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ABSTRACT

Critical sizes are determined for a variety of fast assemblies ap-
propriate for nuclear rocket reactors. These are based on cores of
U02—W cermets or UC-metal carbide solid solutions reflected by beryl-
l1ium, Rocket reactors weighing as little as 200 lb, are possible, and,
in larger sizes, either high power density or high exit gas tempera-
ture can be achieved, The fast spectrum allows the use of the most re-
fractory materials (such as HfC) in bulk to obtein high performence.
Use of 0233 in place of U‘?35 can lead to substantial improvements in
reactor welght, specific power, and/or temperature capabllity at the
cost of the radiation associated with 0233. The core sizes are gen-
erally quite small, which is valusble where shielding may be signifi-

cant. Nuclear aspects, including control, uranium investment, power

distribution, and reflector materials, are briefly discussed.






INTRODUCTION

Although the fact that fast spectra could lead to the development
of small reactors for nuclear rocket engines was observed as early as
1949 (l), no comprehensive and quantitative study of this possibility
has appeared. In this paper we present some results of such a study,
augmenting by calculation details the criticality aspects which were
reported in Ref. 2. Subsequent work will deal with heat transfer,
materials, application, etc.

The spplication of direct cycle nuclear heat exchangers to space
propulsion puts a premium on low reactor weight, high power density,
and very high temperature (>1500°C) capsbility. We shall show that
fast reactors can meet these requirements over a wide range of inter-
est, particularly for lightweight engines with thrusts of the order of
10,000 to 100,000 1b and for heavier engines with very high melting
fuel elements, In addition, fast reactors with smell dimensions would

require much less shielding where it is necessary.

Criticality
Of the various problems associated with fast reactors for rocket
propulsion, the nuclear criticality results are the least questioned,
as there are considerable experimental data and theoretical techniques
in this area. Furthermore, those features that cause major uncertain-
ties in criticality surveys (heterogeneity, resonance effects) have a
minimum effect on this type of reactor (homogeneous and fully enriched).

Void space and fuel element thicknesses will be of the order of 0.l




inches, which is one-twentieth of the neutron mean free path. Since
nuclear criticality results have been obtained with rather sophisticated
methods and are checked against experimental data where possible, they
should be useful as check points for other methods of calculation of
small fast systems, particularly those with thermalizing reflectors,
such as are considered for compact power sources, Note that while our
basic criticality results for fully reflected spheres are computed as
precisely as possible, the results for the rocket reactors will be more
approximétely and conservatively computed to allow for control, departure
from the idealized geometry and composition, etce

Because of the effective homogeneity of the core, critical masses
will be relatively independent of core details such as fuel element
thickness, end will depend primarily upon the composition end average
void fraction. Thus, results will be presented as masses vs total
cross-sectional flow area. The achievable power level 1s contingent
on core details, such as heat transfer area, fuel element thickness end
conductivity, operating pressure, and exit gas Mach number. For orien-
tation purposes, with the above items considered, up to 2000 Mw (or
100,000 1b thrust) per square foot of cross-sectional flow area seems
feasible. This corresponds to an exit Mach number of 0.25 at an operating
pressure of 1000 psi and is based on a detailed heat transfer study which
will be reported when complete, While this is very high power demsity
on an ebsolute basis (~ 30 kw/cc) the relatively short lifetime require-

ments (minutes to hours) allow greater leeway in this direction and




theoretical values of this order and higher have been reported (_3_).

Basis of Calculations

Most of the criticality computations were made with a one-dimen-
sional §) transport code (4) employing 20 to 4O space points and 13
energy groups, Uranium and zirconium cross sections were transcribed
from a Hansen-Roach 16 group (2) and rechecked against experimental as-
semblies, Various theoretical and empirical correlations were used where
date were insufficient. "Cloudy crystal ball model” results (6) were
used to obtain high energy transport cross sections and the statistical
model for inelastically scattered neutron distributions. (7) Where ap-
propriate (e.g., for U, W, Mo), resonance effects were accounted for by
using the work of G, Bell, (_8_) Energy-dependent cross sections were,
in general, weighted by appropriate flux spectra within the group energy
interval to obtain group values. The 13 groups covered energies from 10
Mev to thermal, and are listed in Table I along with the spectra and
fission rates for a typical fast reactor. By comparison with an Oy
sphere reflected with 2 in, of Be, we see that the propulsion reactor
cores are truly fast, although coverage of the complete energy range is
necessary due to the thermelizing effect of the reflector.

The microscopic cross sections were checked against a wide variety
of critical assemblies (9) and replacement in fast spectra (10). The
uranium cross sections gave k within 1% for spheres of various enrich-
ments (also see Ref, 5 for more comparisons), Some of the non-fissile

materials (C, Be, W, Ni) were checked ageinst experiments where Oy




spheres were reflected by several inches of the other materiesl, These
gave k to within sbout 2% and in some cases (e.g.,Be, Ni) the high
energy cross sections were altered to match the experiments to within
1% in k. After the cross sections were developed they were compared
with unreflected, diluted uranium fast critical experiments conducted
by Ge. Jarvis at Los Alamos. Based on preliminary results the material
cross sections which had been checked against reflected assembles (W,C)
gave critical radii differing by an average of 1% from experiment,
whereas the relatively unchecked Ta cross sections gave critical radii
about 3% larger than experiment. A further check of the calculations
was made with an independent set of 18 group cross sections, (;l) and
gave good agreement for the few cases examined,

The one-dimensional transport code was used for straightforward
calculations, such as variation of core composition, reflector thick-
ness and density, fission distribution, and reacti&ity worth of H2.

We raen a series of two-dimensional Sh trensport theory calculations (L)
to check a few of the more difficult points: +the control worth of a
moveble inlet end reflector, the extra core length required in the
absence of an exit end reflector, and the conversion for spheres to
cylinders. In order to conserve computing machine time, the 135 group
cross sections were collapsed to four groups based on the neutron spectra
obteined from the one-dimensional calculations. Group collapsing was
done with the ZOT code (12) and was based on equations by G. Bell., The

four group constants gave satisfactory results for the reactivity




(k = 1.006 in contrast to 1.000 for 13 groups) for the one-dimensional
case(Fig, la).

- For the first two dimensional calculation (Fig. 1b) the core was
assumed to be a circular cylinder of the seme radius as the spherical
core, and the core height was determined by equating the bucklings of
the cores assuming no reflector savings or extrapolation distance,

This is deliberately conservative (the reflector saving is ~ 12 cm for
this case) and results in an excess reactivity of 0.032, giving some
leeway for control, elimination of power peaking, uncertainty in cross
sections, etc. Burnup and fission product poisoning will be negligible
over the short life of these reactors. Fig. lc shows two-dimensional
check of the reflector savings for the exit reflector which was computed
to be 12 cm from spherical calculations. This is the geometry assumed
for the rocket reactors. One method of control is motion of the inlet
reflector away from the core. The calculation (Fig. 1d) indicated ade-

quate reactivity change (~ $1/cm) for control purposes.

RESULTS
Uranium Dioxide-Tungsten
One of the most obvious classes of fast reactor types for use as

nuclear rocket engines is UO_, dispersed in a refractory metal such as

2
Mo or W. A comparison of their properties (Table II) shows that their
nuclear properties are somewhat similar, but that W is about twice as
dense and, most significantly, has a much higher melting point. The

Jarger W absorption, particularly in the resonance region, tends to



offset its larger scattering cross section. This leads to larger
critical radii for a fixed OU2 concentration (14% larger core for 30
vol % Uo,, and 30 vol % refractory metal) and, because of its much higher
density, to heavier reactors for the same UO2 investment., Owing to
tungstents higher melting point, we ﬁill emphasize the W systems.

