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ABSTRACT 

Unirradiated MERE fuel salt will contain an 
appreciable neutron source due to spontaneous 
fission of the uranium, and (a, n) reactions of 
alpha particles from the uranium with the fluo
rine and beryllium of the salt. The spontaneous 
fission source in the core (25 ft3 of salt) is 
103 neutrons/sec. or less, mostly from U238. The 
alpha-n source is much larger, giving about 4 x 10 5 

neutrons/sec. in the core. Nearly all of this 
latter source is caused by alpha particles from 
U234 . 
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Introduction-

... ·W,hen,a\ reaejj:;"or. issubcritical.v the .fission rate.anCI··the'.neutr.on flux 

depend '9)1., tp.estre)lgth of the neutron .source in. the reactor' due ·to' ?itar:i;ous :, 

react:j.ons and the .multiplication. of. these .sour.ce neutr.ons 'by ffss;ions.in·· 

the cOli'.e·,., :By: supporting tl].e, fission rat'e' in. the .subcr.iticaI.;reactoriat 

suffi.c.iently );ligh . .J;evels,·a: 'source' per.forms several, fUnctions :in:reactor 

ope:r:ation~., The .source strengthr.equired ,for' some·:functions is: 'hIgher: 

than for. others', .. : .. 

. Ip. ~l;l re,actor fue],s, there is always .a source.of.:·neutrons due to':' 

spontaneous' fission,. but this sour.ce is relatively weak" particularly if' 

.the fuel is highly enriched, uranium. In many reactor cores' there' is also 

an inherentphotoneutron sourcepr.oduced·by interactionof'gannna. rays with 
. . . = . . 

. deuterium or beryllium in the core., This source is: usually not significa:nt, 

however "unt:i;l'af'terf1ssion product gamma. sourc'es:'have been"p:U:iltup by 

power: operation,.. . Therefore r in nearly' all reactors' an extraneous neutron, 

sour.ce· is inserted<in or.' near the core." .. The' MSRE is un~siia:l i~'tha.t' the 

fuel is a. homogeneous fused salt in which alpha."~emitting uranium. is inti

!ll&teI-y dispersed with. larg;e q~nti~~e9 o:f. fluor.±n~:. ana: berylli\illl) both of. 

which readily undergoalpha-n reactions,,· Thus ,ther.e~ .a; strong: a:lpha-n 

source' inher.ent in: the:MSRE fuel. salt even. befb~e 'it, ha:.s'been~ ir':ba.d:iated.: .. 

It 'is' conceivable that the source' inherent in: the MSRE' fUel, salt,. 

which is cer.tain. to· be p~esentwhe~ever there is' an~,c~ance_ <?-f.'!?r:lticaiity', 

is strong" enough', to·, .satisfy some) if' not a:ll.", of' the'req1:lirement's. whic'h 

make a:n extra:neous'. source necessary in most reactors:" .. Iil' a:eterm~ning 

whether' or not an extraneous source' is: required" . it' fs necessary to' pre

dict the strength, of' the neutron source which. is . inherent· 1h the clean' 

slat~ befor.e thephotoneutron source. becomes importa:nt., The.present.report 

describes th'ls, pr.ed-iction., The" question, oi'.source--reqllirements will be 

considered' later:, in·, a separate report., 

' .. ' 

The strength of the inherent neutron source depends on the comPosition 

of the: fue.l salt a:nd', the isotopic' compos.ition' of' the. ura:nium in' it", Three; 
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fuel saits, with compositions shown in Table 1, have been considered for 

the MSRE. 

Uranium concentrations shown are for the initial critical experiment. 

For power operation the uranium concentration will be higher by about 15% 

(to .compensate for'control rods,xenonand other poisons). 

The isotopic compositions shown for the uranium are the values used 

in the criticality calculations.' .The U234 and'U236 fractions are based on' 

typical analyses of uranium enri6hedin .the diffusion plant to the indicated 

U235 content. 

The lithium composition is that of lithium actually on hand for· fuel 

salt manufacture. 

