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I. GENERAL CONSIDEFUTIONS 

8 

s 

* I  ' 
1,l INTRODUCTION 

8 I . 0 .  - * I  I ; i t ; {  8 

The primary purpose of the Nuclear Engineering Project 
at M.I.T. during the summer of 1952 was to investigate the 
problems of reactors using non-aqueous fluid fuels for the 
production of plutonium and to recommend a program of research 
and development to supply the information needed to provide a 
sound basis for the engineering of this important type of 
reactor. 
Ridge and elsewhere. 

The results of this Froject are being described in 
three companion reports. 

1. 

2. 

3. This report. 

Aqueous fluid-fuels are receiving attention at Oak 

"Engineering Analysis of Non-Aqueous Fluid-Fuel 

"Chemical Problems of Non-Aqueous Fluid-Fuel 

\ 

Reactors" - (MIT-5002), 
Reactorst1 - (MIT-5001), and 

The first of these reports describes the objectives of 
the Project, the lines of investigation pursued, and the main 
conclusions drawn, It describes in detail the engineering 
studies carried out by the Project and the bases for them. 
summarizes all recommendations for future research and de- 
velopment. 

studies conducted by the Project and gives details of the 
program of chemical and chemical engineering research re- 
commended by it. 

by the Project. 
are described and the results of the nuclear studies are 
given in detail. 
of importance to non-aqueous f lu id - fue l  reactors is recommended. 

It 

The second of these reports describes the chemical 

The present report treats the nuclear studies conducted 
The basic nuclear data and design methods 

A research program on nuclear properties 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ................ 
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Chapter I of this report outlines 
which led to the choice of two reactors 
the Project: 

the considerations 
for detailed study bY 

(1) A fast converter using as fuel a solution of UCl4 
in fused chlorides 

(2) A thermal converter using as fuel a liquid alloy 
of U in Bi, 

and lists the main characteristics of each reactor. Nuclear 
studies on the fast and thermal reactors are described in 
Chapters I1 and 111, respectively. 
two reactors. The Appendices contain details o f  calculation 
methods, and the results of nuclear studies not directly 
related to the reactor processes given engineering study. 

Chapter IV compares the 

1.2 FAST REACTORS 

The two main questions regarding fast reactors asked 

(1) Should the fast reactor to be investigated be a 
converter or a breeder, and 

(2) What fuel system should be chosen? 

at the beginning of the Project were: 

BREEDERS VS. CONVERTERS. - As shown in Chapter I1 of 
this report, fast, fluid-fuel breeders may yield a breeding 
gain of the order of 0.6, whereas a fast converter using the 
same type of fuel except for the interchange of U-235 for 
Pu-239 will give a conversion ratio of around 1.15. Cost  
analyses described in more detail in the engineering analysis 
report show that plutonium can be produced more economically 
in a fast converter than in the corresponding breeder, under 
the cost bases adopted for this project. 

compared with a feasible fast breeder arises from two main 
causes: 

The cost advantage of the fast fluid-fuel converter 

1). The h i g h  unit cost of Pu compared with that of 
U-235, i.e., U-235 is cheaper to burn or store than 
Pu-239 on a gram for ggam basis, because the 

- 
4 

I 

2 -  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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projected cost per gram of Pu-239 is still larger 
than the present cost per gram of U-235. 
The inventory charges on Pu-239 are based upon 
the total critical mass of the breeder, but only 
on the equilibrium concentration of Pu-239 in the 
Converter, which may be quite small in comparison. 
Hence for the low specific powers considered for 
the fused salt reactor ( d 3 O O  wattslgm), an 
equivalent breeder (also with a. specific power of 
300 watts/gm) would have such a large inventory 
charge assessed against it, that it could not 
compete with a converter in the economic production 
of Pu-239. Higher specific powers, if possible 
engineeringwise, would decrease the disparate 
cost estimates for Pu-producing breeders and con- 
ver ters . 

Even if no charge was made for inventory, however, some cost 
advantage would remain with the converter under the cost 
bases adopted by this project, 

SELECTION OF L W L .  - Fast reactors must have high con- 0 

centrations of uranium and low concentrations of absorbing 
diluents which should not moderate excessively. An initial 
survey of possible fluid core materials showed that few, if 

nuclear and engineering properties to be practical for fast 
reactors. Fused salts are an alternative to the fluid alloys, 
The fluorides were eliminated on the basis of their excessive 
moderation which would increase the overall a of the melt. 
bromides and iodides were eliminated on the basis of their un- 
favorable capture cross-sections (associated with high atomic 
weight). 
rule-of-thumb for estimating the upper limit for the micro- 
scopic capture cross-section of diluents, wc(D), in fast con- 
verters: 

W 

- any, fluid alloys with uranium have sufficiently satisfactory 

The 

These decisions were based on the following useful 

....................... I - 4 i i ,  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
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Cc(D) < NH- x 0.24 barns 

at 0.2 MeV mean neutron energy. 

(1.2-1) 

This relation assumes as a practical basis that the decrease 
in the conversion ratio resulting from capture in diluents 
should be less than one-tenth the conversion ratio for a non- 
poisoned reactor. For example, in a hypothetical. mixture: 
U*35Br4, which is certainly the lowest possible concentration 
of Br in a bromide fused salt, Tc(D)max = 0.24P4 = 0.06 barn 
at 0.2 MeV. However, Br has an estimated 5c = 0.1 barn at 
this energy andCc(iodine) is even greater. 
iodine were ruled out for this reason, leaving chlorine as 
the only possible halogen, Cc(Cl)e 0.0034 barn at 0.2 MeV, 

The fused salt, uranium chloride, was chosen on the 
basis of metallurgical, engineering and nuclear considerations 
to be the subject of the fast reactor investigations by this 
project. The corrosion problem remains as its most detri- 
mental feature. To lower operating temperatures in the fused 
salt, Pb C12 and NaCl were added to the U C l 4 .  The optimum 
ratio of ~-238rn-235 was then determined by minimizing the 
estimated production cost of plutonium in this system, in- 
cluding the inventory charges on external holdup, 

the design of a fast reactor. Externally cooled systems have 
the advantages of safety and replaceability of heat exchangers, 
and absence of parasitic loss of neutrons to cooling fluids 
and internal structural materials. Internally cooled systems 
have the important advantage of lower critical mass due to 
absence of non-reacting inventory in external heat exchangers. 
For the fused salt system selected for detailed investigation, 
an engineering study suggested that the externally cooled system 
would be preferable. For a liquid-metal reactor, it is 
probable that an internally cooled system would be preferred, 

Bromine and 

Internal or external cooling is a major consideration in 

............... . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  .............. 
. . . . . . .  . . . . . .  . . . . . .  . . . . .  . . . . . .  ......... 

. 
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For fast reactors the highest possible Conversion 
Ratios (and Breeding Ratios) occur for U-238/U-235 ratios 

Of FB. N 2 equal to or less than 2.5. Essentially, the 
internal conversion ratio depends only upon the ratio ~w is a constant over N&, implying that the ratio 
the region between 0.1 and 1 MeV. The upper limit of ,w, is about 125 higher ratios will lead to either in- 
finite critical mass or intermediate to thermal spectra, 
and the systems are no longer considered to be fast re= 
actors. 

N 28 slightly higher ratios of ,&$, Le. 3 to 5, will give the 
minimum overall cost, even though some conversion ratio 
has been sacrificed, because the higher dilution with u-238 
decreases the holdup mass of U-235. 

material (Fe, say) and coolant (Na, say) to remove the 
heat. Admittedly, external holdup is decreased, but with 
a sacrifice in C.R. due to parasitic absorption in the 
above materials. 

critical masses of fissionable material, but most known 
uranium alloys involve high operating temperatures when 
used in the fluid form. 

the conversion ratio to about 1.15 in a practical fast con- 
verter. The relatively low capture cross-sections of the 
fission products and the feasibility of removing them by 
processing make the poisoning effects of fission products 
negligible in fluid-fuel fast reactors. In fact, large 
fractional burnup - and hence large buildup of fission 
products - may be tolerated in fast reactor designs. 
can be seen quite readily from Eq. (1.2-1). When 

- 2  

For externally cooled reactors, it turns out that 

Internally cooled systems will contain structural 

The high densities of liquid metals imply small 

Captures in fuel material and reactor poisons reduce 

This 

-. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
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N(F.P.) z N(25), i.e. 33 per cent burnup, %(FOP.) should 
be less than 0.24 barn if the decrease in C.R. is to be 
less than lo$, whereas, in fact, the estimated average value 
c~,(F.P.) is 0.2 barn at 0,2 MeV. 

some poison in fast converters. 
is not known in the fast region. It was assumed to be the 
same as u-238 in all NEP calculations, i.e. &c(U-236) t 0.22 
barn at 0.2 MeV. On this basis, U-236 is about equivalent 
to the average P.P., atom for atom, However, because it 
is isotopic with the primary fuel, U-235, the removal of 
accumulated U-236 and its subsequent separation, presumably 
by gaseous diffusion, would be quite expensive. Thus re= 
processing costs dictate the upper limit, and the loss in 
conversion ratio by parasitic capture in U-236 sets a lower 
limit on the rate of reprocessing the fuel for U-236. 

For Pu roducing reactors, one should note that 

U-236, formed by U-235 parasitic capture, is a trouble- 
Unfortunately, dc(U-236) 

the ratio $$-f=& c is smaller in the fast region than in 

the thermal. 
Pu-239 is of less importance in a fast converter than in a 
thermal converter. 

spherical core, reflector, and blanket. 
to reduce the inventory of critical mass. 
flector should be a dense material of high transport cross- 
section and low capture cross-section, such as lead. 
could be used as a combination container-reflector provided 
it were not too thick. Reflectors should not be designed 
such that they more than replace fissionable material, for 
large thickness of iron (or, to a lesser extent, lead) 
seriously reduce the conversion ratio by decreasing the 
leakage flux reaching the outer blanket, 

Therefore, Pu-240 contamination of the product 

The fast converter structure studied consists of a semi- 
The reflector- is used 
In general, the re- 

Iron 

e 

.- 

I 
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The blanket structure should be sufficiently thick 
that it does not allow an appreciable number of neutrons 
to leak out of it. 
cover the core so that no leakage gaps are present. 
last requirement is difficult to achieve in practice, 
since cooling pipes and control mechanisms must be in- 
serted through the reactor. 
should be processed often enough to keep the inventory of 
Pu-239 to a minimum. It is well to keep in mind that the 
fast fission effect in a-238 approximately balances the 
parasitic captures in structural materials in a well de- 
signed blanket. 

nuclear reflector is impractical. 
remembered that the blanket, the containing structural 
materials (Fe), and the reflector control rods (Pb) w i l l  act 
to some extent as an effective reflector if properly de- 
signed. 

As the generation time ((loo6 seconds) in a fast 
reactor is much shorter than in a thermal reactor, fast 
reactors are inherently harder to control. Moreoever, in 
externally cooled fast reactors with their rapid fuel flow 
rates there can be up to a 60s loss of delayed neutrons in 
the heat exchanger, depending upon the relative fuel transit 
times. Fluid fuels will however have large negative 
temperature coefficients due to thermal expansion giving a 
distinct safety advantage. The use of absorbers for 
control mechanisms is not practical, as absorption cross- 
sections are low in the fast region and because the addition 
of absorbers will decrease the conversion ratio. 
control is the most efficient method of controlling fast 
reactors, because its use will not significantly destroy 

Moreover, the blanket should completely 
T h i s  

It is obvious that the blanket 

Constructional problems may dictate that a suitable 
It should then be 

Reflector 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ................. 
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the conversion ratio. 
Fluid fuels hav the additional feature th t they 

are not as sensitive as solid fuels to radiation damage. 
Processing problems are also greatly reduced, enabling 
the concentrations of fission products and Pu to be kept 
small 

In general, as diluent materials are added to the 
composition of the non-aqueous fluid-fuel reactor core, the 
critical mass at first rises quite slowly since the diluent 
merely replaces fissionable material (lower leakage loss and 
number density of U-235 compensate for fuel dilution). The 
neutron spectrum is rapidly degraded to a mean energy of 
about 200 Kev. As more diluents are added, the neutron loss 
by parasitic capture more than compensates for the improved 
transport cross-section (less leakage). The neutron spectrum 
falls into the 100 Rev region, or less, and the critical mass 
increases rapidly - in many cases it becomes infinite. As 
further dilution of fissionable material is brought about, 
especially with moderating material, the critical mass of the 
reactor may again become finite as the neutron spectrum is 
degraded to thermal energies, for in this region the fission 
cross-section of U-235 increases rapidly with decreasing 
energy. Further dilution with good moderators causes the 
critical mass to go through a minimum, until the uranium is 
so diluted that the loss of neutrons to capture and leakage 
is not balanced by the neutron production from U-235, 
critical mass again goes to infinity even though the 
microscopic fission cross-section is very large in the 
thermal region. 

The 

It is evident that only for particular combinations 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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of enriched fuel, moderator and other diluents may a reactor 
become critical in the thermal region. 

One notes that the critical size of a reactor depends 
upon the buckling and atom density of the fuel material, 
and that the critical mass is inversely proportional to the 
square of the U-235 atom density. As the conversion ratio 
is decreased by parasitic capture, the best converters have 
the following general design specifications. 

1). small parasitic capture 
2). large macroscopic transport cross-section 
3). large U-23s atom density 
4) high specific power 

Items 1, 2 and 3 imply small critical mass (large buckling) 
and item 1 implies large conversion ratio. To bring in the 
last, important general design parameter for Pu-producing 
reactors, we note that the inventory charges on the final 
product are inversely proportional to specific power. To 
reduce the effect of inventory on the cost of h-239, we 
add item 4 to our list. 

data which are important in fast reactors are to be found 
in detail in Section 11-1.9. 
is to be found in the fast inelastic and capture cross- 
sect i ons . 
engineering deficiencies which are to be found in detail in 
the engineering analysis report. 
these deficiencies are important ngclearwise is that they 
set an upper limit on the specific power of a fast reactor. 

Until these deficiencies are removed by further basic 
research, we can not be certain of the feasibility of fast, 
non-aqueous, fluid-fuel reactors for the economical pro- 
duction of Pu-239. 

Recommendations for future work involving nuclear 

The major deficiency in data 

Paralleling this lack of information are a number of 

The major reason why 

;.* r.,s -3. ; ................... . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ................. 
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1.3 THERMAL CONVERTERS 

Preliminary analysis of the U-Bi system showed that  
th i s  was the best l iquid a l loy  fue l  f o r  thermal reactors and 
that a reactor using this  fue l  would have an acceptable con- 
version r a t io  and c r i t i c a l  mass. Since a fused s a l t  system 
had been chosen for  the f a s t  reactor,  it was decided t o  
study the U-Bi system for  a thermal reactor,  i n  order that  
l iquid metals could a l so  be investigated by the Project, 

f o r  thermal reactors,  w i t h  the conclusion that solutions of 
UF4 i n  fused fluorides were the only ones competitive with 
the U-Bi fue l  chosen f o r  detailed investigation. Fluoride 
fuels  merit further study. 
C 1 ,  Se, Te, B r ,  I, N and CN were eliminated because of un- 
favorable cross-sectionsj carbides, oxides, sulfides,  
s i l i c ides  and arsenides because of high melting point5 
phosphates, su l fa tes  and n i t r a t e s  because of poor thermal 
and radiation s tab i l i ty .  
search for  fused-salt mixtures for  thermal reactors is des- 
cribed i n  the engineering analysis report. 

The par t icular  If-Bi thermal reactor studied consists 
of a core i n  which U-Bi solution flows through holes i n  a Be 
matrix. 
sidered i n  choosing a par t icular  design a re  conversion ra t io ,  
c r i t i c a l  mass and inventory, processing rates ,  in te rna l  VS. 

external cooling, uniform or variable B i n e  r a t i o ,  and 
control. 

employing U-235 i s  1.10. 
s i t i c  capture and leakage. 
t e s t  whether paras i t ic  capture by the basic constituents of 
the reactor i s  excessive is  

A limited amount of study was a l so  given to  fused s a l t s  

O f  other fused salt poss ib i l i t i es ,  

A more detailed report  of the 

Some of the special  problems which must be con- 

The maximum possible COR. i n  a thermal converter 
This m a x i m u m  i s  reduced by para- 

A rough and ready cr i te r ion  t o  

................ . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  ................. 
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where N(s)~(s) implies a summation over s, the elements 
other than uranium. For the reactor design chosen, equation 
(1.3-1) yields a parasitic loss of .08 for the Bi and Be 
alone. To this value must be added the loss due to poisons. 

divides into three parts, Two of these, the formation of 
fission products and of higher isotopes are quite general, 
since they are directly tied to the presence of fissionable 
material. 
is the formation of Li 
A fourth possible source of poisoning, absorption by the 
products of the neutron reactions of Bi was not considered 
because of the complete absence of information on the cross- 
sections of its decay products, 

in the liquid fuel can be kept to admissible values by 
sufficiently rapid processing, In this reactor, the 
~ u - 2 3 9 / ~ - 2 3 8  ratio was determined by the requirement that 
the Pu-240 content of the product Pu be kept below the 
maximum allowable limit. 

be kept low are Xe and Sm which have anomalously large 
thermal absorption cross-sections) these are processed 
separately. 
in the final reactor is . O l 7 ,  and that due to higher 
isotope capture .Ole 

neutron reactions of Be forms a particularly knotty problem. 
Though the direct loss resulting from the (n,a) reaction is 
compensated by an (n,2n) reaction, the Li which is a decay 
product of the former reaction is lodged directly in the Be 
matrix and is therefore unremovable by processing of the 
liquid fuel. The loss in C-R, resulting from the high 
thermal capture of Li6 turns out to be -02, based on the 

The problem of poisons in the U-Bi-Be system studied 

The third, specific to the use of Be as moderator, 
6 as a consequence of an (n,a) reaction. 

The concentration of poisons which are formed directly 

The fission product poisons where concentrations must 

The loss in C.R. due to fission product capture 

The loss of neutrons resulting from the high energy 

6 

. . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
e . .  e * .  . I  . 
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assumption of a six-year operating period for the Be. 

serious a loss as parasitic capture. 
could be all productively captured if one were willing to 
consider the added complexity, processwise and engineering- 
wise, of a substantially pure U-blanket. In the design of 
the thermal converter this added complexity was ruled out 5 
priori by the requirement of structural and processing 
simplicity. It might be pointed out here, however, that if 
one attempted to design a two-region thermal converter, one 
would undoubtedly move away from the type of design in which 
one attempts to minimize the leakage, as required for a bare 
reactor. External conversion would become more important. 
Maximization of the leakage would effect a substantial saving 
in critical mass since the requirements of minimizing leakage 
and critical mass are directly opposed. 

the requirement of a single region reactor, to do something 
about reclaiming the fast leakage from a bare reactor. The 
basic strategem consists of having a specified zone on the 
outside of the reactor with radically reduced spatial density 
of Be, but with the same fuel mixture coursing through the Be 
matrix. The basic idea is to provide a low multiplication 
region of high resonance capture for the fast leakage and 
thus to increase the C . R .  There are two attendant facts 
which nullify much of the gain thus achieved: first, that 
the outer zone is one of higher spatial density of fuel and 
one therefore pays in critical mass, and second, that the 
outer zone has perforce poor moderating power and that there- 
fore a substantial fraction of the neutrons produced in this 
region w i l l  leak out as fast neutrons. Calculations show 
that there is still a net gain in C.R. compared to the homo- 
geneous reactor with same critical mass, but that the saving 
is not as substantial as initially conceived. Some further 

The leakage of neutrons from the reactor constitutes as 
Of course these neutrons 

An attempt was made, within the restrictions imposed by 

c 

t 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 



benefit might be achieved by including 

-23- 

a reflector of fast 
neutrons on the outside of the reactor, but this possibility 
was not investigated. 

determined on the same basis as for the fast reactor; namely, 
the criteria of reliability and replaceability dfctated the 
choice of external cooling. 
essentially doubling the inventory of fissionable material, 
since the external holdup is the same order of magnitude as 
the critical mass. On the grounds of costs alone, engineer- 
ing studies seem to show that there is little to choose 
between the two methods, since the loss in C.R. due to the 
inclusion of structural materials required for internal cool- 
ing is balanced by the gain from decreased inventory. 

Fianlly, the problem of control of the thermal con- 
verter is not nearly as serious a one as for the fast reactor. 
In particular, calculations of delayed neutron effectiveness 
show that the value of the dollar is decreased by less than 
10% of its no-flow value compared with the almost SO$ l o s s  
for the fast reactor. 

The question of internal VS. external cooling was 

-3 

- This decision had the effect of 
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GLOSSARY - CHAPTER I 
B.R. 

c 

CY 

Breeding Ratio; gross atoms of Pu-239 produced per 
atom of Pu-239 destroyed (No U-235 fuel) 

Conversion Ratio; gross atoms of Pu-239 produced 
per atoms of U-235 and Pu-239 destroyed 

Fission Products 

Number of atoms of type a per cm 3 

Atomic enrichment fraction I *e 
Ratio of the number of parasitic neutron captures 
to the number of neutron captures producing a 
fission in fuel material, i.e., 

for any element of type a, where the fuel is 
U-23 5 or Pu-239 

Macroscopic cross-sectionj the subscripts o n 2  
are defined as: tr = transport; a = absorption 
(fission + capture); s = elastic scatterings 
i 3 inelastic scatteringj f s fission 

Microscopic cross-section (per atom)) subscripts 
same as for 

. 

L 

. 
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11. FAST REACTORS 

, 

1. NUCLEAR CONSTANTS 

This chapter summarizes the calculations on fast re- 
actors. Prior to presenting the results, an outline is given 
of the calculation methods. Important details are included 
in appendices. 
directly on the nuclear constants, we begin with a brief 
resumefof the values used in the NEP calculations. 

Since the reliability of the results depends 

1.1 TOTAL CROSS-SECTIONS 

Extensive data are available on total cross-sections, 
crt, because of the relative simplicity of such measurements. 
Total cross-sections do not enter reactor calculations se 
but are of value in establishing upper limits for a) transport 
cross-sections rtr for fast neutrons and, b) absorption cross- 
sections ea for slow neutrons. Total cross-sections also 
provide some basis for the theoretical interpretation of 
neutron interactions. In some cases theory has been used to 
extend available experimental data and to estimate unmeasured 
nuclear constants. 

A very complete compilation of neutron cross-sections 
(AECU-2040) has been published (August 1952) by the AEC 
Neutron Cross-Section Advisory Group. A classified supple- 
ment (BNL-170) summarizes the data available for heavy ele- 
ments. We are indebted to the chairman, Dr. D. J. Hughes, 
for prepublication copies of these reports. 

1.2 TRANSPORT CROSS-SECTIONS 

The transport cross-section, which determines the net 
loss of forward momentum of a neutron, is defined ass 

(1.2-1) 

..... . i W  ............... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  



.... . .  ...... 

TABLE 11-1.2-1. Transport Cross-Sections 

These cross-sections (in barns) used in all NEP fast reactor calculations 

__ 

U % 05-1 1-2 2-3 3-3.75 3.75-4.5 4.5-5.5 5.5-7 7-10 
~ ~~ 

Group 1 2 3 4 5 6 7 8 

I 
w 
QJ 
I 

9 .  ........ ...... . . .  
t*.+,''--- pu-239 5.0 5.0 6.0 7.0 8.5 10.0 12.5 

. .  4.0 4.14 4.86 6.27 8.0 10.6 13.8 
. . .  4.52 5.17 6.3 7.48 8.61 10.24. 12.6 ...... . . .  ... 3.7 4.0 4.7 6.0 8.7 11.5 12.5 
..... . .  Pb 3.7 4.0 4.7 6.0 8.7 11.5 12.5 

...... FOP. 3.35 3.7 4.35 4.92 5.35 5.75 6.3 

...... c1 1.8 2.0 2.8 3.5 3.7 3.9 4.2 8.2 

...... 1.118 1 . 696 

* * * * * :  . .  ~~ ::z Bi 
. . .  . .  
..... 

11.2 .... . - - -  Fe 2.1 2.09 2.29 3.4 3.48 3.92 4.18 . .  . .  
. . .  . .  
.... 

e .  A 1  1.752 2.017 2.852 3.851 3.956 2 911 
Na 1.595 1.818 3.426 3.605 3 . 861 3 922 4.134 5.222 
Be 1.028 1.534 3.045 3.755 4.272 4.936 5.181 5.42 

These values obtained from KAPL except for the following: 
tion and interpolation of KAPL values using Feshbach-Weisskopf theory (NYO-636) as 
guide, F.P. average values obtained from theoretical curves (NYO-636) weighted by 
fission yield (Steinberg and Freedman) 

Pu-239, Bi and C1 extrapola- 

b 4 I 
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where cs(8)dfi is the scattering cross-section into the 
solid angle dfL in direction 9. Clearly etr( et. 

Transport cross-sections enter all reactor calculations 
significantly. Measurements of OItr have been made for only 
a few of the elements of interest. Most of these data were 
obtained some time ago when experimental techniques were pre- 
sumably less reliable. 
transport cross-sections can only be obtained by a judicious 
combination of theory and limited experimental data. 
cross-sections used in all NEP fast reactor calculations 
were compiled by the group at KAPL under Dr. H. Hurwitz. 
Based on additional information gathered by the NEP, it 
suggests that some revisions in certain of the KAPL cross- 
sections may be in order. However, the KAPL cross-sections 
possess the virtue of having been consistent with a large 
number of critical mass measurements. 
that on the whole it would be prudent to use the complete 
set of KAPL values rather than make individual revisions. 

actor calculations are given in Table 11-1.2-1. The values f o r  
Pu-239, Bi, F.P.  (fission products) and C1 are NEP estimates. 
The other values were obtained from KAPL. 

Accordingly, a consistent set of 

The 

Hence, we concluded 

The transport cross-sections used in all NEP fast re- 

1.3 INELASTIC CROSS-SECTIONS 

In nearly all the NEP fast reactor calculations, in- 
elastic scattering is the predominant process in degrading 
neutrons from above to below 0.5 Mev. Below this energy, 
i.e. u>4, elastic scattering is the only process for de- 
grading the neutron energy. The inelastic cross-sections 
used are given in Table 11-1.3-1. 
scattered neutrons In other groups due to inelastic scatter- 
ing in a given group is presented in the calculation sheet, 
Appendix A. More generally the assumed energy distributions 

The yield of inelastically 

of inelastically scattered neutrons as 
summarized in Table 11-1.3-2. 

S 

.. ..) ................ ..... t o :  : : * .  .. ::. ::. . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  

obtained from KAPL are 
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TABLE 11-1.3-1. Inelastic Cross-Sections 

These cross-sections (in barns) used in all NEP fast reactor 
calculations 

U* e 5-1 1-2 2-3 3-3.75 

Group L 2 3 4 
~ 

pu-239 e 7  e 7  .5 
U-238 2.5 2.5 2.1 85 
u-235 1.2 1.2 e 9  

Bi .8 e 7  e 4  

F.P. .84 78 e31 
Fe 8375 e7875 03125 e o  

Pb 95 . 88 e 4  e 0  

*Negligible above 4th group 

The values for u-238 are based on a re-analysis of the Snell 
and similar experiments (see KAPL-741) . 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 



- TABLE 11-1.3-2. Assumed Spectral Distribution of' Inelastically Scattered Neutrons 

The fractional yield(%&+ in each of the energy groups (2-6) is shown due t o  
inelastic sc$ttering in a given higher energy group. 

Pb and Bi Fission Products and Fe J-238 and U-236 Pu-239 and U-235 Groul: N 
C1 

1 
- 
- 
3.2 

3.6 

3.2 

- 
..) 

Range 
in 
U 

1-2 

2-3 

3-3 75 
3 75-4.5 
4.5-5.5 

I.... 

..I. 

- 
4 - 
- 
I 

. 80 

. 20 

- 
2 - 
- 
.35 
033 
. 22 
. LO 

1 2 1 2 3 ..... . .  
"... . .  ...... 

- 

2 

3 
4 

5 
6 

.4 

.4 
02 

I 

I 

. 10 

. 20 
30 

. 20 

. 20 

- 
0 20 

.33 

. 22 

.25 

- 
.6 

04 
I 

- 

. (  

..I.. . * a  . .  
...a . . ..", . .. . 

e -  0, . .  . . .  .. . 
.....I. 

.*..*. . .  .. I... 
,*I... 
> . d  ..... .... 

These data, except for C1, obtained from KAPL. There is considerable uncertainty in 
all values, since so few experimental measurements of)Ci-tj have been made. 



1.4 FISSION CROSS-SECTIONS 

The fission cross-sections cf used are listed in 
Table 11-1.4-1. These values are based on recent repeat 
measurements at Los Alamos which indicate a reduction of 
about 10 per cent is necessary in the fast region. For 
example, Qf (Pu-239) has been reduced from 1.94 to 1.75 
barns, which is of considerable practical importance, since 
it results in a significant reduction in estimated breeding 
ratios. Similarly, the reduction in the accepted value of 
ai. (U-235) lowers practically attainable conversion ratios 
in the production of plutonium. 

BNL-170. 
made in this recent publication. It is uncertain whether 
the revision has been made in Cf (n-238) and rf (U-236). 
The values forcf(238) as used by NEP were obtained from 
KAPL. The vaiue, 5 (u-238) = 0.5805 for group 1 is about 
10 per cent lower than the average taken from the curve in 
BNL-170 for this group, indicating that the correction has 
not been applied. 
the values used were taken from BNL-170 but without the 
10 per cent revision. Because the concentration of U-236 
is less than that of other fissionable materials in all 
of the reactors considered by NEP, this possible correction 
in cf (U-236) would result in a negligible change in all 
NEP calculations. 

This revision in q (Pu-239) has not been made in 
Apparently the revision in cf (U-235) has been 

U P L  had no values for 5 (U-236), hence 

7 :I 
.J ii 

c * 
...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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TABLE 11-1.4-1, Fission Cross-Sections 

These cross-sections (in barns) used in all NEP fast reactor calculations 

U 

* *  
I . .  . Id-  
: k- Group ..... ..... . .  
I .  - 
I . I  .. . . .  . . .  .. . 
: ? _ * f *  ...... . .  
>..... ,..... 
1 . .  . .  
>...I. , .  

- I f *  

Pu-23 9 
u-238 

U-236 

a-23 5 

. 5-1 

1 

1.75 
5805 
-86 - 
1.2 

1-2 

2 3 

1.75 
. 0171 

1.22 

3-3.75 

4 

3.75-4.5 

5 

4.5-5.5 

6 

1.79 
- 
9 

2.1 

5.5-7 7-10 

+== 

Values for Pu-239 from BNL-170 with 10% downward revision (see text). 
for U-235 and u-238 from KAPL. 

Values 
Values f o r  U-236 from BNL-170. 

I 
w 
P 
I 
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1.5 CAPTURE CROSS-SECTIONS 

It i s  evident from Table 11-1.5-1 tha t  the capture 
cross-sections of  the fissionable elements and o f  the f iss ion 
products predominate over those of the other elements present 
except f o r  unusually high concentrations of diluents. The 
rapid increase i n  capture cross-section w i t h  decreasing 
energy f o r  both U-235 and Pu-239 imposes serious l imitations 
on the minimal energy allowable i n  the neutron spectrum i n  
f a s t  breeders and converters. I n  general, fast  reactors de- 
signed primarily f o r  the production of plutonium, have too  
l o w  breeding o r  conversion r a t i o s  t o  be considered practicable 
if the neutron spectrum has an average value below-0.1 MeV, 
i.e. u > 5. 

generally expressed as the r a t i o  a = c/q. 
the data on a i n  the fast  region a r e  s o  sparse and s o  un- 
cer ta in  that only rough estimates can be made of the varia- 
t ion with energy. Unpublished values o f  a(Pu) obtained from 
KAPL are:  

The capture cross-section o f  fissionable nuclei i s  
Unfortunately, 

1.2 3- 10 . 
a(Pu) : 0.720.1 0.620.15 0.5220.17 .)t32.09 

122 . 
0.ltO.l 

- . 

For want of any bet ter  data, a smooth curve was drawn through 
the mean values and extrapolated t o  a = .02 a t  10 MeV, 
values of ~ ( P U - 2 3 9 )  f o r  the 8 energy groups l i s t e d  i n  Table 
11-1.5-1 were obtained from t h i s  very approximate curve. 