Though results vary with UO2 and metal concentration the reactivi-
ties of Mo and W are approximately zero in reactors of practical inter-
est (Be reflected, 10 to 30 vol % U0, and 20 to 60% refractory metal in
the core). Molybdenum has a positive worth; e.g. in a core with ~ 15%
vol UO,, doubling the Mo from 30% to 60% reduced the core radius 4.6%,
giving an 0,15% decrease in radius per vol % increase of Mo in the core.
Tungsten has a much smaller worth, usually negative. The core radii
for three cases with 30 vol % UO, and 0, 30 and 50 vol % W were 26.21,
26.08 and 26.30 cm,respectively, less than 1% variation over the range.
In a case with 15 vol % U233O2 in the core, the radius increased 1.T7%
in doubling the W content from 22.5% to 45%. W. Kirk, who first sur-

veyed the UO_-W system, reported (13) the core radius constant within

2
2 or 3% for fixed amount of UO, in the core (15 to L0 vol %) over a
range of W concentrations (about 25 to 60 vol %). Thus the critical
core radius (Rs) for a Be-reflected sphere 1s a function only of the
volume fraction of UO2 in the core, which we shall call u. This rela-

tion,

R = f(u) (1)
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together with an assumption of the volume fraction (1) of UO2 in the
fuel (fuel loading) define the reactor critical weight and (with a
specification of the core L/D ratio) the cross-sectional flow area.
Although a variety of compositions and thiclkness were examined,
for this survey we fix the reflector to be 12 cm of Be at 75% of theo-
retical density (p = 1.38 gm/cc) to allow for coolant flow channels.
This is a reasonable reflector for the cores of Interest in terms of
reducing reactor welght and flattening the power distribution, but is
not optimized for any given reactor. These considerations are dis-
cussed later. The fuel materials are assumed to be ~ 95% of their

theoretical densities, i.e., 10.k g/cec for UO, and 18.4 g/cec for W.

2
In converting from spheres to idealized reactors (cylinders with one
end bare), we have made the conservative assumption of equal core
buckling (zero reflector savings) and replacement of one end reflector
by an equivalent amount of core. Examination of these results and the
two-dimensional calculations has led to a simple generalization that is
adequate for preliminary criticality estimates. This is that a right
circular cylinder of radius R and height 2R (L/D = 1), reflected on the
sldes and one end, is neutronically equivalent to & fully reflected

sphere of equal radius. Defining the core void fraction V, we have

V=1-% (2)



and the core cross-sectional flow area Af becomes

Ag = 7R(1 - P | (3)

The component masses are given by

M(U02) = 2:tR3up(U02) (La)
Miw) = axrdu 2zt o) (ko)
M(Be) = xt(58° + MRt + t2)p(Be) (4e)

where t is the reflector thickness and p the assumed material densities.

Thus, the reactor mass 1s given by

M, = M(U0,) + M(W) + M(Be) (5a)
which specifically excludes pump, pressure shell, nozzle, piping and
valves, and ignores such items as structural supports in core and reflector,
and controls and instrumentation in and about the reactor. For our

assumptions

M, = 65+3R°u + 115.5u (—l-—;—-g-)- + 260(RZ + 9.6R + 28.8) (5b)

12




with M iIn grams and R in centimeters.

The critical spherical core radii for UO.-W reactors (for both

2
y232 and U233) are given in Fig. 2 as functions of the UO2 volume frac-
tion, u. The calculations were performed with ! = 0.5, but apply within
~ 3% over a range of values for ! from 0.3 to 0.6. Using these results
for R(u) and the above assumptions, one can compute M and Af for vari-
ous fuel loadings. Results (Fig. 3) are given as M.r vs Af (in English
units), which can also be interpreted as Mr vs reactor power or engine

thrust (1 ft2

= 2000 Mw or 100,000 1lb thrust). Masses are given for
fixed fuel loadings (2) and for fixed u (or fixed core radius). The
latter is strictly linear, which follows simply from our assumptions.

The former (fixed !) are approximately linear, although somewhat for-
tuitously so due to the dependence of R upon u. One can expect linearity
for small void fractions (Af << nR2). Since criticality studies for Be-
reflected graphite reactors (1lu) indicate weights of 4000 to 6000 1b in
the range of 0 to 3 ft2 of flow area, we see that fuel loadings of 4O

to 50% are necessary for the UO.-W reactors to surpess them on a power per

2
weight basis., Other factors, such as physical size and recycling
ability, must also enter into comparison of the two systems.

Table III presents detalls of UO2 reactors with void fractions in
the range of 0.2 to 0.5. The enriched uranium requirement is relatively
high, 500 to 1000 1b UO, (93% U235) being necessary. The use of Mo in
place of W generally reduces reactor weights by a factor of 2 for the

same flow area at the cost of lower fuel element melting point.
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Uranium Carbide-Metal Carbide Reactors

Uranium carbide-metal carbide reactors present e more complex
picture for several reasons. First, UC forms solid solutions with many
metal carbides, generally with a continuous range of properties (e.g.,
melting point) dependent upon the metal carbide and the composition.
Thus, one must examine and select from & great many possible systems.
Second, the metal carbide usually has a nonzero (positive or negative)
reactivity worth, which prevents the simplifying approximation for
critical core radius made for U02-W reactors and therefore requires a
greater number of criticality calculations. Finally, the mechanical
properties of the carbides are such that some unknown amount of metal-
lic support structure might be required, which would lead to uncertain-
ties in the reactor mass,

Selected properties of some carbides are listed in Table IV. One
could conceilve of a reactor core composed of unalloyed UC (vhich melts
at 2450°C). Although the gas temperature would be limited, useful ex-
haust velocities (> 18,000 ft/sec) could be achieved with very small
reactors (200 to 300 1b). The desire for higher performence leads to
consideration of solid solutions with the higher melting carbides. We
choose ZrC for our examples, as many of its chemical and nuclear proper-
tles are known, and seem suitable for this application. Furthermore,
UC-ZrC solid solutions have been studied (15) and used in connection
with the plasma thermocouple program et Los Alamos, including in-pile

tests in the Omega West reactor. (16)

1k




From the UC-ZrC phase diagram (Fig. 4), we see that a continuous
series of solid solutions with varying melting points exists. We mﬁst
compromise between the desire for high melting point (low UC concentra-
tion) and low reactor weight (high UC concentration). Three composi-
tions will be examined--100% UC, 50 vol % UC, and 30 vol % UC -- with
emphasis on the second value. The core radius vs vol % UC in the core
is shown in Fig. 5 for these three fuel compositions. Since the re-
activity worth of Mo and W is small.in these cores also, we can ignore
the structure in estimating criticality and exchange structure for void
when necessary. Actually, most of the calculations included 10% by
volume of the core of Mo or W, which was assumed as a conservative
value for the structure. The value in practice will depend upon de-
tailed core design, but limiting conditions (no structure and 10% W)
are examined for the 50 vol % UC solid solution core. If we assume
zero reactivity worth, the effect of structure is to reduce the flow
area and increase the core mass, leaving the core radius fixed.

Reactor weights vs flow area are presented in Fig. 6 with an ordi-
nate scale different from that for the U02—W reactors, since the UC-ZrC
reactor weights are much smaller, generally by a factor of about 2 for
the same flow area. This shows the variation in reactor weight which
can occur for chenges in the amount of structure required (curves b and
¢) or changes in fuel composition (curves ¢ and d). 100% UC fueled
reactors (curve a) are very low in weight (200 to 600 1bs) but are

restricted to low flow areas for moderate void fractions (< 60%).
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Quantities of interest for typical reactors are shown in Table V.
The 50 vol % UC-50 vol % ZrC reactors require 200 to 40O 1b enriched
uranium and weigh 600 to 2000 1lb. Their diameters are similar to the
U02-W reactors (12 to 24 in.), which are half those of graphite re-
actors. Pure UC core reactors can be made with only 100 1b of U235
and with total weights of less than 300 1lb, again at the expense of
lower melting point. To go in the direction of higher exit gas tem-
perature requires lower concentrations of UC in the solid solution,
higher melting diluents (HfC, TaC), and/or varying the UC concentra-
tion through the core. (The use of U233 in this connection will be
discussed later.) For example, raising the fuel element melting point
200°C by changing the composition from 50% UC to 30% UC in ZrC adds
about LOO 1b for a uniformly loaded core with the same flow area.
Zirconium has very good neutronic properties, and UC composition can
be lowered to the point where the system is intermediate or thermal
(< 1% UC). For very high exit gas temperatures, one might use TaC or
HfC (MP ~ 3800°C) with low concentrations of UC. Although Ta and Hf
are strong polsons in intermediate and thermal spectra, their use in
bulk is permissible in fast reactors even where the C/U ratio is ~ 5.
Based on the best avallable cross-section data, Hf appears neutroni-
cally superior, as can be seen from Table VI and Fig. 7, which give
critical radii for several such reactors. No metallic support struc-

ture has been included, since metal-carbide eutectics might form at

lower temperatures, defeating the goal of high exit gas temperature.
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Thus, such reactors might have to use the carbides structurally as

well as for fuel elements. Hafnium carbide has a negative coefficient
of reactivity that tends to limit loadings to a minimum of about 25%

OyC in the fuel if the reactor core is to be less than 3 ft in diameter.
Further dilution of the OyC leads to greater neutron leakage, a degraded
spectrum, and a greater capture in the Hf, which causes the critical

radius and reactor mass to increase very rapidly.