Table 1.. Fuel Salt· Compositions 

Fuel Type A B C 

,Salt comp: LiJf. 70 66.8 65 
(mole %)' BeF2 23·7 29 29·2 

ZrF4 5. 4 5 
ThF4 1 0 0 
UF4 0·313 0.189 0.831 

U comp: U234 1 1 0·3 
'(atom %) U235 93 93 35 

U236 . 1 1 0·3 
U236 !5 5 64.4 

Density at 1200 of .: '144;5 134.5 142.7 
(lb/ft3 ) 

a99.9926 % Li7. 

Spontaneous Fission Neutrons 

The rate of neutron production by spontaneous fission is a specific 

property of the each nuclide. In:the. clean~RE fuel, U236 has the shortest 

half-lite for spontaneous fission. 1 (See Table 2.) 

, 

... 
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Table 2. Neutron Production by 
'Spo:r;J.ta,neousFission of 
, ''U:ranruln Isotqpes' 

Isotope, , 

U234 ' 

U235 

U2 ,36 

23'S U ' 

·Specific Emission Rate 
,;(n/kg :- sec). 

6;1 
',0·51 
5·1 

, 15,·2 

The ~f.feGtive core of the MSRE (the graphite~conta:inirigregion plus 
. '". 

,i,some of the fu~l in the ,upper, anii lower, !;leads }coritaimi ,25 ,!t3 0f ,fuel salt. 

, "The anicnmts' of, each uranium isotope ilndth'espontaneo1.ls, ~,iss1.6ri~ ,neutroii 

i,source' 'ip. this volume are given in, ,Table 3 for each of 'the three fuels 

:p.escribed. in Table 1. 

'Tahl,e 3, '$pon,t,aneous Jrission Neutron Source in Core 

Fuel A Fuel B : "Fuel' c ", : 1 

~, (k€;) .. S{n/se,c) '1\1' :Ckg) , ~(rilseG) 
:, 'C" :,' 

U234 , '0·3 2 ' :0.2 1 " 0:'2 '1 
U235 27.0 14 16·5 8 26)4- .13 ,', 

U236 0·3 2 0'.2 1 0:2 1 
U2BS 1.5 22 0',9 13 47·5 722 

'-'-
40 23 737 

Neutrons From Alpha-n'Reactions 

Energet'i,calpha particles 'can produce neutrons by nuclear, iriteractions 
" " 

with sever~l differe!ll,t nuclide::;. Threshold energies vary'widely, depending 
, , 

1,lpon the nuclide. ,~ee nu.c lides" 1i '7, Be9 ' and ,F,19" have a-n, thresholds 

below the,maximuIn energy of 'alphas from uraniwn.,The neutron yfel~ :p~r 

alpha particle is a function of the init~al energy' of the alpha particle 

t;Lnd the compo~itioho:t the mediuniin which itls.~'E!lo~~, down. 
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Alpha Emission by Uranium 

Among the uranium isotopes.present in, fresh MSRE fuel, U234 has by 

far the highest specific alpha emission and also emits the highest-energy 

alpha particles. The speeific alpha sources. are summarized in Table 4. ~ 

Table 5 gives the total alpha source in the effectlve core of the MSRE 

during the initial critical experiment (25 ft3 0 f salt, . containing the 

amounts of uranium shown in Table 3). 

Isotope 

U234 

U235 

Table 4. Alpha Emission by Uranium 

Half-Life for 
a-decaY (y) 

2.48 X 10 5 " 

7.13 X 108 

2.39 X 107 

4.51 :x; ,109 

Decay Rate 
, (dis/sec-kg) 

, . 

2.28 x lOn' 

7.90 X 107 

2.35 X 109 

1.23 x '107 

Eo: f 
(Mev) (a/l00 dis.) 

4.77 72 
4·72 28 
4·58 10 
4.47 3 
4.40 83 
4.20 ,4 
4·50 73 
4.45. ,27 
4.19 77 
4.15 , ,23 

a Source 
(a/sec.,.kg) 

1.64 x'10 n 
0.64 x IOn 
0.79 x 107 

0.24 x 107 

6.56 x 107 

0.32 x 107 

1.72 x 109 

0.63 x 109 , 

0.95 x 106 

0.28 x 106 

Note:, ~a.is_tpe :tn:itia,.1 energy of the alpha part.icie a,.nd f.is ,. 

the percentage yield of alphas of that, energy in the natural alpha 

decay of the nuclide. 

