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ABSTRACT

Unirradiated MSRE fuel salt will contain an
appreciable neutron source due to spontaneous
fission of the uranium, and (&, 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 £t2 of salt) is
102 neutrons/sec. or less, mostly from U238, The
alpha-n source is much larger, giving about 4 x 10°
neutrons/sec. in the core. Nearly all of this

latter source is caused by alpha particles from
U234 ] .
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. Introduction- ..

sotay, B

;gWhenwa;reaetor is .suberitical;. the fission rate and-the neutron flux
depend -on.the strength of the neutron source in the reactor due to various -
reactions and the multiplication. of these source neutronS'by'fissionsrin~
the core.. -By supporting the fission rate'in,the,subcriticai;reactOruat=
sufficiently\high;leVels,wafsource'performs several. functions ‘in: reactor
operationsu - The. source strength'required~for‘someﬁfUnctions-isfhigherx:"'
than for others. ‘

In all reactor fuels. there is always a. source .of neutrons due toli

spontaneous fission, but this source is relatively weak, particularly'iﬂ:fv

the fuel is highly enriched. uranium. In many reactor coresithere*iS'also
-an inherent photoneutron source produced by 1nteractlon of gamma rays with

~deuterium or beryllium in the core. ThlS source 1ssusually not. significant,

however, until after fission product gamma'soureesfhaveAbeen”built up: by
power'operation Therefore, 1n nearly all reactors an extraneous neutron
source is inserted 1n or  near the core. The MSRE is unusual 1n “that the
fuel is a. homogeneous fused salt in whlch alpha- em1tt1ng uranium is inti-
mately dlspersed with. large quantltles of fluorlne and berylllum,both of
which readily undergo alpha n reactlons - Thus there is & strong alpha-n
source inherent. in the: MSRE fuel salt evén. before 1t has been-lrradlated
It is concelvable that the source inherent- if: the MSRE fuel. salt,

which is certa1n to be present whenever there 1s any chance of’ cr1t1ca11ty,
is strong enough: to- satisfy some, If not: all, of"the requirements. which

make an. extraneous source necessary in most reactors. In detérmining

.whether  or not an extraneous source is' required, it is necessary to pre-

dict the strength: of’ the neutron source which:. is inherent in the clean

slat: before the: photoneutron source becomes important:.. The: present. report

' describeszthiS:predictionw The question of"source-reguirements will be

considered later;, in.a separate report.

Fuel -Composition:

_The'strength of the inherent neutron source depends on the. composition

of the: fuel salt and: the isotopic composition. of the uranium in' it.. Three:



fuel salts, 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, xenon :and other poisons).

‘The isotopic compositions shown for the uranium are the values -used -

in the. criticality. calculations. The U23% and U238 fractions are based on

typical analyses. of uranium enriched in 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'Coﬁpositioﬁs

Fuel Type ... A B ¢

Salt comp:  LiF . .70 6.8 65

(mole %) BeF, * ~ 23.7 29 . 29.2
B ZrFq- = . 5. L 5
ThF, 1 o0 .0

" UF, 0.313 ~ 0.189 0.831

U comp: 234 1 o 0 3
(atom %) =~ U35 93 93 - 35

.. usse 1 . 1 .0.3

y=se 5 - 5 TR

Density at 1200°F .. 14k4.5 134.5 L 1h2.7

(1b/£t3)

‘399.9926 % Li”.

Spontaneous Fission Neutrons

The rate of neutron production by spontaneous.fission is a specific

property of the each

nuclide.

In the clean MSRE fuel, U2®® has the shortest

half-life for spontaneous fission.! (See Table 2.)
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Table 2. Neutron Production by
. ‘Spontaneous Fission of o
’ Uranlum Isotopes

Isotope Specific Emission Rate -

An/kg - sec).
e 6
y2ss 0.51
238 5.1
U=ss3s A 15.2

The effectlve core of the MSRE (the graphlte contalnlng reglon ‘plus

some of the fuel in the upper and lower heads) contains 25 £t3 of fuel salt.