Uranium-233
233

The nuclear properties of U are much superior to those of
oralloy (93% enriched U235) for fast spectra, as can be seen from com-
parison of their bare sphere critical masses of 16 and 52 kg, respec-
tively (2). One can take advantage of this superiority in a number
of different ways, e.g., reduce the minimum reactor size by a factor
of about 2, reduce the reactor weight for a given flow area (power
level), increase the void space and therefore the flow area for a
fixed core size, alter the power distribution with fixed uranium load-
ings, or reduce the loadings while maintaining the same core size and
void fraction. The last is probebly the most pramising, particularly
with regard to achieving high gas temperatures (and consequently ob-
taining hydrogen dissociation). This nuclear superiority extends to
the intermediate spectra of small graphite reactors (C/U ~ 150) of the

type described in reference (l&) which could be reduced to 2000 to

3000 1b with U233.
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The major practical disadvantage of U2 is radiocactivity, some

of which is intrinsic, but most of which 1s due to a contaminant

232)

(U . As does Pu239, U233 emits ats followed by soft y's. A greater

difficulty is due to the 2.6 Mev y-ray from the decay products of the

232

U°3% impurity formed with the U255, Briefly this decay chain (Ln

series) is

232 _« 228 _a . B, s pi212 o{34%) 1,208 B 208%
v 70 yr Th 1.9 yr fast Bl fast L fas Fo

The Pb208 is formed only in its 2.6 Mev excited state and is the source

of the trouble. The 1.9 yr half-life of Th-228 controls the bulldup
of activity for short times (f 4 years), which increases linearly from
zero activity just after separation of the U from the Th. (;1) One
can try to minimize the U232 production or fabricate the reactor soon
after the metal separation. In either case, complications are in-
volved, and one would expect U233 to be used only after much experience
is gained with U23” reactors. Much of the US55 technology would fol-
low directly (fuel element fabrication, etc.) because of the chemical
and physical similarities, and even U238 would be adequate for the
early non-nuclear research (thermal conductivity, melting points, etc.).
A U233 fueled reactor would be somewhat radiocactive before start-
up, necessitating additional ground support effort; but after one opera-
tion, the fission product decay would probebly dominate the activity,
and reuse would not be further complicated. Uranium-233 (and Pu239)

have smaller delayed neutron fractions, which may make control more

18




difficult but not unfeasible, as demonstrated by the existing Pu fast
critical assemblies and reactors. Whereas Pu itself might also be con-
sidered as a fuel, in general, the physical properties (melting point,
vapor pressure, etc.) of its compounds are not as desirable for this
application.

The spherical core radius as a function of U233O2 fraction is
given in Fig. 2, curve b. Only S0 to 60% as much 023302 as 023502
(93% enriched) is required for a fixed core radius; another way of
interpreting this i1s that a 25 to 30% loading of 023302 in the fuel

is equivalent to a 50% loading of u23% Alternatively, one could

oe
keep the loading high and reduce the reactor weight by a factor of 2

to 3 for equal flow area, as illustrated by the examples of Table VIIL.

The value of reducing the loading for U02-W fuel elements is difficult

to assess quantitatively, since the metal retains its melting point for
all compositions, whereas the maximum operating temperature would be

some unknown function of composition of the UO_.-W two-phase cermet.

2
On the other hand, the UC-MC solid solutions are single phase and have
definite relations between melting point and composition. Although
other factors may limit temperature (structural members, uranium loss
from the fuel, etc.), we shall assume the melting point as an index of
the achievable exit gas temperature (which may be some fraction of the
melting point or some number of degrees below it). Then the perform—'

ance is simply related to the composition. A calculation has shown

that 22 vol % U233 C-78 vol % ZrC fuel is neutronically equivalent to

19



an equal volume of 50 vol % OyC-50 vol % ZrC fuel in a 15 in. diameter
core. The former melts at ~ 3090°C, which is 315° higher than the

OyC-ZrC fuel, and in addition weighs only 81% as much.

DISCUSSION

There are a number of topicsincluding control, uranium invest-
ment, power distribution, reflector materials, and shielding that are
assoclated with the nuclear aspects of these engines and warrant some
consideration here.

Control of fast reactors was a problem that inhibited thelr con-
sideration in the early period of nuclear development. Normal control
of fast reactors depends upon the delayed neutrons, as is the case
with thermal reactors, and thus the shorter prompt neutron lifetime
does not strongly affect the normael control problem., Should the re-
actor become prompt critical, the shorter lifetime, smaller temperature
coefficient, and smaller mass of nonfissile material to absorb the
energy release would make fast reactors more likely to melt or vaporize.
Nevertheless, fast critical assemblies (l§) have been pulsed above
prompt critical without damage. The high reactivity worth of hydrogen
in fast cores necessitates care in preventing large amounts (such as
in slugs of liquid H2) from suddenly entering the core. This can be
alleviated by vaporizing the H2 in the reflector and/or keeping the
pressure above the critical value (188 psi) to avoid two-phase flow.

It might be possible to use the positive hydrogen reactivity as a con-

20




trol technique coupled directly to the power demand. Other techniques
that have been shown to be neutronically feasible in providing control
include movement of the inlet reflector, control drums in the side re-
flector, movement of fuel out of the core, and boron control rods in
the‘core.

Fast reactors characteristically have high uranium investments
compared to thermal assemblies of comparable size. However, for
power levels of the order of 1000 Mw, the requirements (200 to 500 1b
of highly enriched U235) are similar to those of graphite reactors
which are neutronically limited (small flow areas) and rather inter-
mediate iIn their energy spectra for this size. The fast reactor
fissile mass increases with power level, whereas that for graphite
and other moderated systems decreases with size and power level.

Thus, for large, high power reactors, thermal systems may be more
economical, and due to the lower density of the moderator, can even
have lower reactor weights per unit power where heat transfer considera-
tions are limiting. For test purposes, one could make very small,

low power UC reactors with 50 to 100 1b of enriched U235, but the

long term usefulness of such reactors is not clear.

Power distributions will vary considerably with reactor and re-
flector sizes and compositions. One desires to have the radial power
as flat as possible, and this is typically so within + 10%. Thermaliz-
ing reflectors (Be, C) lead to a power spike at the core surface,

(Fig. 8, curve a), but this can be eliminated or reduced by putting



some absorbing (or fissile) material in the reflector (curve b).
Generally the larger the core, the more it will approach a cosine-
shaped distribution. The axial distribution will be close to‘a cosine
for a 4 ft core, whereas it will be considerably truncated (as shown in
Fig. 9) for a small (19 in. long) core. Such a shape is generally de-
sirable, since it has high power density at the cold inlet and tails
off where the gas is hot, although high poﬁer density at the cold end
can lead to fuel stress and heat transfer problems.

On a weight basis, Be is the best reflector material, A direct
replacement of a 12 cm Be reflector would require over twice the
thickness of graphite. In a typical case, this could be reduced to
18 cm by increasing the core diameter 15%, which changes the weight,
pover level, power distribution, etec. For these fast spectra, heavy
element reflectors are feasible, and Ni is almost as good as Be on a
volume basis. An equivalent (14 cm) Ni reflector would weigh about six
times as much as Be. If gamma shielding were a consideration, the Ni
reflector would act as a shield as well and, being closer to the core,
would be more efficient. Beryllium would be better for slowing neutrons,
and some composite might be optimum. ILoading part of the reflector with
fissile material would improve the core power distribution and supply a

rortion of the temperature rise of the H,, which would improve control

2’
and heat transfer at the core inlet.
The small physical size of the fast reactors leads to much smaller

shield weights than for less dense (e.g., graphite) reactors. Table
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VIII illustrates relative values for three types of reactors with two
types of shield. The shadow shield covers the inlet end of the reactor
and lies between it and the propellant tankage and payload. It glves
an attenuation of ~ 5000 for 1 Mev gamma rays. The 5 in. circumferen-
tial shield gives an attenuation of ~ 70, and such a shield might be
required for rendezvous operations. Even with the reactor shut down,
the fission product decay gammas represent an appreciable source. We
do not imply that the specific shield weights glven are elther neces-
sary or sufficient; only the relative values are significant. However,
a 10 in. lead shadow shield has been estimated to be sufficient for a
biological shield under certaln conditions, and a circumferential
shield with a factor of 70 attenuation would permit debarkation from

a8 nuclear vehicle a short time after landing.