Table 5. Aipha Source in MSRE Core 

Source Strength (a/sec) 
Isotope Eo; (Mev) 

Fuel A Fuel'B Fuel C 

U2 34 4.77 4.74 x' 10~o 2.90 x 10 i c" 3.71 x 10~o 
.4.72 1.85 x 10~o 1.13 x 10~o 1.45 x 10~o 

U23 5 4.58 2.13 x 108 1.30 X lOB 2.09 X lOB 
4.47 0.65 x 108

, 0.40 X 108 0.63 X 108 
, ' 

4.40 '. ·8 17,7 x 10 ' 10.8 X 108 17.3 x'10 8 

4.20 0.86 X 108 0.53 X 108 ',0.85 X 108 

U236 4·50 5.01 x 108 3.06 X 108 3.92 X 108 

4.45 '1.83' x ios 1.12 X 108 1.44 x 108 

U238 4.19 1.40 x 106 0,.86 X 106 '0.45 X 108 

4 .. 15 0.41 x 106 0.25 x; 106 , .0 ~13 X 108 

.. 

o· 

, 
." 
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~lpha~n Yields in FUel Salt 

The yields of neutrons from Bee, F~e, and Li7 vary with the energy of 

the alpha'::par"tic:):.e, generally increasing with energy.' Y1eldsfor 4.77,...Mev 

alpha-particles in thic·k targets of pure material are 40, 6 and 0".1 neutrons 

:per miI11on:alpha-partlcles in beryllium, fluorine, .and l:L.thium-:-7, respec

tively. ~ the MSRE~fuel salt, the pr()ductive nuclides comprise only a 

fraction,of th~ .total, and the yieidis affected, by the dilution with other 

elements;, Yields for'alpha-particles of,each energy in Table 5, in each 

of three ,fuel salts,were calculated by procedures described in the Appendix. 

Table 6: illustrates how beryllium, fluorine, and lithium contri'Qute to the 

total yield for .the most' numerous and highest -energy group of alpha parti.., 

c;:I,es. 

Table 6. Neutron Yields for 4.77-Mev 
"Alpha Particles in MSRE Fuel Salt ' " 

Yield ... (n/106 /a) 
Constituent 

FUel A Fuel B Fuel C 

Be g.65 3·32 3·20 
F 4.36 4.44 4.40 
Li 0.02. 0;02 ',0.02 

'l;'otal 7·03 7.78 ' 7.62 

, " 

Table 7 gives the neutron source in the effective core of the MSRE 

when .the uranium concentration is at its initial, clean; critical value. 

" , 

/"; . 
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Table 7. Alpha..-:n Neutron Source in Core 

Alpha Neutron Source Strength (n/sec) 

Source Eo: (Mev) 
Fuel A Fuel B :fuel C 

U234 4.77 3.33 x 105 2.26 X 105 2.83 X 105 
4·72 1.21 x 105 0.82 X 10 5 1.03 X 105 

U235 4.58 1.14 x 103 0.78 x 103 1.23 x 103 

4.47 0.30 x 103 ' 0 ~21 x lc)3 0,32 x 103 

,4.40 ' 7.54 X 103 5.20 X 103 8.13 X 103 

4.20 0.28 x 103 0.20 X 103 0.31 X 103 

U236 4.50 ' 2.45 x 103 i.68 X 103 2.10 x 103 
4.45 8 " 3 O. 3 ,x 10 0.57 x 10~ 0·72x 103 

U238 4.19 4.36 3·07 157 
4.15 1.21 0.85 43 

Total 4.p7 x 105 3.17 x 105 3.99 X 105 

'Discussion 

The calcu~ations in~icate that the bulk of the neutron source inherent 

in the clean MSRE fuel is due to alpha-nreactions, with spontaneous fis

sion contributing relatively little. Furthermore, about 97 percent of the 

neutron source is caused by alpha particles from a single isotope, U234 , 

which comprises a very small fraction of the total uranium. Therefore, the 

neutron so~ce will be very closely proportional to the U234 content of the 

fuel salt. 

In natural uranium, the abundance ofU234 is only 0 .0057%, orO .0079 

of theU235 abundance. In a gaseous diffusion plant, however, the U234/U235 

ratio is increased, so that in uranium containing over 90% U235 the 

U234/U235 ratio is 0.010 or above. 