. 'The amounts of each uranlum 1sotope and the spontaneous flsslon neutron -
isource’ in this Volume are given 1n ‘Table 3 for each of the three fuels

descrlbed in Table . o Co

AfTable.3, ‘Spontaneous fission Neutron Source in Core

Fuel A . TFuel B - * Fuel €

Isotope :
M, (kg) S(n/sec) M (ks) S(n/SGC) M, (k) - S(n/sec)
U2347¢v '0L3:“ o 0.2 S
Us3s 27.0 14 16.5 8 26k 13 .-
yzs3e 0.3 2 0.2 1 0.2 1
y2s8 1.5 22 - 0.9 13 147,5 722
%o a3 3T

- Neutrons From Alpha-n<Reactions:~~

Energetic'alphavpartlcles'can produce‘neutrons by nuelear interactions
w1th several dlfferent nuclldes. “Threshold energles vary widely, depending
upon the nucllde.- ‘Three nuclldes, Li?, Be® and F19 have:-a-n.‘thresholds
below the max1mum energy of alphas from uranlum . The neutron y1eld per
alpha partlcle is a functlon of the 1n1t1al energy of the: alpha particle

and the comp081t10n of the medlum 1n whlch 1t 1s slow1ng down._ﬂ.



Alpha Emission by Uranium

- Among the uranium isotapésnpresent iﬁffresh MSRE fuel, U234 has by
far the highest specific alpha emission and also emits the highest-energy
alpha partlcles The spe01flc alpha sources are summarlzed in Table 4.1
Table 5 gives the total alpha source in the effective core of the MSRE
during the initial critlsalwexpefihént (25 ftaﬂof salt;,sontaining the
amounts of uranium shown in Table 3). | o

Table k. “Alpha Emission by Uranium

'Half—iife forn

b ]

€

Tsotope v ‘Decay Rate : a Source
otop a-decay (y) ~(dis/sec-kg) (Mev) (a/lOO dis.) (at/sec-kg) -
yas34 2.48 x 105" 2.28 x 1011 L4.77 72 1.64 x 1012

S k.72 28 .. 0.64 x 1011
U233 7.13 x 108 7.90 x 107 .58 10 0.79 x 107

: IR ¢ 3 0.24 x 107
L.ho 83 6.56 x 107
' L A h.eo. =k . 0.32 x 107
y=se 2.39 x 107 2.35 x 102 I .50 73 1.72 x 10°
' S . L hys 27 0.63.x 10° .
Us38 . L.s51 x.10° 1.23 x 107 L4.19 77 0.95 x 108
‘ ' I T .23 - 0.28 x 108

-

Note: E is the initial energy of the alpha particle and f is -
the percentage yield of alphas of that energy in the natural alpha
decay of the nuclide. o

Table 5. Alpha Source in MSRE Core
Source Strength (a/sec)
Isotope E_ (Mev) '
Fuel A Fuel B Fuel C

ys34 77 Tk, 7& x 101° 2.9 x 10%° 3.71 x 101°
L.72 1.85 x 101® 1.13 x 10*°® 1.45 x 10°

U=s3s 4.58 2.13 x 10% 1.30 x 108 ~2.09 x 10°
Ty 0.65 x 108  0.40 x 108 0.63 x 108

. 4o 17.7 x 108 1 10.8 x 108 17.3 x 108

4.20 0.86 x 108 ~ 0.53 x 108 -0.85 x 108

yss3se 4.50 5.01 x 108 3.06 x 108 = 3.92 x 108
' " Lh.hs '1.83'x 108 1.12 x 10®  "1.44k x 108
- Ue38 419 1.40 x 108,  0.86 x 10® - -0.45 x 108
4.15 0.41 x 108 0.25 x, 108 0.13 x 10°®




Alpha-n Yields in Fuel Salt - § .
The yields of neutrons from Be®, F®,-and Li” vary with the energy of

the alpha‘particle, generallybincreasing‘ﬁith energy. Yields for 4.77-Mev
&lpha-particles in thick-targets of.pure'material'are ko, 6 and 0.1 neutrons
per million*aipha—particles'in beryllium, fluorine, and lithium;7, respec-
tlvely In the MSRE fuel salt, the productlve nuclldes comprlse only a
fractlon of the total, and the yield is affected by the dllutlon with other
elements. Ylelds for alpha—partlcles of. each energy in Table 5, in each

of three fuel salts," were calculated by procedures described in the Appendix.
Table 6 1llustrates how beryllium, fludrine, and llthlum contribute to the
total yleld for the most’ numerous and hlghest energy group of alpha partie

¢les.