CONCLUSIONS

A number of conclusions can be drawn from these calculations, and
only the more important will be mentioned., First, fast reactors offer
possibilities both for lightweight nuclear rocket engines and for very
high temperapure enginec, ©Second, there is a wide variety of reactor
weights, sizes, and compositions from which to choose. Cermets of
023502-w require sbout 40 vol % loading to be superior to intermediate,
heavily loaded graphite reactors, Uranium carbide offers a spectrum of
possibilities ranging from very small, lightweight (~300 1b) pure UC

reactors with low exit gas temperature (< 2000°),through moderate size
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and power UC-ZrC reactors, to heavier UC-HfC reactors of high (> 3000°C)
temperature potential. Uranium-233 may be used to lower weights or in-
crease gas temperatures. The small physical size of fast reactors
(small mass, high density) is attractive where considerable shielding

is required (such as for manned orbital ferries). The increase in
fissile mass with ;size of fast reactors makes them less competitive with

moderated systems for very high power applications.
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TABLE I

NEUTRON ENERGY GROUPS AND SPECTRA

50-50 vol % UC=ZrC, Beereflected reactory] Oy sphere
+ 2 in, Be
Upper Core Reflector
Group energy limit [ spectrum spectrum Fissions/group [Fissions/group
(%) (%) (%) (%)

B B NEEEna— —
1 10 Mev 343 1.7 2.2 5.4
2 3.7 Mev 15.3 8.2 10.5 23.0
3 1.3 Mev 28.1 16.6 17.9 27.6
L 0.5 Mev 26.2 17.3 18.2 18.8
5 0.183 Mev 19.2 16.6 20,0 11.9
6 ok kev 5.8 12,7 12.0 5.0
7 3 kev 1.5 8.9 6.4 2.4
8 0.45 kev Ouk 6.1 4.5 1.9
9 61 ev 0.08 4.0 2.6 1.0
10 8 ev 0.10 2.7 1.2 0.7
11 1 ev 0.025 1.8 1.5 0.7
12 0.l ev 0.005 1.2 1.0 0.5
13 0.025 ev 0.006 2.2 1.8 1.0
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TABLE II

PROPERTIES OF MOLYBDENUM AND TUNGSTEN

MePe  Oipeor N O (1 Mev) Oy (1 Mev) L
Element (OC) gfcc 1024 atoms/cc (varns) (varns) (barns)
Mo 2620 10.2 0.,0640 4,2 1.1 0.02
W 3370 19.3 0.0632 542 2.0 0.05
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TABLE III

REPRESENTATIVE UO2 REACTORS

Wt (1b)
. Vol % uo,, Core dism, Void Flow area Thrust—
Metal £  incore U0, Metal Be Reactor  (in.)  frac. (££2) (1b)

W 0.k 0.3 730 2060 530 3320 20.4 0.25 0.577 57,700
W 0.k 0.25 1030 2720 720 4470 ol b 0.375  1.18 118,000
W 0.5 0.k 550 970 380 1800 16.2 0.2 0.29 29,000
W 0.5 0.25 1030 1700 720 3550 ol h 0.5 1.57 157,000
Mo 0.k 0.3 kos 730 430 1655 17.7 0.25 0.428 42,800
Mo 0.5 0.25 885 870 560 2315 21.2 0.5 1.23 123,000

SMmrust based on 2000 Mw/ £t° of flow area (50 1b thrust/Mw).



TABLE IV

METAL CARBIDE PROPERTIES

M.p. Ptheor
Compound (o¢) g/ce
uc 2450 13.5
zrC 3500 6.9
NbC 3500 7.8
TaC 3800 14,5
HfC 3800 12,7
WC 2777 5.7
MoC 2570 8.48
B),C 2450 2,54
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TABLE V

REPRESENTATIVE UC REACTORS

Wt (1b)
Void  Core Flow area Thrust®
Fuel uc  zZr¢ W Be  Resctor frac. iom 2

e i *  (in.) )(‘ft ) ~ (1os)
50% UC-50% ZrC 212 107 90 227 648 0.2 1.8 0.152 B 15,200
50% UC=50% ZrC 436 220 323 L5 4ok 0.5 18.1 0.893 89,300
30% UC=T0% ZrC 257 303 182 327 1069 0.2 15.0 0.224 22,400
30% UC=T0% ZrC 50 615 645 655 239 0.5 23,2 1l.k2 142,000
100% UC 104 == 502 11k 268 0.2 7.1 0.055 5,500
100% UC 266 --= B2 213 562 0.5 11.3 0.35 35,000

Enrust based on 2000 M/ £t°

-Equporb plate at exit end, otherwise 10 vol % of core,

of flow area (50 1b thrust/Mw).



TABLE VI

CRITICAL RADII OF Be~REFLECTED UC-HfC ASSEMBLIES

Vol % in core Loading® 4 Void Core rad, (in.)
15% OyC, 35% HfC 0.3 50 33.5

15% OyC, 35% TaC 043 . 50 66

15% 0yC, 60% HfC 0.2 25 )

10% OyC, L40% HfC 0.2 50 59

Zyol % OyC in fuel
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TABLE VII

12> REACTORS
Wt (1bs)
Wt of
Diam. A £ equivalen’oP-
Fuel Void | >  core  Reactor | (in.) (£t9) Thrust®  U? reactor

40% o, in W 0.375 150 640 920 13.4 0.37 37,000 2,900
L0% Uo, in W 0.625 420 1310 2395 22,1 1.65 165,000 5,300
22% UC in 2rC 0.5 183 860 1305 18.1 0.893 89,300 1,k2k
50% UC in ZrC 0.3 T0 hRIT) 282 8.65 0.12 12,000 620
50% UC in ZrC 0.5 150 355 615 12.9 0.k42 42,000 930
20% UC in HEC 0.5 850 4290 5300 29 2.28 228,000 20,000
20% UC in HfC  0.25 450 2270 2820 20.5 0.57 57,000 -
15% UC in Hfe 0.2 1230 8230 9330 31 1.05 © 105,000 -—-

Zpased on 2000 Mw/ ft2 flow area,

REquiVa.lent means same % composition and flow area.



TABLE VIII

RELATIVE SHIELDING REQUIREMENTS

Diameter Wt
(in.) (1v)
Reactor Core Reflector (Be) Engine Lead shields

10 in. shadow 5 ino Cimum.

200 Mw UC 10 18 500 1200 2,700
1000 Mw UC-ZrC 18 26 5000 2600 5,200
1000 Mw Graphite 36 48 5500 9000 16,000
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FIG. 1. The geometry used for several one-and two-dimensional criticality

calculations. The core consists of 20 vol % UC, 20 val % ZrC, 10% Mo,

50% void.

a)

b)

c)
d)

The reflector is full density Be, 9 cm thick.
One-dimensional (spherical) case. Computed with 13 group cross
sections (k = 1.000) and with a collapsed set of L4 groups which
gave good agreement (k = 1.006), and was used for two-dimensional
camputations.
Two-dimensional (finite circular cylinder) case, completely re-
flected, k = 1.038.
Similar to b) with exit reflector replaced by 12 cm of core,
k = 100330
Similar to c) with inlet reflector moved 9 cm from core for
control purposes. Ak = 0.062 =~ 1.0 $/cm.
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FIG. 2. Critical redii of UO,-W cores reflected by 12 cm of Be at 5%
of full density.

a) OyOg fuel (93% enriched UZ2°), 50 vol % W in fuel.
g2

b) 0, fuel, 60 vol % W in fuel element. Other calculations
indica%e the radii to be relatively insensitive to the amount
of W in the core.
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REACTOR MASS (ibs.)