The U234 fractions which were used in the calculations are based on 

typical analyses of enriched uranium, and thus are only estimates of what 

will appear ~n uranium which will be used in making up the MSRE fuel salt. 

The estimate, is probably good to within ±20% in the case of Fuels A and B, 

which use highly enriched uranium. In the case of :fuel C it was assumed 

that the uranium would be taken from the diffusion plant at about 35% U235 , 

t 
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and that 1:!h~ ·U?~4 content would be on'lyO' ~ 30%. It now app,~!:j.rs tha.t 1:;he 

uranium maybe~dCl.ed ,to .the ,~RE fuel salt in two batches: 
: ., • .< '. • , ~, 

the first of 
•• ' ., ~~." " 0 

p.f.l.t.ur~l or q.epleteq., ur~ni#; ,tpe secqnd" :tllgnly enriChed.lf'thi~ c9urse 
.~' . ,. .." . -' .'. .... 

is f'ol1.9w~d., th~.p2~4 content of 'Fue,lO woulq. pro:Qably be 1:;Li~her ~ perl;lap,s 

by ,asnmc.h~"s 'a factor 6f',;!;.4 ~ The ·neutron source f9I' Fuel C. wotj.ldth~n 

qe higher by thesame,f'act9r: ... -' " :'. .. "., . ..' ," ~'- ~'" ", ;,.. 

:,' 

", 
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APPENDIX 

Calqulation of Alpha-n Yields inMSRE.Fuel Salt. 

Information,on alpha-n yields. from various nuclides usually ~ppears 

in one of two forms: 1) the microscopic cross section of the nuclide for 

the a-n reaction as a fUnction of alpha energy,. or 2) the yield of neutrons 

per million alpha particles of a given initial energy emitted in an infi

nite medium of the pure nuclide. If the alpha p~rticles are.emitted in a 

mixture, it is necessary to take into account the dilution of the produc

tive nuclides by others which only slow down the alpha particles . 

. Dilution by Non-Productive Constituents of Fuel Salt 

The correction for the dilution of a p~oductive nuclide in a mixture' 

is essentially the fraction of the alpha,·energy loss which is attributable 

to the productive constituent. 

Let nmax be the yield of neutrons for alpha particles emitted in an 

infinite medium consisting entirely of a productive nuclide. Let n be the 

yield for .that nuclide in a mixture. It h~s been observed2 ,s that a fairly 

good approximation is 

n 
--= 
n max 

(1 ) 

where S is the !!relative atomic stopping power", N is the number density 

of a nuclide, and p refers to the productive constituent. 

The best information on relative stopping powers is still a 1937 
artic+e by Livingston and Bethe. 4· They give S relative to air for.16 

elements fo~ 6-~ev alpha-particles and for 6 elements at 7 other energies 

from 2 to 52 Mev. Table 8 gives values of S for the constituents of the 

MSRE fuel salt, obtained by interpolation in energy and atomic number of 

the Livingston - Bethe data. The relative stopping powers in this table 

are evaluated at 4.5 Mev, because this is approximately the energy of the 

uranium alpha-particles. 

.. 
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Table ·8;. Relative Stopping· Power of 
Constt tuents of MSRE:Fuel Salt 

for:·4 .5:...;Mev: Alpha- Part;i'cles' .. 

Constituent 
a' .. 

"S" 
Fue'l k . FuelB 'Fuel C 

Iii 0';57 '0'.163 . 0·.159· ' 0:149' 
.Be· 0:'.70 0.068 0,;085, 0.082 
F. 1.19 0'.692 0·.705. 0.,.699' 
Zr' 2.8 0.0·57 0".047 '.0.056 
Th 3·9 0.016 :0 o· 
u 4.2' 0.005 0.003· 0';.014 

,. 

Ej,At~mic stopping power relative to air. 

If the microscopic cross section ofa nuclide for the alpha-n,reaction 

is known,' then the number of' neutrons prod,uced by an alpha particl~ can be 

found. from 5 

E 
o 

n - 1(:P:)) dE 

o " d.x ' . 