KAPL's unpublished curve of a(U-235) as a function of energy. 

The 

Similarly the values of pc(U-235) were obtained from 

A value of 0.4$.05 i s  reported i n  BNL-170 f o r  p i l e  f i l -  
tered neutrons with a broad energy spread of mean value 

15 kev. 

1 -  
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Roughly the game uncertainty ex is t s  i n  a(U-235) as  i n  
a(w-239). 

the values o f c c ( B i )  given i n  Table 11-1.5-1 should be re- 
vised. 
act ivat ion using thermal neutrons have established that  
B i 2 l 0  formed by Bi209(n,y) decays both by p and a emission 

Hence the 
single experimental value o f q ( B i )  z .OO3b barn a t  1 Mev 
(group 3 )  as measured by Hughes from induced p ac t iv i ty  
should be doubled. 
based on Hughes value a t  1 MeV, i t  might be concluded that 
these should a l so  be doubled. However, some unpublished ex- 
periments a t  KAPL suggest that r c ( B i ) ,  unlike i t s  non-magic 
neighboring nuclei ,  i s  essent ia l ly  constant over the eight 
energy groups. Transmission measurements a t  KAPL indicate 
no detectable variation o f q ( P b )  with neutron energy. 
Other experiments indicate no s ignif icant  difference i n  th i s  
respect between P b  and B i .  If these conclusions a re  correct 
%(Si) 
than increasing w i t h  decreasing neutron energy a s  assumed i n  
Table 11-1.5-1. Corrections of the f a s t  reactor calculations 
f o r  B i  systems can be accomplished easi ly  by reference t o  the 
detailed balance sheets of Section 11-3.2. 
estimate has been made based on the one-group method which 
indicates that the correction i n  the conversion r a t i o  i s  
generally less than lop. Table 11-1.5-2 presents the effects  
of changing the capture cross-section of Bi on the conversion 
r a t i o  f o r  System 12, 

Recent information from BNL and KAPL suggests that 
i 

Measurements with the p i l e  osc i l la tor  a t  ANL and by 

* 
- 

, 
I 

w i t h  a branching r a t i o  of about 50 per cent. 
- 

Since the values f o r  groups 1 and 2 are  

.007 barn f o r  each of the 8 energy groups rather 

However, an 

. 
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TABLE 11-1. 5-1. Capture Cross-Sections 

These cross-sections (in barns) used in a l l  NEP fast reactor calculations 

U 5-1 1-2 2-3 303.75 3.75-4.5 4.5-5.5 5.507 7-10 

Group 3 2 3 4 5 6 7 8 

pu-239 
n-238 
u-23 5 
Bi 
Pb 

Fe 
c1 
A1 
Na 

F e P m  

-05 
.Ol5 
.065 
-0025 . 0025 
002 
001 . 0006 

.0004 

. 00027 

07 
eo5 
.065 . 003 . 002 5 . 006 
001 . 0007 . 0004 . 00027 

. 088 
13 
eo75 . 0034 
eo025 . 052 . 0013 
001 . 0004 . 00027 

. 14 23 . 16 .22 . 12 . 207 . 007 009 

.0025 e0025 

.125 195 
eo039 . 0062 . 0018 . 0034 . 0004 . 0004 
,00027 .OW27 

. 41 
32 
e375 
015 . 002 5 
27 
0097 . 0063 
0004 . 00028 

.7 
52 . 726 
03 
e0025 
38 
01 
.0085 . 0004 . 00049 

3.3 
1.0 
2.4 

07 
002 5 
576 

. 0113 . 013 
00092 
eo2211 

For h2-239 and U-235 see text. 
Values for u-238 from BNL-170, p. 35. 
Values for C1 and Bi based on single measurements by Hughes at 1 MeV extrapolated 
to other energies with average slope obtained from measured values for neighbor- 
ing elements. 
Estimates for F.P. based on yields and measured values when available. 
tion given to low values for magic numbered isotopes; however, energy variation 
assumed to be the same as for non-magic. 

Considera- 

A l l  other cross-sections from KAPL. 
0" (Pb) probably should rise with decreasing energy although magicity ( 2 ~ 8 2 )  for 
alf isotopes and (Nz146) for Pb-208 may cause rc to remain essentially constant 
as assumed by KAPL. 
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I.C.R. I Assumed value of 
6 , ( B i )  in fifth u group X.C.R. 

TABLE 11-1.5-2 

,339 

Effect of Changing r-(Bi) on C.R. in U-Bi Systemst One-Group 
Calculation. Sgstem’l2t U-235;U-238:Bi-h3:4-0 

.786 

I I I  
T.C.R. 

I I 

1 022 

.004 barns 1.125 

. . . . . . .  . . . . . .  . . . . . .  . . . . .  . . . . . .  . . . .  
.. . .  ... . .  . .  

........ . . . .  . . . . .  . . . .  . . . .  . . . . . .  
. e.. . .  ... . .  . .  .... 
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1.6 SCATTERING CROSS-SECTIONS 

Since the scattering cross-sections always enter 
the calculations in the form Yes, where < = the mean 
logarithmic energy loss, this product, called the degradation, 
is given for each of the elements in each energy group in 
Table 11-1.6-1. 5 is calculated from the atomic weight in 
the usual manner. The values of Yes are considered quite 
reliable, except, possibly, for that of C1 (which is the 
principal source of elastic degradation unfortunately in the 
fused salt reactor). 

f 

.-  
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TABLE 11-1.6-1. Degradation: Product of Scattering Cross-Section and Mean 

Logarithmic Energy Decrement ( C Q l p ) .  
These values used i n  a l l  NEP fast reactor calculations 

...I. .... ..... . .  .... 
I .  

--3*** 

..... ..... . .  . .. .. . 
* I  

. .  . .. .. . 

...e.. ...... .. 

...... 

....I. . . .  . .  ..*... . .  .... 

~ ~- ~ 

U . 5-1 1-2 2-3 3-3.75 3.75-4.5 4.5-5.5 5.5-7 7-10 

Group 1 2 3 4 5 6 7 8 

-’ Pu-239 037 0037 . 046 . 061 
u-238 0037 037 . 046 . 061 
u-235 037 037 . 046 . 061 
B i  . 038 0039 .Ob5 .063 
Pb . 038 039 .045 .063 
F. P o  055 . 081 . 106 120 
Fe . 103 . 096 e o *  0122 
c1 139 144 179 197 
A1 . 176 . 192 . 256 . 288 

- -  . 
071 . 071 

.085 

.085 . 122 
122 

.206 
303 

071 

. 078 .084 . 089 . 078 . 084 . 089 
-078 . 084 .089 

ki! 
”, 

. 111 . 120 . 125 . 111 0 120 .125 . 122 b 121 . 119 
137 . 1-47 04 . 217 .234 0455 . 215 . 082 . 11 

N a  . l94 .209 0347 0323 0346 -351 0369 454 
1.103 1.16 1.211 Be .213 . 320 . 64 787 955 

These values obtained from KAPL except f o r  the following: 
Pu-239 taken same as u-238 since QI’s are i n  good agreement between 0.3 t o  3.5 MeV 
(BNL-170). The absence of data on C 1  necessitated an interpolation of the KAPL 
values f o r  Na, A 1  and Fe. 
for known F.P. versus energy (weighted f o r  y i e ld ) ,  averaging and interpolating. 

The values f o r  F.P. obtained by plotting averaged 5rS 
I 
0 
-4 
I 
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1.7 rJm RON YIELDS 

One of the most important parameters i n  the calcula- 
t ions of c r i t i c a l  mass and conversion r a t i o  i s  the number of 
neutrons per f i ss ion  V .  The experimental values used i n  NEP 
calculations were: 

Assumed values were: 

The l a t t e r  a re  more important i n  fast reactors than i n  
thermal reactors,  since the fas t  effect ( i n  U-236 and u-238) 
contributes from about 8 to 15 per cent of the total  numbor 
of' fissions In the fast  reactors considered. 

1.8 NEUTRON SPECTRA 

(which a r e  substantially lower i n  energy'")) i s  given i n  the 
following table: 

The f i ss ion  spectrum f o r  all but delayed neutrons 

Group u =  lIl(Eo/E> f 

1 0.5 - 1.0 . 134.4 
2 1 - 2  .4!522 
3 2 - 3  029% 

5 3.75 - 4.5 00373 
4 3 = 3.75 .0807 

These are  the KAPL yields of f i s s ion  neutrons i n  each of the 
indicated groups. They have been used f o r  a l l  f issionable 

(a) l o  correction was made for the fact that the delayed 
neutrons have a lower mean energy than the prompt 

* /  c . neutrons. 
a! i ,, " f  

c- % ". **: :: 
**: . . . . .  ": ?% .. . . . . .  . . . . . . .  . . . . . . . .  ..*..: ::: . . . . . . . . . . . . . .  Y.. . . . . . .  

. 
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elements in all NEP calculations. While there is probably 
some variation in 3( between different fissionable nuclei, 
this difference is probably not sufficient to affect seriously 
any of the NEP calculations. 

problems by the NEP, accurate values for the half-lives and 
yield of delayed neutrons were not essential. The values 
quoted by Glasstone and Edlund were used, namely: 

d 
4 

Since only limited attention was given to control 

b 

? - 

T in sec. Fraction pi Energy in Mev 9 
0.43 
1.52 
4.51 
22.0 
55.6 

1.9 RECOMMENDATIONS 

0 . 00084 
0 . 0024 
0.0021 
0 . 0017 
0.00026 

0.42 
0.62 
0.43 
0.56 
0.25 

In the course of the NEP studies, the need arose for 
new nuclear data and for improvements in existing measure- 
ments. This section outlines these needs specifically, and 
makes some suggestions regarding methods of satisfying them 
in the future. 

peaked in the range of lOO-3OO kev. This energy region is 
beyond the reach of velocity selectors and below the fission 
spectrum. However, it is conveniently covered by electro- 

By means of such sources the fast cross-sections needed can 
probably be obtained most expeditiously. 

filled quite readily using pile sources (ANL, ORNL and BNL) 
provided qualified personnel can be attracted t o  these prob- 
lems . 

The fast reactors considered by N E P  have neutron spectra 

static generators, for example, via the Li 7 (p,n) reaction. 

Fewer gaps appear in the thermal data. These can be 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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CAPTURE CROSS-SECTIONS, = In the thermal region capture 
cross-sections may be measured by transmission methods (large 
5) and by diffusion methods ( sma l lq )  in addition to being 
measurable in some cases (both large and small q) by activa- 
tion methods. However, in the region of primary interest 
(100 - 300 kev) for fast reactors, the capture cross-sections 
of all elements are so much less than the scattering cross- 
sections that transmission and diffusion methods cannot be 
used. Hence, nearly all of the measurements in this region 
have been made by bombardment of the elements with neutrons 
of more or less well-defined energy followed by measurements 
on the reaction products! either induced radioactivity or 
isotopic abundance. 

radioactive isotopes are produced in even atomic-numbered 
elements which often have several isotopes, there may be 
some uncertainty as to which isotope is activated. If this 
is not a serious yroblem, it may still happen that the 
abundance of the isotope activated may be small and non- 
representative of the element as a whole, 
the radioisotope formed must be convenient for activation and 
measurement. The radiations emitted must be sufficiently 
energetic to be measured and must be readily distinguished 
from radiations (if any) emitted by the target element. Many 
elements, especially those of promise in reactor design, have 
too low cross-sections to be measured except in large neutron 
fluxes. The last limitation is especially critical when an 
electrostatic generator is being used as the neutron source. 

Despite these difficulties, enough data are available 
to allow some fairly reliable general conclusions to be drawn. 
As indicated in Section 11-1.5, experiments have established 
thatrc increases rapidly with decreasing energy below 1 Mev 
for most elements. It is also well established that the 
cross-section increases with increasing atomic weight and 
that the magic nuclei (atomic number and/or neutron number 

These methods have a number of limitations. When 

The half-life of 
c 

............... ...... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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c 

2, 8, 20, 50, 82, 126) have unusually 
sections. Some rough measurements at 

low capture cross- 
KAPL suggest for Pb 

and possibly for Bi thatq is not nearly as dependent on 
energy as for non-magic nuclei. This hypothesis is of 
practical value and should be investigated experimentally. 
If this proves to be true, certain of the fission products 
will be less absorptive than has heretofore been assumed. 
What is more important, the magic nuclei, Pb and Be, which 
have good engineering properties, will also be shown to 
have unusually good nuclear properties for fast reactors. 

Fu-239, obtained from the U-236 and Pu-240 formed, give only 
rough indications of their energy dependence. Danger co- 
efficient measurements are only of slightly better reliability. 
Ixprovements in the knowledge of these capture cross-sections 
are urgently needed. 

Measurements of capture cross-sections in U-235 and 

CHLORINE. - If fused salt reactors continue to be of 
practical interest, further information is needed on the 
cross-sections of chlorine. rt(Cl) has been measured only up 

a1 for fission neutrons, (mean energy about 1 Mev). Assum- 
ing this value applies to chlorine as a whole (25% C1 ) ,  
0.74 mb was used as the single experimental point on a curve 
whose s l o p e  was obtained from a combination of theory and 
experiment (TMS-5). Average cross-sections for the other 
seven energy groups were obtained from this curve (linear on 
semi-log plot). The activation cross-section cc(Cl ) should 
be extended below 1 MeV, and the capture cross-section of C1 
as a whole determined from 0.1 to 1 Mev if possible. 

to 280 ev. cc(Cl 37 ) = 0.74 mb has been obtained by Hughes et 

37 
- 

37 

IRON GROUP (Mn, Fe, Co, Nil. - These elements are of 
importance as structural materials. 
sidered in the NEP calculations. As indicated above, the 
values of cc(Fe) in the fast region were obtained from KAPL. 

Only Fe has been con- 

These probably were derived by analogy 

. . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . . .  ........ 
.. 
." 

........ . . . .  ...... . . . .  . .  * e  . . . . . .  

with neighboring 

.. . .  . .  .. 
0 .  f. 
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nuclei since there appear to be no measured values for Fe in 
the literature. 

made only at 1 MeV. 
obtained from .O3 to 3 MeV. It would be desirable to have 
similar data for Fe, Co and Ni. 

Activation measurements on and Ni64 have been 
Fairly complete data on Ym have been 

Pb AND Bi. - These two magic nuclei are so important 
as possible constituents in fast reactors (coolants, re- 
flectors, controls and blanket components) that a special 
effort should be made to establishrc(Pb) and c(Bi) over the 
energy range 0.1 to 1 MeV. 

U-236. - In order to keep down the reprocessing 
costs, it is necessary to allow substantial buildup of U-236 
(0.2 atoms I?-236 t o  1 atom U-235) t o  occur before sending 
the fluid fuel of the fast converter through the gaseous 
diffusion plant for separation of U-235 and U-236. For this 
reason accurate knowledge ofrc(U-236) is of importance. 
In the NEP fast reactor calculations, it was assumed (purely 
_I- ad hoc) that U-236 has the same capture cross-section as u-238. 
This was necessary since no data on rc(U-236) in the fast 
region appear to be available. 
should be removed by experimental measurements of q(U-236). 

Obviously this uncertainty 

U-235 AND Pu-23. - Better knowledge of the capture 
cross-sections of U-235 and Pu-239 in both the slow and fast 
regions is urgently needed. This lack results in serious un- 
certainties in the design of the most economical reactors for 
the production of plutonium. 

but the results are difficult to interpret unambiguously. 
Weisskopf has reviewed the situation in a preliminary report 
(NDA Memo-1%-1) received near the end of the summer (1952). 
As he points out, the easiest region to measure is at low 

Not only are these measurements difficult to make, 

1 -  

r 4- 
5 ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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A 

energies where scattering is negligible compared to fission 
and capture. 
measuring the peak values of Crt and bf: 

Under these conditions a is determined by 

t 

G - b f  
a =( af )Peak 

I 

0 

He states, however$ nUnfortunately the resolving power of 
the mlevmt measurements is not adequate, and the observed 
peak value corresponds to the actual one only for the first 
few ev. At higher energies, the observed peak value is much 
less than the actual one and in the case of the total cross- 
section it contains a good deal of the potential scattering 
taking place between resonances". 
KAPL-377 and KAPL-394 for an analysis of the U-235 levels 
made at G.B. based upon very unreliable data. While theory 
is of value as a guide, what is really needed for the low 
energy region is an improvement of resolving power in the 
fission as well as the total cross-section measurements. 

energies - both give only rough indications of the energy 
dependence because of the broad spectral distributions of 

U-235 and Pu-239 are enclosed in shields of different thick- 
nesses and composition, and are irradiated at Hanford. 

(U-235) is obtained from mass spectrographic measurements 6 C  
of the U-236 produced and rc(Pu-239) from measurement of 
the spontaneous fission in the Pu-240 produced, The second 
method consists in measurement of the danger coefficient at 
different locations in several reactors. 
of the neutrons at these locations are known only approximately. 
a can be calculated from the danger coefficients. This method 
requires a correction for the thickness of sample irradiated - 
a procedure which is not very reliable, 

Reference is made to 

q .  

I 

I 
* !two types of measurements have been made at higher 

.. 
rl the neutrons. In  the first method (KAPL-~~~), samples of 

- 

The energy spectra 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ." ................. 
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Thus i t  appears that improvement i n  the knowledge of 
the u 's  i n  the f a s t  region can be attained by these two 
methods only w i t h  considerable further experimental effor t .  
This e f fo r t  amrly jus t i f ied  b~ the need f o r  these data. 

A possible technique which apparently has not been 
- --- 
tested i s  t o  determine u from the prompt gamma rays emitted 
during f iss ion and capture. Through the use o f  s c in t i l l a t i on  
counters ( N a I - T 1 I )  one might  be able t o  dist inquish between 
the f i ss ion  and capture gammas since the l a t t e r  should have a 
hiyher energy component. 

a conical sample o f  U-235 o r  Pu-239 swrounding the sc in t i l l a -  
t ion detector which i s  shielded from the d i r ec t  beam by a cone 
of boro-paraffin. 

If t h i s  i s  possible, monoenergetic 
neutrons from the L i  7 (p,n) reaction could be used t o  i r r ad ia t e  

TRANSPORT CROSS-SECTIONS. - Measurements of cr have 
been made f o r  only a few of' the elements i n  the NEP calcula- 
tions. Fortunately, except for  C1, values of a r e  available 
and these s e t  upper l i m i t s  f o r  the values o f r t r .  In addition 
the theory i s  f a i r l y  re l iab le  and can be used f o r  interpola- 
t ion between measured elements. 
value t o  have r t r ( C 1 )  or  a l ternat ively q ( C 1 )  i n  the f a s t  
region. This should not be d i f f i c u l t  - C C l 4  might  be used 
a s  scat terer .  A t  present q ( C 1 )  has been measured only t o  
4-00 ev. q r ( B i )  has been assumed the same as q r ( P b )  (some 
experimental data ), (&, (F. F. ) w a s  obtained by interpolation 
and rtr (Pu-239) by extrapolation of the limited experimental 
values for other elements. Yhile large differences a re  not 
expected, r e l i ab le  experimental measurements on the elements 
of in te res t  should be obtained as soon as possible. 

It would be of particular 

SCATTERING CROSS-SECTIONS. - Values of can be 
obtained w i t h  suff ic ient  r e l i a b i l i t y  from q. 
only urgent data needed a re  fo r  chlorine (see above). 

Hence, the 

A 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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FISSION CROSS-SECTIONS. - Except 
downward revision, which appears to be 

for the 10 per cent 
in process of general 

acceptance, and the unknown value ofc f (240) ,  the fission 
cross-sections used by N.E.P. appear to be of adequate re= 
liability for such preliminary design calculations, For more 
refined calculations, more accurate values o f 5  in the region 
of 100 t o  3OO kev would be required. 

INELASTIC CROSS-SECTIONS, - The need for improvement 
in inelastic cross-sections is widely recognized. This has 
been glaringly evident for some time in shielding studies 
and is becoming of increasing urgency in reactor calculations. 
These measurements are unusually difficult to make with 
electronic detectors,and easy,but extremely, tedious with 
photo%raphic emulsions as detectors of the knock-on protons. 

xi+j were taken over without critical review even though 
it was recognized from the outset that these data are 
probably quite uncertain. 
assumed energy distribution of inelastically scattered 
neutrons enter the calculations very significantly in that 
they determine to a qreat extent the average energy of the 
neutron spectrum, and therefore the mean effective a and the 
percentage of fast fissions. 

the cross-sections and energy distributions of inelastically 
scattered neutrons by reactor fuels, diluentqand structural 
materials are urgently needed for accurate design calculations 
of fast reactors. 

In the NE? calculations the KAPL values o f 5  and 

These cross-sections and the 

In  addi t ion t o  adding t o  the theory of the nucleus, 

NEUTRON YIELDS. - In all NIP calculations it was tacitly 
assumed that the v of each fissionable element is independent 
of energy. Xhile this is very likely, experimental confirma- 
tion is desirable. 

It was also assumed that V(U-238) = v(U-236) = 2-50 

.................... . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  
.. .. .. .. . .  e .  
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and v(U-235) = 2.47. This important parameter has only been 
measured reliably for the last of these three isotopes. The 
fact that in fast reactors, U-236 and u-238 can account for 
15% of the total number of fissions and that the fast fission 
effect in U-238 in the blanket helps to offset the neutron 
loss due to parasitic capture in structural materials 
emphasizes the importance of accurately determining v of 
u-238. 

RESUME OF NUCLEAR DATA NEEDED: 

1. Capture cross-sections. 
a. Ascertain whether magic nuclei are less energy 

dependent than non-magic. 
b. Improved resolving power is required in the fission 

and total cross-section measurements in order to 
obtain reliable values of the capture cross-sections 
of U-235 and Pu-239 up to several hundred electron 
volts . . .  

c. Obtain 6 , ( C l )  and C(U-236) as functions of energy + 

d. 
in the fast region. 
Obtain (r,(Fe), ~ ( C O ) ,  %(Nil, rc(Bi> and ec(Pb) 
as functions of energy in the fast region. . 

2. Transport cross-sections. 
(or rt) for chlorine particularly needed in fast 

- 
a* QItr 

b. ptr (Bi),qr (Pu-239) and of intermediate 
region. 

elements representative of the fission products 
should be obtained. 

3. Inelastic cross-sections. 
a. Improvement should be made in the experimental 

values of  the inelastic cross-sections of u-238, 
Pb, Bi and Fe. 

b. Measurements of (Pu-233) , (U-235) and 
(Cl) especially in the energy range 0.2 to 1 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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A 

. 

r )  

Mev 

distribution of inelastically scattered neutrons 
even though it is recognized that these measure- 
ments are difficult and tedious. 

c. Additional information is needed on the energy 

4. Fission Cross-sections. 
a. af(Pu-240) as a function of energy. 

The following table checks the most urgently needed 
nuclear data in the fast region (100 to 3000 kev) 

TABLE 11-1.9-1. Resume of Nuclear D a t a  Needed 

Element 

-23 5 
U-236 
0-238 
Bi 
Pb 
c1 
Fe 
co 
Ni 
Na 
m-239 
Pu-24-0 
Pu-241 

V 

- 
* 
* 

* 
* 

QC 

* 
* 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

Qf 

* 
* 

Qi 

* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 
* 

btr 

* 
* 
* 

* 
* 
* 

Q S  

* 
* 
* 

* 
* 
* 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(* stands for information needed) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

. 1  . . . . . . . . . . . . .  . . . . . . . . . . . .  
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2. CALCULATION METHODS 

2.1 BARE REACTOR MULTIGROUP METHOD I 

At steady state the rate of removal of neutrons from 
each energy group a (leakage + absorption + inelastic scatter- 
ing + degradation by elastic scattering) equals the rate of 
addition (fission + elastic and inelastic scattering from 
higher energy groups). 
tion to the age equation for this steady state condition can 
be written: 

The bare reactor multigroup approxima- 

These and all other symbols used are defined in the glossary 
which is appended at the end of this report. In these equa- 
tions it is implicitly understood that v ,  c and the inelastic 
spectra are summed over the appropriate nuclear species. 

Since the flux distribution has the formr 

we can write eq. (2.1-1) ast 

(2.1-2) 

For the solution of eq. (2.1-3) it is convenient to scale the 
system to one source neutron, i.e. lett 

(2 . 1-4) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .................. c -  
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It is also convenient to take the macroscopic cross-sections 
as per atom of fuel, i.e. to divide the macroscopic cross- 
sections by the atomic density of fuel. 
atomic ratios enter the calculations, 
more usual units need then be considered only for the calcula- 

In this way only 
The conversion to 

tion of the critical mass. 

detailed bookkeeping of the neutrons. 
obtained at G.E., has been used. 
in Appendix A together with a step-by-step procedure for 

\ - The solution proper is substantially a matter of 
A convenient form, 

A typical example is given 

c 

carrying through the calculation. 

one can obtain the following information for the bare reactor: 
After a consistent calculation has been completed, 

a). Internal conversion ratio 
b). External conversion ratio 
c). Mean effective 3 

d). 
e). 

f). Spectrum of neutron flux 
8 ) .  Fraction of fast fissions 
h). Detailed neutron balance 

Critical radius and critical mass 
Spectrum of fissions, i,e. percentage of 
fissions due to neutrons in a given energy 
range 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  ..................... 
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2.2 MULTIGROUP ESTIMATES FOR BLANKET 

The method of calculation described in Sec. 2.1 re- 
presents the basic method employed by this Project to obtain 
reliable information about neutron spectra and conversion 
ratios (See Section II-j) for a reasonable number of 
different systems in a severely limited amount of time. The 
actual system which consisted of, in addition to the core, a 
blanket or a blanket and reflector will have properties which 
may differ substantially from those predicted for a bare re- 
actor; one can decide this question only on the basis of 
multigroup-multiregion calculations for which there was in- 
sufficient time to complete more than two. The methods to 
be described in this section may be viewed as complementary 
procedures designed to investigate the possible range of 
spectra in these outer regions, and the effect on the con- 
version ratios, and to provide additional spectra for one-and 
two-group calculations. 

These methods have been called; 
a). Equilibrium blanket bob. ) 
b). Driven blanket (d.b.) 
cl. Intermediate blanket (i.b.) 
dL Strong coupling (S.C.) 

We shall describe these methods in turn. In order to 
compare results, the numerical calculations were made on the 
same core-blanket system (Core: System #2 in Table 11-3.2-l; 
Blanket% UClb). 

a>. Equilibrium blanket. - The actual integration of 
the core and blanket is such that "fast" leakage neutrons 
from the core enter the blanket and are to some extent slowed 
down by scattering before being absorbed. Some of these 
slower blanket neutrons leak back and influence the core. 
Thus, there will be a continuous degradation in the neutron 
spectrum as the radial distance increases. However, one can 
imagine a point in the blanket beyond which the neutrons 

. 



-51- 

. 

from the core source have practically disappeared and all 
the neutrons are in spectral equilibrium; i.e. the spectrum 
no longer changes appreciably with radial distance beyond 
that point. 
that one treats by the nequilibrium blanket" method. 

In a non-multiplying medium, the spatial dependence 
of the principal mode is . This introduces into 
the age-diffusion equation 2.1-1 the term -& HaCp) 

instead of +=*. &C*l . The rest of the multigroup calcula- 
tion is carried through in an exactly analogous fashion (of 
course, the quantity qv above, being a "leakage source", 
is subtracted when computing the quantity Aa). 

Unfortunately, this calculation, when applied to the 
UCl4 blanket, gave an unreasonably slow spectrum, one which 
had its maximum in the seventh group with a very large de- 
gradation out of the eighth and last group. 
the spectrum indicated that the neutrons are degraded rapidly 
by inelastic scattering through the first four groups into 
the fifth and sixth, and that they then lose energy slowly 
by elastic collisions while waiting, as it were, to be 
absorbed in groups where high absorption cross sections 
prevail . 
only when there 
neutron density will then be very small. Therefore, the very 
slow spectrum obtained by this method cannot be considered 
to characterize the blanket realistically. 

It is this part of the neutron distribution 

c- 

The shape of 

While the above situation may obtain, it must be true 
spectral equilibrium) however, the actual 

b). Driven blanket. = The e.b. neutron distribution 
may also be conceived as determined by an additional source 

vailing neutron spectrum in the blanket. 
add to the source a term proportional to the bare core 
(leakage) spectrum. (In analogy to oscillator problems, we 
think of the blanket as being "driven" by the core) and drop 

1 term (to be added to Sa) which is proportional to the pre- 
By contrast, we can 

...................... . . .  .,.. . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  _ _  . . . . . . . . . . . . . . .  
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the diffusion term altogether. While a tllocalll interpreta- 
tion of this procedure must be somewhat strained (although 
one might imagine a situation approximating this one to pre- 
vail near the core-blanket interface), one can obtain exactly 
the same equation by integrating equation 2.1-1 over the 
entire blanket volume and assuming the net current at the 
interface between core and blanket to have the core spectrum. 
This in effect assumes a llone-way couplingtt from the blanket 
to the core, since the incoming neutrons from the core have 
the same spectrum as the leakage from the unperturbed bare core. 
The arbitrary parameter (equal to the number of externally 
supplied neutrons per fission neutron required for steady 
state) that multiplies the core sowxe term is to be varied 
until the normalization condition on the fission source is 
satisfied. The blanket spectrum that results from this 
calculation is slower than the core spectrum, but not nearly 
as slow as the e.b. spectrum. 

c) .  Intermediate blanket. - The e.b. and d.b. calcula- 
tions may be considered extreme cases of a more general 
approach. The e.b. method assumes no coupling at all from 
core to blanket while the d.b. assumes no "feedback" at a l l  
from the blanket spectrum to the blanket source. The more 
general approach is to assume some arbitrary mixing of these 
two cases with the proviso that neutron balance be maintained. 
This has been done for one case by assuming a weaker core 
source than in the d.b. case and by varying sa until balance 
was attained. The spectrum, as one might guess, was inter- 
mediate between the e.b. and d.b. spectra. Since there has 
been no way found of estimating the appropriate core source 
strength, this type of calculation is too indefinite to yield 
useful results. 

f " ,  
Z.*' 

i. ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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d).  Strong coupling. - From the point of view of the 
e f fec t  of the blanket on the core, a l l  of the above approxima- 
t ions a re  extreme because they a re  based upon the assumption 
of one-way coupling. A t  the other extreme i s  the "strong 
coupling'' approach, i n  which one assumes such complete in te r -  
action between core and blanket that they both have the same 
neutron spectrum. Thus we set :  

* -  

and 
grate eq. (2.1-1) over the en t i re  reactor volume, the 
Laplacian term vanishes by Gauss' Theorem w i t h  the result :  

(4r( applies t o  both regions of the reactor. If w e  inte- 

where 

and 

To perform the computation, one chooses values for I, 
and completes multigroup calculations, similar t o  those done 

which s a t i s f i e s  the normalization condition on the t o t a l  
source strength. With t h i s  method, the spectrum is between 
the bare-pile and e.b. spectra, as one expects. 

captures i n  28 by the t o t a l  absorptions i n  49: 

- f o r  the bare p i l e ,  u n t i l  a consistent solution I i s  found 

The breeding r a t i o  i s  calculated by dividing the t o t a l  

- I  

1 

.................... . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  ..................... 
.. . .  . .  . .  . .  .. 
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Unfortunately, the result of this calculation in the 
case considered was so much smaller (a) than the bare pile 
result, that strong doubt is cast on the validity of the S.C. 
method. The unfavorable result is due to the excessive de- 
gradation of the core spectrum which in turn increases h, 
the mean capture-to-fission ratio of 49. 

approximations-by-extreme indicate that the spectral varia- 
tion with radial distance may be too complicated and too 
strong to be computed by a smeared-out approximation. 
Evidently one must do a multigroup-multiregion calculation 
to obtain dependable results and to decide which one, if any, 
of these pictures can be trusted. 