10000071717 T T T 1

8,000

6,000

4,000

2,000

© 50% VOID IN CORE
olllllllll|lll

0 | 2
FLOW AREA (ft2)

FIG. 3. Mass vs. cross sectional flow area in core for UQO,.-W reactors.
¢ (fuel loading) = vol % UO, in fuel, u = vol % UO, in cor. Heat
transfer and flu.%d flow e,na.fyses indicated up to 2800 Mw (lO0,000 1b
thrust) per 1 ft© of flow area appear feasible.

37



3600

3200

2800

2400

VOLUME % UC

FIG. 4. Melting point of UC-ZrC solid solutions. Single phase solid sclutions occur also for
UC in TaC and in HfC.




CORE RADIUS (cm)

10 20 30 40 50 60 70 80
VOLUME % UC IN CORE (u)

FIG. 5. Critical radii of UC-ZrC cores reflected with 12 cm of 75%
dense Be.

a) Fuel comsists of 100% UC.
b) 50 vol % UC - 50 val % ZrC fuel.

e) 30 vol % UC - 70 vol % ZrC. "Mex" indicates the point where
core void 1is reduced to zero.
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FIG. 6. Mass vs. cross sectional flow area in core for carbide reactors
reflected by 12 cm of 75% dense Be.
a) 100% UC fuel leads to very small reactors.
b) Fuel camposed of 50% UC - 50% ZrC, no structure in core.
¢c) The effect upon b) of adding 10% by volume of the core of
W structure. The flow area is reduced and the core mass
increased.
d) A more dilute fuel, 30% UC - 70% 2rC, 10% W structure in-
cluded.
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FIG. 7+ Critical core radii of various carbide cores reflected by 12 cm
of 75% dense Be. Curves lsbeled by vol % of nonfissile metal carbide in

fuel.
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FIG. 8. Radial power distribution for typical fast reactors.

a) Be reflector, no poison.
b) Be reflector with BLO,
e¢) Ni reflector.
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RELATIVE POWER DENSITY
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FIG. 9. Axial power distribution for 19 in. long reactor, reflected at

inlet end.
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Appendix A
DETAIIS OF CALCULATIONAL TECHNIQUES AND RESULTS

1. CROSS SECTION

The set used for most of the calculations was a 13 group set of
SNG transport cross sections originated by C. B, Mills, This was in-
tended to be a subset of a "universal' 25 group set, but when the Mills
set was combined with that of G. Hansen (16 groups), an 18 group set
with some new group energy limits resulted. Since the author had been
checking critical assemblies for 2 years with the 13 group set and had
developed cross sections for several elements not included in the
others, he continued with the 13 group spacing, and occasionally tran-
scribed cross sections from the Hansen-Mills 18 group set. In particu-
lar the U235 set was so transcribed, rechecked on fast critical assem-
blies, and used in all calculations reported here. A description of
the cross sections follows, including complete IBM listings. Table Al
lists some checks against Oy spheres reflected by materials of interest.

Subsequent to the work described here, a number of experimental
critical assemblies consisting of mixtures of Oy and metal plates were
stocked by G. Jarvis of N-2. Calculational checks with the 13 group
cross sections generally showed good agreement (< 2% error in radius)
with two exceptions, Ni and Ta. The Ni cross sectlions gave too low a
critical mass, owing primarily to lack of inclusion of a recently ob-

served n-p reaction at high energies. The Ta cross sections gave too




high a critical mass, which resulted entirely from a conservative
choice of the high energy absorption cross section. Weighting the BNL
energy-dependent cross sections by the typical fast reactor spectrum
(instead of choosing the maximum oa in each energy group as was done
for Ta Cl) eliminated the discrepancy between experiment and calcula-

tion.

2. REACTOR CALCULATIONS

Tables A2 to A9 contain details of many criticality calculations
of Be-reflected fast cores. They were compiled over a period of two
years, using several coding versions of spherical Sh transport theory
and the 13 group cross sections previously discussed. Most calcula-
tions used two regions (core and reflector) with 10 equally spaced
points in each, but for examination of the power spike at the core sur-
face, additional reglions or varied point spacing were used. The re-
sults are tabulated separately on the basis of the core composition.
Each reactor is described by some main features such as materials,
(material percentages indicate vol % in core), loading (vol % of fis-
sionable compound in the fuel), and void percentage. Next the core
composition is given exactly as used in the calculation, where N is
the density in atoms/cc X 102“. This 1s followed by the core radius
Rc(cm) as found by the calculation and by reflector density N and
radius Rref(cm) reflector. Since the earlier codes did not allow for

variation of the core radius with a fixed reflector thickness, and

since several reflector densities were used, we also include the re-
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flector thickness in 10211- atoms/cme, the product of thickness and atomic
density. We also list at the bottom of the tables calculations for
other cases where one or two changes have been made, giving the base
calculation, the change, and the resulting new core and reflector radii

(Rc and Rre f) .



AL Cl

B5

Be C3

Cc-Cl

Cd C1

Fe C3

Gd

H4M

H(G+1)

Hf Cl

BRIEF DESCRIPTION OF 13 GROUP CROSS SECTIONS

Aluminum - derived from BNL, unchecked.

Natural Boron - unchecked (note error in group 4).
Beryllium - based on BNL 325 and C. B. Mills data for low
and medium energies. High energy transport and n - 2n
adjusted to check with 2" and 4" Be reflected U-S° spheri-
cal assemblies.

Carbon - based on BNL 325 with slight changes in high
energy transport to check with graphite reflected U235
spherical assemblies.

Cadmium - from BNL 325, unchecked, for use in dilute con-
centrations.

Iron - transcribed from Hansen's 16 group set and checked

235

against an iron-reflected U sphere.

Gadolinium - for control rods only - groups l-4 have zero
cross section,

Hydrogen - from C, B, Mills 13 group set.

Hydrogen - basically from the above set, with some cross
section moved from O g+l to ogg such that Zgg >0 ?or

H,0 and CH,. k_.. for this set is usually 1% lower than

2 2 eff
for H4M in well-moderated systems (H/U > 100).

Hafnium - BNL 325 date plus cloudy crystal ball model and
Topsy replacement data at high energies. Inelastically

scattered neutron distribution by the statistical model.
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Mo CU4

Ni C3

Ni c4

Ox

Ta C2

U233 C1

U235 C1

U238 C1

28 c2

Wec2

Zr C3

Molybdenum - same basis as Hf plus G. Bell's resonance ab-
sorption and scattering for homogeneous dilute concentra-
tion.

Nickel - from BNL 325 and Topsy replacement data keff =
0.993 for 4" Ni reflected y233 sphere,

Ni C3 plus high energy n - p reaction.

Oxygen - BNL 325, no clear check,

Plutonium - from Hansen's 16 group set. No independent
check,

Tentalum - same basis as Hf, but conservative values used
for high energy absorption,

Tantalum - Ta Cl with high energy absorption weighted by
fast reactor spectrum.

U®33 _ from Hansen's 16 group set.

232 _ from Hansen's 16 group set, plus G. Bell's dilute
homogeneous resonance cross sections. keff = 0,999 for

U235 bare sphere.

238

9] - from Hansen's 16 group set plus G. Bell's dilute

homogeneous resonance cross sections. k = 1.002 for

eff
on U238 238.

238

reflected U sphere,

U - with smaller high energy absorption to agree with
low enrichment fast spectrum experiments.

Tungsten - same basis as Mo Ch.

Zirconium - from Hansen's 16 group set.




CROSS SECTION LISTINGS

The group number for the 13 group cross section data is centered
over the columne.