(2) 

Harris· has p;ese~ted.~' :y·~s a function of B,lpha.energy for·seve,aJ:. 

different. substances.· For' a mixture one· may ass~me that 

where illi is the (eight fiactfon:'.of constituent 'i in the mixtUre .. " Table '9: 

gives values .of ~:) +0r' the c'onstituents o;fthe MSRE taken from ·re.fer-· 

ence 1, and the products'of' this 'quantity arid the weight :frac.t;i.ons for' 

the three different fuel salts. The' sum at the bottom of each coluinn is 

- ~ ~. for each salt. 
Pmix 

.. ". ;.-
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Table 9. Slowing-Down, Parameters for Alpha Particles 

(-~ ~)i Mev . ( 1 dE) Mev on --- g7cma . gJcm2 . p dx i 

i Fuel A Fuel B .Fuel C 
4 Mev 5 Mev 

4 Mev 5 Mev 4 Mev 5 Mev 4 Mev 5 Mev 

Li 885 781 103 91 108 95 96 85 
Be 840 741 43 38 57 50 53 47 
F 730 645 474 419 513 453 4a9 432 
Zr 385 351 42 .38 37 33 42 39 
Th .228 '208 13 12 0 0 0 0 
U 222 202 4 4 3 2 10 9 

679 602 718 633 690 612 

Be9 (a,n) Yield 

For alpha particles with an initial energy Eo' emitted in pure beryl

liwri2 ,3 

nmax =: 0.152 Eo 3.56 neutrons/10 6 a (4 ) 

For Fuels A, B, and C, nJn is 0.068, 0.085and 0.082 respectively. 
max 

(See Table .8). The. product is the yield in the . fuel salt which i's tabu-' 

lated in Table 10. 

F~9 (a, n) Yield 

Segre and Wiegand6 measured neutron yields for alpha particles of 

Viarious energies in thick targets of F', The yield,!). ,begins to. be . . max . 
measurable at 3 Mev and rises to 10 Ileutrons/l06 alphas at 5.3 Mev.. From 

Table 8, n/nmax fqr Fuels A, Band C are·0.692, 0.705 and 0.699. The pro-

duct of this n/n and n from the data of Segre and Wiegand .is given max max 
in Table 10. 

Li7 (a, n) Yield 

This writer knows of no direct measurements of n for Li7. The 
max 

cross-section for the Li7 (a, n) B~o reaction as a function of alpha energy 

• 
~ 

,'5 

• 
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was calculated and reported by Hess. s ~bdve a threshold at 4.36 Mev, the 

cross..,section rises to8mb.at 4.8,Mev, thend~creases,tb.ab6ut 6mb at 

higher energies .. Hess! crol'?s -section was used' to compute' yields fromLi 7 

iJ:l tb,e fuelsalt from equations (2) and (3). The 'integral in ,Eq. (2) was' 

evaluated by. representing the cross se~tioncurve by straight-line segments 

a~dby. app::roximating (- t .r ::)';~, vs. E bY'line:ar relations .. fi~teq.,to , '" 
mu . , 

points at4 and 5 Mev given in Table 9. Results appear in Table '10 . 

.. 

~ble ;,~O~ Neutron Yields 
' "FUel 'Salt 

for Alpha Particles 
(n/lOs ex) , 

;in MSRE;:, 

"- Fuel A Fuel B Fuel C 
Eo; 

(Mev) Be F Li Be, F Li. Be F Li 
, ., 

, 

4 :77; '2.65 4.36 '0.019 3·32 4.44 0.019 3·20 4.40 '0.017 
4·72 2.60 3.94 0.016" 3.25 '4.02,; o ~016 ' 3·13 3.98 0.014 
4·58 2·31 3.04 0.008 2.89 3.10 0.008 2.79 3.08 0.007 
4·50 2.18 2·70 0.005 2.72 2·75 0.004 2.62 2·73 0.004 
4.47 2.12 2·56 0.003 2.65 2.61 0.003 2.56 2·59 0.003 
4.45 2.10 2.42 0.002 2.,63 2.47 0.002 2.53 2.45 0.'002 
4.40 ;2.01 2.25 0.001 2. 2.29 0.001 2.43 ' 2.27 0.000 
4.20 1.70 1.52 0 2.13 1.55 0 2.05 1.54 0 
4.19 1.67 1.45 0 2~09 1.48 0 2.0~ 1.47 0 
4.15 1063 1.31 0 2.04 1.34 0 1~97 1.33 0 
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