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

Yield.(n/loe/a)

Constituent —
Fuel A Fuel B Fuel C

Be  2.65 3.32 3.20

F 4 .36 Lh.ouh 4 .40

. ILi . . 0.02. 0.02 " 0.02
Total  7.03 7.62°

)
i
| o

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 -

Alphs Neutron Sogrce Strength (n/sec)

E_ (Mev) . , ‘ —
Source a Fuel A Fuel B Fuel C
234 L.77 3.33 x 105 2.26 x 105  2.83 x 105
h.72 1.21 x.10°  0.82 x 105 1.03 x 10°
U235 4.8 1.1% x 10°  0.78 x 10® _ 1.23 x 10°
4.7 0.30 x 108 0.21 x 10®  0.32 x 103
~h.ho " 7.54% x 103 5.20 x 103 8.13 x 108
k.20 0.28 x 108 0.20 x 103  0.31 x 10°®
yzse 4.50 2.45x 108 1.8 x 103  2.10 x 103
b .45 0.83 x 10° 0.57 x 103 0.72 x 10°%
ye3se 4.19 4 .36 : 3.07 157
4.15 1.2 - 0.8 43
 Total o L.67 x 10°  3.17 x 10°  3.99 x 10°
 biscussioﬁ‘,

The calculations indicate that the bulk.of the neutron source inherent
in the clean MSRE fuel‘is“due td'alpha-n‘reactions, with spontaneous fis-
sion>cbntribu£ing relatiVély little. Furthermore, about 97 percent of the
neutron source is caused by alpha particles from a single isotope, U234,
which comprises aIVery small fraction of the total uranium. Therefore, the
neutron sou}ée will be very closely proportional to the U23% content of the
fuel'éait. | A : ' | _

In natural uranium, the abundance of U234 is only 0.0057%, or -0.0079
of the U235 gbundance. In a gaseous diffusion plant, however, the U23%*/y235
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 in 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% U233,
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and that the .U23* content would be only 0.30%. It now appears that the
urenium may be added to the MSRE fuel salt in two batches: the first of
natural Or depleted uranium; the second, highly en.ri'cﬂhié.d_.-' -If ‘this course
is followed, the UZ?2* content of Fuel .C would probably be higheﬁ , perhaps
by ,aS-nmc,,h@s ‘s’ factor of:l.4. The »_ﬁeutron source for Fuel C would then '

be higher by the same factor, -
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APPENDTX

. Calculation of Alpha-n Yields in MSRE Fuel Salt .

- Information:on alphsa-n yieldswfrom various nuclides usually qppears
in one of two forms: 1) the microscopic cross 'section of the nuclide for
the a-n-reactibn 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 particles 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 prbductive nuclide in a mixture’
is essentially the fraction of the alpha:-energy loss which is attributable
to the productive constituent.

Let Noax be the yield of.neutrohs for alpha particles emitted in an
infinite medium consisting entirely of a productive nuclide. ILet n be the
yield for that nuélide in a mixture. Tt has been obserVedz’a.that a fairly
good approximation is

n R Np SP : | ‘ "
n A _
o ;Ni 5, ) |

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
article by Livingston and Bethe.‘ They give S'rélétive to air for:l6
elements for 6-Mev 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 enérgy 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:
Constituents of MSRE Fuel Salt
‘ for#htﬁgMev1Alpha:PartibleS""'”"‘

B | NS/YNy Sy
Constituent .87 < E— —
cccooco oo Fuel A "Fuel B Fuel C

SR 057 "0.163° -~ 0.159. 0vIkg: -
" Be- 0.70- - 0.068.  0.085  0.082
, O E 1.19° 0.692  0.705  0.699-
: Zr 2.8 -0.057 0.047 - -.0.056
CTh 3.9 0.016 0: 0.
U L.2°  0.005  0.003. 0.0l

o

o

1'“Atomibjstopping power rela?ive to air.
It theimicroscopic cross section of’'a nuclide -for the alpha-n.reaction
is known, then the number of neutrons. produced by an alpha particle can be

found  from®

(2)