Within the block listing, cross section data cover the following:

Row No. 1 Yebsorption
Row No. 2 Nofission
Row No. 3 o’t port
Row No. b o
gg
Row Noe 5 O _1ag
Row No. 6 c
g-2-8g
Row No. o
T g-3-8g
Row No. 8 og b og
Row No. (o]
9 g-5=-¢g
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0S

OO~NOCWMPWN -

OCO~NOWNSPWN -

CO~NOCWNSWN-

OO NS W

ALC1

1
0.000006+00
0,000000+00
1.400000+00
1.300000+00
0.000000+00
0.000000+00
0,000000+400
0.000000+00
0.000000+00

9
0.000000+00
0.000000+00
1.400000+00
1.349999+00
4.999999-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

B5

1
0.000000+00
0.000000+00
1.000000+00
7.999999-01
0.000000+00
0.000000+00
0,000000+00
0.000000+00
0. 000000400

9
2.62000C+01
0.000000+00
2.970000+01
3,200000+400
3.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER 13 GRP

2 3
0.000000+00 0.000000+00
0.000000+00 0.000000+00
1.600000+00 2.500000+00
1.500000+00 2.300000+00
1.000000-01 1.000000-01
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.0C0000+00 0.000000+00

10 11
0.000000+00 6.000000-02
0.000000+00 0.000000+00
1.400000+00 1.460000+00
1.349999+00 1.349999+00
4,999999-02 4.999999-02
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000¢+00
0.000000+00 0.000000¢00

R. COOPER 13 GRP

2 3
0.000000400 0,000000+00
0.000000+00 0.000000+400
1.30000C+00 1.500000+00
1.000000+00 1.200000+00
2.000000-01 3.000000-01
0.000000+00 0.000000+00
0.00000C+00 0.000000+00
0000000400 0.000000400
0.000000400 0.000000+00

10 11
7.150000+01 1.935000+02
0,000000+00 0.000000+400
7.500000+01 1.970000+402
3.200000+00 3.200000+00
3.000000-01 3.000000-01
0.000000+400 0.000000+00
0.000000+00 0.000000+400
0.000000+00 0.000000+00
0.000000+00 0.000000+00

4
0.000000400
0. 000000400
3.600000+00
3.350000+00
2.000000-01
0.000000+00
0.000000400
0.000000+00
0.000000+00
12
1.500000-01
0.000000+00
1.550000+400
1.349999+00
4.,999999-02
0.000000400
0.000000+00
0.000000+00
0.000000+00

4
-4,000000-01
0.000000+400
2.500000+400
2.500000+400
3.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
12
4.965000402
0.000000+400
5.000000402
3.200000+400
3.000000-01
0.000000+4+00
0.000000+00
0.000000+00
0.000000400

5
0.0000004+00
0.000000+00
4,000000+00
3.850000+00
2.500000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
2.300000-01
0000000400
1.630000+00
1400000400
4.999999-02
0.000000+00
0.000000+00
04000000400
0,000000+00

5
0.000000+00
0.000000+00
3.300000+00
3.000000+400
4.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
7.546000+402
0.000000+00
7.590000+02
4.400000+00
3.000000-01
0,000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
1.400000+00
1.349999+00
1.5060000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
3.200000+00
3,000000+00
3.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000400

7
0.000000+00
0.000000+00
1.400000+00
1.349999+00
4.999999-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
3.600000+00
0.000000+00
6.700000+00
2.900000+00
2.000000-01
0.000000+00
0.000000+00
0.,000000+00
0.000000+00

8
0000000400
0.000000+00
1400000400
1349999400
4.999999-02
0.000000+400
0,000000+00
0.000000+00
0.000000+00

8
94600000400
0.000000+00
1, 310000401
3.200000+00
2,000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
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OCONOWVNDIWN -

OONCNSWN -

VDN VD WN -

O O®NNOVN D WN -

Be C3

1
-2.600000-01
0.000000+00
7.899999-01
2.300000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+ 00
9
3.000498-04
0.000000+00
5.460300+00
4.860000+00
5.999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

c-C1

1
0,000000+00
0.000000+00
6.609999-01
4.390000-01
0.000000+00
04 000C00+00
0.000000+00
0.000000+00
0,000000+00

9
0.000000+00
0.000000+00
4.340C00+00
3.969999+00
3.700000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. CCOPER

2
-8.000000-02
0.000000+00
1.140000+00
5.999999-01
5.199999-01
0.0€0000+00
0.000000+00
0.000000+00
0.000000+00
10
1.000046-03
0.000000+00
5.461000400
4.860000+00
5.999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
0.000000+00
0.000000+00
1.328000+400
1.010000+400
2.220000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
10
0,000000+00
0.000000+00
4.340000+00
3.969999+00
3.700000-01
0.000000+00
0.000000+400
0.000000+00
0.000000+00

13 GRP

3
1.000005-02
0.000000+00
3.000000+00
2.459999+00
6.199999-01
3.000000-01
0.000000+00
0.0000G0+00
0.000000+00

11
2.500057-03
0.000000+00
5.462500¢00
4,860000+00
5.999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13 GRP

3
0.000000+400
0.000000+00
2.643000+00
2.198000400
3.180000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

11
0000000400
0.000000+00
4.390000+00
4.020000+400
3.700000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4
0.000000+00
0.000000+00
3.810000+00
3.209999+00
5.299999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
12
6.400049-03
0.000000+00
5.466400400
4.860000+00
5.999999-01
0.000000400
0.000000+00
0.000000400
0.000000+00

4
0.000000+400
0.000000+00
3.680000+00
3.060000+00
4.450000-01
0.000000+00
0.000000+400
0.000000+00
0.000000+00
12
5.000234-04
0.000000+00
4.440500+400
4.070000+400
3.700000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
0.000000+00
0.000000+00
5.390000+00
4.790000+00
5.999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
9.999990-03
0.000000+00
5.560000+00
5.550000+00
5.999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
0.000000+00
0.000000+00
4.150000+00
3.800000+00
6.199999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
3.199994-03
0.000000+00
4.533200+00
4.530000+00
3.700000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.060000+00
0.000000+00
5.459999+400
4.860000+400
5.999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
44439999400
4.070000+00
3.500000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
0.000000+00
0.000000+00
5.459999+400
4.860000+00
5.999999-01
0.000000+00
0.0000004+00
0.000000+00
0.000000+00

7
0.000000+00
0.000000+00
4.3400004+00
3.969999+00
3.700000-01
0.000000+00
0.000000+00
0.000000+400
0.000000+00

8
1,000762-04
0000000400
5.460100+400
4.860000+400
5.999999-01
0.000000+400
0.000000+00
0,000000+00
0000000400

8
0000000400
0.000000+00
4.340000+00
34969999400
3.700000-01
0000000400
0,000000+00
0.000000+00
0.000000+00
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cd €1

1
0.000000+00
0.000000+400
1.000000+00
1.000000+00
0.000000+00
0.000000+00
0, 000000400
0.000000+00
0.000000+00

9
0.000000+00
0,000000+00
54000000400
5.000000+400
0.000000+00
0.000000+00
0.000000+00
0,000000+00
0.000000+00

Fe C3

1
2.999998-03
0000000400
1,703000+00
6.799999-01
0.000006+00
0, 000000+00
0.000000+00
0.000000+00
0.000000+00

9
6.999993-02
0.000000+00
1.137000+401
1.089000+01
4,000000-01
0.000000+00
0, 000000+00
0.000000+00
0.000000+00

R. COOPER

2
0,000000+00
0000000400
2000000400
2.000000+00
0.000000+00
0.000000+400
0.0C€0000+00
0.000000+00
0.000000+00

10
8.000000+00
0,000000¢+00
1.300000+01
5.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
0.0€0000+00
0.000000+00
2.400000+00
1.580000+00
1.020000+400
0.000000+00
0.000000+00
0000000400
0.000000+00

10
2.000000-01
0.000000+00
1.129999+401
1.070000+01
4.100000-01
0.000000+00
0.000000+00
0.000000+00
0.0C0000+00

13 GRP

3
0.000000+00
0.000000+00
3.000000+00
3,000000+00
0.000000+00
0,000000+00
0.000000+00
0.000000+00
0.000000+00

11
2.295000+03
0.000000+00
2.300000+03
5.000000+400
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13 GRP

3
0.000000+00
0.000000+00
2.300000+00
1.979999+00
5.199999-01
0.000000+400
0.000000+00
0.000000+¢00
0.000000+00
11
5.199999-01
0.000000¢+00
1.132000+01
1.040000+01
4.0000¢00-01
0.000000+00
0.000000+00
0.000000+00
0000000400

4
0.000000+00
0.000000+00
3.000000+00
3.000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00
0.000000+00
12
3.194000+03
0. 000000400
3.200000+403
6.000000+00
0.000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00

4
1.000046-03
0.000000+00
2.801000+00
2.590000+00
2.700000-01
3.000000-01
0.000000+00
0.000000+00
0.000000+00
12
1.500000+00
0.000000+00
1.230000+01
1.036000+01
4.000000-01
0.000000+00
0.000000+00
0.000000+00
0000000400