The disparate results obtained using the various 

c ) .  Other multigroup methods. - Reports available to 
NEP outlining multigroup methods distinct from the KAPL 
method used by us were: 1) LA-1391 (B. Carlson - Serber- 
Wilson method); and 2) R-233 and RM-852 (G. Safonov 
method) . his own 

1). The Serber-Wilson method offers the possibility 
of performing a multigroup-multiregion calculation 
in a reasonable time by hand, but it is still 
somewhat too complicated to be used on this project. 
To achieve the same spectral accuracy as our bare- 
pile calculations, it would be necessary to solve 
two or three eighth order transcendental de- 
terminantal equations. However, this is a 
distinct advantage over having to solve a 16 or 32 
order transcendental determinant in the "exact" 

............................... 
(a) 1.768 for b.p.8 1.556 for S.C. 

. 

. 

L 

/ ?  
Y 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 



multigroup method, Moreover, the Serber-Wilson 
method starts with the transport equation rather 
than the diffusion approximation. 
The Safonov method a l so  starts from the transport 
equation, but i s  f a r  too complicated t o  be 
feasible  fo r  t h i s  Project, since it involves step- 
wise integration over a l a t t i c e  i n  both configura- 
t ion  and energy space and i s  i n  this  respect a 
more elaborate version of the KAPL multigroup- 
multiregion method. 

-55- 
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2.3 TWO-GROUP TWO-REGION METHOD 

INTRODUCTION. - Some two-group two-region calcula- 
(a) To determine reflector savings (for either 

(b) To determine loss in conversion ratio due to 

(c) 

tions were performed for one or more of the following reasons: 

reflector or blanket). 

presence of reflector. 
To ascertain to what extent conversion ratios 
were fixed by the choice of average cross- 
sections for core and blanket regions, i.e. 
to determine what adjustment was provided by 
the required satisfaction of the boundary 
conditions; to compare these results with those 
obtained by the various types of blanket 
calculations described in Section 2.2. 

The dividing line in energy between the groups is most 
conveniently chosen as the threshold of the fast fission 
effect in u-238. This subsumes the first three groups of the 
previous multigroup division under the present label of ltfasttl 
group. The remaining five groups constitute the group. 
Cross-sections were chosen by averaging over the multigroup 
neutron spectrum when such was available for the system con- 
sidered. The resulting equations were solved exactly rather 
than by the KAPL self-consistent method, since the former 
turns out to be numerically less tedious in this special 
case. 

content from the better-known two-group formulation of the 
thermal problem, it may be worthwhile to consider their 
derivation briefly. 
directly from the age-diffusion equation. We prefer, how- 
ever, to proceed from the multigroup equations, (2.1-l), as 
a more realistic basis, since the accuracy of the two group 
treatment is predicated on the availability of multigroup 
spectra which are used in the derivation of average cross- 

Since two-group fast reactor equations differ in 

This derivation could be carried out 

* 

h 

“8 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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sections. 

! 

DERIVATION OF EQUATIONS. - Let the subscript 1 refer 
group. to the tlfastll group and the subscript 2 to the 

If we now sum eqs. (2.1-1) from a Z 1 to a = n = 3 and from 
a P n + 1 to a = 7 = 8, we obtain the two equations 

- 

and 

R where, for example, 

is a number derived from a bare pile multigroup calculation, 
or guessed, The other average cross-sections are similarly 
defined, except that 

In the summation over the finer group divisions, it is 
clear that only the degradation appropriate to the gross 
division into two groups survives. A similar expectation 
leads one to rewrite the inelastic terms. Consider first 

- 

. the summation 

.................... . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  
* -  . . . . . . . . . . . . . . . .  

.. . .  . .  . .  . .  .. 
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In deriving eq. (2.3-5), we have in turn interchanged the 
order of summation, added and subtracted the 1 
recognized the meaning of the resulting summations. Thus 

elastically scattered from the fine energy group p and 
into the gross group 2. 
section defined by the last two sides of eq. (2.3-5). 

Similarly we find 

1 
W = G + l  

and 

is the fraction of those neutrons which are in= (X  i)p2 
- 
ziis an average inelastic cross- 

By using the results of eqs. (2.3-5) and (2.3-61, we 
can now write eqs. (2.3-1) and (2.3-2) in the forms 

where 

c 

. 
(2 . 3 -io> 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 

..- 
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1_15 

(2.3-11) 

are numbers obtainable from the known cross-sections and 
composition, and from the assumed energy spectrum. 

pair of equations such as (2.3-7,8) for each homogeneous 
region. A basic assumption in their derivation is that it 
is a good approximation to assume a single energy spectrum 
for each homogeneous region, an assumption that .is certainly 
not true as soon as we couple two regions together. Finally 
the particular dividing line between fast and slow regions 
proves particularly convenient in the case of a blanket con- 
taining only n-238 as fissile material. 
p1 = 0, since (xf)2 = 0, and the solution of the problem 
is in every way analogous to that of the thermal two-group 
problem. 
matter where we make the group division. 

Several additional remarks are in order. We have a 

/ i 

In this case 
2 

For a non-fissioning reflector this is true no 

SOLUTION OF EQUATIONS. - It suffices merely to cite 
a standard reference, say CF-51-9-127, for the solution procedure 
for the two-region problem each of which is governed by a set 
of equations such as (2.3-7,8). 

2 4 ONE-GROUP CALCULATIONS 

ONE VELOCITY - S I N G L E  MEDIUM. - One-velocity calcula- 
tions give approximate results for critical size and conversion 
ratios for homogeneous fast reactors, if appropriate cross- 
sections are chosen. The choice of average cross-sections 
implies a previous knowledge of the neutron spectrum, which 
is obtained from experience or by judicious guessing. 

Neglecting elastic scattering and inelastic scattering, 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .- . ................. 
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the neutron diffusion equation becomes 

(2.4-1) 

where the neutron production is assumed to be proportional 
to the fission cross-section. 

For a multiplying region, eq. (2.4-1) becomes 

v=q + a=q=o (204-2) 

where the buckling k'is defined as 

k2 = 3 &, (dZ+ 4) (2.4-3) 

For a non-multiplying medium, eq. (2.4-1) becomes 

where ?is defined as 

(2 . 4- 5 )  

The solution of eq. (2.4-2) in spherical coordinates is 

A sin k r s =  r (2  4-6 ) 

subject to the boundary condition that the flux vanish at the 
extrapolated bare pile radius. Hence, the critical radius is 

and the critical mass of extrapolated reactor ist 

C.M. = 4/3 7r b 3 pf (2.4-8) 

where pf = density of fissionable material in the reactor 
core. 

If one assumes that all the leakage neutrons can be 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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used to produce PU, the external conversion ratio is the 
ratio of the number of leakage neutrons to the number of 
neutrons absorbed by U-235 in the core: 

z@) +z@'Wj 
The internal conversion ratio is the ratio of the number of 
neutrons captured in u-238 to the number absorbed in U-235 
in the core: 

These equations are in agreement with a detailed 
neutron balance. The added information given by eq. (2.4-2) 
is the buckling, k: and hence the critical size. 

Experience dictates the choice of the average neutron 
c -  energy at which the neutron cross-sections are chosen. For 

the systems considered, the third and fourth energy groups 
were appropriate for fast systems: 
4 8  diluent atoms/u-235. 
were appropriate for more dilute systems: 
u-238m,2353 8 - 35 atoms diluent/U-235. 

determine the initial value of k /3 to be used in the multi- 
group calculations. Table 2.4-1 summarizes the comparison 
between the one-velocity approximation and the multigroup 
treatment for system# 21, in which the fifth energy group 
was chosen. 

1 - 2 atoms ~ - 2 3 8 ~  - 235; 
The fifth and sixth energy groups 

3 - 6 atoms 

For most cases the one-velocity techniques were used to 
2 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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TABLE 11-2.4-1 

C.M. XoCeR. 10C.R. T0C.R. b(cd 
(metric tons) 

One-velocity 125.1 2.693 . 813 -339 1.152 
estimate 

8 group 125. 1 2 693 771 03% 1.125 
system 21 

For rapid estimates, one-group calculations can easily 
give 10% accuracy. 

ONE VELOCITY - MLTLTIREGION. - For multiregion systems, 
the one velocity eqs. (2.4-2) and (2.4-4) are solved subject 
to the boundary conditions of continuity of neutron flux and 
neutron current. 
core, reflector, and blanket, shown in Fig. 11-2.4-1, the 
criticality equation is: 

For the three-region system consisting of a 

e ti: K2&-b\ [ 1 - K,a - IbQ edU\K~(x-a) +I3 &\] - - 
(2*4-11) 

z” (kb d k b - I )  3 8 1  + I - Kzb-J 

L(kbCm&b-i)$$ + I +gab] 
From eq. (2.4-11), reflector savings and pipe holdups may be 
estimated, using the bare pile calculations to determine k. 
The equation is strictly true if ratios of cross-sections in 
the various regions are independent of neutron energy) other- 
wise, the flux consists of additional spatial harmonics. . 

1. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 



r -  

\ Region I Region II Region III 

Core 

FIGURE 11-2.4-1 

THREE MEDIA - ONE VELOCITY SYSTEMS 

-63- 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .. . . . . . . . . . . . . . . . . . .  . . . . .  .I. . . . . . . . .  r 



-64- 

The X.C.R. w i l l  decrease somewhat a s  the re f lec tor  i s  
made thicker due t o  i t s  small, but not negligible,  absorption. 
For those systems satisfying eq. (2.4-11), X.C.R. may be 
calculated from: 

The f i rs t  term i n  brackets takes into account the f i n i t e  
thickness of the blanket, and the second term i n  brackets 
represents the lo s s  due t o  absorptions i n  the ref lector .  

a s  for the bare p i l e .  

merits of reduced inventory and reduced X.C.R. for  various 
thicknesses of ref lector .  
optimize the nuclear constituents i n  the f a s t  fused-salt 
reactors considered by th i s  Project. 

On a one-velocity basis,  the I.C.R. remains the same 

Eq. (2.4-12) may be used t o  compare the re la t ive  

Such a process was used t o  

DETAIIXD NEXJTRON BALANCE 

Neutrons can be l o s t  by paras i t ic  capture, f i s s ion  
or  leakage from a chain reacting system. Assume that the 
probability per un i t  event f o r  each of the processes i s  
represented by a macroscopic cross-section suitably averaged 
over the spectrum of  the reactor. 

€ 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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r 

t 

I 

! 
i -  

Zc = probability of a neutron being captured 

xf = probability of a neutron producing a f i ss ion  

L = probability of a neutron leaking out of the 
sys tern 

The production of neutrons ist 

For a c r i t i c a l  assembly, the number of neutrons produced per 
un i t  event must be equal t o  the number of neutrons l o s t  per 
un i t  event. Hence, the leakage is: 

Assuming that  a l l  the leakage neutrons can be used t o  produce 
Pu-239: 

1.C.R. = zc ta)  

C +cs) + C, cas) 

These equations, coupled w i t h  the one-velocity resu l t s ,  
may be used t o  predict  the e f fec t  of small additional 
quant i t ies  of  different  materials added t o  an original re- 
actor  system, 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  ..................... 
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3. RESULTS OF FAST W C T O R  CALCULATIONS 

3.1 INTRODUCTION 

Eight-group calculations based upon the age-diffusion 
theory were carried out by the methods outlined above t o  
determine the following quantit ies f o r  the mixtures of 
materials considered by NEP t o  be practical:  

a ) .  Internal conversion r a t io  
b). External conversion r a t io  
c).  Mean effective 
d).  Cr i t ica l  
e). Spectrum 

fissions 
interval  

f). Spectrum 
g) .  Fraction 
h). Detailed 

Terms and symbols are  

3.2 BARE REACTOR 

radius and c r i t i c a l  mass 
of f iss ions,  i.e. percentage of 
due t o  neutrons i n  a given energy 

of the neutron flux 
of f a s t  f iss ions 
neutron balance 
defined i n  the glossary. 

The following methods were used f o r  the bare reactor 

Cr i t ica l  radius: 
calculations. 

The extrapolated c r i t i c a l  radius was 
calculated by the methods outlined i n  2.1 

Cr i t ica l  mass: The c r i t i c a l  masses were computed using 
the extrapolated radius as  the dimension of the 
volume t o  f a c i l i t a t e  comparisons between different  
sys terns . 

External conversion r a t io t  The external conversion 
r a t i o  was computed on the basis of one neutron 
absorbed i n  U-235 i n  the core, and assuming that 
a l l  leakage neutrons would produce Pu-239 i n  the 

.. 

2-24 66 

.. 

c 
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blanket. This assumption was based upon the ex- 
perience of the KAPL physics group, and the test 
methods of section 2.2. This assumption that the 
fast fission effect in u-238 effectively counter- 
balances the non-productive captures by other 
blanket materials is slightly optimistic for the 
slower spectra, possibly introducing a five to ten 
per cent correction in the external conversion 
ratio. 

Internal conversion ratio: 
ratio was computed on the basis of one neutron 
absorbed in U-235. 

Fraction of fast fissions: 

The internal conversion 

The fraction of fast 
fissionsindicates the contribution made by fast 
fissions in u-238 and U-236. 

F -  

Neutron spectrum: The bare pile multigroup calculation 
gives an indication of the neutron spectrum in the 
actual reactor. This spectrum served as the basis 
for making suitable cross-section averages which 
were later used in the less precise two-group and 
one-group calculations of multi-region problems. 

Cross-sections: The cross-sections for the atomic 
constituents have been discussed in Section 11-1. 

Densities: Although the calculations for the conversion 
ratios are independent of the density of the mixture, 
the density will determine the critical mass of the 
assembly, For the fused salts, the macroscopic 
densities used were the best estimates for the 
average operating temperatures given by the 
engineering group. The number density of fission- 
able material was determined by dividing the 
macroscopic density by the relative atomic volumes 
of the various constituentst 

....................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .. . . . . . . . . . . . . . . . . . .  
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The densities of the liquid metals were assumed to 
be those of a volumetric mixture. 

As more accurate density determinations are 
made, corrections to the critical mass may be made 
quite readily, as the density is a common factor 
in the bare pile calculation. 

Interpolationst For chemically similar systems, inter- 
polation methods were utilized to optimize various 
core mixtures with respect to their atomic ratios. 
Generally, chemical and metallurgical considera- 
tions eliminate the problem of many independent 
atomic ratios for a complete survey. 

For the fused salts, the main variable of 
interest was the ratio of u-238 atoms to U-235 
atoms. Eutectic compositions which gave the lowest 
melting points fixed the other atom ratios. 

c - 

I - .  

TABLES AND GRAPHS . 

Table 3.2-1: System Constituents for Bare Reactor 
Mu1 tlgr oup Calculations 

This table describes the atomic constituents and 
their relative atomic ratios, and the macroscopic 
density used in the calculations of the bare reactor 
assemblies considered by NEP. Table 3.2-1 also 
gives a code number to each reactor system which is .- 

used as a means of reference throughout this report. 

Table 3.2-2: Breeders - Results of Multigroup Bare 
Reactor Calculations 

The results to be found in Table 3.2-2 include: 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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V - 

t 

1; 

r -  

Number density of Pu 
Critical Mass (in metric tons) 
Mean effective 
Total Breeding Ratio 
External Breeding Ratio 
Internal Breeding Ratio 
Buckling (k2/3 with number density factored out) 
Fraction of fast fissions in u-238 
50% fission energy, i.e., 50% of fissions occur 
below this energy. 

Table 3.2-3: Converters - Results of Multigroup Bare 
Reactor Calculations 

Table 3.2-3 is identical to Table 3.2-2, except 
for the fact that U-23s is the primary fuel, 
instead of Pu-239. 

Table 3.2-4: Breeders = Neutron Balance 
Table 3.2-4 gives a detailed neutron balance for 
the breeder reactors investigated by this project. 
The basis of the balance i s  one neutron absorbed 
by fission and capture in Pu-239. 
The degree of balance is an indication of the 
calculation accuracy, not of the accuracy of the 
results. 

Table 3.2-5: Converters - Neutron Balance 
Table 3.2-5 is similar t o  Table 3.2-4 except that 
the balance basis is one neutron absorbed in U-235. 

Figures  3.1-1,2,3 and 4: These figures present the re- 
sults of the multigroup calculations for chemically 
similar systems graphically. Trends of the various 
parameters as functions of different atomic ratios 
are obvious from this presentation. When external 
holdup is added to each of these plots, a definite 
inventory minimum in the vicinity of ~(28>/,(25)= 3 

c 
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is evident. For optimalizations, the interpola- 
tions indicated by these graphs may be used to save 
many manhours of calculation. 

Figures 3.2-5 to 12: Spectra 
These figures are presented as being representa- 
tions of the flux and fission spectrums in the 
fast reactors considered by this project. The 
graphs are chosen for the chemically similar 
UCl4-NaC1 fused salt systems, and show how the 
neutron spectrum changes with varying atomic 
ratios. 

C 

- .  
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TABLE 11-7.2-1. System Constituents for Bare Reactor MultigrouR Calculations 
(atom basis) 

=i== Sys tern 
Number 

P 
g d c c  Pb U-23 8 U-235 U-236 

...... 
3 .  .... ..... . .  
.... . .  ...... 
..... ..... . .  . .  .. . 
. .  

. .  . . .  .. . ...... . . . . :.4 

:: 
...*.a 
;*a+ ...... . .  
.I... 

-4 
E.. 

1. 
2. a 

3. * 
5. 66 4- n 151 
L- - f L  

8. 
9. 
10 
11 
12 . --++ 
15. 
16 . 
17. 
18 . 
Iq. 
20. 
21. 
22 . 
2 .  
2+ 

I 
I 12 I 

10,604 11.43 
9.792 +# 
* 

4 
10 

70 
3 

-6 

3 
-6 
-D 

4 
1 
4 

7 

4,01 

LJiil- - 2 . 288 
4.01 

4.2 

3 
3 
-ZF-- ' 4 7  



X.B.R. I.B.R. 
- 
a T.B.R. 

Fraction 
k2/3 4 Fast 
Darn) Fissions 

50% Fission 
Energy 

214. . 11 333 
326 . 
157 

13 140 

155 130 

73, I 
4 
p\3 
I 

TABLE 11-2.2-2. Breeders 

Results, of Yultigroup Bare Reactor Calculations 

(metric) 
C * M * (  tons 

System 
Number N (49) atoms cc 

.... . .  
X S . . . .  

n .  . . .  **.... 
e..... . .  
I..... ...... /.*& //A ..... 
’””:& . .  .... 
* .  * . .  -..... .... . .  ...... 

7- 0.065 1.786 -7- 1.786 0.0 1. 0.516 45. I - I 910 Kev 
I 1 

2. 1.687 1.113 1.461 (0.307 
3. 9.992 1.725 0.1761 1.678 
4. 0.595 14.36 0.2321 1.570 

380. I 0095 I 111 5. 9.626 0.711 10.703 3.43 0.254 1.414 + 0.101 1.593 6. 1.083 0.7% 
0.890 0.1311 1.622 224 7. 

8. 
0.992 

0.621 0.1611 1.493 2.33 
23 1.139 0.1431 1.574 

I 

1 

4 
I 



f I 

2 (metric) T.C.R. X.C.R. I.C.R. k /3 System 5) a toms 
Number cc C*M*( tons barns ) 2 

..... f ...: ..... . 
9. 0.996~10 +21 1.882 0.134 1,156 0.697 0.459 303.4 
10. 1.863 1 . 090 0.121 1.301 0.892 0.409 189. ...... c9 

-11. 2.537 1.095 0.0935 1.217 1.217 0.0 125.3 

.. . I 12. 0.634 2.69 0.144 LO07 0.655 0.352 435.0 
13. 0.362 206. 0.169 0.776 0.047 0.729 50.7 

15. 1.229 2.36 0.161 1.211 0.853 0.358 196.9 
16. 0.702 6.48 0.187 1.161 0.450 0.711 211.4 

0.092 1.190 1.190 0.0 68.1 18. 3.302 1.596 

20. 3.391 1.502 0.095 1.244 1.244 0.0 68.6 
21. 0.845 2.64 0.176 1.137 0.781 0.356 300. 
22. 1.687 2.13 0.138 1.290 0.945 0.345 139. 

* : & * 6  ’ 
. A  .... . .  

14. 4.943 1.355 0.08641.267 1.267 0.0 44.5 

..... 

.I.. 17. 0.491 1790. 0.213 1.107 0.017 1.089 8. 

19. 1.026 2.45 0.155 1.200 0.853 0.347 243.2 

24. . 825 2 . 918 0.173 1.126 0.744 0.382 288.7 

7 *3 

Fraction 
Fast 

Fis sions 

0075 
10 

-045 
.055 

. 085 
-11 
. 12 
-075 

07 . 10 . 08 

.I 

I 

-. 

.I 

TABLE 11-3 . 2-3 . Converters. 
Results of Multigroup Bare Reactor Calculations 

50% Fission 
Energy 

150 Kev 
202 
338 
143 
100 
550 
143 
87 
61 
420 
134 
401 
103 
180 
111 

I 
4 
W 
I 



TABLE 11-3.2-4. Breeders - Neutron Balance 
Basis; 1 neutron absorbed in Pu-239 

7. I 

2.6258 
0 2070 

8. 

2.5631 
0.2445 

4. 

2.4113 
0.3733 

6. 

2.6941 

5. 

2 3695 
0.2147 

23 1. 

2 . 7885 

2. 

2.6293 
3.2713 

3. 

2.5248 
0 3345 

System Number 

Neutron Production 

v (49) *Fissions of Pu-239 
.... v(28)*Fissions of n-238 . .  

2.5987 

' I  

~ 

2.7885 

0.9389 

0.06112 

0 . 00228 
# 

1.7862 

2.6941 2.8328 2.8076 
. .  . . .  .*.... ...... '"!f Total Source 2.5842 

0 7978 
0.08587 

0.2022 
0.7034 

0.04826 
0.01016 
0.02668 

0.7107 

2.7846 

0.8119 
0.1493 

0,1881 
1.3196 

0.06 53 

0.2503 

2 8593 

0.8501 
0.1338 

0.1499 
0.6625 

0.04755 

1.0154 

2.9006 

3.8853 
3.1085 

I. 1147 
3.3074 

0.02376 

1 . 4606 

0 .  ...... ...... .. . 
* . .  . .  .. . . . .  . .  ..... ..... . .  
...e.. . .  * .  .... . .  . . .  _ - - _ - -  

Neutron Consumption 
Fissions of Pu-239 
Fission$ of u-238 

aptures by Pu-239 
aptures by n-238 
Captures by Bi 

0.8841 
0.08279 

0.1158 
0.4312 
0.1204 

1.1916 

0.8630 
0.09781 

0.1370 
0.8161 
0.2170 

0.6766 

0.9071 

0.09294 

0.1007 

1.5932 

_ - - _ _ -  . .  .... Captures by C1 
k Captures by Na 

Captures by Fe 

...... 0.02029 
0.004075 

1.5743 Leakage 

~ ~ ~~ 

Total Consumption 

~ 

2 . 5850 2 . 7846 2.7885 2 , 9003 

? I  

2 8593 

, ' ,  

2 6939 2 . 8259 2.8075 2.5987 

I 
1 I 

4 
b I 

r 
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7s 
LI 

d 

Z l  
4 L  

t i  

I 

1 i 

&m* - 10 11 l2 ... 
* . . . O W  

TABLE 11-3.2-5. 

B a a i s :  

Converters - Neutron Balance 

1 Wmhn absorbed i n  U-235 

..... .. .... . .  ..... 

.... .... . .  
a .  . .  .. . . .  * . .  .. . 
...)I*. ...... .. ..... ..... .. ..... 
.*.e 

13 14 15 

2.ll53 2.2736 2.1272 
0.1290 0.2026 

2.2463 22736 2.3296 

0.8564 0.9205 0.8612 
0.05159 0.08041 
o.l.436 0.07954 0.1388 
0.7287 0.3582 
0.4165 

0.006365 0.03732 
0.000177 0.001067 

16 

2.osos 
0.2597 

2.3402 

0.8423 
0.1039 
0.1577 
0.7lU7 

O.onj6  
0 .aO3491 

2.3400 

17 

2.0365 
0.2827 

2.3192 

Lo1760 

2.3199 

* 
I 1 

I I 

18 19 20 21 22 

2.0999 I 2.1709 2.2628 I 2.- I 2.2549 1 
I 0 . w  I 0.2129 1 0.1789 1 
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FIGURE 11-3 2-1. PUCl3-UC14 BREEDERS 
SYSTEMS 1 TO 4 
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FIGURE 11-3.2-4. UClk-NaCl CONVERTERS 
SYSTEMS 14 TO 17 
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FIGURE II-7,2-5 

SYSTEM 14, SPECTRUM OF FISSIONS AND 
FRACTION OF FISSIONS ABOVE u t L 
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FIGURE 11-3 -2-7 

SYSTEM 15: SPECTRUM OF FISSIONS AND t FRACTION OF FISSIONS ABOVE u 1 
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FIGURE 11-3.2-8 + SYSTEM 15: FLUX SPECTRUM 
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FIGURE 11-3.2-2 

SYSTEM 16: SPECTRUM OF FISSIONS AND 
FRACTION OF FISSIONS ABOVE u 
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FIGURE 11-3.2-11 

SYSTEM 17: SPECTRUM OF FISSIONS AND 
FRACTION OF FISSIONS ABOVE u 
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3.3 TWO-GROUP TWO-REGION CALCULATIONS 

The several two-group calculations that were carried 

(a) 
out can be divided into two distinct sets: 

Computations were performed for a given core and 
infinite blanket to determine reflector savings and to com- 
pare breeding ratios with those obtained by means of special 
multigroup methods for the blanket. The results are given in 
Table 11-3.3-1, which compares the result of a given two- 
group calculation with the multigroup calculation which was 
taken as the basis of cross-section averaging in the given 
case. It is seen that the requirement of satisfying boundary 
conditions in the two-group case leads to a small adjustment 
of breeding ratios away from the extreme values given by the 
special multigroup methods. However, this adjustment is not 
sufficient to warrant an extensive number of such calcula- 
tions for present purposes. It is further seen that the re- 
flector savings are not great compared to those obtainable 
with a good reflector because of the low density of the 
blanket . + 

vestigated for system No. 14 coupled to a Pb reflector. 
have also obtained the X.C.R. as a function of the same para- 
meters. This was calculated as 

- 

(b) Core size as a function of reflector size was in- 
We 

. - 

Leakage from reflector 
X * C * R o  = Fission + Capture of U-235 in core 9 

consistent with 'the assumption made in the bare pile multi- 
group calculations that all neutrons which leak out of the 
core are available for conversion. 

these were two-group calculations, which differed in the 
choice of reflector cross-sections. The results for the 
critical size are compared in Figure 3.3-1, where we have 
plotted reflector size as a function of core size, both 
given in units of the bare core size, a = 56 cm. 

Three distinct calculations were performed. Two of 

The overall 
c -  
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, _  

System Number 52: Strong Coupling 

TABLE 11-3.3-1. Comparison of Special Multigroup Calcula- 
t ions  with Two-Group Calculations 

53: Driven Blanket 

T.B.R. 1. 556 1.584 

- -~ 

Multigroup Two-Group I Multigroup Two-Group 
1.728 1- 717 

X.B.R. 1.170 1.233 

I.B.R. 0.386 0.351 

1.421 1 . 403 
0.307 0.314 

Core Radius 

Bare Core Radius 
- - 1.000 0.681 1.000 0.688 

' A  

...................... $9 :::. : * :  ::-. '. ::. ::. :: , r . *  
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size  of the reflected reactor re la t ive  t o  the bare reactor i s  
then obtained by adding abscissa and ordinates. C.M. can 
then be d i rec t ly  obtained from the value given i n  the previous 
section f o r  the system i n  question (see Table 3.3-11. The 
curve labeled IIFast Reflector Spectrum" was obtained on the 
extreme assumption that  the re f lec tor  has the same spectrum 
as  the bare core, whereas the one marked ttSlow Reflector 
Spectrumf1 resulted from the assumption of a substant ia l ly  
slower energy distribution. In  Figure 3.3-3 the same compar- 
ison i s  made f o r  the X.C.R. 's .  
ac tual ly  computed a re  indicated. 

performed a one-group calculation for the same system, using 
the fast spectrum t o  determine average cross-sections. The 
resu l t s  of this computation a re  compared w i t h  the two-group 
fast spectrum resu l t  i n  Figures 3.3-2,4. 

A s  was t o  be expected, the slower re f lec tor  spectrum 
predicts smaller c r i t i c a l  masses because i t  resu l t s  i n  the 
assumption of larger transport cross-sections for  the re- 
f lec tor  than i n  the f a s t  spectrum case. The resu l t s  f o r  the 
conversion r a t io  qui te  l ike ly  underestimate the conversion 
l o s s ,  since there i s  no information contained i n  the calcula- 
t ions made about the degradation of the leakage spectrum 
re la t ive  t o  bare core leakage. The actual  r i s e  of the X.C.R. 
as  seen i n  Figure 3.3-3 may be understood on the basis o f ' t he  
remark that  f o r  small re f lec tor  s izes ,  the overall  s i ze  of 
the reflected reactor i s  actual ly  smaller than that of the 
bare pile.  The most important resu l t  to  be gleaned from the 
graphs, however, i s  tha t  w i t h  l i t t l e  l o s s  i n  conversion r a t io ,  
one can approach optimum ref lec tor  savings. 

In  a l l  cases, the points 

In  addition t o  the resu l t s  found above, we have a l so  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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I I t Legend 
A Fast Reflector Spectrum 
o Slow Ref lector Spectrum 

Bare Core Size=56cm. 
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3.4 ONE GROUP - THREE REGION 

The methods developed i n  Section 11-2.4 were used t o  
estimate the loss of conversion r a t i o  and the reduced c r i t i c a l  
core mass which would be obtained for  various thicknesses of 
a Pb o r  Fe ref lector .  
systems of in te res t .  

a system 3f 15 core, Pb re f lec tor  and an i n f i n i t e  U C l 4  blanket 
are represented graphically i n  Figure 3.4-1. 
energy group w a s  used t o  determine cross-sections f o r  a l l  
three regions. 

version r a t i o  does not permit the u t i l i za t ion  of the maximum 
possible re f lec tor  savings. Economic considerations w i l l  de= 
termine how much l o s s  of X.C.R.  can be tolerated,  or traded 
for  decreased inventory. 

The one velocity - three region techniques a re  
applicable f o r  comparing and 
systems. For an actual  reactor,  however, these resu l t s  
indicate trends, and are  not expected t o  give precise values 
as a detailed account of the neutron dis t r ibut ion as a func- 
t ion  of space and materials w a s  neglected. 

Equation (11-2.4-3) was applied t o  the 

As an example, the resu l t s  of applying this method t o  

The f i f t h  

If the core buckling i s  low, loss  of external con- 

optimizing similar reactor 

....................... . . . . . . . . . . . . . . . . .  .................... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  
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3 . 5 SPECIAL MULTIGROUP CALCULATIONS 

I 

- _  

t -  7 

Additional multigroup calculations were carried out to 
For the bare re- investigate specific problems encountered. 

actor in most cases, interpolations proved satisfactory for 
intermediate values of parameters. 

System 18 examines the effects of Fission Product 
poisoning on conversion ratio and critical mass. 

System 51 examines the effects of mixtures of Pu-239 
and U-235. 

Systems 52 and 53 are self-consistent calculations which 
were undertaken to evaluate the assumptions made concerning 
the effect of a blanket on the spectrum and conversion ratios 
of the bare reactor, see Section 11-2.2. 

tions on critical mass and breeding ratio. 
System 5% examines the effect of cross-section varia- 

TABLES AND GRAPHS 

Table 3.5-1: System Constituents f o r  Special Multi- 
group Calculations 

Table 3.5-1 lists the atomic constituents and gives 
a code number for each of the special multigroup 
calculations . 

Table 3.5-2r Results of Special Multigroup Calcula- 
tions 

Table 3.5-2 summarizes the results of the multi- 
group calculations for each special reactor system 
considered. 

Table 3.5-3: Special Systems, Neutron Balance 
Table 3.5-3 gives a detailed neutron balance for 
each special system considered. The basis for 
these balances was 1 neutron absorbed in U-235 
and/or Pu-239 in the core. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ..................... 
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Figures 3,5-1,2: Comparison of neutron spectrums by 
strong-coupling theory, 

Figures 3.5-l,2 compare the neutron spectrum of 
System 2 with the spectrum given by the strong- 
coupling theory. 
energy is lower and 
case. 

