  fo r  

t he  th ree  d i f f e r e n t  f u e l  sa l ts .  The sum a t  t h e  bottom of each column i s  

i 

--- ‘E f o r  each s a l t .  dx ’mix 
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Table 9. Slowing-Down Parameters for Alpha P a r t i c l e s  

Fuel A Fuel B Fuel C i 

4 Mev 5 Mev 
4 Mev 5 MeV 4 Mev 5 Mev 4 Mev 5 Mev 

~~ ~~~ ~ 

L i  885 781 103 91 108 95 96 85 
Be 840 741 43 38 57 Y 53 47 

zr 385 3 51 42 38 37 33 42 39 
Th 228 208 1-3 12 0 0 0 0 
U 222 20 2 4 4 3 2 10 9 

F 7 30 645 474 419 513 453 489 432 

- - - - - - 
679 602 718 633 6 9  612 

Be9 (a,  n )  Yield 

For alpha p a r t i c l e s  with an i n i t i a l  energy Eo, emitted i n  pure bery l -  

1 ium2 , 

n max = 0 .l52 neutrons/lO' a (4 1 

For libels A, B, and C ,  n/nmu i s  0.068, 0.085 and 0.082 respec t ive ly .  

(See Table 8). 
l a t e d  i n  Table 10. 

The product i s  the  y i e ld  i n  the  f i e 1  sa l t  which is  tabu- 

F19 (a,  n )  Yield 

Segre and Wiegand' measured neutron y ie lds  f o r  alpha p a r t i c l e s  of 

various energies i n  th i ck  t a r g e t s  of  F. The y ie ld ,  n begins t o  be 

measurable a t  3 Mev and r i s e s  t o  10 neutrons/lO' alphas a t  5.3 MeV. 

Table 8, n/n- f o r  Fuels A, B and C a r e  0.692, 0.705 and 0.699. 
duct of t h i s  n/nm and n 

i n  Table 10. 

max ' 
From 

The pro- 

from the  da t a  of Segre and Wiegand i s  given 
m a X  

L i 7  (a ,  n )  Yield 

This wr i t e r  knows o f  no d i r e c t  measurements o f  n fo r  L i7 .  The max 
cross-sect ion f o r  t h e  L i 7  (a ,  n )  BIO reac t ion  as a f'unction of alpha energy -.  



was ca lcu la ted  and reported by Hess . 
cross-sect ion r i s e s  t o  8 mb iat 4.8 MeV, then decreases t o  about 6 mb a t  

higher energies .  Hess' cross-sect ion w a s  used t o  compute y ie lds  from L i 7  

i n  the  f ie1  sal t  from equations (2) and (3). The i n t e g r a l  i n  E q .  (2) was 

evaluated by represent ing t h e  cross sec t ion  curve by s t r a i g h t - l i n e  segments 

and by approximating (- 
poin ts  a t  4 and 5 Mev given in Table 9. 

Above a threshold a t  4.36 MeV, t h e  

E)' vs .  E by l i n e a r  r e l a t i o n s  f i t t e d  t o  
'mix 

Results appear i n  Table 10. 

Table 10. Neutron Yields f o r  Alpha P a r t i c l e s  i n  E R E  
f i t s 1  S a l t  (n/@ a) 

Fuel A Fuel B Fuel C 

Be F L i  Be F Li Be F L i  
E, - 

(MeV ) 

. 
4.77 2.65 

4.50 2.18 
4.47 2.12 
4.45 2.10 
4.40 2.01 
4.20 1.70 
4.19 1.67 
4.15 1.63 

4.72 2.60 
4.58 2.31 

4.36 0.0153 

3.04 0.008 
3.94 0.016 

2.70 0.00:s 
2.56 o.oo:{ 

2.25 0.00:- 
1.52 o 

1.31 o 

2.42 0.002 

1.45 0 

3.32 
3 -25 
2.89 
2.72 
2.65 
2.63 
2.52 
2.13 
2 .og 
2 .Ob 

4.44 
4.02 
3 .io 
2 -75 
2.61 
2.47 
2.29 
1-55 
1.48 
1.34 

0.019 
o .016 
o .008 

o ,003 
0.004 

0.002 
0.001 
0 
0 
0 

3.20 4.40 
3.13 3.98 
2.79 3.08 
2.62 2.73 
2.56 2.59 
2.53 2.45 
2.43 2.27 
2.05 1.9 
2.02 1.47 
1.97 1.33 

o .017 
o .007 
o .003 

0.014 

0.004 

0.002 
0 .ooo 
0 
0 
0 
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