5
0,000000+00
0.000000+00
4.000000+00
4 ,000000+00
0.000000+00
04000000+00
0.000000+400
0.,000000+00
0.000000+00

13
2.543000+03
04000000+00
2.550000+03
7.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
2.000004-03
0.000000+00
4.002000+00
3.830000+00
2.100000-01
4.999999-02
0.000000+00
0.000000+00
0.000000+00

13
2.240000+00
0.000000+00
1.304000+01
1.080000+01
4.400000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0,000000+00
0,000000+00
4.000000+00
44000000400
0,000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
54000055-03
0.000000+00
5.505000+00
5.280000+00
1.699999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
0.000000+00
0,000000+00
4.000000+00
4,000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
1.000005-02
0.000000+00
7.410000+00
7.040000+00
24200000-01
0.000000+400
0.000000+00
0.000000+00
0,000000+00

8
04000000400
0.000000+00
5.000000+00
5.000000400
0.000000+00
0.000000+00
0.000000+00
0.000000+00
04000000400

8
24600002-02
0,000000+00
16112600+01
1,070000+01
3.600000~-01
0,000000+00
0.000000+400
0,000000+00
0,000000+00
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Gd

1
0.000000+400
0. 000000400
0,000000+00
0. 000000+00
0. 000000+ 00
0.000000+00
0. 000000400
0. 000000+ 00
0,000000+00

9

3.000000+01
0.000000+00
3.000000+01
0.000000+400
0000000400
0.000000+00
0.000000+00
0.000000+00
0, 000000+00

H4M

1
0.000000+00
0.000000+00
5.599999-01

—4,900000-01
0.000000+400
0.000000+00
0. 000000+00
0.000000+00
0.000000+00

9
1.100006~-02
0.000000+00
6.670999+00

-1.979999+00
T7.479999+00
1.160000+00
0.000000+00
0, 000000+00
0.000000+00

R. COOPER 13 GRP

2 3
0,000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+400 0.000000+00
0.000000+00 0.000000+00
0.0C0000+00 0.000000+00
10 11 :
9.000000+01 7.000000+02
0,000000+00 0.000000+00
9.000000+01 7.000000+02
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0,000000+00 0.000000+00
0.000000+00 0.000000+00

R. COOPER 13 GRP

2 3
0.000000+00 0.000000+00
0.000000+00 0.000000+00
9.299999-01 1.590000+00
~86399999-01 -1.440000+00
6.699999-01 1.119999+400
0000000400 2.400000-01
0.000000+00 0.000000+00
0,000000+00 0.000000+00
0.000000+00 0.000000+00

10 11
3.000003-02 8.199999-02
0,000000+00 0.000000+00
64820000+00 8.082000+00
-2.020000400 -2.370000+00
7.479999+00 7.630000+00
1.160000+00 1.160000+00
0000000400 0.000000+00
0,000000+00 0.000000+00
0, 000000+00 0.000000+00

4
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

12
1.939000+04
0.000000+00
1.939000+04
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4
0.000000+00
0.000000+00
2.650000+00

-2.370000+00
1.920000+00
4.100000-01
1.399999-01
0.000000+00
0.000000+00

12
2.100000-01
0.000000+00
1.303000+01

-1.580000+400
8.980000+00
1.180000+00
0.000000+00
0.000000+00
0.000000+00

5
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
4.600000+404
0.000000+00
4.600000¢04
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
0.000000+00
0.000000+00
4.660000+00

-1.390000+00
3.180000+00
6.999999-01
2.400000-01
0.000000+00
0.000000+00

13
3.300001-01
0.000000+00
1.731000+01
1.698000+01
1.440000+01
1.390000+00
0.000000+00
0.000000+00
0.000000+00

[
2.500000+01
0.000000+00
2.500000+01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
5.500093-03
0.000000+00
6.395500+00
1.900000+00
5.240000+00
1.160000+00
4.100000-01
0.000000+00
0.000000+00

7
1.800000+01
0.000000+00
1.800000+01
0.000000+00
0.000000+00
04000000+00
0.000000+00
0.000000+00
0.000000+00

7
1.500100-03
0000000400
6.661500+00

-1.979999+00
7.180000+00
8.099999-01
6.799999-01
0.000000+00
0.000000+00

8
3,000000+01
0000000400
3,000000+401
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0,000000+400
0.000000+00

8
4.100114-03
0.000000+00
6.664100+00
14979999400
7.479999+00
1.109999+00
0.000000+00
0.000000+00
0.000000+00
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H(G+1)

1
0.000000+00
0.000000+00
5.599999-01

-2.100000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0,000000+00

9
1.100006-02
0.000000+00
6.670999+00

-16979999+00
7.479999+00
1.160000+400
0.00000C+00
0,000000+00
0.000000+00

Hf C1

1
1.999999-02
0.000000+00
3.020000+00
100000C+00
0.000000+00
0,000000+00
0.000000+00
0,000000+00
0.000000+00

9
3,000000+01
0.000000+00
4.500000+01
145000C0+01
0.000000+00
0.000000+00
0. 000000+ 00
0,000C00+00
0000000400

R. COOPER 13 GRP

2 3
0.000000+00 0.000C00+00
0.000000+00 0.000000+00
9.299999-01 1.590000+00

-7.799999-01
3.900000-01

-1.090000+00
1.060000+00

0.000000+00 2.400000-01
0,0€0000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+400

10 11
3.000003-02 8.199990-02
0.000000+00 0000000400
6.820000+00 8.082000+00
-2.020000400 -2.030000¢00
T7.479999+00 7.630000+400
1.160000+00 1.160000+00
0.000000+00 0.000000+00
0.000000+400 0.000000+00
0.0€0000+00 0,000000+00

R. COOPER 13 GRP

2 3
3.999999-02 9.999999-02
0.0€0000+00 0.000000+00
3.340000+00 4.100000+00
2.1€0000+00 3.700000+00
7.999999-01 5.999999-01
0.000000+00 7.999999-01
0.000000+00 0.000000+00
0.000000+00 0,000000+00
0.0000004+00 0.000000+00

10 11
1.000000+02 9.,000C00+01
0.000000+00 0.000000+00
1.100000+02 9.800000+01
1.000000+01 8.000000+00
0.000000+400 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+400
0.000000+00 0.000000+00

4
0.000000+00
0.000000+00
2.650000+00
1.529000+00
1.570000+00
4.100000-01
1.399999-01
0.000000+00
0.000000+00
12

2.100000-01
0.000000400
1.303000+01
-1.580000400

8.640000+00

1.180000400

0.000000+00

0.000000+00

0.000000+00

4
2.000000-01

0.000000+00
5.200000400
5.000000+00
3.000000-01

5+999999-01

4,000000-01
0.000000+00
0.000000+00

12

8.000000+01
0.000000+00
8.800000+01

8.000000+00
0.000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00

5
0.000000+00
0.000000+00
4.660000+00

-1.390000+400
2.339000+400
6.999999-01
2.400000-01
0.000000+00
0.000000+00

13
3.300001-01
0.000000+00
1.731000+01
1.698000+401
1.440000+01
1.390000+00
0.000000+00
0.000000+00
0.000000+00

5
4.000000-01
0.000000+00
8.400000+00
8.000000+00
0.000000+00
0.000000¢+00
0.000000+00
0.000000+00
0.000000+00

13
1.050000+02
0.000000+00
1.130000+02
8.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
5.500093-03
0.000000+00
6.395500+00
1.900000+00
5.240000+00
1.160000+00
4.100000-01
0.000000+00
0.000000+00

[
1.000000+00
0.0C€0000+00
1.100000+01
1.000000+01
0.000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00

7
1.500100-03
0.000000+00
6.661500400

-1.979999+00
7.180000+00
8.099999-01
6.799999-01
0.000000+00
0.000000+00

7
6.000000+00
0.000000+00
1.800000+01
1.200000+01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

8
4,100114-03
0.000000+00
64664100400

~1979999+00
7.479999+00
14109999400
0,000000+00
0,000000+00
0.000000+400

8
1.000000+01
0,000000+00
2.200000+01
1.200000+01
0.000000+00
0.000000+00
0,000000+00
0.000000+00
0.000000+00
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Mo C4

1
9.000003-03
0.000000+00
2.409000+400
5000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