One notes that the mean fission 
larger in the strong-coupling 

' - 4  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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TABLE 11-3.5-1. System Constituents for Special Multigrour, Calculations 

System 
Number u-23 5 CJ-238 pu-239 Remarks 

e . . . . .  . .  
o... ..... 

I . .  . .  .... . .  
I .  .*.... 
..... ..... * .  * . .  ". . 
. .  

. .  . . .  .. . ...... ...... .. ...... ...... . . .  . .  ...... . .  .... 

51 1 Bare Reactor calculation (Compare with 15.) 
Mixture of Pu-239 and U-235 

28.75 6 

1 52. core 
Blanket 

3 
1 

1 l5 I Btrong Coupling Blanket Calculation 
(Compare with #2 . ) 

I 
1 

53. core 
Blanket 

3 
1 

Driven Blanket Calculation 
(Compare with #2.) 

1 3 

I 
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TABLE 11-3.5-2. Results of SDecial Multinroux, Calculations 

Sys tern 
Number 

A t o m  Density 
a toms/cc 

(metric ) 
c*M*( tons T.C.R. X.C.R, I.C.R. 

- - 
0.414 

- 
a Eigenvaluc Remarks 

- - 
0.888 

.... . .  ...... . .  . . .  ...... ”..... . .  
U..... 

r ) . . . . .  .. . 
I . .  * .  .. . * . .  . .  ..... ..... . .  
*..... 

f .  . .  .... . .  
1 . .  
..I.... .... * .  ...... 

N (25) =. 8 5 2 x 1 0 ~ ~  - 
a25=0. 161 
ab9=O. 176 
- 1.302 51 Bare Reactor Calculation 

- 
1.170 

- 
a = -235 1.556 0.386 52 

53. 

I :: 0 1 1  Strong Coupling Blanket 
Calculation; Compare 
with No. 2. 

1.728 1 . 421 X P 12.4 0. 307 Driven Blanket C a l c u l a -  

T.B.R. 

1. 778 

X.B.R, 

1 . 512 

I.B.R. 

0.266 
- 
aa0.125 5t. rf and rc of Pu-239 

increased by 10%. 

, 
I 

I 
1 c . I  
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System Number 51 52 53 

Core Blanket 

Neutron Production 
v (25) *Fissions U-235 
v (281.Fissions U-218 0 . 2276 0.1045 0.3167 0 . 1174 
v (49) Fissions Pu-239 0.5105 2 . 4892 
Leakage into blanket 

1 . 6974 

1 . 4606 
Total source 2.4355 2 . 9104 1.5780 

Neutron Consumtion 
Fissions in U-235 0.6872 
Fissions in u-238 0 . 09101 0 . 04180 0 . 1267 0.04697 
Fissions in Pu-239 0.1719 0.8381 

Cax, tures by U-23 5 0.1106 
CaDtures by u-238 0 . 4141 0.1999 1,2115 1 . 4341 

TABLE 11-3.5-3. Special Systems - Neutron Balance 

54. 

. 272 
2 . 639 

2 . 911 

.lo88 . 8886 

. 2664 

..... 

..I. 

..__- .-_-- . . .  . .  

Total 2.4355 

.... . .  . .  

* *  . . .  .. . 
* .  . .. .. . ...... ...... . .  

I 

2.9495 1.5691 2 907 

e..... ,*.... . . .  . .  ...... . .  .... 
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FIGURE 11-3 5-1 

1-1 SYSTEM 52: COMPARISON OF THE SPECTRUM OF 0 
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FIGURE 11-3.5-2 

SYSTEM 52: COMPARISON 
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A BARE RE- 
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3.6 GENERAL TRENDS 

TRENDS OF BREEDING OR CONVERSION RATIO. 0 The breed- 
ing(a) characteristics of a reactor are determined by the 
average final fate of its neutrons. 
large enough to capture practically all the neutrops that 
leak into it from the core, then the breeding ratio will 
depend on the outcome of the competition between radiative 
capture by 28 on the one hand, and parasitic capture by 49 
or by reactor contaminants and diluents on the other. 
degradation by collision and leakage cannot be considered 
the "final fate" of a neutron, the extent to which they in- 
fluence the neutron spectrum w i l l  have an important effect 

If we assume the blanket 

- -  
. -  

While 

on the absorption competition referred to, principally 
because of the tendency with slower spectra for capture 
cross-sections to increase relative to the fission cross- 
section of 49. 

The following discussion attempts to explain the 
general trends of breeding ratio and critical mass for 
chemically similar systems as variations are made in the 
relative atomic ratios of the reactor constituents. The 
results of such an investigation will appear as Figures 1 to 
4 of Section II-3.2. 
ables one to generalize fast reactor characteristics to such 
an extent that optimalizations may be made without lengthy 
calculations. 

A n  understanding of these results en- 

a). Internal Breedinp Ratio (1.B.R.) 

The internal breeding ratio is given by: 

energy dependent in the range of energy where all the in- 
............................... 
(a) "Conversion" and 1*25r* may replace "Breeding" and 1149r1 

in the subsequent discussion. 

' :.uq 

. .  
- - v  

a -  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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vestigated neutron spectra are concentrated. Therefore, if 
an average value for is taken outside the integrals, 
the remaining integrals cancel, and we have: 

Thus we see that the I.B.R. is proportional to the atomic 
ratio of 28 to 49, and is roughly independent of the neutron 
spectrwn. 

b). External Breeding: Ratio (X .B .R. )  
In the case of internal breeding, we noted that 

the competition for neutrons between 28 and 49 takes place 
'rlocallyll; i.e., in each small volume element of the core, 
the number of neutrons available to 28 and 49 is the same 
(for all energies), since the flux is the same for both. 
Hence, the I.B.R. does not depend on geometry, other con- 
stituents, parasitic absorption, etc. 
case of the X.B.R. is entirely different. Here the competi- 
tion is between 49 in the core and 28 in the blanket. 
Between the time that a neutron is emitted in the core and 
leaks into the blanket to be captured by 28, it has to run a 
gamut of parasitic absorption by 49, diluents and contaminants 
and fast fission absorption by 28. The effect of this gamut 
on decimating the blanket-bound neutron population varies with 
core and blanket density, spectrum composition, and geometry. 

The situation in the 

One can always write for the core 

Leakage + Absorption = Production (3.6-3) 

The assumption underlying our blanket breeding estimates from 
bare reactor calculations is that the fast fission effect in 
28 compensates f o r  non-productive absorption in and possible 
leakage from the blanket. 
that leak into the blanket are captured by 28 to form 49 

On this basis, all the neutrons 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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finally. Therefore, 
equal to the leakage 
in (49). 

The production 

the rate of external breeding is just 
rate divided by the rate of absorption 

is given by 

Ir 

where & CP) expresses the parasitic capture by diluents and 
contaminants. We rewrite the balance equation: 

1 

For the fused salt systems, the parameter of interest 
is the ratio N(28)/N(49)9 therefore, denoting ,&+ N 28 by y 

and ~~qkydvby C 3 , we have: 
f 

In the range of energy where most of our spectra fell, 
the various cross-section averages were roughly constant, 
though not exactly so. Therefore, the changes in the neutron 
spectrum due to changing y were reflected in relatively small 
changes in the mean cross-sections. Moreover, one notes that 
if .Nsciif is a linear function of y, where N(C1) is the number 
density of chlorine, 
negative slope. 

N C1 

L is a linear function of y, with 

'F; 

' 1 .  * 06 . . . . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  ................. 
...... . . . . .  . . . . .  . . . .  . . . . .  . . . . . .  
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and 

. .  

c .  

4 

. 

and we remember that A is a slowly varying function of y in 
virtue of the small changes in Fcaused by spectral shifts 
with increasing dilution. These small variations cause, in 
fact, a slight downward curvature in the plot of XBR VS. y. 

c). Total breeding ratio (T.B.R.1 

The T.B.R., being the sum of the I.B.R. and 
X.B.R., will also be an approximately linear function of y. 
Moreover, the leakage does not play a direct part in the 
overall neutron economy, since we have assumed that whatever 
neutrons leak out of the core are captured by 28. 
any changes in T.B.R. will be due to differential parasitic 
capture with changing y. 

in spectrum that takes place with dilution. a increases, as 
well as the relative parasitic capture by diluents and 
contaminants. Therefore, the T.B.R. falls off somewhat with 
greater dilution although not as strongly as the X.B.R. 
Moreover, for the dilutions at which the T.B.R. does begin to 
drop more sharply, the critical mass becomes infinite; for 
feasible masses, the whole variation of T.B.R. is about x55. 

Therefore, 

This can occur because of the shift - 

TRENDS OF SIZE AND CRITICAL MASS. - 
a). Trends of size 

Formula (3.6-7) gives the leakage L as an 
approximately linear function of the 28 to 49 ratio y. 
a bare pile, the following formulae are truer 

For 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ..... ,I ................. 
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where k2 i s  the buckling and b i s  the radius of the bare 
pi le .  
section, C t r ,  i s  approximately independent of  y since the 
ctr of 28 and 49 are  approximately equalca) and the t o t a l  

number density of heavy atoms (b) i s  prac t ica l ly  independent 
of y, being 20% l e s s  for  y = 10 than for  y I' 0. 
can write: 

For chloride systems (PuCl3-UC1$, the transport cross- 

In fac t ,  we 
N(49) + ~ ( 2 8 )  = No = const.; therefore: 

(3 6-11) N(4-9) C ~ + Y ]  t No; N(4-9) = l+u NO 

2 Combining formulas, we obtain for  b : 
h 

S t r i c t l y  speaking, the constants i n  this formula vary weakly 
w i t h  y. However, (3.6-12) s t i l l  displays the main feature 
of the c r i t i c a l  size:  slow variation fo r  small y, r i s ing  
rapidly t o  i n f i n i t y  f o r  y + yo. One notes tha t  the X.B.R. 
goes to  zero as the c r i t i c a l  mass goes t o  inf in i ty .  

b). Trends of mass. 
The mass of 49 i n  the bare p i l e  i s  given by: 

where m(49) i s  the mass of the 49 atom. 
gives: 

Substituting for  b 

According t o  this formula, the c r i t i c a l  mass varies 
re la t ive ly  slowly for  small y, then increases t o  i n f i n i t y  for  
y -+ yo. 
extensive range of y wherein inventory i s  roughly the same 

(yo i s  of the order of 10). Therefore, there i s  an 

(a) 
(b) 

T h i s  i s  even t ruer  for  25 mixtures. 
AS well as that of ~1 atoms 

. . . . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  ................. 
...... . . . . .  . . . . .  . . . .  . .  t . .  . e.. * e  

I , 

. v  
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and therefore can be a secondary consideration in choosing y. 

c) TemDerature effects on density. 
The bare-reactor multigroup method of calcula- 

tion shows that the spectrum is independent of density3 there- 
fore, one need only consider density changes in analyzing 
critical size and mass changes with temperature. Since the 
proportions of a chloride mixture are independent of 
temperature, the temperature variation of N (number density) - 
for each component - will be the same. If we assume: 

p 3 Po f (t) (t = centigrade (3 6-15) 
temperature) 

then we can write: 

(3 6-16) 

where f(0) = 1. 
2 Now we rewrite the formulas for b and M, keeping 

1 track this time of all number densities. 

L a N(4-9) iG - H ~f 

Theref ore 

We have: 

(3 e 6-17) 

. (3.6-20) 



M = s  a b3 N(49) 
(3 6-21) 

Equation (3.6-22) shows that M is more strongly dependent on 
temperature than the critical radius. 
made by chemical engineers for the fused salt systems, gavet 

Estimates of f(t), 

These formulas are of use in calculating the temperature co- 
efficient of reactivity due to density changes. 

TRENDS OF <. - The only effect of y on is the change 
it makes on the neutron spectrum, viz., the spectrum will 
become slower as y increases. However, this effect will be 
less marked for larger y; it is found that the spectral 
shift becomes very slow for y ' s  within several units of the 
point of infinite critical mass. Therefore, although a(49) 
changes rapidly with energy, the median spectral energy of 
the reactor changes slowly for this range of y so that :(49), 
the average over the spectrum also changes slowly. 

For small values of y (0 to 3 or 4), a follows the 
relatively rapid shift in neutron spectrum. 
values of y (those which lead to reasonable critical mass 
and inventory) 

I 

c 

- 
For interesting 

is less than 0.2. 

. 
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3.7 FINAL DESIGN OF FUSED SALT REACTOR 

BARE REACTOR CALCULATION. - A bare reactor calcula- 
t ion  w a s  made f o r  the system described i n  Table 11-3.7-1. 
The atomic constituents were chosen by optimalization of pro-  
cessing and production costs.  One notes tha t  the f i ss ion  
product concentration i s  quite low, and the U-236 content 
re la t ively high (see Section 11-4) . 

Table 11-3.7-2 i s  a detailed neutron balance of system 
Excess 24 based on 1 neutron absorbed i n  Pu-239 and U-235. 

degradation i s  tha t  small amount of neutrons which a re  de- 
graded below the 8th u group, and which a re  assumed t o  be 
l o s t  by paras l t ic  capture. 

Figures 11-3.7-1,2 a r e  the f iss ion and flux spectrums 
f o r  the prescribed core. 

This calculation was used as a Preliminary basis f o r  the desigi 
and evaluation of  the fused sa l t  reactor discussed i n  the 
engineering analysis report. The one-velocity methods 
of  Section XI-2.4 were used t o  compute the reflected c r i t i c a l  
mass and the Ak associated with the molten Pb control rods. 

1' C.. . " . C .  .. . * a *  @ . ? E (  .. 
" I .  . . .  , , e .  . ' .  . .  t . -  
e . . ,  , , I O .  . . .I. . .*  . .  . .  I . ... , t l .  . I  . .  
I . .  , ' *  I .  . ... . c  Y b  .. .e* , . V .  . . .. .. ' e 1 0 .  .. 
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System No. $5 $6 $8 p1239 Na c1 Pb 

24 1 0.2 3.25 0.0048 1.81 28.75 4.57 

TABLE 11-2.7-1 

System 24: System Constituents and Results 

- 
F a P o  

0.017 

- - 0.173 =25 - 
T.C.R. = 1.126 

X.C.R. a 0.744 

I.C.R. z 0.382 

Fraction of Fast Fissions = 8.2% 
Median Fission Energy = 111 Kev 
Critical Radius = 129.39 cm 
Critical Mass (Bare)= 2.918 metric tons of U-235 
N(25) = -825 x 1021 atoms U-235/cc 
- p = 4.2 gm/CC 

tL2 ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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- .  
# '  

. 

TABLE 11-3.7-2. System 24 - Neutron Balance 
Basis: 1 neutron absorbed in U-235 and Pu-239 

Neutron Production 

~(25) *Fissions of U-235 
v (49) .Fissions of Pu-239 
428) *Fissions of u-238 
v(26)*Fissions of U-236 

2 . 094728 
0.011942 
0.173925' 
0 . 0172 5'7 

Total Neutron Production 

Neutron Consumption 
Fissions of U-23s 
Fissions of Pu-239 
Fissions of u-238 
Fissions of U-236 

Captures by U-235 
Captures by Pu-239 
Captures by u-238 
Captures by U-236 
Captures by Pb 
Captures by Na 
Captures by C1 
Captures by F.P. 
Excess Degradation 

Leakage 

Tota l  Consumption 

- *' 13 

2 . 297852 

0.848068 
0 004021 
0.069570 
0.006903 

0.147120 
0.000790 
0.382281 
0 . 023 52 5 
0.005060 
0 OW73 5 
0.052288 
0.001480 
0.011659 

0 . 7443 56 
2,297856 

.. .*I . . . .. .. . ... .*. .. ... ... . . *  . .. s .  . .  ..... . . . .  .... 'I . . . .  . . .  . . ... . ... I .  .. , * .  . , .  . .  . . . .  I .  . .  
- 4  . . , . . . e .  .. . .  ,.e... 
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FIGURE 11-3.7-1 
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SYSTEM 24: SPECTRUM OF FISSIONS AND t FRACTION OF FISSIONS ABOVE u 
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MULTIREGION CALCULATION. - Through the cooperation of 
Dr. Ehrlich at KAPL, NEP obtained two machine calculations 
for the three region multigroup problem of the fused salt re- 
actor. The calculation was made to determine the correct re- 
flected critical mass, and to determine the decrease in con- 
version ratio brought about by absorptions in the reflector. 
Such a calculation by hand was not considered practical. 

The reactor was approximated by a spherical core en- 
closed by a reflector and a blanket. 
for the blanket and reflector easier, these regions were 
homogenized with their containing structural materials, i.e., 
the core container, the inside edge of the blanket container, 
the two-inch void, and the Pb control rods were homogenized 
into one region called the reflector; similarly, the rest of 
the blanket container and the blanket material (UCl4) were 
homogenized into one region called the blanket. In the machine 
calculation, the reflector uranium was assumed to be pure 
U-238, and the blanket uranium was assumed to be depleted 
uranium containing 0.3% TJ-235. 
by the machine computation was .984 produced neutrons for 
1.000 source neutron, using v = 2.50 for U-235. 

Table 11-3.7-3 summarizes the results of the homogeniza- 
tion and gives other facts concerning this reactor. The re- 
actor constituents were changed slightly from the bare reactor 
calculation above. 

machine calculations, adjusted to v = 2.47, to be consistent 
with the rest of this report. 

balance, and to include the effects of small changes in Pu-239 
and U-235 concentrations in the reflector and blanket are to 
be found in the engineering analysis report. 

To make the calculation 

' .  

The neutron balance achieved 
* 

. 

Table 11-3.7-5 gives the neutron balance based on the 

Results of perturbation calculations t o  force the neutron 

r - 

.. . .  . .  . .  . .  .. 
... .. ... 

..... . . .  . . . .  . . .  . . .  . . .  
.. 
.. 

. . .  . . .  . .  . . . .  . . .  .... ... 
.... . . .  ... . .  . . .  .... 

.. . .  . .  . .  . .  
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Table 11-3.7-4 presents the resu l t s  of the multigroup 
multiregion calculation, and by comparison w i t h  Table 11-3.7-1 
indicates tha t  the assumptions made using the bare reactor 
calculations and one-group theory were satisfactory. 
only s ignif icant  change brought about by the more elaborate 
calculation was a 5 per cent reduction i n  reflected core 
radius. The blanket w a s  designed t o  be four diffusion 
lengths thick, on the basis of one velocity theory, to  reduce 
the leakase l o s s  out of the blanket t o  a minimum. The multi- 
region calculation substantiates t h i s  decision. 

the three regions. 
sees that  the core spectrum i s  only weakly coupled t o  the 
blanket . 
the reactor as a function of the radius. 

The 

Figure 11-3.7-3 compares the averaged flux spectrum i n  
By comparison w i t h  Figure 11-3.7-2 one 

Fi5ure 11-3.7-4 represents the power dis t r ibut ion within 

- .  
* .  a 

Figures II-3.7-5,6 portray the integrated flux vs. 
radius, and the s h i f t  i n  spectral  dis t r ibut ion of the neutron 
flux w i t h  radius for the fused s a l t  reactor. The areas under 
each curve i n  Figure 11-3.7-6 have been normalized t o  unity. 

Only one spectral  curve has been drawn f o r  the in t e r io r  
of the core, Figure 3.7-6, because the shape i s  pract ical ly  
invariable almost a l l  the way out t o  the core-reflector 
interface. T h i s  effect ,  the t ru th  o f  which w a s  assumed i n  
the bare-reactor multigroup calculatlon, demonstrates why the 
bare reactor calculations give good resul ts .  

The rather  small s h i f t  i n  spectrum a t  the outer surface 
-of the core shows that  the'back-coupling from the ref lector  
t o  the core i s  weak, and hence that the ltstrong-couplinglf 
method outlined i n  Section 2.2 would not be expected t o  
give re l iab le  resul ts .  
method, which assumes the blanket t o  be coupled t o  the leakage 
spectrum of the core and t o  exert  no reciprocal influence on 
the core, r e s t s  on re l iab le  assumptions and i s  the calculation 

On the contrary, the l'driven-blanketlt 

. . . . . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . .  . . . . . . . . .  
1 .. 
4 .  

I . .  

.. . .  . .  . .  . .  .. 
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Region 

Core 

Reflector 

Blanket 

V-235 

1.000 

.003012 

TABLE 11-3.7-T. System Constituents of Fused Salt Reactor 

U-236 

0.20 

u-238 

3.24 

,035 

996988 

h-239 

.oo48 

Na 

1.89 

Cl 

29.20 

0.141 

4.000 

t 

. ’ Y . 

Pb Fe --I- 
4.77 

0.271 1.000 

0.736 

- 

F.F. 

0.016 

F 
atom/cc I gm/cc 

~(25)=.810x10~~ 4.2 

V(Fe)=23.798x1021 - 
-3 ~~ 

~(28) = 6.043~10~1 4.05 

I 1  

. b  
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Core Blanket and 

Reflector 

2.87% 1.126 0.765 0.381 

8 c 

' <  1 
, *  

I--+ 
k co ilt Multiregion Calculation 8 

T A B U  11-3.7-4. Results o f  Fused ; 

T.C.R.1 X.C.R. 1 I .C .R.  
C.M. (25) 

Core Radius 

95.9 cm 

..... .... '..... . . .  

.... . .  . .  *..... 
,.... ..... 
. I  * . .  .. . 
. .  

. .  . . . .. . ...... ...... .. 
*.I..< 
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* From Table 11-3.7-5 
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TABLE 11-3.7-5. Neutron Balance - Fused Salt Reactor: Multiregion Calculation 
Basis: 1 neutron absorbed in U-235 and Pu-239 in the core 

Neutron Production 
'v(25).Fissions of U-235 
v(26).Fissions of U-236 
v(28).Fissions of U-238 
v (49) *Fissions of Pu-239 
Total Production 

Neutron Consumption 
Fissions: U-235 

U-236 
u-238 
Pu-239 

Captures: U-235 
U-236 
u-238 
Pu-239 
Na 
c1 
Pb 
Fe 
F.P. 
- 

Net Leakage 
Total Consumption - - - - - - - - - - - - .  

Core 

2.080600 
0.01 5642 
0.157183 
0.011740 

- 

2.26 516 5 

0.842348 
0.006257 
0.062873 
0.003953 
0.152868 

0.381222 
0.000830 

0.0 52761 

0.023531 

0.00090 5 

0 005033 
0 

0.001383 
0.795872 
2.329836 

Reflector 

0.005895 

0 . 00 5895 

0.0023 58 

0.040077 

0.002442 
0.002192 
0.024205 

-0 071486 
-0*000212 

Blanket 

0.033276 

0.028103 

0.061379 

0.013472 

0.011241 

0.00343 7 

0 704953 

0.042803 

0.01oVt3 

-0.719014 
0.067335 

All Regions 

2 0 332439 

2.396959 

* v(25) I 2.47 was used in this table to be consistent with rest of report. v = 2.50 
was used in original machine calculation. 
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* -  

method of choice for computing the blanket spectrum. 
The spectrum in the blanket degrades slowly with in- 

creasing radius as the flux gradually shifts to the 
fundamental mode (the "equilibrium blanket"). However, it 
is evident that the blanket ends long before that stage. 

To evaluate the core radius for an exact neutron 
t .  

- -  balance, an extrapolation procedure qives 95.9 cm. One will 
note that the neutron balance is slightly inconsistent due 
to round-off error and the slightly non-critical multiplica- 
tion constant assumed. The figures in Table 11-3.7-5 are 
given to 6 figures only to a l l o w  intercomparisons to be made 
by the reader, and not as an indication of the accuracy of 
the calculation. 

Based on the preceding results, the following calcula- 
tion procedure appears appropriate in future work: 

Surveys: Use the one-velocity techniques 
described in section 11-2.4 t o  compute con- 
version ratios and critical size. 
Design parameters for particular systems: 

Utilize the multigroup technique for the 
bare reactor to compute conversion ratios and 
core buclrlin:; next, use the core spectrum to 
choose appropriate avera%e cross-sections to 
be used in a one-velocity calculation for the 
three-region problem giving reflected core 
radius3 then use the driven blanket technique 
to determine the characteristics of the blanket. 
Final design: Use multi-region, multigroup 
calculation methods. 

A second calculation for the fused salt reactor was 
undertaken to determine the effectiveness of the Pb reflector 
control rods. The second calculation substantiated (within 
15p) the one-velocity estimates (Section 11-5.2) for the 
effectiveness of the Pb control rods. The change of 

0 .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  ......... 
.......... . . . . . .  . . . . . . . .  . . . . . .  . . . . . .  . . * ..e .. 
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reactivity according to the multigroup multi-region calcula- 
tion is 

Ak - - 0.027 k -  

if all of the Pb is removed from the reflector. 

b 
. .  

4 
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4. FAST REACTOR POISONING 

- -  

4.1 INTRODUCTION 
Fast reactor poisons are detrimental because they 

decrease the conversion ratio and increase the critical mass 
of fuel. The two principal types of fuel poisons are the 

these two types are different in important respects. 

ever, governed by secular equations of standard form: The 
rate of change of element *'af* ( Z  9) is equal to its pro- 
duction by fission (3: &qY(a)) , by neutron absorption by 
element tt&tt (t 

predecessor at (= X(at) N(al)), minus its loss by neutron 
absorption (= og(a) qN(a)), by radioactive decay 
(=  A(a) N(a)) and by processing (- R(a) N(a)). 
the macroscopic fission cross-section, 3 is the neutron flux 
integrated over the core, Y(a) is the yield function for 
fission products, N(x) is the number of atoms of element ''xh 
in the core, X is the reciprocal mean life and R(a) is the 
processing rate.) 

w -  fission products and the higher isotopes. The features of 
. -  

The concentrations of both types of poisons are, how- 

dt 

N(8) rC($) q )  and by radioactive decay of a 

(Herezf is 

The balance equation (for each IIa") is then: 

. 

- A(a) N(a) - R(a) N(a). (4.1-1) 

4.2 FISSION PRODUCTS 

As the fission product capture cross-sections are 
small in the fast region, loss of fission product atoms by 
neutron capture is a relatively small item in comparison with 
the high chemical extraction rates possible in fluid fuel 
systems. 
done at a constant rate R. 

In equation (4.1=1), processing is assumed to be 

Moreover, the small capture cross-sections (relative 

....................... 
t .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
' I . . . .  . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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to the fission cross-section of U-235) make it possible to 
allow large concentrations of fission products to build up 
without too adverse an effect on the conversion ratio. In 
fact, 

Accordingly, if a 10% loss of neutrons to fission products 
is tolerable, the fractional burnup allowed is 53%, for: 

x (tolerable neutron loss) qzf fract. burnup = 
..... (4.2-2) - x .1 s .53 = 2x.12 

The direct effect of fission product capture on conversion 
ratio is actually as follows: 

If the radioactive decay half-life is long, the ex- 
traction rate is much larger than the decay rate3 on the 
other hand, if the decay half-life is short, one can consider 
the atom to decay immediately into its daughter isotope, (in 
effect, not to exist at all). Then, competing events (viz., 
burnup, processing) are negligibly probable by comparison 
with decay. Fortunately, the decay half-lives of the fission 
products are either much longer than or much shorter than the 
processing half-life, which leaves the processing rate the 
dominant quantity in determining fission product concentra- 
tions . 

0 

4.3 HIGHER ISOTOPES 

have larger capture cross-sections and fission cross-sections 
In contrast to fission products, higher isotopes 

J 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  
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.. 

4 

as well, Moreover, the role of capture-decay chains is 
much more important in the formation of higher isotope 
poisons. 
111-3.1.) Therefore, the neutron capture and radioactive 
decay half-lives are of the same order of magnitude as 
economically feasible processing half-lives. 
that higher-isotope equilibrium concentrations depend more 
strongly on nuclear quantities than do fission product con- 
centrations. 

For converters, in particular, the formation of U-236 
is of prime importance, because chemical processing techniques 
cannot be used to remove it from the reactor. Hence, its 
concentration will build up to a much greater degree than 
those of fission products, thus rendering its effect on the 
conversion ratio much more deleterious than fission products, 
in view also of its higher capture cross-section (on an 
atom-for-atom basis) , 

A attigating feature of higher isotopes is their non- 
vanishing fission cross-sections. However, this effect does 
not nullify the loss due to capture. 

If one denotes the fission cross-section of these 
elements averaged over the neutron spectrum aszf(H.I.) and 
assumes v neutrons per fission, the loss in X.C.R. is: 

(These chains are described in detail in Section 

This means 

Except for meager data in BNL-170, ll,ttle is known 
about the higher uranium isotopes. 
similar to a-238 for all neutron processes except fission, 

Pu-240. Experiments at L.A, indicate that 

U-236 was assumed to be 

In breeders, the principal higher isotope poison is 

and one may claim on the basis of general nuclear considerations 
CUI .-" w,:i * 

B I* 'pa Jl ' 

C I l .  = -... ... 
-: Q 29 ....................... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . $ I  .. . .  . . . . . . . . .  " 1 ,  . . .................... 
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that 

(4.3-3) 
L - -  

ENGINEERING CONSIDERATIONS 

A more detailed discussion of the secular equations 
and their solution is contained in the engineering 
report. It is evident from Eq. (4.1-1), however, that 
the relations between concentrations under steady-state 
conditions will depend only on the ratios of cross-sections. 
In general, the ratios of cross-sections vary much less with 
energy than the cross-sections themselves. Therefore, it is 
possible to make estimates of steady-state concentrations 
using values of cross-sections taken at the mean neutron 
energy of the core. It remains only to choose processing 
rates. 

the processing rate, economic factors, as well as design 
feasibility factors,come into play in the choice of pro- 
cessing rates. These must be balanced against the loss in 
conversion ratio and the increased inventory that attend 
high poison concentrations. The arguments above show that 
this balance will be well on the side of low processing cost 
for fission products, because of the ease of processing as 
well as the high allowable concentrations. 
isotopes, this balance is not so readily struck, because it 
is expensive to extract them and expensive to leave them in. 
Thus, the higher isotopes are much the more serious poisons 
for fast liquid-fuel. reactors. 

analysis 

Because the processing cost is strongly dependent on 

For higher 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  
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50 CONTROL METHODS 

'5.1 GENERAL CONSIDERATIONS 

When considering the kinet ics  of f a s t  reactors, one 
i s  always struck by the disastrously short  periods which 
would r e su l t  by even small instantaneous increases i n  k. 
However, i n  nature nothing happens instantaneously, and, i n  
fac t ,  i n  a reactor the speed a t  which the multiplication 
constant of the reactor may change i s  t o  a considerable 
extent under the control of the designer. 

The possible methods of control consist i n  adding 
absorbers, removing fissionable material and changing leakage 
by moving par ts  of the ref lector .  

l ess  than 1 barn i n  the fast region, absorption control 
implies moving large amounts of material i n  short periods of 
time. One must a lso consider that  additions of absorbing 

* .  

As the absorption cross-section of most elements I s  

- 

material upset the neutron balance and lower the conversion 
rat io .  

Control by removing amounts of fuel  i s  more effect ive 
i n  fast reactors,  but one i s  then faced w i t h  the problems 
of removing large amounts of heat genera.ted within the 
control element. u-238 control rods would not destroy the 
conversion ratio,  but then the rods must be processed from 
time to  t i m e  t o  recover the valuable product produced. 

For large f a s t  reactors,  re f lec tor  control implies 
moving a large mass of  re f lec tor  i n  short periods of t i m e ,  a 
d i f f i c u l t  mechanical accomplishment. However, re f lec tor  
control has the advantage that i t  does not destroy conversion 
r a t io ,  as those neutrons which leak out a re  captured by the 
blanket t o  produce useful Pu. 

examined thoroughly but has some merit, i s  moderation 
control. 

One type of f a s t  reactor control which has no t  been 

Some moderating material is added t o  the reactor, 
L 

-: - 3 1  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  =./. .. 
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slowing down the reactor spectrum, and decreasing the reactor 
reac t iv i ty  by essent ia l ly  raising the overall  z. This method 
of control would also destroy conversion r a t i o ,  and i n  th i s  
l i gh t  i s  not as advantageous as ref lector  control. 