Harris; has presented <%j%%" as a<fpnction of &lphawenergy pr‘sgveyal.;.
different. substances. For a mixture one may assume that

1 gE Gy

where «, is the weight fraction-of constituent i in the mixture. Table 9-:

gives values.of %%ﬁ%g4‘f0r‘the constituents of ‘the MSRE taken from Tefer- "

ence 1, and the products of this .quantity and the weight fractiohs for’

the three different fuel salts. The sum at the bottom of each cqlumh‘is

1 ‘-gglfor each salt.
p_..  dx
mix
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Table 9. Slowing-Down.Parameters»for Alpha Particles

1 4E ev | .@i (} 1 4g\ ev_
(%) g UeaeE
+ ‘ . Fuel A Fuel B Fuel C
4 Mev 5 Mev . -
E -4 Mev 5 Mev 4 Mev 5 Mev 4 Mev 5 Mev
Li 885 781 103 91 108 95 % 85
Be - 8Lo Thl 43 38 97 50 53 L7
‘F 730 - 645 b7k b9 513 453 489 L32
Zr 385 351 b2 0387 37 33 k2 . 39
Th 228 208 13 12 o 0 -0 0
U b L 3 2 1o 9

222 . 202

679 602 T8 633 6% 612

Be® (@, 'n) Yield

For alpha,particles with an initial energyrEo, emitted in pure beryl-

. lium® 3

n = 0.152 E 258 neutrons/10°® a : (&)
max : (0] o .
For Fuels A, B, and C, n/nmax is 0.068, 0.085 and 0.082 respectively.

(See Table 8). The product is the yield in the fuel salt which is tabu~
lated in Table 10. ‘ '

F° (a, n) Yield

Segre and Wiegand® measured neutron’yields for alpha particles of

'Various<energies in thick targets of F. The yield}'nmax, begins t0.be
measurable at 3 Mev and rises to 10 _neutrons/lO6 alphés'at-5.3 Mev. From
Table 8, n/nmax for Fuels A, B and C are~Q.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 (@, n) Yield

This writer knows of no direct measurements of nmax for Li?. The

BlO

cross-section for the Li? (a, n) reaction as a function of alpha energy
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) was calculated and reported by Hess.® Above a threshold at 4.36 Mev, the
- . .
i~ cross-section rises to 8 mb.at 4.8 Mev, then decreases to-about 6 mb at
Ll\ higher energies.  Hess.' cross-section was used to compute yields from Li7
in the fuel salt from equations (2) and (3). The integral in Eq. (2) was
evaluated by representing the cross section -curve by straight-line segments
‘aluated Dy o3 v .
and by approximating. —z%:"3%§ ‘vs. E by linear relations fitted to
N Pmix ' .
points at .4 and 5 Mev given»in Table 9. Results appear in Table 10.
. Table 10. ;Ngutrgp;¥ieldé'fdr.AlphégPartiles in MSRE:
© st T Fuel Salt (n/10% o) o
| Ey . FuweXA 7 UFuel B Fuel ©
M) pe 1 Be . F  Ii Be F i
477 2.65 k.36 0.019 3.32 L.k 0.019 3.20. k.40 0.017
.72 2.60 3.9% 0.016" 3.25 %.02'.0:016.-3.13 3.98 0.01k -
, 4y.58 2.31 3.04 0.008 2.89 3.10 0.008 2.79 3.08 0.007
o L.s0 2.18 2.70 0.005 2.72 2.75 0.004 2.62 2.73 0.004
4 L.h7 .2.12 2.56 0.003 2.65 2.61 0.003 2.56 2.59 0.003
s L.hys5 2,10 2.42 0.002 2.63 2.47 0:002 2.53 2.45 0.002
L .ko 2.01 2.25 0.001 2.52 2.29 0.001 2.43 '2.27 0.000
* k.20 1.70 1.52 0 2.13 1.55 0 2.05 1.54 0
k.19 1.67 1.45 0 2.09 1.48 0 2.02 1.h47 0
.15 1.63 1.31 O 2.064 1.3% 0 1,97 1.33 O
e

N XY
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