5.2 CONTROL CALCULATIONS 

REACTOR KINETICS. - We consider now the time behavior 
of a reactor. If n i s  the number of f iss ions per unit  time 
occurring i n  a reactor, then the equations describing the 

(4. secular behavior of n a r e  . 

c i = - x  c + -  Mi n i i  L (5.2-lb) 

. .  
. -  

where Bi i s  the number of delayed neutrons of ith type a r i s ing  
from each f i ss ion  divided by the number of  prompt neutrons so 
arising, €i is the tteffectivenessfl of the ith type neutron, 
S i s  a neutron source term, 
and ci i s  related t o  number 

If one calculates the 
by assuming n = noe , ci - - ut  

( 5.2-2a 

L i s  the prompt generation t i m e ,  
of delayed neutron emitters of type i, 
complementary function of (5.2-1) 

eat, one obtains for ut v 

or,  substi tuting f o r  A: 

I n  general, i f  there a r e  N delayed groups, there w i l l  
be N+1 solutions of (5.2-2), of which only one can be positive, 
The reactor reproduction constant k, i s  obtained by se t t ing  
u = 0 and requiring that k = 1 for  t h i s  case (Steady s t a t e ) .  

(a) Equations (5.2-1) and, (5.2-2) a r e  based on: H. H u r w i t z ,  
Nucleonics, 5, p. 61 (July 1949) . 

., Y 32 
- ......... . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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Then we have: 

1 

0 .L kp - 1 +L:piei  
2 

and thus 

? k = l  
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(5.2-3 1 

Eliminating k between (5.2-2b) and (5.2-4) yields: P 

Now, l e t  us consider a reactor w i t h  a fixed k, and 
( i  of the ith delayed neutron change the effectiveness 

group. 
section). 
from changing E L .  Therefore, we d i f fe ren t ia te  equation 
(5.2-5) w i t h  respect t o  Ej t o  obtain: 

(That t h i s  can happen w i l l  be shown i n  the next 
We wish t o  f ind  the induced change i n  u3 result ing 

. 
o r ,  rearranging: 

. 

* 

Now consider a r i s i n g  period ( k > l ) .  The brace i n  (5.2-6b) 
i s  always posit ive as  a re  a l l  the factors  on the right-hand 
side. Therefore, the derivative &/&j is negative, so that 
if Ej decreases, o will increase. A similar argument f o r  
the case when o ( 0  ( k < l )  shows tha t  : f < O ;  thus, the 
absolute magnitude of o always increases when 6- decreases, 
and vice versa.. 

Now consider the steady s t a t e  of the reactor for  k(1. 
(For k > 1, there i s  no steady s t a t e ) .  

3 

We s e t  all time- 

...... .............. .... * * *  : * " & * .  *. ::. ::. :: . . . .  Y . . . . . . . .  . . . . . . . . . . . . . . . . .  ........................ 
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derivatives equal to zero in equation (5.2-1) and eliminate 
We obtain: ci* 

or, after substitution: 

S 
1-k n = -  

This relation will be useful in calculating heat generation 
under subcritical conditions. 

(5.2-1) by dropping delayed neutron and spontaneous fission 
terms. 
prompt supercritical (an "accident"). 
we have: 

We shall now derive some approximate consequences of 

This procedure is to the point when the reactor is 
Since Xici is positive, 

or 

kp-l fi n >A = L 

. 

c 

(5.2-8b) 

We integrate this equation with respect to time from 0 to T 
(maintaining the inequality), and obtain: 

1 PT 
In n(T) - In no> 2 J (kp-1) dt (5.2-9) 

We assume now that: 

i.e., 5 is increasing linearly with time and at t = 0, the 
reactor has just become prompt critical. 
becomes, for this case: 

Equation (5.2-9) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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* -  
_ .  

No1 

(52-11) 

, when t = T, we assume that  th- react  r i s  well 
into the super-prompt c r i t i c a l  condition and tha t  delayed 
neutrons can be neglected. Then, from (5.2-8a), 

( 5. 2 -12 

* 1  By definit ion,  E where 'G i s  the reactor period, There- 
fore: 

RT 
,&I= L 

Combining th i s  with ( se2 - l l )  (by eliminating T ) ,  we  obtain: 

o r  

(5.2-14a) 

Finally, assume tha t  a control element which moves 
along a coordinate x has a l inear  coefficient of' r eac t iv i ty  
" equal t o  S'? 
t i m e  t (from a s t ands t i l l )  under the influence of gravity 
w i l l  be 9 g t2* 
(5.2-12)) as follows: 

Assume a l s o  tha t  the distance x covered i n  E 
The reactor period w i l l  then vary (from 

Using (5.2-lO), we have, f ina l ly ,  

." e . .  ... ***q& *.. ... : :.. : :.. :.* -. * .. . . * : ak ,.: '. *. : :* : :' : : . . .  . . .  t .  . . . .  . .  . .  
"~ ... , ... . .. .. . . . C . l  .. 
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These formulae w i l l  be used in Section 5.3. 
LOSS OF DELAYED NEUTRONS. - In externally cooled 

fluid fuel reactors, the fuel circulates through the core 
and the heat exchanger, Accordingly, some of the delayed 
neutrons are produced in the core and some are produced in 
the heat exchanger. 
tion due to this loss of delayed neutrons, one may assume 
uniform progressive flow through the core and heat exchanger. 
The fuel spends a time T1 in the core and a time T2 in the 
heat exchanger. 

If one assumes that the delayed neutron emitters are 
produced uniformly throughout the core, one may write the 
fractional number of delayed neutrons produced within the 
core during the continuous cycling process at constant power 
as: 

To estimate the control dollar*devalua- - *  

- 
(5.2016) 

1 

Ti,mean life of delayed neutron emitter i. 
Table 11-5.4-1 summarizes the result of applying 

equation (5.2-16) to each delayed neutron emitter, assuming 
representative values of T1 = 3.36 seconds and T2 = 5.96 
seconds. 

*One dollar =$Eipi. For all delayed neutrons emitted in 
the coreaEipi = 0.0073 in Table 11-5.4-1 (data from 
ORNL-10991 , 

... 36 

4 
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TABLE I1 - 5.4-1 . Delayed Neutrons 

E i p i  ( f l o w )  E i  Half Life (sec) pi(no flow) 

F -  

. 

0.43 
1.52 
4.51 

22 0 0 

55.6 

0 . 00084 . 000687 . 818 
0 . 0024 .001236 515 
0.0021 .000808 0385 
0.0017 .000614 . 361 
0.00026 .000094 . 360 

0 . 0073 003439 

One sees from the table  that the delayed neutron dol lar  
has been deflated t o  47 per cent of i t s  or iginal  (no flow) 
value. In view of the discussion i n  the section on kinetics,  
one notes tha t  for  a given k, the reactor period has become 
smaller. 

(5.2-5) when &<<Xi, as 
One may also compute the generation time from equation 

.- . 

f o r  the f a s t  reactor for  small Ak changes. I f  no delayed 
neutrons were l o s t ,  the generation time would be 

* 

(5.2-18) 

One notes tha t  for  reac t iv i ty  changes greater than one 
delayed neutron dol lar ,  the p i l e  period becomes the order of 
the mean l i fe t ime of a f a s t  neutron i n  the reactor. For a 
f a s t  reactor . 

It is  obvious that such reac t iv i ty  changes could not be 
tolerated i n  a fast  reactor. F’urthermore, one notes that the 

. . . . . . .  . . . . . .  . . . . . .  
. a .  . . . . . . .  ....... 

i‘ 3 
T .. . . .  . . .  . . . .  . .  * .... 

............ . . . . . . .  . . . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . . . . .  



-138- 

l o s s  of delayed neutrons lowers the upper l i m i t  of  controllable 
reac t iv i ty  changes by about a factor of 2. 

DENSITY CHANGES. - It i s  of some in te res t  t o  estimate 
the amount of reac t iv i ty  change due t o  thermal expansion 
which w i l l  be found i n  the fused s a l t  reactor. It i s  ex- 
pected that  such a reactor w i l l  have a large negative 
temperature coefficient. 

From the one-velocity re la t ion (11-2.4-3) 

d v  If one assumes that  the react ivi ty ,  Ak i s  approximately y , 
then, approximately 

Ak dv 7r 2 2 d N  d N  - -9- - - -- =(-) k &..q N 

For the fused s a l t  reactor 

N *No (1 - .25 10’3~) 

where T i s  i n  degrees centigrade. 

Hence 

(5.2-20) 

(5.2-21) 

- 

. - *  

L 

(5.2-22) 

and the negative temperature coefficient of the fused s a l t  
reactor i s  approximately 

2.5 ~ O - ~ P C  (5.2-23) 

For metall ic systems the negative temperature coefficient 
due t o  thermal expansion i s  of  the order of 10-5/0C5 while 
f o r  an aqueous reactor,  the coefficient i s  of the order of 
10-3Pc. 

It i s  evident tha t  the fused s a l t  reactor has a large 
inherent s tab i l iz ing  feature due t o  i t s  large and negative 

.................... . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  ..................... 
.. . .  . .  . .  . .  .. 
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density temperature coefficient. 
nuclear temperature coefficient will be much smaller. 

It is expected that the 

REFLECTOR CONTROL. - To estimate the effectiveness of 
reflector control, it is assumed that the removal of a slug 
of reflector may be represented by a homogeneous macroscopic 
density change over the entire reflector. 

From the results of section 11-3.4, it is obvious that 
the core radius depends upon the thickness of the reflector. 
Accordingly, the effectiveness of the reflector control also 
depends upon the thickness of the reflector. 

The reflected critical radius is first computed for a 
given core buckling (ko fixes the dimensions of the reactor). 
Using these same dimensions a new fictitious core buckling, 
k2, is computed assuming the reflector density has decreased 
by an amount equivalent to the removal of a control rod of 
reflector. 
veniently expressed as an equivalent change in v. 

result for the effectiveness of the reflector control, as 

2 

The change in core buckling can then be con- 

The change of v so computed will give an approximate 

As an example, a lead reflector 2.6 cm thick on core system 
No. 15 will give a reactivity change of 

- Ak *& h) 0.025 
k V 

if it is completely removed from the reactor. (See Figure 
11-3.4-1). 

t 

L 33 ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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5.3 CONTROL OF THE FUSED-SALT REACTOR 

The f a s t  fused-salt reactor, being composed of a 
homogeneous melt, can stand rather considerable overloads i n  
temperature f o r  short times. This i s  a d i s t i nc t  advantage 
inasmuch as  it renders control more feasible and permits of 
the use of the quenching action of a temperature r i s e  (via 
the negative temperature coefficient of the reaction 
demonstrated i n  Section 5.2) as a safety mechanism. 

of accidents may occur i n  the operation of reactor and w h a t  
the i r  consequences w i l l  be, A t  some interval  not known, it  
w i l l  be necessary t o  f i l l  the core w i t h  the uranium chloride 
melt, and i t  w i l l  a lso be necessary t o  s t a r t  up the reactor 
by inserting the l i qu id  lead ref lector  which i s  t o  be ins ta l led  
t o  ac t  a s  a control rod. The lead ref lector  occupies a space 
about 2 fee t  high and about 2 inches thick over the surface 
of the core. The t o t a l  effect  on k of this amount of lead 
w i l l  be about 3$(a). 
this lead i n  about 5 minutes, the time r a t e  of change of k 
w i l l  be .Ol$ sec'lg o r  R w i l l  be loo4 sec . 
(5.2-10)). The r a t e  of f i l l i n g  the core may be calculated 
as  follows: approximately 1 l i t e r  of melt w i l l  be equivalent 
t o  the addition of a &k of .0001. If, therefore, 1 l i t e r  of 
melt i s  added per second, the r a t e  of change of k w i l l  be 
.Ol$ sec'l and R w i l l  be loo4 sec" which i s  the same as 
when the lead ref lector  i s  moved. The t o t a l  time for f i l l i n g  
the core w i l l  then be 10,000 seconds, or  roughly 3 hours, 

Using equation (5.2-14b) w i t h  the above value of  R, and 
assuming L t o  be loo6 seconds and 
pessimistic estimate), we obtain a runaway period of p sec., 
i.e., 11 milliseconds. 

CONTROL DURING CHARGING. - Let us consider what s o r t s  

If we a re  therefore able t o  i n se r t  

-1 (See eq. 

t o  be e36 (a rather 
1 

(a) See the analysis i n  Section 5.2. The ef fec t  derived 
there (2.5g)is for a ref lector  thickness of 1 inch. A 
solid-angle factor has also been included here t o  take 
account of incomplete covering of the core by the ref lector .  

. 
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. 
Under normal circumstances, the intensi ty  of the reactor 

and the r a t e  of change of intensi ty  w i l l  be observed on 
suitable instruments, and the insertion of melt or lead w i l l  
be stopped when the reactor I s  on a s table  period of about 10 
seconds. However, i f  by some maloperation the reactor should 
run away, we have the problem of stopping i t s  r i s e  before 
damage t o  i t s  structure can occur, when the period is 11 
milliseconds. 
a l low the lead t o  flow out of the ref lector  a t  the same r a t e  
a s  i f  i t  were f a l l i ng  f r ee  under the influence of gravity. 
To t h i s  s i tua t ion  we apply formula (5.2-15b). If the t o t a l  
movement of the lead (2 f ee t )  i s  equivalent t o  3% i n  k, then 
the value of S i s  5 x 10 cm . Equation (5.2-15b) shows 
that  the power w i l l  r i s e  t o  a maximum and then f a l l  rap id ly .  
The time tm a t  which i t  w i l l  reach the maximum may be obtained 
by set t ing the l e f t  side of equation (5.2-15b) equal t o  zero 
and solving f o r  t,. This gives a time of 4 .01 seconds 
between the ins tan t  that  the lead s t a r t s  t o  f a l l  and the 
instant  that  the reactor power starts t o  decrease. The 
fract ional  r i s e  during this  time may be calculated by 
integrating equation (5.2-15b) from t = 0 t o  t = tm (computed 
as above). However, 
one must consider the f ac t  t ha t  a f t e r  the instruments have 
detected a runaway period, there w i l l  s t i l l  be some time 
delay while a solenoid valve is operated t o  drop the lead. 
This delay may be estimated as about 30 milliseconds, and 

However, instrumentation i s  now well developed which w i l l  
detect  a runaway period a t  a power leve l  which i s  a thousandth 
of f u l l  power. A short-period runaway (as calculated above) 
may be checked and the reactor shut off by means of the moving 
lead re f lec tor  i n  a much shorter time than that i n  which 
appreciable heating of the melt would occur. 
reasonable times f o r  inserting the lead o r  f i l l i n g  the core seem 
t o  be consistent w i t h  safety. 

For th i s  purpose valves w i l l  be opened which 

-4 -1 

T h i s  gives a factor of r i s e  of about 2. 

during t h i s  time the reactor w i l l  r i s e  by a factor  of e 3 \(+ 20). 

Consequently, 

. . . . . . . . . . . . .  . . . . .  : ; :, :,/. . . . . . .  . . L L*,$J :.: : : : . . .  ............... 
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It may a t  some time be necessary t o  f i l l  the blanket 
while the core i s  already f u l l ,  and since the blanket has a 
powerful ref lector  action, the p o s s i b i l i t y  of overshooting 
c r i t i c a l i t y  during the f i l l i n g  w i l l  exist .  
the blanket safely under these conditions, i t  should be 
arranged tha t  the blanket and the core cannot be f i l l e d  
simultaneously and that  the times t o  f i l l  the blanket be 
about the same. We have shown above tha t  convenient operat- 
ing times a re  qui te  safe, and i n  fact ,  i f  it were desirable 
t o  be more conservative, considerably longer times f o r  f i l l i n g  
core, blanket, and re f lec tor  would probably be operationally 
tolerable. 

accidents which a re  not connected w i t h  the start-up o r  the 
f i l l i n g  of the reactor?, A serious poss ib i l i ty  of  accident 
might be anticipated i f  the reactor were run w i t h  a pa r t i a l ly  
f i l l e d  core?, 
material and the large pump connected therewith might be ex- 
pected t o  s h i f t  th i s  leve l  appreciably and thereby cause a 
runaway accident a t  the operating power level. To avert  this 

In order t o  f i l l  

CONTROL DURING OPERATION. - We should now consider 

The rapid r a t e  of c i rculat ion of the core . 
. - *  

poss ib i l i ty ,  careful  precautions should be taken t o  bleed the 
top  point of the core so  that no pockets of gas can exis t  
within the core volume itself. 

would be a precipi ta t ion of 25 i n  the heat exchanger as ,  say, 
a scale,  and then a rather sudden break-off of t h i s  scale,  
which, when swept into the core,would cause an increase of k. 
In  order t o  change the quantity of U-235 within the core by an 
amount suf f ic ien t  to  exceed the delayed neutron fraction, 
about 5 l i t e r s  of break-off scale would have t o  be trans- 
ferred from the heat exchanger t o  the core. If a suf f ic ien t  
amount of t h i s  scale were to  be swept into the core t o  drive 
the reactor over prompt c r i t i c a l ,  the time t o  do so would be 
roughly the circulation time of the core, o r  about one second. 
T h i s  would give a r a t e  of change of k (i .e. ,  R) of 

The only other accident which seems a t  all l i ke ly  

I 

4 
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I 

I 

5 x loo3 sec'l. 
(5.2-14b) and take l n ( , s )  as  only about 1 (since th i s  
accident would be most dangerous i f  i t  occurred a t  fu l l  
power), we again get a runaway period of  about .01 sec. 
This would cause a power surge t o  about 50 times f u l l  power, 
but since i t s  duration would only be .01 sec., the t o t a l  
surge would be equivalent t o  an operation a t  twice power for  
one second. This would ra i se  the temperature of the melt by 
about 200°C. 
would cause boiling. However, an increase of only a few 
degrees i n  the temperature of the melt would be suff ic ient  
t o  pu l l  the k of  the reactor below prompt c r i t i ca l land  there- 
by t o  decrease the intensi ty  and duration of  t h i s  surge by a 
large factor. Under these assumed conditions, the p i l e  would 
probably survive th i s  accident without damage. T h i s  type of 
accident, however, i s  very d i f f i cu l t  t o  characterize quanti- 
ta t ively,  and an analysis i n  terms of equation (5.2-14b) must 
be regarded as  very rough indeed. Nevertheless, i t  indicates 
that  even a rather large amount of scale formation might  be 
tolerable as  f a r  as  t h i s  accident i s  concerned. Moreoever, 
even such an approximate analysis as this  points c lear ly  t o  
the des i rab i l i ty  o f  containing materials which w i l l  not form 
corrosion products which precipi ta te)  c lear ly  also,  precau- 
t ions must be taken t o  remove sol id  materials as soon as 
poss ib le  after they are  formed. 

f o r  such a reactor,  the accident poss ib i l i t i es  and con- 
sequences would be analyzed i n  much greater de t a i l  than has 
been done above. However, a preliminary consideration such 
as this  indicates that, w i t h  reasonable design points and 
operating conditions, the operation of this  reactor would be 
qui te  comparable i n  safety t o  that of such thermal reactors 
as the Naval reactor o r  the MTR. 

In case of  signs of maloperation, i t  i s  proposed tha t  
the melt from the core would be drained into a sump. Since 

If  we now subst i tute  t h i s  into equation 

Such an increase of temperature of the melt 

Naturally, before one attempted a more specific design 

7 cllurr 3.. 
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there i s  a considerable cooling problem i n  the sump, and 
since the reason fo r  draining the core might  well be m a l -  
operation of the heat exchangers, it i s  important t o  estimate 
the times tha t  i t  would take t o  s t o p  the chain reaction. Any 
maloperation i n  pumping the core would of course scram the 
reactor and drop the lead re f lec tor  out i n  the mnner des- 
cribed before, This would reduce k by 3% during the t o t a l  
time of f a l l  of the lead, which would be about l /3  second. 
The power due to  a l l  sources would decrease by about a factor 
of 10, since the power due t o  f i s s ion  can drop t o  much less  
than that  due t o  the decay of f i s s ion  products, a t  l ea s t  
over short  intervals  of  time. This can be shown as follows: 
Equation (5,2-7b) gives the t o t a l  r a t e  of f iss ions i n  a sub- 
c r i t i c a l  reactor induced by a source of neutrons. 
purpose of  t h i s  calculation, we can consider the delayed 
neutrons a s  originating from a constant source (even though 
this source r ea l ly  decays w i t h  the mean l i f e  of delayed 
neutrons). The reactor under this  assumed circumstance was 
subcr i t ica l  by about .3$ when it was running steadily. 
the lead i s  dropped out, the reactor i s  then subcr i t ica l  by 
about 3%. The r a t i o  of the f i ss ion  ra tes  i n  the two condi- 
t ions (remembering that there i s  the same source f o r  both) is, 
according t o  (5.2-7b), jus t  equal t o  the reciprocal of the 
r a t i o  of  their  " c r i t i c a l i t y  defects", i. e, : 

For the 

When 

. 
I 

Na ( a f te r  shutdown) 1 - kb - (5.341 N b  (before shutdown) - 1 - ka 

T h i s  shows that  the power w i l l  drop t o  about l / l O t h  i t s  value 
(and subsequently decay exponentially), 
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GLOSSARY - CHAPTER I1 

. -  

t 

4 

c 

A 

A 

Neutron absorptions i n  the neutron balance 

A ( t )  i s  re la ted t o  the reac t iv i ty  of the reactor i n  

equations 

the reactor kinet ic  equationst 

A,B,B2,C One-velocity neutron flu coefficients as  defined 

Sum of a l l  neutron losses, except the degradation, 

Cr i t ica l  radius of bare c r i t i c a l  p i l e  o r  reactor. 

i n  Figure 11-2.4-1 

i n  u group a 

Actually t h i s  i s  the extrapolated c r i t i c a l  radius, 
no account being made for  difference between 
extrapolated radius and radius o f  actual  material 
t o  achieve bare c r i t i c a l  

b 

B.R. 

ci 

C.M. 

d V  

F.P. 

Fa 

Breeding Ratio (see T.B.R.) 

Variable related t o  the number of delayed neutron 
emitters, mis i .e . ,  

c imi  
ci = l7T P 

where v 
f iss ionp 

i s  the number of prompt neutrons per 

Cr i t ica l  mass of fissionable material 

Different ia l  volume element 

Fission Products 

Ratio o f  average slowing down density i n  energy 
group a t o  slowin down density a t  bottom of 
energy interval qag 5 

Acceleration of gravity 

a .  

....................... . . . . . . . . . . . . . . . .  . . . . . . . . .  . .  . . . . . . . . .  .*; :,.L.:. .. 
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HmIm 

I 

I o B m R m  

1oC.R. 

k 

kp 
k2 

L 

L 

L 
r3 
L 

n 

P 

R 

S 

Higher isotopes 

, the eigenvalue in the "strong Sq(r1 dV core 
Jvr) dV blanket 

coupling" blanket calculations 

Internal Breeding Ratio = 
Gross atoms of Pu-239 produced in the core per 
neutron absorbed in Pu-239 by fission and 
capture in the core 

Gross atoms of Pu-239 produced in the core per 
neutron absorbed in U-235 by fission and capture 
in the core 

Internal Conversion Ratio I 

Effective reproduction constant 

Prompt reproduction constant 

- . 

Buckling, with atom number density factored out, 

One-velocity buckling for multiplying region a 

for multiplying media in multigroup calculations 
- 

One-velocity buckling for non-multiplying region a . - *  

Fictitious cross-section representing neutron 
leakage 

Neutron leakage in the neutron balance equations b 

Prompt generation time 

Generation time including delayed neutrons 

Mass of atom a 

Number of fissions per unit time in reactor 

Atom number density of material s, atoms per cm 

Neutron production in the neutron balance equations 

3 

Time coefficient of prompt reproduction constant 

Processing rate, fraction of (a) inventory pro- 

Source in reactor, i.e., spontaneous fission source 

cessed per unit time 

8 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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A neutron source term in u group a sa 
t Centigrade temperature 

t Time (seconds) 

. '  
r 

' .  
8 

I 
E 

T A definite value of time, t 

Time spent by circulating fuel in core 

Time spent by circulating fuel in pipes and heat 
T1 

T2 exchangers 

T.B.R. Tota l  Breeding Ratio s I.B.R. + X.B.R. 
T.C.R. Total Conversion Ratio = X.C.R. + I.C.R. 

= In (Eo/E) where Eo = 10 7 e.v. u 

width of energy interval a in lethargy units 'a 
V Neutron velocity 

X Coordinate x 

X.B.R. External Breeding Ratio = 
Gross atoms of Pu-239 produced in the blanket 
per neutron absorbed in Pu-239 by fission and 
capture in the core 

X.C. External Conversion Ratio with reflector in two 
and three region calculations 

X.C.R. External Conversion Ratio 
Gross atoms of Pu-239 produced in the blanket 
per neutron absorbed in U-23s by fission and 
capture In the core 

and three region calculations 

fissioned 

x. c. External Conversion Ratio without reflector in two 

Y ( a  1 Yield function: atoms of (a) formed per atom 

z T / T ~ ,  a dimensionless parameter 

a Ratio of capture to fission in fissionable nuclei, 
for example a(m) ~ c r ( p U ) / c j ( P u ) .  From the 
context this is easilf distidguishable from 
the following second definition of a. 

. . . . . . .  L.* I.. ............ . . . . . . . .  , * .  . "  .. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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a Index labeling the energy group. In the present 
calculations a runs from 1 to 8 ( q =  8), the 
groups being selected on a logarithmic energy 
scale as follows: 

in multigroup calculations 

Fraction of delayed neutrons of type i pi 
Y - - N(28)/N(49) 

Ei "effectiveness" of ith delayed neutron emitter on 

Buckling, with atom number density factored out 

reactivity 

for non-multiplying media in multigroup calcda- 
tions 

R 2  

x Radioactive decay constant (sec") 
t 

Ratio of externally sup lied neutrons to blanket 
(by leakage from core P per fission source neutron 
in the blanket for the driven blanket calculation 

x 

Y (a) Number of neutrons per fission of element a 

V 

is 

Number of neutrons emitted per fission (must be 
summed over all fissionable materials), 
vc 3 calculated value of v. 

collision = average change in lethargy 
Mean logarithmic energy decrement per elastic 

Microscopic cross-section (per atom); subscripts 
same as for C 

Macroscopic cross-section; the subscripts on c 
are defined ass tr = transport) a = absorption 
(fission + capture)) s = elastic scattering; 
i 3 inelastic scattering; f = fission 

Summation sign (to avoid confusion withz) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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. .  
c 

1 

-.. I 

7 

=i 

Y 

Reactor Period (sec) j defined by Equation 11-5.2-13 

Mean l i f e  of neutron emitter i (sec) 

One-velocity neutron flux, i f  subscript a i s  
missing 

Neutron flux integrated over the reactor; - l q d V  
Neutron f lux a t  point r integrated over the energy 

Spat ia l  p a r t  of neutron f lux,& 

Fission yield function 

in te rva l  denoted by a 

Fraction of f i s s ion  neutrons emitted i n  energy 

range a ,  %,I1 = 1 
Probability that a neutron ine las t ica l ly  scattered (’‘’p,’ i n  group p w i l l  be scattered in to  group a, 

A root of the inhour equation 

e- “4 . . . . . . . . . . . . .  *&. i L.. .. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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111. THERMAL REACTORS 

1. INTRODUCTION 

In the earlier stages of the project, calculations 
were made for fast reactors using Uranium-Bismuth solutions. 
It soon became clear, however, that the concentrations of 
Uranium in Bismuth available at reasonable temperatures would 
not provide a sufficiently fast neutron spectrum. 
going to slurries could such a fast spectrum be obtained. 
Because of the large number of uncertainties in the behavior 
of slurries under reactor operating conditions, in particular, 
in regard to their stability, it was concluded that further 
investigation of the nuclear properties of such systems would 
be of academic interest only. 

capture cross-section of Bi made a U-Bi fuel mixture a strong 
contender when the decision to study a non-aqueous thermal 
converter was made. At the time no fused salt thermal system 
seemed more promising. It was therefore decided to in- 
vestigate the nuclear properties of a Uranium-Bismuth-Beryllium 
reactor . 

A large number of bare homogeneous thermal converters 
were studied. The variable parameters were the U to Bi and 
Be to Bi ratios as well as various U-235 atomic enrichment 
fractions. The calculations are described in Section 2. 
While the results of these early calculations (See Appendix B) 
were crude and approximate, they described trends correctly 
so that a choice of the optimum reactor could be made on both 
physical and economic bases. 

The modification of the results of Section 2 due to the 
effects of poisons is investigated in Section 3.  There we 
have studied higher isotope buildup, in particular that of 
U-236, the fast neutron reactions of Beryllium and the 
poisoning due to fission products. 

Only by 

The available concentrations, as well as the low thermal 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
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Actually the conversion ratios of the bare homogeneous 
reactors with sufficiently low critical mass turn out too 
small for economically feasible operation, This is due to 
the loss of neutrons which leak from the reactor, Both the 
fast and slow leakage could be reclaimed by the use of a sub- 
stantially pure U blanket. It is generally conceded, how- 
ever, that a truly multiple rsgion thermal reactor is out of 
the question because the increase in conversion ratio does 
not compensate for the increased inventory, additional 
chemical processing, and the added engineering problems. The 
fast leakage, however, can be reclaimed by the simple ex- 
pedient of reducing the Be to Bi ratio in a peripheral zone 
of specified thickness. 
accomplished is described in Section 4.1, 
the effect of Be lumping is briefly considered. 

Finally, in Section 5 ,  we report in detail the results 
of calculations on the final reactor design. 

In connection with the latter, there are some problems, 
both nuclear and engineering, left unfinished, which might 
alter the significance of our specific study. There are also 
some uncertainties in the nuclear data which might modify 
both our particular results as well as the general status of 
the type of reactor considered in this chapter. These are 
discussed and specific recommendations for further study 
made in Section 6. 

The manner by which this is 
In Section 4.2, 

* - .  

. 
- 

Y 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  , *  
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2. BARE HOMOGENEOUS REACTOR 

8 
r -  

* 

The computations for unreflected thermal reactors 
utilized simplified approximate expressions. The reactors 
were assumed to be spherical and free of poisons. The effect 
of poisons is considered in Section 3. The results of the 
calculations reliably show trends but absolute values (e.g. 
critical mass) are uncertain. The calculated values of con- 
version ratios and thermal utilizations are considered re- 
liable. 
thermal energy (see Table 111-2.1-1). 

The computations are made for neutrons of 76OoC. 

2.1 DEFINITIONS AND BASIC CONSTANTS 

of thermal reactors are summarized in Table 111-2.1-2. 
Thermal neutron properties at room temperature (2.2 km/s. 
neutron velocity) have been converted to the assumed operating 
temperature of 76OoC by means of the conversion factors given 
in Table III-2.1-1. 

The important nuclear data used in the calculations 

The factors which determine the value of the multi- 
plication constant, kco9 are 

absorbed in uranium, 3, defined by: 
a). The number of neutrons produced per neutron 

(2.1-1) 

where 

By using the values of the basic constants given in Table 
111-2.1-1 and the definition of the atomic enrichment fraction, 
namely, 

the expression for 1 at 760°C may be reduced tot 

(2.1-2) 

....................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  * j 3  . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . . . . . . .  
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* - -  
TABLE 111-2.1-1 Temperature Corrections for Nuclear Data 

The computations were made for neutrons of 760°C. 
thermal energy since a 4 per cent U in Bi solution 
was initially contemplated. 
sections are given for monoenergetic (not Maxwell) 
neutrons at 2.2 km./sec. These are thermal 
(Maxwell) for 2OoC., if the cross-section is l/v. 
BNL-170 gives factors for cross-sections not l/v. 

In BNL-170 cross- 

Tempera tures 

Energy ComDarison 

Neutron velocity, km./sec. 

Neutron energy, e.v. 

l/v factor 

(l.04)(8) x ~v factor 

Ordinary 
Thermal 

2ooc. 

293OK 
68OF. 

527OR 

2.20 

0.0250 

0.5326 

0.5539 

Thermal in 
Bi Reactor 

4.13 
0.0881 

(a) Extrapolated from BNL-170 factor-temperature curve, for 
u-235. 

* .  

- 

, 

. .~ 

- 
t 
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TABLE 111-2.1-2. Thermal Neutron ProDerties of Thermal Reactor Constituents. 
The cross-sections cr are in barns,N in 
Values at 760OC calculated from thermal data by means of 
factors given in Table 111-2.1-1. 

(atoms/crn3) x 

(a) 

(b) From BNL-170 
Interpolated, Table I, p. 31, "Liquid Metals Handbook." 

Corrected density assuming 3.66 x 10-5/0C. volumetric expansion, Esbach. 
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The average absorption cross-section per uranium atom 
is 

G ( U )  I 363 R + 1.49 (1-R) (2.1-4) 

In Table 111-2.1-3 q and r are tabulated for various 
values of 

b) 

where: 
ator) . 

The 
are quite 

R. 

The thermal utilization, f, is defined as: 

&(tot.) = c , < U )  + ZJstructure, coolant, moder- 

cross-sections used in the calculations ofyand f 
sensitive to the thermal neutron temperature. In 

general the data for Bi are less reliable than those for Be 
and U. In particular the value of fT" (Bi )  0,016 barn, 

most of the thermal calculations, is probably low by a factor 
of two. 

calculations of the thermal reactor. 

from the expression 

accepted during the early stages of the Project and used in - .  

The higher and more reliable value Cc(Bi) =: 0.032 
barn was obtained later and was used only in the final design . . *  

e). The resonance escape probability, p, was determined - 
W 

(2.1-6) 

where A is the experimental resonance absorption integral? 

and <E, represents the quantity ti Ni (bs>i summed over all 
the i atoms. The scattering cross-sections were evaluated 
near 7 ev, the largest, lowest lying u-238 resonance. 

section per atom of a-238, are plotted in Figure 111-2.1-1. 
The optimistic values of p thus derived and used in the 
calculations slightly underestimate the conversion ratios. 
However, they more strongly affect the multiplication constant 
and the critical sizes &nd masses. 

Two curves of A vs. "rS/UN, the total scattering cross- 

a! 
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, . .  
- 

a 
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TABLE 111-2.1-3. P r o w r t i e s  of Isotopic  Uranium Mixtures 
(For Maxwell neutrons,  760’) 

R d ( U )  ‘LU - is,u> /a2 3 5)  
atom-fract. barns ( f o r  conversion r a t i o )  

0.01 

0.02 

0.03 

0.05 

0.07 

0.08 

0.04 

0.06 

0.09 

Om10 

5. 106 
8.721 

12 . 336 

15.951 

19.566 

23 . 182 
27.797 
30.412 

34.027 

36.642 

1.4929 

1 . 7482 
1.8538 

1.9116 

1 . 94-80 
1.9730 

1.9913 

2.0053 

2 . 0163 
2.0251 

1 a4066 

1.2013 

1.1328 

1.0986 

1 . 0780 
1.0644 

1.0546 

1 . 0472 
1.0415 

1 . 0370 
1.00 3 63 2.10 1.00 

....................... . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . .  $7 . . . . . . . . .  ::: : :  ?- . . . . . . . . . . . . . . . . . . .  



FIGURE 111-2.1-1. grperimental Resonance Absorption Integral, A, versus w~s/Un. I 1 
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The value A 
and the asymptotic value for Infinite dilution, 240 barns, of the upper curve are 
also from CL-697. 
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In the NEP calaulatlons. The straight line portion of this curve Is from Chi-5-98. 
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TABLE 111-2 1-4 

Resonance EscaDe Probability 

. .  
* 

c -  . 

Be/NBi 
N 

1 

2 
10 

20 

0.01 0.02 0.03 0.04 

Resonance Escape Probability, P 

0.*1 0 . 410 0.329 0.273 . 694 583 . 510 0455 . 804 . 722 .656 . 849 776 . 721 677 . 876 . 802 . 764 733 . 836 791 752 . 780 
893 
907 . 852 . 814 . 916 . 867 . 831 . 784 
936 . 894 . 864 838 

. 612 

In Table 111-2.1-4 are given the values of p correspond- 
ing to different values of the ratio NBe/NBi for NdNsi = 
= 0.01, 0.02, 0.03, 0.04. These p values correspond to an 
enrichment fraction of 0.05. 
effect on the values of p, the same values were used for 
R IC: 0.03, 0.05, 0.07. 

Since the enrichment has little 

d). The fast fission factor,€, was assumed to be 
equal to unity in the calculations. 

2.2 ANALYTICAL EXPRESSIONS 
2 a). The thermal diffusion area, L is given by the 

expression 

(2.2-1) 

in which Ztr and & represent, respectively, the quantities 
Ni(qr)i and Ni(o;a)i2summed over all the i atoms. 

thermal neutrons. In the calculations this energy corresponded 
The value of L is dependent on the energy of the 

. 

........................ . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
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A 

t o  760°C. 
c r i t i c a l  r a d i i  R, and masses Mc w i l l  vary with the temperature 
T according t o  the relations 

(To = 1033OK) o r  0.0883 ev. Through L the 

(2 . 2-2) 

2 i n  which A L2 s L (T,) = L2(T).  If it is assumed tha t  the- 
v 

absorption cross-sections vary as l /v,  L ( T )  = L(To) iT/To\*. 
Hence 

( 2 2-4) 

b). The age t o  thermal, z.- In  Table 111-2.2-1 a re  
given the values of z which were used i n  the calculations 
together with additional values, denoted by zd, obtained by 
a detailed calculation. 

the crude expression 
The values used i n  the calculations were obtained from 

(2.2-5) 

i n  which ?;(Be),  the age t o  thermal (76OOC) i n  Be, was taken 
t o  be 86.5 cm . 
numerical integration of 

2 

In  the detailed calculations Td was determined by 

?;d = 

i n  which 

Em I 2 MeV, Eth 0.0883 ev, 

f .  

I 

. - +  

. 

. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ...................... 
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TABLE 111-2.2-1 

Age to Thermal 
.. 

. .  

t 

c .- . 

4 

?; 
N 
Be/NBi 

1 895cm2 

6 
472 
266 
202 

c 
8 
10 
12 
14 
20 

171 Y3 1 1  

11 132 

=d 

Check calculation: 
Td(Be) to indium resonance t 78.1 (= 8022, BNL-170) 

In these calculations for both Be and Bi was assumed 
equal to 5 and the curves of 
498-499, were used. 
of ?;(Be) to the indium resonance was calculated. The value 
obtained agreed with the value 8022 cm 

Although the values of ?; used in the calculations are 
somewhat higher than those obtained by the detailed calcula- 
tions, the discrepancy is appreciable only for low values of 
the ratio NB,/NsiD 
the c r i t i c a l  radii and masses but will alter the conversion 
ratio only slightly. 
masses than those used in the calculations may be obtained 

vs. E in SENP I, (s) , PpDb2-403, 
A s  a check on the calculations the value 

2 given in BNL-170. 

Furthermore, any error in z will affect 

Better values of the critical, radii and 

(2.2-8) 

where R, and Mc are given in the tables included as Appendix B, 
and 

1 8 = L 2 + z  A T = Z -  %d 

--- 
t. 

....................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  



-162- 

c). Density,- Since in the reactor there is a mass of 
Be in Bi rather than a solution, the densities were calculated 
on the assumption that the volumes of Be and pi were additive. 
It was further assumed that the uranium (1 - 4%) dissolved in 
Bi without increasing the volume, 

The densities of Be and B i  given in Table III-2,2-2 are 
for a neutron temperature of 76OoC. which corresponds to a 
solution of 4 atomic per cent U in Bi, 
ratios the densities will be somewhat higher than those 
tabulated because of the lower eutectic temperature. 

d ) .  Critical radii and masses. - The critical radii 
€3, given in Appendix B, Tables B-1 to B-11 were calculated 
from the relation 

For lower U to Bi 

The critical masses Mc were calculated using (2.2-9) and the 
appropriate density and composition. 

The expression for the critical radii is crude and 
optimistic. 
the calculations may be obtained by using the results of 
two-group calculations. Denoting by Rc (2) and Mc , 
respectively, the critical radii and masses obtained from 
the two-group calculations, it is found that 

Better values of Rc and Mc than those used i n  

(2) 

c 
- -  

. 

. . .  c 

c 

(2.2-10) 

where 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  - .  . . . . . . . . . . . . . . . . .  
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. .  

I 

# -  . 

c 

TABLE 111-2.2-2. Age and Density of B i - B e  Mixtures 
(assume addi t ive  volume, 76OoC. ) 

A t o m  r a t i o  Age2 
N(Be)/N(Bi)  z cm 

1 

2 

4 

6 

8 

10 

12 

14 
20 

895 

472 
266 

202 

171 

1 53 
141 

133 
118 

0 - 
00 86.5 

B e  B i  
gm/cc Ita t omsm/c ck gm/cc "a tomstt/cc 

0.333 
0.561 

0.856 

1.036 

1.160 

1.248 

1.316 

1.366 

1.474 

- 
1.798 

0 . 0222 

0.0374 

0.0571 

0.0691 

0.0773 
0.0832 

0 . 0878 

0 . 0911 

0 . 0983 

- 
0.1199 

7.71 
6.51 

4.96 

4.00 

3.36 
2.90 

2.54 
2.26 
1.71 

9.46 
- 

0.0222 

0 . 0187 

0 . 0142 

0.0115 

0.00966 

0.00832 

0.00731 

0.00650 

0 . 00492 

o . 0272 
' -  

-24 3f. "atoms" = NO. of atoms x 10 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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2.3 THE CONVERSION RATIO, C.R. 

The conversion r a t i o  consists 
contribution due t o  resonance capture 
capture. The former i s  merely 

of  two parts, the 
and that due t o  thermal 

x f a s t  leakage escape probability Neutrons Droduced 
Neutrons absorbed i n  U-235 

x resonance capture probability 

i n  which 

the l a t t e r  is 
;r,(238) za(U) - 1. Neutrons absorbed i n  U-238 

Neutrons absorbed i n  U-235 =&f5) = 

The difference of the terms 

The conversion r a t i o  can then be writ ten i n  two useful forms: 
F i r s t  by adding the i n i t i a l  expression i n  (2.3-1) t o  (2,3-2), 

we have a d i rec t  expression i n  terms of u-238 captures second, 
by employing the l a s t  form of (2.3-1) t o  rewrite (2.3-3), w e  
easily find 

- .  

I 

. - k  

. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ...... ........... 
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represents the conversion r a t i o  f o r  an in f in i t e ,  c'lean 
thermal reactor a t  steady-state c r i t i ca l .  
terms of (2.3-3) represent, respectively, the slow leakage 
loss and the fast leakage loss. 

The las t  two 

2.4 RESULTS OF CALCULATIONS 

The resu l t s  of the calculations on the potson-free 
reactors are summarized i n  Appendix B, Tables B-1 to  B=ll. 
The cases treated a r e  itemized below. 

Table 

B-1 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 
B-8 
B-9 
B-IO 
B-11 

%"Bi 
0.04 . 04 . 04 
0.03 

03 
03 

0.02 . 02 
002 
0.01 . 01 

...................... . . . . . . . . . . . . . .  ...* . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .t- . . . . . . . . . . . .  :t.>* . . . . . . . . . . . . . . . . . . .  
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3. POISONING EFFECTS 

3 1 URANIUM-236 
U-236 is generated in thermal reactors by non-fission 

7 neutron capture in U-235. 
In converters operating at lo4 to 10 watts/gm. it reaches 
equilibrium in approximately 10 to 1 years, respectively 
(see Appendix C). 
U-236 to 1 atom of U-235. 
does not shut down the reactor, will reduce the conversion 
ratio substantially. 

spontaneous fission rate 6.8 times that of Pu(240). 
action equations for this chain, together with those of the 
u-238 chain leading to Pu(240) are given in Figure 111-3.1-1. 
The general chain scheme is outlined in Figure 111-3.1-2. 
The secular equations for both chains are considered in 
Appendix C. 

fold: It introduces a factor 1 - ,*g) in the 
contribution due to the resonance capture (Section 2.3), if 
we assume the same resonance structure for U-236 as for 

to the contribution from Ca(236) rn u-238, and adds the term - 
thermal capture. The resughg expression for the conversion 
ratio is then 

It has a half-life of 10 years. 
5 

At equilibrium there are 10 to 15 atoms of 
This concentration of U-236, if it 

U-236 generates a chain leading to ~~(238) which has a 
The re- 

The effect of the U-236 on the conversion ratio is two- 
N 2 6  

........ (3.1-1) 
in which 

. -  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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FIGURE 111-3.1-1 

Reactlon Equations 

.. 
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‘u f i ss ion  fragments 

Upper chain 

f i ss ion  
fragments 

Pu(240) + n-Pu(241) 

(a) Chain i s  stopped here 
actor  fo r  conversion 

(b) Chain i s  stopped here 
Np(2M) 
Chain i s  stopped here 
NP(239) 

since U(238) i s  loaded i n t o  the re- 

since no data are available fo r  

since no data amavai lable  for  
.Y 
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It should be noted, however, that the effect of the U-236 is 
not merely to add the correction term (3.1-2) to the formula 
(2.3-3) but also to change the values of p and f in the entire 
expression. 

tion of the thermal utilization becomes 
When the effect of the U-236 is included, the defini- 

2 .  (VI 
= za(U) + &(236) + Ir, (structure,coolant, moderator) 

in whichra(U) =Za(235) +za(238) only (i.e. U-236 is con- 
sidered as a parasite). 
due to the presence of U-236 is approximately 

The change in the thermal utilization 

......... (3.1.3) 
where f is given in the tables of Appendix B and 
za(235)/ za(U) in Table 111-2.1-3. 

becomes 
The expression for the resonance escape probability 

where A, the experimental resonance absorption integral, is 
now computed by summing the number of U-236 and u-238 atoms 
(i.e. A is considered as a function of 
An approximate expression for the change in p due to U-236 is 

Ns a-s 
N(238) + N(236) ) *  

where p is given in the tables of Appendix B. 
For a first approximation to the reduction of the con- 

version ratio due to the presence of U-236 consider (3.1-2). 
A pessimistic approximation is obtained by taking 1 + T X  2 

. . . . . . . . . . . . . . . . .  :.+ :;*<{ . . . . . . . . . . . . .  , . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  * *  ' :--: 4 
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as equal to unity. Then 

where v / l + a  = 2.1, 
the expression 

Expanding In p in (3.1-5) by means of 

and combining the resulting expression with (3.1-6) yields 

which is somewhat more pessimistic than (3.1-6). 
III-3.l-l, - $(C.R.) is given as a function of p and the 
ratio N(236)/N(235) for various atomic enrichment fractions. 
The assumed low values of the ratio are less than saturation 
(see Appendix C ) .  
reactor effluent with diffusion plant stream. 
the loss exceeds the upper limit, 0,1554 (see equation 
(3.l-ll), below). This is because (3.1-7) is rather crude 
and pessimistic. 

may be found as follows: Write 

In Table 

They must be maintained by diluting the 
In a few cases 

The table shows trends satisfactorily. 
The upper limit to the change in the C.R. due to U-236 

where ceff(236) is the effective absorption cross-section. 
It depends on the resonance structure of U-236 which, un- 
fortunately, is not known. This upper limit pertains to a 
reactor from which no uranium is being purged, and is un- 
realistic since any practical reactor will have such a purge 
stream. 

The secular equation for U-236 buildup in the absence 

f 

. . .  
c 

of a stream is: 

. . . . . . . . . . - 7 .  . . e 

r-* t c * 
_ _  tl: ': : *: 

- . ... I I* 
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TABLE 111-3.1-1 

Effect of U-236 on Conversion Ratio in Thermal Reactors 

P =  0.7 
.. 

0 -  

0.8 

.-.. 
1.0 

0 - -  

- &(C.R.)  

- - . - _ I - -  .-. 
.0225 00159 
04-44 *0317 
.0884 . 0634 

. 0094 
0188 
00377 

1 
2 
4 

. 0287 

.0570 . 1130 
03 

* .  . . 0094 . 0188 
0377 

. 0419 

. 1660 
083 5 

.0312 . 0204 

.0623 . 04-08 . 1220 . 0811 
1 
2 
4 

07 1 
2 
4 

,0558 . 1100 . 2160 
00405 -0251 . 0094 
.0803 . 0501 . 0188 . 1580 0992 0376 

a 

....................... . . . . . . . . . .  . . . . . .  . . . . . .  , . . i.; qp;* i i ’  i i  . . . . . .  ............. . . . . . . . .  
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Hence, at equilibrium, 

Substitution of (3.1-10) 

where 

into (3 . 1-8) then gives 
(3 . 1-10) 

a 
l+a - - - - - 0.155% at equilibrium 

(3.1-11) 

...................... . . . . . . . . . . . . . . . .  . .  . . . .  . . . . . . . . . . . . . . . .  . . . . .  . .  ' 2  : .... :.: : ..... 

4 
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3.2 FAST NEUTRON REACTIONS OF BERYLLIUM 

! 

* -  L 

c 

? 

Beryllium has two fast  neutron reactions which a f f e c t  
the conversion r a t i o  o f  the U-Be-Bi thermal reactors, namely, 
the (n,a) and (n,2n) reactions. 

The (n,a) reaction has a threshold a t  0.8 MeV. 
cross-section r i s e s  t o  a maximum a t  2.6 Mev and then remains 
roughly constant w i t h  a value of approximately 0.045 barns 
up t o  the largest  energy measured (about 4 Mev). For a p l o t  
of r ( n , a )  VS. energy, see R. K. Adair, Rev. Mod. Phys. 22, 
257 (1950), o r  AECU-2040. 

1.63 MeV. The cross-section data a r e  unfortunately both 
sparse and contradictory. Measurements using Ra-Be and Po-Be 
sources yield values ranging from 0.3 t o  3.6 barns. I n  order 
t o  obtain a rough estimate o f  the effect  of th is  reaction, 
the cross-section w a s  assumed t o  r i s e  l inear ly  w i t h  energy 
from the threshold t o  a value of 0.3 barns a t  4 MeV. T h i s  
assumption undoubtedly underestimates the rapidi ty  with 
which the cross-section r i s e s  w i t h  energy. 

while the (n,2n) reaction i s  a positive fast effect .  It  
turns out tha t  the t w o  effects  j u s t  about compensate one 
another. 
posit ive e f fec t ,  although accurate predictions a r e  impossible 
w i t h  the available cross-section data. Hence, a t  the worst ,  
there i s  no loss i n  the conversion r a t i o  which i s  d i r ec t ly  
a t t r ibu tab le  t o  the fast  neutron reactions. The pertinent 
calculations a r e  given i n  Appendix D. 

The 

The threshold of the endothermic (n,2n) reaction i s  

The (n,a) reaction consti tutes a negative fast  effect  

I n  fac t ,  there i s  a likelihood o f  a small net  

6 The (n,a) reaction, n + Be9 a + He , indirect ly  pro- 
duces a reduction i n  the conversion r a t i o  because of the de- 
cay of He6 t o  L i6 ,  He W a L i 6 .  L i  has a thermal 6 

(0.025 ev) absorption cross-section of 910 barns and i s  
potentially a serious poison. 
t h i s  source is  

The average l o s s  i n  C.R. due t o  

............. *..I: ... . . . . . .  . . . . .  . . . . . . . . . .  ............... . . . .  : :.: .. .!*'i(-?' . L.. 1. . . . .  . . . . .  . .  0 .  . . . .  ...... 
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where the bar indicates a time average over the operating 
period for the Be in the reactor. 
Appendix D show that (3.2-1) may be written 

The considerations of 

where g is less than unity and J < 0.027. 

3.3 FISSION PRODUCTS 

It was shown in Section 11-4.1that the net rate of 
growth of concentration of a poison Itatt is given by 

- c(a) N(a)q - A(a) N(a) - R ( a )  N(a). (11-4.1-11 
The poisons consist of direct fission products, nuclei 

resulting from their decay and higher isotopes. 
of the higher isotopes, namely, a-236, has been discussed in 
Section 3.1. Most of the direct fission products, e.g., 
Zirconium and Molybdenum, have capture cross-sections which 
are small compared to the Uranium-235 fission cross-section 
at thermal energies, and it is not difficult to maintain the 
steady-state concentration of these fission products low 
enough by continuous processing so that their poisoning effect 
is negligible. 
fission products to build up to steady-state concentration is 
so long that their poisoning effect is negligible during the 
operating period of the reactor. 

Certain of the nuclei resulting from the decay of 
fission products, notably Xenon-135 and Samarium-149, have 
relatively high thermal capture cross-sections. 
products with high cross-sections usually build up relatively 
soon to steady-state concentration, and this concentration 
must be maintained low enough to reduce the effect on 
criticality and convers roper choice of the 

The worst 

In many cases the time required for these 

These decay 

.. ... ' .*. . .. . .  . .  . .  . . . ." . .. . . . .  .. . . .  . .  . .  . . .  :. 'c 

.. . I .  * . .. 
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processing rate (R in Equation 11-4.1-1). 

This is found in a 
direct yield of 0.002 atoms per atom fissioned, but a much 
larger amount results from the two-stage decay of the direct 
product Tellurium-135, whose yield is 0.065. 
life of Tellurium-135 is only 2 min. and that of Iodine-135, 
the first decay product, is only 6.7 hr., it is assumed for 
simplicity that Xenon-135, the second decay product, is a 
direct fission product with a yield of 0.067. 

As an example, consider Xenon-135. 

Since the half- 

. .  

The net rate of 

dr = 
dt 

& 

Setting B h , + q q  , 

formation of iodine-135 is given by 

?I 4 1  (3 03-1) 

the solution of (3.3-1) is 

- where it has been assumed that I(o) = 0. 
The net rate of formation of xenon-135 is given by 

- -  . 

I or 

d t  (3.3-3) 

d where A R + A2 + cr2g . The solution of (3.3-3) is 
Alyl ) -At 

(‘2 I A - B XlYl 
B + - - 

A 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . .  . . . . . . . .  & * *  :*. *.*,*:;.s : . . . . . . . . . . . .  
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(3.3-4) 

where a;? has been neglected in comparison to XI in 
B = X 1  +cTlq . 
making R large enough the concentration of Xe-135 may be 
kept as low as desired. The poison calculations are carried 
out in the engineering analysis report. 

It is clear from expression (3.3-4) that by 

c 

c 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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4.1 

- 

. .  

. 

. 

r 

4. KETEROGENEOUS REACTORS 

THE "IMMODERATE" BLANI(ET 

The loss in conversion ratio due to both fast and 
slow leakage constitutes a serious problem for the one-region 
thermal reactor. Yet it is generally conceded that a 
multiple region thermal converter cannot compete economically 
with a fast converter because of the intrinsically smaller 
conversion ratio of the former. The difficulty is that the 
leakage loss increases rapidly with increasing multiplication 
constant, i.e., with decreasing reactor size. 

problem of obtaining a nice economic balance between in- 
ventory and conversion ratio, consider the expression for 
the conversion ratio (2.3-20). From Table III-2.1-3 it is 
clear that h contribution to the C.R. from the thermal 0-238 

r , td  - 1, is less than 0.4 in general, and lesa capture 
than 0.2 for the enrichment ratios of interest. 
most of the C.R. comes from resonance capture. The problem, 
therefore, is to maximize the resonance capture in a manner 
consistent with the other requirements of 

The only way to reclaim both thermal and fast leakage 
is to use a pure U blanket. Since this has been assumed 
economically unfeasible, the following practical  expedient 
was suggested: Since the resonance capture increases as the 
moderating material is removed, it is possible to establish 
a high resonance capture, low multiplication zone on the out- 
side of the reactor, using the same fuel mixture, merely by 
radically decreasing the Be/Bi ratio in this region. 
region has been termed the lfimmoderatefl blanket . 

In order to achieve a deeper understanding of the 

7zgm.T 
Clearly, 

reactor operation. 

Such a 

'- ;=====e 
G- 

- I *r' 
r. . ...................... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  ....................... 
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The requirements for the "immoderate" blanket are as 
follows: 

(a) 
capture, i.e. pC<1. 
the Be/Bi ratio. 
blanket is a non-multiplying region. 

then y 2 2 J . C  in order to minimize the fast leakage from the 
reactor. 
Be-Bi mixture (and, hence, the thickness of the blanket) in- 
creases rapidly as the Beni ratio decreases below unity. 
However, since the immoderate blanket does not provide much 
in the way of reflector savings, it cannot be made too thick 
because of the excessive inventory. There is therefore a 
practical lower limit on the Beni ratio. 

material, it was necessary to generalize the usual two-group, 
two-region treatment. 

It must be such as to maximize the resonance 
This can be accomplished by decreasing 

It follows, then that km<<l so that the 

(b) If the thickness of the blanket is denoted by y, 

As may be seen from Figure 4.1-1, the age of a 

Since the immoderate blanket contains fissionable . ,  

There are two equations of the form 

(401-1) 

for each region. 
E, has been neglected, +Lis the flux in the ith energy 
group (i I 1 represents the thermal group and i = 2 the epi- 

In these equations the fast fission effect, 

thermal group), 2, is the total thermal absorptioi cross- 
section and &= - , with Eo = 2 MeV, is the total 
"fast absorption"-cross-section. 
tions is carried out in Appendix E. 

The solution of the equa- 

The expression for the conversion ratio in the two- 

I 
" 

4 - -; (1 .. * %cs-- 3 
lgzz -7 . . -  -\ 

-- fi 
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region reactor i s  a l so  
written 

derived i n  Appendix E, It may be 

i n  which 

P= 

(4.1-2) 

The superscripts 0, 1 refer  t o  the core and blanket, 

Lf the f a s t  neutron leakage. 
usual meaning . 
homogeneous reactor may be writ ten 

* respectively. S represents the ( fas t )  neutron source and 
The other symbols have the i r  

Expression (2.1-20) for the conversion r a t i o  of a bare 

COR. (bare reactor) = 
1 

Note that the f irst  

........ (4.1-3) 

three terms of (4.1-2) and (4.1-3) 
are identical .  It turns out that for a l l  cases oonsidered 
the la s t  three terms of (4.1-2) contribute less than 1% to 
the conversion ratio. This result depends on the choice of 
blanket size which was taken for engineering reasons as two 

*-> --- - i w ,  
(Lc I r r r - "  

i 3  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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feet, somewhat less than 242 
excellent approximation and a lower limit to the conversion 
ratio can be obtained from the formula 

For such a blanket then, an 

c o o p -  (4.1-4) 

Comparing (4.1-4) with (k01-3), we see that the net 
effect of the blanket is to reclaim the fast leakage loss 
from the bare reactor. It must be recalled, however, that 
this gain is achieved at the expense of inventory and that 
the blanket has some fast leakage of its own. 

is a net gain in inventory over the larger homogeneous 
reactor with the same conversion ratio is g priori a moot 
point. 
achieves an actual saving. 

Whether there 

In Section 5 ,  we demonstrate that the blanket 

. .  

L 
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4.2 THE EFFECT OF BE LUMPING 

I n  the discussion thus far,  the reactor has been con- 
sidered as a homogeneous mixture of U, B i  and Be. 
the Be in to  rod form af fec ts  the multiplication constant 

Lumping 

k, =ycpf* 
The effect  of  Be lumping on the thermal u t i l i za t ion  f 

has been investigated by means of the standard cel lular  
approximation and the application of diffusion theory as 
described by Weinberg i n  "The Science and Engineering of 
Nuclear Power", Vol. 11, Chap. 6 and CF-51-5-98, V o l .  I, 
Chap. I V .  The resu l t s  o f  calculations f o r  several reactors 
i n  Table B-7 a re  summarized i n  Table 111-4.2-1. 
III-4.2-1,f has been plotted a s  a function of  ro, the radius 
of the Be rod,  f o r  different  ra t ios  x s NBe/Nsi. 

A s  ro -+ 0, the values of f should approach those f o r  
the homogeneous distribution. This t ransi t ion takes place as 
soon as the dimensions of the lumped regions become of the 
order of magnitude of the transport mean free path. How- 
ever, the calculated values of f formed smooth curves which 
gave f o r  ro -+ 0 values greater than those f o r  the homogeneous 
distributions.  This behavior i s  character is t ic  of the diffu- 
sion theory approximation which does not suff ic ient ly  accentuate 
the depression of the flux i n  the fuel  mixture re la t ive  t o  
tha t  i n  the Be and which, therefore, gives values o f  f 
greater than the t rue values. In order t o  obtain more re- 
l i ab l e  resu l t s ,  i t  was assumed that the shape of  the curves 
o f  f vs. ro was correct so that  the correct curves could be 
obtained by renormalizing the curves f o r  the correct value 
of f a t  ro = 0. It  i s  these renormalized values of  f which 
are  given i n  Table 111-4.2-1 and plotted i n  Figure 111-4.2-1. 

In Figure 

- The resonance escape probability, p ,  was calculated 
from the expression 

...................... . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . .  .c ....................... . . . . . . . . . .  ::. ":by: i 
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integral is the effective resonance 

= <(Be)Zs(Be) 

absorption in which A 
and 

where 

- 
#e = average flux in Be rod 
- 

= average flux in Bi-U solution 

Fiqure 111-4.2-2, summarizing the results of the calculations, 
gives curves of the product pf as a function of the radius of 
the Be rod. . -  

%a 

%+- e- +' 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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- TABLE 111-4.2-U. Results of Cell Calculations . 
- 

4 1 2 3 

f: ro = 0 cm 
2 
x, 
6 

899 
905 
901 
0895 

.869 

.842 

.836 

.830 

932 
949 
945 
938 

f ( renormali zed ) 932 
0915 
.9ll 
905 

~ ~~ 

0899 
.880 
871 
868 

869 
842 
836 
830 

583 
.626 
642 
.665 

p: Po z 0 
2 
4 
6 

.722 
743 
751 
762 

776 
799 
804 
.810 

- 
466 
.502 
552 

543 
573 
0585 
602 

.674 
673 
672 
.672 

p f :  ro = 0 - 
-448 
4-80 
524 

2 
4 
6 

##&J = .02, R = 
4 

c 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . - " /  . . . . . . . . . . .  
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N(Be)/N(Bi) ca o(Be) 

1 

2 

4 

6 

TABLE III-4.201B. Required Data for Evaluation of P 

0.0276 cm-l 
0.0276 cm-’ 
0.0276 cm-’ 
0.0276 cm-l 

8 0 

,237 cm” 

.23’7 cm-’ 

.237 cm -1 

.237 cm -1 

ra (Bi) E;T(Bi) 

.00852 b 0.088 b 9.3 b 9.2 b 

.00852 b 0.088 b 9.3 ‘c 9.2 b 

.oo852 k 0.088 b 9.3 t: 9.2 b 

a0852 b 0.088 b 9.3 t 9.2 b 

a;l’Bi) A+ 

62 b 9.69 b .0671 cm'l 

72.4 11.31 l 0719 

89.0 13.91 .0790 

100 15.63 .0834 

I 

V . 
‘ , 

I - , * 
‘ .‘. 

1, , ” I 

. . 
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x 

I 

1.0 

.9 

.8 

.6 

4 

.2 

- 
Legend 

f = Thermal utilization 
p =  Resonance escape probability 

X = N(Be)/ N (Si ) 

- ro= Radius of Be lump 

FIGURE 111-402-1 

f and p versus Radius of Be Lump 
for Various N(Be)/N(BI). 

n/Bi : 0.02 
R = 0.03 

I I 
2 4 

f 

'P 
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.e  

. t =  a ’.. 

4 

.i 

FIGURE 111-4.2-2 

Product p f  vs. Radius of Be Lump. 

U/Bi = 0.02 
R - 0 0.03 

I 

X = 6  

x =  4 

x = 2  

Legend 
f = Thermal Utfli’zation 
p = Resonance E scape 
ro= Radius d Be lump- 
x=  N (Be)/N(Bi) 

Proba bi l ity 

2 

ro - cm 

I 
4 6 

. -  

a 

4 
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5. FINAL DESIGN CALCULATIONS 

I 

c 

5.1 REACTOR CONSTITUENTS AND PROPERTIES 
In this section we shall describe the calculations 

made in connection with the final reactor design, chosen as 
the result of an approximate cost optimalization in which all 
poisoning effects were included in the nuclear calculations, 
The concentrations and assumed thermal absorption cross- 
sections of the constituents are given in Table 111-5.1-1. 
The Be/Bi, U/Bi, and enrichment ratios were determined by 
the optimalization procedure. 
higher isotope concentrations are fixed by the processing 

6 rates. The Li concentrations in core and blanket were de- 
termined 'by the application of the considerations of Section 
3.2, assuminLa 1000 MW reactor 
for B z n  the -ximate values for fuel inven- 
tory in core and blanket. 
for Cc(Bi) of 0.032 at 0.025 ev. was used in these calculations. 

5.2 CALCULATION PROCEDUFU3 

Be concentration. The calculation method employed has there- 
fore been that described in Section 4.1 in the discussion of 
the JJimmoderatefl blanket scheme. It is thus essentially a 
two-region two-group calculation, though one cannot emphasize 
too strongly that there is no container wall between the two 

regions. 
The relevant thermal and epithermal properties that 

enter this calculation are listed in Table 111-5.2-1. In 
the following discussion we shall consider only those data 
and formulas which either supplement or replace the previous 
considerations of this chapter. For example, the multiplica- 
tion constant , 

The fission product and 

a six-year operating life 

The most reliable current value 

The reactor consists of two zones differing only in 

k, = ' I f P  

..... . . .  .... . . .  . . .  ..... 

..%*.I)' . . . . . . . . . . . .  *... .. . . .  . . . .  . . . . . .  . . . .  . . . . . . .  . . . . . .  .................. . .  : : .. ?ai ;. ...... 



TABLE 111-5.1-1, Reactor Constituents and Constants 

Isotope 

~i-209 

u-23 5 
pu-239 

Np-239 
Pu-240 

U-236 

u-237 
Cd-112 

ca-113 

ca-115 

~g-109 

m-105 
I -129 

Sm-149 

Xe-13 5 
Xe-133 

Other F.P. 

Table III-5.1-1A 

Concentration Relative 
to Total U Content 

Assumed Oa 
at .0881 ev-barns(a) 

8 

017&(b) 

363 
595.45 
79.89 
600 (4 

3 1956 
(a 
4 
4 
4 

31,956 
0.1598~10 

1.0386~10 

0.1598~10 

55.92 
79 87 
7.989 

4 2.503~10 

1.864~10~ 
0,5326~10 4 ( 8 )  

0.9944 

. -  

J 

(a) 

(b) Mew value which is twice that previously used. Private 
Corrected for l/v unless otherwise specified. 

conmnxnication from I. Kaplan, Brookhaven. 
Assumed same as at .025 ev because near resonance region 

Arbitrarily assumed ten times value for  U-236, 
Interpolated between Xe-131 and Xe-135. 

of Pu-240, 
L 

(e) 

... ...... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
L. 'i - 8 

.::: . .  . . .  
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TABLE 1 1 1 - 5 ~ - 1 ~  

Quantity 

N(Be)/N(Bi), core 

N(Be)/N(Bi), blanket 

N(Li6)/N(U), core 

N ( Li 6 ,  /N (U) blanket 

Q-W) 
4 (U) /.a (23 5 )  

v (Pu-239) 

a (Pu-239) 

Value 

2m3 

0.5 

4.037 x loo4 

9.52 x loo6 

18.5758 b 

1.0828 

2.97 

Om 47 

. 

. 

. P  ..... I"c.  . . . .  ............... i i I. . J i  . . . . . . . . . . . .  . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ...................... 
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has been defined in terms of absorption in both U-235 and 
Pu-239. Thus we define y\ as 

........ (5.2-2) 

and for f we write 

. 

It should also be noted that resonance absorption by U-236 
has been included in the evaluation of p under the assumption 
that it has the same resonance structure as U-238. 

Perhaps the only other point that has not been pre- 
viously mentioned is the choice of fast scattering cross- 
sections for Be and Bi, which enter the calculation of the 
quantities2 
"absorption" cross-section, in reality the degradation. It 
is incorrect t o  use the resonance values which help determine 
p. 

logarithmic energy over the energy interval from 5 Mev to 

and I;, the latter representing the fast 
tr2 

Rather we have chosen values, rs(Be) = 5 b, and 
rs(Bi) = 8 b, determined by a rough average with respect to '1 

10 ev. These yield values of the age, T, here defined by 
D, (i 1 

in close accord with values obtained previously from more 
detailed calculations. 

chosen for the blanket zone yields results which satisfy 
the requirements of Section k.1. There was not time enough, 
however, to investigate how the results would be affected by 
a different choice of the Be concentration. It is expected 
that our choice is close to o~timum. 

Finally, we should note that the value of M(Be)/N(Bi) 

..... . . .  .... . . .  . . .  ..... 
. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  

c 

. 
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TABLE XI1 -!5.2=1. -s nmmnrg of Reactor Prormrties 

Core Blanket 

2.30 
0.017873 
0.904983 
0.61730 
1.087664 

0.5 

0.937018 
0,024429 

0 . 221773 
0.404590 

0 . 010820 
0.229983 
1.449382 

133.9% 

Thermal Group 

z(i) I - absorption q.',' - transpcrt 
D i) - diffusion constant 
L h - diffusion area 

0.00819667 
0.4O0838 
0.831591 

101.455 

~~ ~ ~~ 

0 . 000866 
0.251979 
1.322861 

1531.09 

Epithermal Group 

0.0026172 

0.333293 
1.000121 

382,134 

Number of  figures given is for convenienae of calculation. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  ........................ 
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5.3 RESULTS 

The basic results of the calculation are summarized 
in Table 111-5.3-1. One is immediately struck by the large 
inventory in the blanket. 
large volume associated with the blanket and the higher 
spatial density of fuel than in the core zone. 
arises whether the homogeneous reactor with the same pro- 
duction ratio has as high an inventory as the reactor 
contemplated here. 
ventory as will be demonstrated in the next section. 

The P.R. (production ratio) is defined as 

This is a consequence both of the 

The question 

The answer is that it has a larger in- 

U-218 consumed = Pu-239 consumed 
U-23 5 consumed P.R.  = 

- Net Pu Droduced - U-235 consumed 

TABLE 111-5.3-1. Results of Calculation* 

Quantity 

Radius of Region-cm 

C.M. (U-235) - kg 
P.R. 

Core 

205.76 

240.64 

Blanket 
~~~ 

60.96 

387.49 

Total 

266 . 72 
620.13 

0 . 86014 

*These calculations are for a spherical reactor and will 
not agree exactly with the actual cylindrical reactor. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... < 

. 

, 
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TABLE 111-5.3-2. Neutron Balance 

Basis: 1 neutron absorbed i n  U-235 and PU-239 

Neutron Production 

Total f iss ion 

Neutron Consumption 

r 

% 

U-235 f iss ion 
* -  # PU-239 f iss ion 

U-235 capture 
Pu-239 capture 

a-238 capture (res.) 
U-236 capture (res.) 
Be capture 
Bi capture 
Xe capture 
Sm capture 
Other F.P. capture 
H . I .  capture 
Li capture 
Fast leakage 
Thermal leakage 

8 0-238 capture (thermal) 

6 

I 

__ ~ - 

Total Neutron Consumption 

Core 

1.7 560 50 
0.213683 

1.969733 

0.699621 
0 . 071947 
0.034103 
0.069243 

0 . 002415 
0.026514 

0 136593 

0 . 7182 50 

0.O41530 
0.005%60 

0.00*90 
OoOO317O 

0 . 006129 
0 . 08662 5 
0.044656 

0 0 017907 

Blanket 

0 . 107601 
0.013093 

0.120694 

0.042869 
o.Oo4408 
0.008370 
0.002090 
0.004243 
0 . 0861 50 
0.000282 

0 0003 53 
0.002545 
0.000335 
o.Oo0194 
0 . 000336 
0.000375 
0.000026 
0.012564 
-0.04213 7 

0.121003 

Total 

1.863651 
0.226776 

~ ~~ 

2 . 090427 

0 . 742490 
0.144963 
0 . 036193 
0.073486 

0.002697 
0 . 026867 
0.044075 
0.005795 
0.003364 
0 . 00 5826 
0 . 006504 
0 017933 
0.099189 
0.002519 

0.076355 

0.8024Oo 

2.090656 

.. ... . . . .. .. . ... . ... .. . . *  . . . . . .  . . .  . .  .. . . . . . . . . .  ........ . * *  I . ... . . . .  . .  .. 
0 . .  " . .  . .  . . . .  . .  . .  .. .a. * ... . . .. .. . . . ... .. 
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In  the present case the value given was computed 
d i rec t ly  from Table 111-5.3-2, which contains a detailed 
breakdown of the neutron economy. 
found by means of the formula (cf. equation (4.1-2)) 

The same re su l t  can be 

i n  which 

C0' z 

P' = 

60' = 

......... (5.3-2) 

To this formula one must s t i l l  apply small corrections for. 
the U-236 resonance capture, as described i n  Section 3.1. 
The sum of the first three terms of equation (5.3-2) is an 
excellent approximation t o  the P.R. as one eas i ly  ver i f ies  
for  this particular case. 

An examination of the neutron economy reveals several 
sa l ien t  features t 

a). The f a s t  leakage from the blanket i s  even larger 
than that from the core in to  the blanket. 
for  by the poor moderating power of the blanket and is more 
than compensated on a Pu production basis by b). 

This is accounted 

c 

- *  

. 

. 4. .; . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  
$!\'ad '.: *.: : : : '.. *.. : : ..: *: .,: **: 
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b). 

c). 

The relatively high resonance capture in the 

It is seen that of the poisoning effects, the Li 6 
blanket . 
absorption is the most deleterious, followed by the F.P. and 
the H.1, (higher isotopes) capture respectively. 

The current higher and presumably correct thermal 
cross-section of Bi results in a serious drain on the neutron 
economy . 

We shall complete this section by reporting the results 
of some delayed neutron calculations. It was demonstrated in 
Section 11-5.2 that, assuming the delayed neutron emitters 
are produced uniformly throughout the reactor, the fractional 
number of delayed neutrons, fi, produced within the reactor 
by the ith delayed neutron emitter during the continuous 
cycling process at constant power is given by 

d). 

\. 
.L 

in which Z1 3 T1hi and % = T2/21 where zi is the mean life- 
time of the ith emitter (Ti = ~~(*)/0.693), T1 is the time 
spent by the fuel mixture inside the reactor and T2 the time 
it spends outside. 

(11-5.2-16) to each of the delayed neutron emitters, using 
representative values of TI = 175.8 seconds and T2 z 86.5 
seconds, These results show that the delayed neutron dollar 
has been reduced only 6.18% of its original (no flow) value. 
Since so small a fraction of the delayed neutrons is emitted 
outside of the reactor, they have no significant effect on 
the neutron balance or conversion ratio. 

Table 111-5.3-3 summarizes the results of applying 

.. e.. . , .. .. ' ... . e " .  .. ... , . .  . * I  . . '  ' U  .. .... < I . .  n . ... ... .. ... ,I t ... , * . e  I .  * t  
* E l  a s , ,  .. , . e .  . .  . .  - -  *.. " a , .  . . '. .* . ... .. 
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c . .  

.- 

TABLE 111-5.3-3- Delayed- Neutrons 

Half -1i f e $ of f iss ion 
(6)  neutrons (no flow) 

9& of f iss ion 
neutrons (flow) 

sec 0.0290 

0.0837 
0.2370 

0 0 2022 

0.1414 

0.0188 

T o t a l  = 0.759 

...................... 
a .  * .  * a *  e . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 

Tota l  = 0.7121 

e -  
- 
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5.4- CRITIQUE OF RESULTS 

The calculations suffer first 
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of all from a lack of 
a accurate nuclear data in certain sensitive areas. We may 

L 

especially note the following dubious assumptions or omissions: 
The resonance structure of U-236 was assumed to be 

the same as that of u-238 in the absence of any more reliable 
information. This principally affects the conversion ratio. 

particular, this will modify the age calculations and there- 
fore the calculated sizes and critical masses. 

in the literature are not all consistent. 
may underestimate resonance capture. 

Bi2l0. 

a). 

b). Inelastic scattering by Bismuth was ignored. In 

c). Values of the effective resonance integral given 
The values assumed 

d ) .  No account was taken of the decay products of 
According to the reaction scheme 

&50$ branching ratio 

there exists the possibility of further serious poisoning of 
the reactor if the absorption cross-sections of Po-210 and 
T1-206 are appreciable. 
Bi-210 has only recently been substantiated. 

section of 0-237. 

nuclear data, there are further questions associated with the 
incompleteness of the nuclear calculations. 
of these is the problem of lumping the Be in the reactor. 
In the time available no real headway could be made in de- 
termining its effect on reactor properties. 

The existence of the a-decay of 

e). 

In addition t o  the uncertainties arising from the 

No information is available on the fission cross- 

The most important 
* 

Associated 

h 

. . . .  ...... ............. *. . . . . . . . . . . . . . .  1 .  ..... * . . . . . . . . . .  " .  . . . . . . . . . . . . . .  b .  ... . . e  . . .  " . .  .. / I .  ...... *.. . . . . . . . . .  e . *  ... 
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N (Be ) /!I ( Bi ) Core Radius C.M. (u-235) 
cm kg 

2.5 190 195 
2.3 233 349 
2.1 306 815 
2.0 364 14-75 

with this problem is that of the fast fission effect which 
was completely ignored and which might yield a significant 
neutron premium. 

One source of doubt which can be removed is that 
connected with the choice of the '*immoderatett blanket design. 
The specific question which we have set out to answer is the 
following; Given N(U)/N(Bi), enrichment, and poison con- 
centrations, does the homogeneous reactor with a ratio 
N(Be)/N(Bi) adjusted in such a way as to yield the same pro- 
duction ratio as in the two-region design have a smaller or 
a larger critical mass than the latter? The results justify 
the choice of design. In Table III-5.4-1we have given the 
results of several bare-homogeneous reactor calculations with 
N(Be)/N(Bi) varying from 2.0 to 2.5. The essential results 
are also p lo t ted  in Figure 111-5.4-1. According to these 
results, the homogeneous reactor with the same P.R. as our 
design has a critical mass which is over 100 kg larger than 
the latter. If one includes external holdup, the difference 
is even greater. Similarly the homogeneous reactor with 
the same critical mass has a P.R. which is ,015 smaller. 
The differences, though real, are not as substantial as 
initially contemplated. 
gain in conversion by using a reflector of fast neutrons on 
the outside of the reactor, but this has not been investigated. 

One might hope to achieve a further 

P o R ,  

734 
797 
.865 
895 

f 

.. . -  

. I  

4 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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FIGURE 111-5.4-1 

Cr i t i ca l  Mass VS. Production Ratio 
f o r  One-Zone and Two-Zone U-Bi-Be 

Reactors 

0.70 0.8 0 
Product ion Rat io  

0.90 

...................... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  

. I < .  . . . . . . . . . . . . .  ....................... 
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The reactor designed consists of one region from the 
cooling and processing point of view. 
multiregion thermal converter was ruled out g priori by the 
requirement of simplicity. 
crease in P.R. is thus obtainable is nevertheless interesting 
from the nuclear point of view. 
discussion we define the leakage losses as follows: 

The design of a 

The question of what further in- 

For the purposes of this 

Fast leaka e Fast leakage production loss = u-235 consGed 

Thermal leakage production loss = n-23 

........ (5.6-2) 

The sum of (5.4-1) and (5.4-2) would be the increase in 
production ratio obtainable by the use of an infinite a-238 
blanket. The results of calculations performed for reactors 
previously considered are given in Table III-!5.4-2. 
demonstrate the tendency of the blanket to equalize production 
ratios and further shows that if at all feasible economically, 
the use of a u-238 blanket is most gainful for the smaller 
reactors. 

These 

8 

4 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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2.5 

2.3 

2.3 

2.1 

2.0 

TABLE 111-5.4-2. Gain in Production iiatio by Use of Blanket 

Character 

homogeneous 

homogeneous 

"immoderatet1 blanket 

homogeneous 

homogeneous 

Loss in P.R. due to Leakage 

Fast Leakage 

. 204 

. 151 

. 112 

. 098 
0075 

Thermal Leakage 

0035 
.026 

. 003 

. 014 
009 

Total 

0239 
177 
.115 

. 112 

. 084 

P.R. 
with U Blanket 

973 
974 
975 
977 
979 

Reactor constituents are listed in Table 111-5.1-U. 
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6. 

The material to 

RECOMMENDATI OMS 

be compiled in this section is already 
largely contained in the foregoing sections, in more diffuse 
form. 
which should be studied in connection with many of the 
allegations to be set down below. 

This is especially true of the previous Section 5.4 

6.1 DESIGN STUDIES 

The following questions, which have been considered 
either partially or not at all in the course of our design 
studies are deemed worthy of further investigation: 

inventory, and conversion ratios the optimalization of cell 
dimensions) the fast fission effect. 
no real solution of these problems was attempted. 

consisting of core and separated 0.238 blanket. 
demonstrated that such a system can provide significantly 

Tables 111-5.3-1, 111-5.4-1, and III-5.6-2), that the overall 
production ratio becomes a much more slowly varying function 
of N(Be)/N(Bi), and therefore that if a separate blanket is 
at all feasible, it is so for reactors which are smaller than 
the one chosen for the final design in this report. 

c), 
the outside of the reactor designed with "immoderate" blanket 
should be investigated. 
degrading the fast leakage into the resonance region and re- 
turning some of it to the blanket. 

a), The effect of lumping of the Be on critical s ize ,  

Because of lack of time, 

b). Ebgineering analysis of a two-region reactor 
It has been - 

higher production ratios than the one-region reactor (compare . - =  

The addition of a reflector of fast neutrons on 

What is desired is a mechanism for 

6.2 NUCLEAR DATA STUDIES 

Some of the nuclear data found wanting in the design 
of the present thermal converter parallel those mentioned in 
Section II-1.9, which contains the recommendations for fast 

.. . .  . .  .. 
... 
.* 

* s s  

. . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . . . .  
... .. 
e.. 
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cross-section studies, In that section will also be found 
suggested approaches to some of the problems. 
therefore content ourselves with a resume of the required 
nuclear information. 
cussed in Section 5.4, 

ratio 

We shall 

Many of these have already been dis- 

a). The need for more accurate information on the 

as a function of energy for the available nuclear fuels 
cannot be too strongly stressed, In particular, the complete 
absence of any information on a (U-233) in the intermediate 
energy region (below 100 kev) is to be deplored. U-233 re- 
presents the remaining possibility for breeding or converting 
in the intermediate region, 

structure would go a long way toward refining the predictions 
of neutron economy for a thermal converter, 

c). Information on the resonance structure of U-236 
is completely lacking. The need for such information will 
increase in the future as one designs reactors of higher and 
higher power levels. 

diluent in both fast and thermal reactors, it is essential 
that the absorption cross-sections of decay products of the 
bismuth neutron reactions, namely Po-210 and T1-206 be 
measured, especially in the thermal region (see Section 5.4). 

with the value computed on the basis of elastic scattering 
alone, one could obtain the integral effect of inelastic 
scattering . 
would be desirable, since it occurs in the higher isotope 

b). Resolved measurements of the u-238 resonance 

d). Because of the increasing concern with Bi as a 

e). The age of Bi should be measured. By comparison 

f). Information on the fission cross-section of U-237 

chain emanating from U-236. 
? 

. . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . .  I, . . . . . .  . . . . . . . . . . . . . . . .  
: g.:** 3 . . . .  . . . .  ...... 
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g). More accurate measurements of the (n,2n) reactfon 
of Be would yield information needed for the evaluation of 
the fast effect premium in Be moderated reactors. 

I 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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GLOSSARY - CHAPTER I11 

t - 

t -. . 

c 

A Experimental resonance absorption integral3 also 
used as atomic weight - distinction clear from 
context 

OC Temperature, degrees Centigrade 

C. M. Critical Mass of fissionable material (U-235 
and/or Pu-239) of a bare reactor (extrapolated) in 
metric tons 

Virgin Conversion Ratio = $$ - 1 cO 

C.R. Conversion Ratio 

D Neutron Diffusion Constant 

E Neutron Snergy 

f 

OF Temperature, degrees Fahrenheit 

F.P. Fission Products 

Thermal utilization = ca (U)/za(total) 

H.I. Higher Isotopes 

I Number of Iodine atoms 

Reproduction constant for infinite medium km 
OK Temperature, degrees Kelvin 

L Thermal diffusion length (L2 = thermal diffusion 
area) 

M 

Mc(T) 

Migration length (I8 = migration area = L 2 +T> 

Avogadro’s number (atoms/mole) = 6.023 x 10 23 
A t o m  number density of material s, atoms per cm 3 

Critical mass of bare reactor at temperature T. 

HO 

N(s) 

P Resonance escape probability 

...................... r 4 . . . . . . . . . . . . . . . .  2 I ’  * . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  c. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  
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P .R. Production ratio defined as net Pu-239 production 
per atom of U-235 consumed. 
duction = u-238 absorption less Pu-239 burnup. 

Net Pu-239 pro- 

Be rod radius (cm) rO 

R Atomic enrichment fraction I ,* 

O R  Temperature, degrees Rankine 

Processing rate (sec''), unit volume basis, of atoms a 

Critical radius of bare reactor, temperature T. 

Absolute temperature ('Kelvin) reference 
temperature used was To P 10j3°K. 

Time spent by circulating fuel in core 

Time spent by circulating fuel in pipes and heat 
exchangers 

c - 

T 

T1 

T2 

A function defined in Equation 111-2.2-10. U 

V 

X 

X 

Y(a> 

Neutron velocity 

Number of Xenon atoms (unit volume basis) 
. - *  

Yield function for fission products of type a, per 
fission 

- , a dimensionless parameter 
=i 

z 

a 

Fraction of delayed neutrons of type i. 

P2 
6 

A function defined in Equation 111-2.2-11 

Increment operator) with subscripts, implies 
conversion ratio increments 

e Fast fission factor 

l*effectivenessll of ith delayed neutron emitter on 
emi t ter on reactivity % 

Number of neutrons produced per neutron absorbed . -  
in uranium * 

1 

i' 

... . .  . .  . .  
I .  

. .  . .  
... .. ... 

.. . .  . .  . .  . .  .. . . . . . . . . . .  ................ 
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P 

Creff 

" GAJ" 
* - .  

c 

't 

F 

A parameter defined in Equation 111-2.3-1 

Mean free path (Atr for transport m.f.p.3 etc.) 

Radioactive decay constant (sec") 

Number of neutrons per fission 

Mean logarithmic energy decrement per elastic 

Density of material. 

collision 0 average change in lethargy 

material (grams/cm35 
= density of fissionable 

Microscopic cross-section (per atom)) subscripts 
same as forz, (barns) 

Effective thermal absorption cross-section which 
usually includes the contribution of fast or 
resonance capture, according to the definition 

where J is the number of neutrons absorbed by 
the fast or resonance process 

Notation commonly used to designate & n ( 2 3 8 )  in 
which contribution of 238 in LI, is usually 
neglected 

Macroscopic cross-section; the subscripts on 2: 
are defined ass 
(fission + capture); s s elastic scattering3 
i I inelastic scattering3 f fission 

tr 2 transport3 a =: absorption; 

Neutron age, i.e. slowing down distance squaredkm 2 

?; values calculated in detail (cm 2 ) 

Mean life of delayed neutron emitters (sec) 

Neutron flux integrated over the reactori-9 (PdV 

.. . .  .. . *  . .  e.. .. 
~- 

. . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  
D . .I. I . . e  , . . . . . . . . . .  . . . . . . . . . . . . .  

*.e .. .. . '  .. . .  . .  
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IV. COMPARISON OF FAST AND THERMAL CONVERTERS 

In this chapter a detailed comparison in tabular 
form is made of the nuclear properties of the two-reactor 
systems which were chosen for a detailed analysis by NEP. 
The systems are: a) A fast fused salt converter, and, 
b) A thermal U-Bi liquid metal converter. Engineering 
and cost comparisons are to be found in the engineering 
analysis report, 

Fast Converter Thermal Converter 

1, Core Structure 

Dimensions: 

Core radius = 95.9 cm. 

- Fuel: 

Homogeneous fused salt of 
proportions : 

NaC1. (The chlorides of 
lead and sodium are in= 
cluded to depress the 
melting point) 

1 UC14-1,125 Pb C12-0446 

N 28 '&f = 3.24 

Mean Operating Temperature: 

480°C 

Container: 

Iron shell 

205.76 cm. 

I 

1 . -  
Solution of U in molten 

Bi flowing in solid Be 
matrix. 

N U  
*E& = *02 

WJ s 20.28 

N Bi = 2.3 

760°C 

. 
No container shell 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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* - .  

Fast Converter Thermal Converter 

2. Reflector Structure 

Dimensions and Materials: 

The reflector is effectively: The thermal reactor has 
the core container wall (Fe no reflector. 
of thickness * l t ) j  void (of 
thickness 2") the blanket 
container wall (Fe of thick- 
ness I.11), liquid Pb in Fe 
pipes immersed in UCl4 of 
blanket for thickness of 
2.51t. 

ODera tiont 

The liquid lead is pumped in 
and out of the pipes to act 
as control mechanism. 

3. Blanket Structure 

Dimensions : 

150 cm. thick 61 cm. thick 
Compositionr 

UC1 (uranium is depleted U-Bi solution (same as core) 
dif fh- usion plant tailings)) 
Fe ribbing and container 

in Be matrix, but: 
- 

shell. 

4. Critical Mass and Inventory 

Critical Mass: (25) 

1290 kg. (in core) ; tailings 
only, in blanket. 473 kg.in Blanket 

273 kg.in Core 

Total Inventoryr 

-3,550 kg. -1148 kg. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . .  . e t .  . . . .  ...................... 
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Fast Converter 

A fast reactor inventory 
need not be so large. The 
low density of the fused 
salt makes the critical 
mass large and the ex- 
ternal cooiing leads to a 
large holdup. The external 
holdup is about 63.6% of the 
inventory. 

Pu Contents 

3 00048 

Relative Cost of U-235: 

The fast reactor uranium 
(in core) is highly enriched 
(22% u-239. 

Thermal Converter 

The external cooling in- 
creases the inventory 
considerably. The external 
holdup is about 50% of the 
total inventory. 

The fuel is slightly en- 
riched natural uranium and 
is not as expensive as in 
the fast reactor. 

MultlDlicatlon Effect of Blanket: 

The blankets contribute to the multiplication to the extent 

. 

. - *  
of: 

3% of power generated in 
as a partial reflector, but 
fu l l  reflector savings are excellent, though expensive, 
not obtained due to the low ftreflector"o 
density of UC14. 

10% of power generated in 

blanket serves as an blanket. The blanket serves blanket. The enriched P 

5. Conversion Ratio 

Conversion Ratlot 

I . C . R o  o 0382 
T0C.R. = 1.126 

Production Ratio: 

P*R* = 1.126 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ...................... 
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c 

Fast Converter Thermal Converter 

Effect of Losses on C.R.: 
neutrons lost per neutron absorbed in U-235 and Pu-239). 

( A l l  losses expressed in units of 

Parasitic Capture Loss: ~m = ,068, loss = .003 

(U-236 resonance 

No Be 

capture removes neutrons). 

6 The Li comes from neutron 
absorption y and subsequent 

a1 o an (n,2n) reaction of 

diate loss to absorpt on by 

absorbs further. 

decay of Be ? . There is 
Be 8 which cancels the imme- 
Be9. However, the Li 8 then 

Fission product loss  = .0014 Fission product loss = .015 

L 

t 

Pu CaDturesz 

ow = ,3745 (pessimistic) 

While the presence of Pu(240) resulting from capture by 
Pu(239) causes extra capture losses, it has the more serious 
effect of degrading the quality of the h;z produced, 

Leakage Loss: 

The blanket is designed to The blanket is designed for 
contribute about 2/3 of the high resonance capture of 
conversion3 the Intrinsic fast leakage from core. At 
small core size and con- the same time there is high 
sequent high leakage leakage of its own source 
demands the use of a blanket 
for a large percentage of the moderating power. Slow 
conversion, leakage losses are sub- 

neutrons because of poor 

stantially reduced, 
8 

J - t - : 
/ 

. i  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  r 8  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 1 
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Fast Converter Thermal Converter 

Total leakage from Total leakage from 
reactor - 0  - reactor = 0102 

(predominantly fast ) 

6. Parameters and Processing of Poisons 

The nuclear properties of the poisons have a direct 
bearing on the extent to which buildup can be permitted, and 
hence, on processing rates. 

The longer Pu is left in the reactor, the higher the 
Pu-240 contamination will be. 
product is determined by the rat&oqf&. One notes that 

hx-240: 

The Pu-240 content in the 
cji 4 

- 11.3 cr;:o 
r m t h e r m  

showing that the fast reactor has a decided advantage on this 
point. 
the fast reactor is much more selective than the thermal pro- 
cessing scheme, enabling the fast reactor to operate econom- 
ically at a much lower pU/u-238 ratio. 

Moreover, the processing system (distillation) used in 

- 

U-216: d 

The rate of formation of U-236 is determined by a(25) 
j ,  

Therefore, the buildup of U-236 per 25 atom is approximately 
the same for both reactors. 

Fission Products: 
There are no known anomalously 
large capture cross-sections 
in the fast region. The in the thermal region. - 
equivalent a of the average The relative captures due to 
fission product relative to these F.P. alone are: 
fission of 25 is: 

a(F.P.) = ~ f o  z .12 

Xe and Sm have anomalously 
high capture cross-sections 

cc (xe 1 - wC (F. P . ) a(xe) e 6,153. 

UC (Sm) 
d s m )  =cf(25) ", 82.4 * 

-4 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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Thermal Converters 

These elements must be 
extracted by processing 
and their concentrations 
kept at a low level. 

It is of interest to compare the macroscopic alpha of the 
fission products in these two reactors including the effects 
of processing. 

a(other F.P.) = .0078 

Cooling Times: 

The main cooling problem is to keep the 0-237 activity 
below lpc/gm of U before the core material can be processed 
f o r  U-236. (This number is the limit set by K-25). Long 

on the product. 
1 - .  cooling times ( ~ 1 2 5  days) impose excess inventory charges 

Additional cooling is desired to allow the fission product 
activity to die out enough so that radiation damage to the 
Redox process is negligible. 

. 

.. .,I. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  .. . . . . . . . . . . . . . . . . . .  
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7. Control 

Fast Converters 

Natural Stabilitp 

Negative temperature co- 
efficient of k due to 
thermal expansion of the 
melt makes this reactor 
stable against not-quite 
sudden changes in re- 
activity. However, the 
delayed neutron fraction 
= .0034, which makes for 
less stability. 

Power Level Control: 

Pb reflector rods (pi es 

will be used for control. 
This method does not 
result in a loss in con- 
version. Shim control 
may be handled as in the 
thermal reactor. 

filled with molten Pb P 

Thermal Converters 

Doppler broadening of 
fast capture resonance in 
28, together with longer 
prompt generation time 
makes this reactor in- 
herently more stable than 
the fast reactor. The 
delayed neutron fraction 
is .007. 

Control will be accom- 
plished by variation in 
the 28 concentration by 
regulating processing 
rates. 

....................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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GLOSSARY - CHAPTER IV 
Ratio ofZa of fission product to Zf of U-235 

C. R. Conversion Ratio, gross Pu atoms produced per Pu 
and U-235 atoms destroyed 

FOP. Fission Products 

1.C.R. Internal Conversion Ratio = 
Gross atoms of Pu-239 produced in the core per 
neutron absorbed in U-235’and Pu-239 by fission 
and capture in the core 

P.R. Production Ratio defined as net Pu-239 production 
per atom of U-235’ consumed. 
duction = U-238 absorption less Pu-239 burnup 

T. C.R. T o t a l  Conversion Ratio = X.C.R. + I.C.R. 

Net Pu-239 pro- 

X.C.R. External Conversion Ratio = 
Gross atoms of Pu-239 produced in the blanket 
per neutron absorbed in U-235 and PU-239 

X Element of type x 

a ratio of capture to fission cross-sections 6‘c (XI 
X = rQ5’ * -  - 

- L$a(  a - ratio of number of captures to 
O ( X )  - P,StW(x)) a 

number of fissions in multigroup calculations 

B B e t a  decay process 

Macroscopic cross-section j the subscripts on 
are defined as: 
(fission + capture)j s = elastic scattering) 
i = inelastic scattering; f = fission 

Microscopic cross-section (per atom)j subscripts 
same as for 

tr = transport; a = absorption 
c 

v 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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APPENDIX A 

Procedure f o r  HomoReneous, Fast, Bare Reactor 
e 

The accompanying calculation sheet gives the computed 
values of the indicated quantities for each of the eight 
energy groups. In order to assist those unfamiliar with 
multigroup calculations of this type, a step by step 
description of the procedure is presented below. 

1. The relative proportions of' the reactor core materials 
are chosen primarily from engineering considerations. 
The example to be considered was system * 21, one of 
the fused salt converters. It was assumed that the core 
material consists of a homogeneous mixture of 
1 ~ ~ 3 5 ~ 1 4  + $38Cl, + 4PbC1 + bNaC1 which is equivalent 
to atomic proportions: 1U255, 3U238, 4Pb, 4Na and 28C1. 

From experience with these calculation methods a 
judicious guess of k / 3  I 295 is made. 
volves choosing the correct energy group in which the 
average of the neutron spectrum lies. 
(little 238 and/or other materials) the 3rd group is 
likely; for more dilute systems (3-6 atoms 238 to 15-30 
diluent atoms) the 4th or 5th group is appropriate; for 
very dilute systems the 6th or 7th group should be 
selected. 

36 diluent atoms per $35, the 5th energy group was 
chosen. 
other nuclear parameters we obtain: 

2. 
2 This guess in- 

For dense systems 

In the present example since there are 3U238 and 

From accompanying data on cross-sections and 

3 v =: 2.47 N ( 2 5 )  = .84457%10-~xl0~~ atoms/cm 
Ztr = 186.49 N(25) 
Ea = 2.71328 N(25> Z,(25) = *207N(25) 

Zf(25) z 1*74N(25) 

8 . -  

. 

4 

...... (... . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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One-velocity diffusion'theory yields the relation: 

Since we normalize all cross-sections to N(25) P 1 for 
convenience, the value k /3 I 295 was selected for use 
in the trial calculation. As shown in this example, a 
judicious choice of the energy group enables a balance 
between sources versus absorption and leakage to be 
attained in only one or two sets of calculations. Since 
each set represents several man-hours of work, there is 
a distinct advantage in reducing the number to a minimum. 
In the present case the balance achieved on the first 
calculation, after making the minor corrections dis- 
cussed below, was sufficiently accurate. 

The foregoing method of estimating k /3 usually 
yields results which check the assumed source strength 
within 10%. The second value of k / 3  is then computed 
by means of the formula: 

2 

2 

2 

S1 - F1 - C1 
1 - F1 - Cl k? - - -  

3 3 
2 2 where, S1 = computed source strength for k I kl 

2 2 
I kl 2 
P k12 

F1 = number of fissions using k 
C1 = number of captures using k 

This formula has been found to give 1 per cent accuracy 
or better in all cases. 

In the above list of cross-sections many figures are 
included beyond the significant place. The same is true 
in the calculation sheet. It was found convenient in 
using hand calculating machines to standardize on six 
figures and not attempt to round off the last signifi- 
cant figure until the final step in the calculation. 

3. The fraction of fission neutrons emitted in each of the 
first five energy groups,Xf, was obtained from KAPL. 

. . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
... .. ...... . . . .  . . . . .  . . . .  . . . .  ...... 
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4. 

5. 

6. 

Above the 5th group, i.e. u>4.5, and below the 1st group, 
i.e. u 4 0.5, the contribution from the fission spectrum 
is considered negligible. 

The tabulated values of (Xi)B+a given for groups 2-6 
inclusive under the heading "fractiont1 were likewise 
obtained from KAPL, except for chlorine (Cl) in which 
case our own estimates were made. All of these values 
are only approximate since reliable information on the 
energy distribution of inelastically scattered neutrons 
is not yet available. 
ing is expected above the 6th group, since the first 
excited states of even the heavy nuclei appear to be 
greater than this energy. 
re-analysis of the Snell and similar experiments by KAPL, 
reported in KAPL-741. 

The figures entered under n ~ ~ u r ~ e ~ t t  opposite Group I 
are the contributions to each of the lower energy groups 
from energy group 1 resulting from inelastic scattering 
by each of the reactor constituents which contribute. 
Similarly those entries opposite Group I1 are contribu- 
tions from inelastic scattering in energy group 2, etc. 
Sodium does not contribute appreciably, chlorine 
contributes only from Group I and 238 is the only impor- 
tant inelastic scatterer from Group IV. 
Another contribution to the total source of neutrons is 
from elastic scattering from group (a-1) to group a. 
These sources are entered opposite "previous q+". 
total source Xr in each energy group is obtained by 
simple addition. 

No appreciable inelastic scatter- 

The U 238 data are based on a 

The 

The first entries in the lower half of the calculation 
sheet, where the losses are summarized, are in the left- 
hand column of each energy group. These figures are the 
average macroscopic cross-sections normalized to one 

?' 

- .  
F - - -  

d 

J - 

L 

r i 
& .v. '4 ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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L 

\ '  

a 

atom of 235 for each energy group. 
presented by a fictitious cross-section k /3C tr entered 
opposite 1, in the left hand column for each energy group. 

also represented by a fictitious cross-section <Zs/F'U. 
The product <Zs for each energy group is determined by 
standard methods, 
is determined by the arbitrary selection of the energy 

The leakage L is re- 
2 

The degradation resulting from elastic scattering is 

The width of each energy group, U, 

intervals, 

ing Fa in the degradation term <q/FU saves time as 
compared with the graphical method used by KAPL. 

A modification, used by us, in the manner of choos- 

By 
assuming that (linear approximation)t 4. 

and using the definition of Fa (see Glossary) we can 
eliminate 9 ,  from eq, 3 and obtain 

(A-3 

where = right hand side of eq. 11-2.1-3, sec. 1.1 

T h i s  is an adequate expression for Fa in all but the 
last group or possibly the last few groups where the 
choice of Fa is of least relative significance. 
what better approximations, based on an improved 
approximation for Fa, have been tested. 
show a negligible correction for a representative 
system. 

Some- 

The results 

7. The next step is the stepwise computation by groups 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ..................... 
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8. 

9. 

10. 

11 . 

12 

13 

beginning with group 1. Since there is no contribution 
for the first to this group from higher energies, qa-l 

group is zero. Hence from Eq. ( A - 3 )  above,Fa = 0.5 as 
entered at the bottom of the group 1 column. 
From this value of F the degradation (5Zs/F'U) = 19.872 
which is entered together with the other cross sections. 
The total cross section is obtained by addition of all 
cross sections, real and fictitious. 
The total source 
entries in the source column. In group 1 this is simply 
the fission source Xf. The relative flux in group 1, 

Each of the cross-sections is multiplied by *and these 
products, which are the fractional leakage and losses, 
are entered in the right hand column. The sum of these 
should equal XT, e.g. 1.34340 = .l3%, the difference 
simply resulting from the rounding off of the figures. 
This completes the entries under group 1, 

+ 

xT is obtained by addition of the 

q1 = ( X T / d T ) ,  is then obtained by division. 

The source terms in group 2 consist of p + ,  the group I 
inelastic sources,obtained from the product of the 
fraction for each component times the fractional in- 
elastic loss from group 1,plus the loss by degradation 
from group 1, 

The calculation of F for group 2 and subsequent groups 
is obtained through Eq. ( A - 3 ) .  
separately. In some calculations F may be negative in 
groups 7 and 8. 
degradation out of the group is zero. 

The procedure for groups 2 - 8 follows the same steps as 
for group 1. 
are by degradation from higher energy groups. 
calculation must be internally consistent on two counts, 
The fractional leakage and absorption terms summed over 

(Aa/Ba) is computed 

In which case it is assumed that the 

The only source terms for groups 7 and 8 
The 

.. 
' 4  

. - 

t 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ...................... 



c 

I -. 

I - 
I ?  

... 

- . - .  

-221- 

all groups should = 1 (see last column). If this is not 
the case, within the rounding off error, there must be a 
numerical mistake in the calculation . Likewise the 
total fractional fission term for each fissionable 
component is multiplied by its v ,  and the sum of these 
products, the fission source strength, should also = 1. 
If this is not the case the calculations donot represent 
the critical condition and must be repeated using a new 
k2/3 estimated from Eq. (A-1) employing the above fission 
source strength. 

After a consistent calculation has been completed, one 
can obtain the following information for the bare reactor 

Internal conversion ratio 
External conversion ratio 
Mean effective 5 
Critical radius and critical mass 
Spectrum of fissions, i.e. percentage of 
fissions due to neutrons in a given energy 
range 
Spectrum of neutron flux 
Fraction of fast fissions 
Detailed neutron balance 

e =  ) ' I  . . . . . . . . . . . . . . . . .  ;r.;.O . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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Typical Tabulation. = The following tables and graphs 

exemplify the procedure for system 21. 
is corrected by changing the fission cross-sections slightly. 
The resulting calculation error in conversion ratios is then 
less than the original error in the neutron balance) in this 

The neutron balance 

I 0.355681 0.157663 
= 0.376665 +O . 066405 I.C.R. 

X.C.R. = 0.376865 +0.066405 

'25 = 0.37 
b r  ,&Tim= 125.1 em 

C.M. = 4/3 nb3 = 2.693 tons U-235 

0.346062 = 0.780702 

- -5 = 0.176203 
- 

assuming N(25) = .8&6 x atoms/cc. 

See Figure A-1 

See Figure A-2 

Fraction of fast fissions by U-238 

- - .0276 57 = .068369 = 6.8% 0 3761365 +Os 0276 57 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 

. 



-223- 

h) Detailed Neutron Balance: basis - 1 source neutron 
c Neutron Production Uncorrected Corrected 

%(25) Fissions in U-235 0.936471 0.930857 
~(28) Fissions in u-238 0.069560 0.069143 

T o t a l  Production 1.006031 1.000000 

a - .  

Neutron Consumption 

Fissions in TJ-235 

Fissions in u-238 

Captures by U-235 

Captures by u238 

Captures by Pb 

Captures by C1 

Captures by Na 

Leakage 

0.379138 

0.027824 

0.066405 

0.157663 

0,001949 

0.022645 

0.0007!54- 

0.343494 

0.376865 

0.027657 

0,066405 

0.157663 

0.001949 

0.022645 

0.0007!54- 

0 . 346062 

Total  Consumption 0.999872 1 . 000000 

F' r- 
e- 

? .- & 
*. ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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FIGURE A - 1  

SYSTEM 21: SPECTRUM OF FISSIONS ANP 
FRACTION OF FISSIONS ABOVE u 
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DERIVATION OF "EXPONENTIALff F,. - A somewhat improved u -- 
approximation f o r  Fa, which i s  expected to  be more accurate 
than A - 3  when 4 varies strongly within a group, may be derived 
a s  follows: We s t a r t  w i t h  the age diffusion equation: 

We sha l l  denote the Parenthesis on the l e f t  by &and the 
r i g h t  hand side b;: S ( the t o t a l  source). We replace tf by 

and denote & by h. We now have 
S& 

hq +J& = s (A-5)  

We can integrate ( A - 5 )  by multiplying by 
I4 

exp\Ju- h ( u f ) d u j  and integrating over u. The f i n a l  r e su l t  

...... ( A - 6 )  

+ 
Now l e t  u- be the lower l i m i t  o f  a lethargy group and u be 
the upper l i m i t .  
and S(u) a r e  constant throughout the lethargy interval  
Lug, u+J , then we have: 

If we make the assumption that both h(u) 

-hU 
S -hU q- + 1-e 

q+ = e h 
hl + where U = u - u . Now we define S =US and hU t x, and w e  

have 

Returning now t o  (A-5), we integrate i t  another way by 
assuming h and S t o  be constant and we obtain the multigroup 
egua t ion : 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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or  

a -  

b 

We now assume that: 

(A-loa) 

Equation (A-lob) is, in a sense, superfluous, since it only 
fulfills the function of defining F. However, in the actual 
multigroup calculation procedure, F is the useful quantity. 

and solve for 
q+, with the result: 

From (A-9b) and (A-loa), we eliminate 

(A-11) 

In the multigroup calculation procedure, q" and S are known, 
as is x. If we wish formula (A-11) to agree with formula 
( A - 8 ) ,  we must have: 

1-ax -X - - e  l+bx - 
-X 1-e - 

X a 1 
1+ bx 

These equations can be solved for a and br 

1 e-x 
a =  2 -X 1-e 

(A-12a) 

(A-12b) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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+ Note that  a + b = 1, rigorously. 
and q-  

Now, we can eliminate q 

from (A-gb), (A-loa) and (A-lob) t o  obtain f o r  F: 

(A-14) 

t h  where X T 3  3 + q-. 
group a s  follows: 

We can write t h i s  formula f o r  the a 

(A-15) 

+ where we have replaced q z  by qa-l. 
Going back now t o  the def ini t ion o f  x ( =  hU), and re- 

placing h by zT/cc,, we have: 

We can now recognize x,: 

X, = A, / Ba 

(A-16a) 

(A-16b) 

In an actual calculation, a(x)  o r  b ( x ) ,  given by ( A - 1 3 3 ,  
can be tabulated o r  plotted accurately and then read off f o r  
various xu. If a i s  obtained, b i s  ju s t  1-a, and vice versa, 
This operation, together w i t h  formula ( A - 1 5 ) ,  replaces s tep 6 
i n  the procedural outline above. 

of  estimating Pa i s  much be t te r  than the one which assumes 

a, = 
Moreover, F, can never become negative w i t h  t h i s  procedure, 
which i s  a more r e a l i s t i c  behavior than i f  it can be negative. 
On the other hand, calculations on a representative case gave 
the r e su l t  that, while the spectrum of the bare p i l e  was 
changed somewhat, the differences between the calculated 

Examination of  par t icular  cases shows tha t  t h i s  method 

+ - - *, f o r  groups wherein qa and q i  a r e  very different.  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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c r i t i c a l  s izes ,  conversion r a t io s  and other neutron balances 
were negligible. However, f o r  a spectrum which varies much 
more sharply than the one tested,  there m i g h t  be a non- 
negligible difference. I n  any case, there i s  very l i t t l e  
more work involved i n  using the method w i t h  variable a and b, 

. 

.. , . i!' :e. i :. :* :* : :** : :** :*. ; JL .. . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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G roUD 

Calculation Sheet 
kp/3 =295 (estimated from one velocity approximation) 

.5- I 
I - 

Fission Source &I 
Fract ionkource! 1. t j * q  

I Group I 235 
238 
Pb 

N S  
E O  
L U  CI  
A R Group II 235 
s c  238 
T E  Pb 
I S Group III 235 
C 238 

Pb 
Grou 'Ip238 

Previous q+ = &~,,f.-, 
6-l 

Total Source Zr 
(%r/oi) = 9 

LEAKAGE : L= k n / 3 ~  
L Fissions 235 
0 3 x  238 
s Captures 235 
S 3x238 
E 4x Pb 
S 28x CI 

4x No 
Inelastics 235 

3 x 238 
4x Pb 

28x CI 
PegradationYf/ FU 

Total Cross Section rT 
F 

I 

u.ioo3r7;,13~34 

I I 

* 

I 
w 
w 
0 

NUCLEAR ENGINEERING PROJECT 
System No21 
Atomic Proportions I 

Ue36 Ue3* Pb Na CI  
3 -3.75 3.75-4.5 

4 5 
1-2 233 

2 
ractidSourca FractionlSwces FractianlSources FractionlSources 

1.aqrq i.oao7 1.0373 
I I I 

. 

-m 
Fracti Sources Fracti Sources 

7 SI0 iymma- tion 
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SUMMARY OF' CALCULATIONS ON BARE HOMOGENEOUS THERMAL REACTORS 

Tables B-1 to B-11 contain the results of calculations 
of a number of bare, spherical, critical, thermal reactors 
composed of mixtures of enriched uranium, beryllium and 
bismuth, Each of the eleven tables gives the results for a 
specified U/Bi ratio and an assumed enrichment for a range 
of Be/Bi ratios. 

These tables have been ComFuted for a Bi capture 
cross-section of 0.016 barns at 0.025 ev,, the value 
accepted at the beginning of the Project. The final calcula-' 
tions, reported in Chapter I11 use a cross-section of 0.032 
barns, the value now considered more reliable. Results of 
this Appendix may be expected to show trends correctly, but 
are inconsistent numerically with the final calculations, 

.......... . . . . . .  . . . . . . . .  . . . . . .  . . . . . .  .* e . .  * . . 
.. . . .  . ./ . 1 .  . e.. . 1 .  . . . .  ... 
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< < j  

u 
P> 

Rc 

(a) 

j38.1 

45.9 

98.U 

89.53 

87.81 

2L3 7 
TABLE B-ll 

vc 
6 3, (10 1 

1088. 

13.01 

3.959 

3.006 

2.836 

- 0.01 R 0.07 NUDBi - 

Msi 

(1O6gm) 

8388- 

84.70 

19.64 

12.02 

9.529 

P 

0.54606 

,6937 

.80@ 

,8487 

.8763 

% 
(106P 

95.54 

0.9647 

-2237 

.1369 

.lo85 

1,9527 

.9367 

-9064 
.8779 

,8512 

1.02% 0.999 162.0 895 1057. 

1.2940 .562 162.1 472 634.1 

1.45U .319 174.1 266 440.1 

1.@37 236 190.8 202 392.8 

L a 5 3  J94 208.1 171 379.1 

y : 1.99133 

55 
(103gm) 

6688. 

67.53 

15.66 

9 . 583 

7.595 
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4 

3: 

APFENDIX C 

SECULAR EQUATIONS L 

In writing the secular equations, the problem of branch- 
ing fraction is encountered. 
tion. In general, a given element is removed by: chemical 
processing, natural decay, the neutron flux. The next step 
in the chain is made by the flux or natural decay alone. It 
is best to isolate the removed rate as a single time factor, 
T, since the sum of the times from the start of the chain 
gives an estimate of the time required to reach equilibrium 
for a siven element. The branching fractions, p ,  then 
propagate through all succeeding members of the chain affect- 
ing final equilibrium level but not time required to build up. 

flux or natural decay, at most two f3's are needed for a given 
step. 
the element startinq the step, rather than the logical p ,  
showing initial and final elements in the step. 
one of the P I S  is used when 

The notation is: 

This is best handled by a nota- 

Since a given element can continue the chain only by 

This makes it convenient to define the g in terms of 

A bar over 
branching occurs. 

C = conversion ratio 
(9 3 flux 
6'= cross-section (S total absorption, except 

c25= cTp5))  
z = natural decay time 
T = net chemical processing cycle time, and is 

meant to include any efficiency effects. 
(i.e., if half core processed in 10 days, and 
concentration reduced by half in one pass, 
T = 40 days). 

It is assumed that uranium is not rernoved,but all Np and 
ml. is affected by chemical processing. 

. - ?  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  :,.::: 
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I 

A. Lower chain 
d (26) 
dt 
- 

a = d(n, Y 1 /eF 
- 
a =ml,Y>/(irF + b(n,y)) 

ZA = ( 9 2 )  240 (20) for isotope notation, 

(27) = number U 237 atoms/unit volume of 

see Table I, third line. 

reactor, etc. 

or 

d c27) 
dt 

d (37) 
dt 
- 

I 

The formation 
because the reactor 

Gb = "effective" cross section; (26) 
presumably has a resonance 
absorption. 

of (28) by (27) + n-, (28) is neglected 
normally will contain (28) for conversion. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . .'. .* 
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I 

note: assumed all fission 38 

d (48) 0-0 
d t  = @38 T38 T48 

B. Upper Chain 

do 
dt 

C 

1 - 
T29 

1 - -  - T + O'48v 
1 
T48 

conversion ratio 

9 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ...... .......... 
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half 
The reaction ( 2 9 )  + n + (20) is neglected since the 

life of ( 2 9 )  is only 23 minutes. 

do- 0-0 
T39 dt - p29 T29 
1 - 

(= 1, a l l  fluxes 
here considered) 

=29 

1 1 1 

T39 
- + - 

+ 590 =39 
- -  

1 1 

Neglect effects (39) + n --t (3O), no cross-sections known. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  ...... . . . .  .I.. 
~ , * .  . e  
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- 
a49 Q49 <9 
F + 649cg 

849 = 1 

1 1 
TQ - -t- 6 4 O g  - -  
- = (rad. capt./total abs.) a49 

C. Equilibrium Values. Time Scale 

d , B y  setting dt = 0, the equilibrium values are: 

Upper chain 

I 

. - ,  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .* - _  . . . . . . . . . . . .  



P -  

i s  indicated 

Lower chain 

The second term is  negligible re la t ive  t o  first,  hence: 

(49) 3 829 p39 T 49 (25)C(l+a25)Q25 cp 
(40) = p2q p39 pb9 T40(25)C(l+a25)625cp 

Through a chain, the e-time required t o  reach a cer ta in  
leve l  i s  approximately the sum of the times for each step 
(including the time for the f i n a l  step). If t h i s  t o t a l  time 

\ -  - 
Upper chain 

t 

1 

1 

by a bar, th is  gives: 

The values of  the nuclear constants appearing i n  the 
above relat ions a r e  given i n  Table C-1. 
a re  summarized i n  Table C-2. The U-236 concentration and 

The secular resu l t s  

build-up tirr,e i s  given i n  Table C-3. 

of 0-236 by isotopic separation, 
buildup and PU-238 contamination a r e  therefore more pessimis- 

These results a r e  predicated on there being no purging 
The results for  both U-236 

t i c  than i s  the case f o r  the reactors 
t h i s  project. 

'- 

given engineering study 

. . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . . . . .  
.............. . . . . . . . .  . . . . . . . . . .  . . . . . . . .  p 4  . . . . . . . .  '4 .. , ...... 
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TABLE C-2. U-236 Concentration and Buildup Time 

i 

... 

" 
b .  
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€= 0 0.5 1.0 1.5 
N (26 1 /N (2 5) 16.5 11.0 8.25 6.60 

3 for w = 110 

(in body of table below) 

233 155 116 

23 15.5 11.6 

2.3 1.6 1.2 

93 e 2  

9.3 

0.93 

& = ratio: resonance capture in (26), to 

N(26)/N(25) = equilibrium atom ratio. 
thermal capture in (26). 

= e-life for buildup to equilibrium 
T26 value of (26). 

Loss in conversion ratio at equilibrium is: 

independent of assumption about . 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . .  * *  ^ I  -.. 
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APPENDIX D 

-- EFFECT OF FAST NEUTRON R E A C n O N S  OF P q B  
--I_ THE CONVERSION -- RATIO 

- 
r 

6 The average los s  i n  C.R. due t o  L i  absorption i s  

where the bar indicates a time average 
period f o r  the Be i n  the reactor. The 
the evaluation of (9-1) a re  derived as 

-247- , . 

over the operating 
formulas r equ.ir ed f o r  
fol lows:  If the 

thermal f lux  gth i s  normalized t o  one f iss ion neutron,an 
effective thermal cross-section, reff9 f o r  the (n,a) reaction 
may be defined by the re la t ion  

\ -  

where J i s  the number of  neutrons absorbed by the (n,a) re- 
action. If & denotes the t o t a l  thermal absorption cross- 

\ section and p the resonance escape p r o b a b i l i t y ,  then 

gth & = 

so tha t  (D-2)  becomes 

From the secular equation 
0 

it follows t h a t  a t  equilibrium 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .............. . I.. * *  
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6 where g i s  the time average fract ion of the f i n a l  L i  con- 
centration. 
geriod. 

g depends both on the flux and on the operating 

Combination of (D-4)  and (D-7) yields 

so that  (D-1) becomes 

- ........ (D-9) 

The evaluation o f  g w i l l  be considered in  connection w i t h  the 
secular equations f o r  the Li6 buildup. 
defined by the in tegra l  

The quantity J i s  

1 

J = N(Be)J c (n ,a )  f du , (D-10) 
f a s t  

where the integration i s  taken over the region of non- 
negligible f lux and cross-section, This region w a s  taken as  
extending from Eo z 4 Mev t o  E 
u = o t o  u I 1.5 (E (. E, e-U). C(n,a> i s  given a s  a function 
of u i n  Table D-1, In the absence of detailed information 
concerning (Pfast(u), it was assumed tha t  

0.892 Mev corresponding t o  

. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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- -  

I -. 

I 

-00 

and the fission spectrum SF is normalized so that 

(D-13) 

and p(u) is an attenuation factor obtained by an examination 
of the approximate behavior of' the exponential in (D-12). 
p(u) -+ 1 as x + 00. 

Substitution of (D-11) and (D-13) into (D-10) then gives 

Of course J(0) = 0. 
x. Figure D-2 shows q(u) as a function of energy. This curve 
was obtained by integrating the fission spectrum given in 
LA-140-A. 
and other data required for the evaluation of the integrals 
(D-15) as well as the analogous integrals (D-16) considered 
below. 

In analogy with (D-15) the excess neutrons provided by 
the (n,2n) reaction per unit source neutron is approximately 
given by 

Figure D-1 gives the variation of J with 

Finally, Table D-1 lists the cross-section values 

0 .q 
K ,w (u) = 0.028 (D-16) 

Be 

1 r L  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
e . - ,  * ..* * . , .  . I  . r  
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/ 

f 
I -1 

Comparison of this number w i t h  J(o0) 2L 0.027 shows tha t  
there i s  no net f a s t  effect  when account i s  taken of both the 
(n,a) and (n,2n) reactions. 

secular equations f o r  L i 6  buildup, 
To evaluate the quantity g i n  (D-9) consider f i rs t  the 

With the def ini t ion 

the solution of (D-17) i s  

(D-20) -c(Be) 0 t N(Be) = No(Be) e 

Substituting (D-20) into (D-18) and solving the result ing 
equation yields 

4 

0 . (D-21) 

For further computations cT(Be) was ignored compared t o  

Then, to  a good approxima- 

6 6 ( L i  ) = 910 barns, since 
magnitude as  qh = 0,00473 barns. 
t ion,  

reff i s  of the same order of 

(D-23 

- .  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
" -  . e .  
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where 

. -  
I 

i 

2 
6 

when ?is in neutrons/cm /sec. 

(D-7) gives 
Evaluation of f ( L i  ) from (D-23) and substitution into 

T n o  

O D )  = 1 - -  ( 1 - e  
-T 

3 
TO 

(D-24) 

where To is the length of time that the Be is left in the reactor. 

and calculating the average flux from the relation 
Assuming To equals six years, the cost write-off period, 

-11 
S 1.221 x 10 ( f =  q ( 2 3 5 )  - 

for 
5 x 10 Kw where Cf(235) = 538 barns and = L s s  of U-235 in Kg 

a TOO Mw reactor, the values of p ,  T and g corresponding to 
various assumed masses of U-235 have been tabulated in Table 
D-2. 
U-235 in the reactor. 

In Fiqure D-3 g is Flotted as a function of the mass of 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . " I  
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U 

0 

15 
,- 5 030 

% >  -45 . 60 
075 
90 

1.05 
1.20 

1.35 
1.50 

E 

4 Mev 
3.44 
2.96 
2.55 
2.20 
1.89 
1.63 
1.40 
1.20 
1.04 

.892 

TABLE D-1. Data for Fast Neutron Reactions of  Be. 

.Ob5 barns 
-043 
.Ob2 . 045 
033 . 030 . 026 

.020 

.015 

.012 

. 01 

.416 barns 

. 624 . 520 

0437 

374 
0354 
.395 . 520 
.624 . 686. 
. 728 

- - -  

(b) 
c n  ,2n 

.3O barns . 22 

.16 . 10 . 06 
-025 

0 
. 
- 
- 
- 

Cf (28) (a) 

.60 barns 
55 
51 . 46 
43 

039 
031 . 11 
033 . 012 . 0066 

-055 
-090 
.150 

e275 
e365 
-475 
550 

.625 
705 
755 

0 210 

1 
.902 . 888 
.811 
699 . 638 
657 . 701 
794 . 886 
. 900 

- - - _ -  
(a) 

(b) 

AECU-2040 Neutron Cross-Sections (Compilation of Neutron Cross-Section Advisory 
Group) 

Guess based on measer data 

Fission spectrum from LA-140 A, 

I r- -- . I 
, . .  1 ’ L  

I I 
I I 

4 .  I 
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. -  
W '  

6 TABLE D-2. L i  Concentration Factors 

50 kg 

1.00 

200 

400 

Reactor Power = 500 MW 

9 
2 neuts/cm -sec 

14 2.27 x i o  

1.14 11 

. 284 

t 

e 

* n 

T 

1.53 yrs. 

3.01 

6.13 

12.25 

.......... .$, ............. . . . . . .  . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  - "  . . . . . . . . . . . . . . . . . . . . .  
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FIGURE D-2 

A t o m s  Undergoing (n a) Reaction 
per Unit source Neutron vs. X. 

2 4 8 IO 

a 4 

12 14 

n 
3 0  
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FIGURE D-3 
g Average Fraction of Final  
Li6 Concentration as a Function 

Reactor power 2 500 E4w 
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APPENDIX E 

TWO-GROTJP . TWO-REG1 ON REACTOR E Q U A T I O N S  
. .  

' 

. 
? 

. i  

E.1 E Q U A T I O N S  FOR THE FLUXES 

Let 

0, = flux i n  the ith energy group (i P 1 repre- 
sents the thermal group and i = 2 the epithermal) 

= transport mean free paths 

r -  

= t o t a l  " fas t  absorptionff &S %= ln(Eo/Eth) 
(with Eo 2 Mev), 

zl = t o t a l  thermal (true) absorption 

x2 
3x2 

L 2 -  - 
Z. = - = age 

I thermal diffusion area '3x1 

Superscripts (0 f o r  the core and 1 f o r  the blanket) will be 
used t o  designate the region of the reactor t o  which any of 
the above quant i t ies  belongs. 

There are two equations of the form 

d 

(E.1-1) 

(E.1-2) 

for each region. The fast  f i ss ion  effect ,  E has been 
ignored . 

On assuming a solution of the form 

c 

.. . < I .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  .................... . . . . . . . . . . . . . . . . .  . . e r  I . ^  
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and substituting in (E.1-1) and (E.1-2) there results the 
well-known secular equation 

Two cases may be distinguished: 

a) .  Core. ko0 7 1. The two roots of (E.1-4) are 

where 

1 2 Here, one root #, = p2 is positive while the other $:= -v 

is negative. 

b), Blanket. k,< 1. Here 

(E.1-6) 

where 

2 , respectively, are In this case both roots d3,4 o - X ~ , ~  
negative. 

2 

The equations for the fluxes are 

(E. 1-71 (01 sin ~1 r + sinh v r Q: = A r r 

4% A SI r (Eel-8) sinh v r 
r sin L4 + c s2 

b 

,r 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
f , * .  - . *  , _ .  
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sinh +(~’-b) 
(E* 1-91 - siri Xl(r-b) 

r + G  0) 
+z = F r 

%(”= F S3 r + G Sb- r 
sinh X1(r-b) sinh $(rob) 

l b .  . (Eel-10) 

where b is the outer radius of the spherical reactor and the 
coupling coefficients Si are given by 

(E. 1-11) 

The constants A, C, F and G are determined from the boundary 
conditions which state the continuity of flux and current at 
the boundary, r I a, between the core and blanket. Deriva- 
tion of convenient expressions for the critical determinant 
and for these constants is straight forward, though tedious. 

. 
$ L .  

E.2 THE CONVERSION RATIO 

The quantities required for the derivation of the ex- 
pression for the C.R. are 

, 
(E.2-1) 

(E.2-2) 

...... (~~2-3) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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dr Fast leakage from reactor = Li1)=-4nb - 3 

........ (E.2-4) 

The method of derivation of the expression f o r  the 
C O R .  of the two-region reactor is the same as that employed 
for the bare reactor except that the contributions from both 
the core and blanket must now be considered. The contribu- 
tion from the resonance capture in the core is 

The corresponding contribution from the blanket is 

The contribution due to a-238 thermal capture is 

This simple result is a consequence of the fact that 
&(238)/&(U) is independent of the region of the reactor. 

(E.2-7). 
the expression 

The total C.R. is the sum of (E.2-5), (E.2-6) and 
After a simple rearrangement of terms, there results 

of the text. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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