9
1.000000+00
0.000000+00
7.000000+00
6.00000C+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

Ni C3

1
0.000000¢+00
0.000000+00
3.400000+00
24239999400
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

9
1.800003-01
0.000000+00
1.750000+01
1.672000401
5+ 7199999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
1.100002-02
0.000000+00
3.31100C+00
1.780000+00
8.899999-01
0.0C0000+00
0.000000+00
0.000000+00
0.000000+00

10
2.500000-01
0.000000¢00
6.250000+00
6.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
0.000000+00
0. 000000400
3.200000+00
2.050000+400
3.600000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

10
4.100003-01
0.000000+400
1.800000+401
1.697000+401
5.999999-01
0.000000+400
0.000000+00
0.000000+00
0.000000+00

13 GRP

3
1.999998-02
0.000000+00
4.220000+00
3.760000+00
9.899999-01
7.799999-01
0.000000+00
0.000000+00
0.000000+00

11
5.999999-01
0.000000+00
6.600000+00
6.000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13 GRP

3
0.000000+00
0.000000+00
3.300000+400
3.08000604#00
3.500000-01
3.000000-01
0.000000+00
0.000000+00
0.000000+00

11
1.220000+00
0.000000+00
1.900000+01
1.713000+01
6.199999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4
3.200006-02
0.000000+00
6.232000+00
6.100000400
3.399999-01
4.200000-01
2.300000-01
0.000000400
0.000000+00
12
1. 600000400
0.000000+00
7.600000+00
6.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4
0.000000+00
0.000000+00
4.600000+00
4.290000+400
2.200000-01
3.000000-01
3.000000-01
0.000000+00
0.000000+00
12
3.000000+00
0.000000+00
2.000000+401
1.632000+01
6.499999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
3.999996-02
0.000000+00
7.740000+00
7.700000400
1.000000-01
1.000000-01
1.100000-01
0.000000+400
0.000000+00

13
2.500000+400
0.000000+00
8.500000+00
6.000000+00
0.000000+00
0.000000+400
0.000000+00
0.000000+00
0.000000+00

5
0.000000+00
0.000000+00
7.000000+400
6.760000+00
3.099999-01
9.999999-09
3.000000-01
2.000000-01
0.000000+00

13
4.600000+400
0.000000+00
2.200000+01
1.7400004+01
6.799999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
7.400000+00
7.400000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
3.000000+01
2.897000+01
2.400000-01
9.999999-09
9.999999-09
2.000000-01
0.000000+00

7
0.000000+400
0.000000+00
7.000000+00
7.000000+400
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
0,000000+00
0.000000+00
1.600000+01
1.545000+01
1.030000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

8
0.000000+00
0,000000+00
6,000000+00
6,000000+400
0.000000+00
0.000000+00
0.000000+00
0000000400
0.000000+00

8
6.000018-02
0.000000+00
1.700000+401
1.636000+01
5.499999-01
0.000000+00
0.000000+00
0.000000+400
0.000000+00
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Ni C¢

1
0.000000+00
0. 000000+00
24100000400
1.300000+00
04000000400
0.000000+00
0.000000+00
0.000000+00
0. 000000+ 00

9
1.800003-01
0.000000+00
1.750000+01
1.672000+01
5+799999-01
0.000000+00
0.000000+00
0., 000000+00
0.000000+00

Ox

1
0.000000+00
0.000000+00
84799999-01
7.699999-01
0.000000+00
0.000000+00
0,000000+00
0.000000+00
0.000000400

9

0.000000+00
0.000000+400
3.640000+00
3,410000+400
2.300000-01
0.000000+00
0,000000+00
0, 000000400
0000000400

COUPER 13 GRP

2 3
0.000000+400 0.000000+00
0.000000+00 0.000000+00
2.350000+00 2.900000+00
2.050000+00 2.680000+00
5.999999-01 2.500000-01
0.000000+00 1.699999-01
0. 000000400 0.000000+00
0.000000+00 0.000000+400
0.000000+00 0.000000+00

10 11
4.100003-01 1.220000+00
0.000000+00 0.000000+00
1.800000+01 1.900000+01
1.697000+01 1.713000+01
5499999901 6.199999-01
0.000000 +00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0,000000+00

R. COOPER 13 GRP

2 3
0,000000+00 0.000000+00
0.000000+00 0,000000¢00
14440000+00 2.560000+00
1.260000+00 2.250000+400
1,100000-01 1.800000-01
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0.000000+00 0.000000+400
0000000+00 0.000000+00

10 11
0.000000+00 0.000000+00
0.000000+00 0.000000+00
3.6640000400 3.640000+00
3,410000+400 3.410000+00
2.300000-01 2.300000-01
0.000000+00 0.000000+00
0.000000+00 0.000000+00
0,000000+00 0.000000+00
0.000000+00 0.000000+00

4

0.000000+00
0.000000¢00
4.300000+00
3,989999+00
2.200000-01
4 .999999-02
3.000000-02
0.000000¢00
0.000000+00

12

3.,000000+00
0.000000+00
2.000000+401
1.632000+01
6.499999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4

0,000000+400
0.000000+00
3.030000+400
2.660000400
3.099999-01
0.000000+00
0.000000+00
0.000000400
0.000000+400

12

0.000000+00
0.000000+00
3.959999+00
3.690000400
2.300000-01
0.000000400
0.000000+00
0.000000+400
0.000000+400

5
0.000000+¢00
0.000000+00
6.500000+00
64260000400
3.099999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
4 ,600000+00
0,000000+00
2.200000+01
1.740000+01
6.799999-01
0.000000¢00
0.000000+00
0.000000+00
0000000400

5
0,000000+00
0,000000+00
3.400000+00
3.190000+00
3,700000-01
0.,000000+00
0.000000+00
0.000000+00
0.000000+00

13
0.000000+00
0,000000+00
4.200000+00
44200000400
2.700000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+400

[
0.000000+00
0.000000+00
3.000000+01
2.897000+01
2.400000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
3.500000+00
3.280000+00
2.100000-01
0.000000+00
0.000000+400
0.000000+00
0.000000+00

7
0.000000+00
0.000000+00
1.600000+01
1.545000+01
1.030000+00
0.000000+00
0.000000+00
0.000000+00
0,000000+00

7
0,000000+00
0,000000+00
3.640000+400
3410000400
2.200000-01
04000000400
0.000000+400
0.000000+00
0.000000+00

8
6.000018-02
0.000000+00
1. 700000401
14636000401
5.499999-01
0.000000+00
0.000000+00
06 000000400
0.000000+00

8
0,000000+00
0.000000+00
3,640000+00
3,410000+00
2,300000-01
0000000400
0.000000+00
0,000000+00
0000000400
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Pu

1
1.950000400
6.700000+400
4.250000+00
1.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

9

3.200000+01
5.800000+401
4.200000+401
1.000000+01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

Ta C1

1
3.999999-02
0.000000+00
3.340000+00
1.300000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

9
3.000000+01
0.000000+00
5.000000+01
2.000000+01
0.000000+00
0.000000+00
0,000000+00
0.000000+00
0.000000+00

R. COOPER

2
2.000000+00
6.100000+00
4.500000+00
1.500000+00
2.500000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
10
1.600000+01
4.400000+01
2.600000+01
1000000401
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
1.000000-01
0.0C0000+00
3.800000+400
2.100000+00
7¢999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+400

10
3.000000+01
0.000000+00

3,600000+01

6.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13 GRP

3
1.850000+00
5.300000+400
5.250000+00
2.500000+00
5.499999-01
5.999999-01
0.000000+00
0.000000+00
0.000000+00

11
1.280C00+03
2.300000+403
1.290000+403
1.000000+01
0.000000+400
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13 GRP

3
2.500000-01
0.000000+00
5.250000+00
3.800000+¢00
7.999999-01
7.999999-01
0.000000+00
0.000000+00
0.000000+00

11
5.000000+00
0.000000+00
1.000000+01
5.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+400
0.000000+00

4
1.850000+400
4.900000+00
7.250000+00
5.000000+400
5.000000-01
4.000000-01
4.500000-01
0.000000+00
0.000000+00
12
8.400000402
1.615000+03
8.500000402
1.000000+¢01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4
4.000001-01
0.000000+400
6.500000+400
5.800000+00
7.999999-01
50999999-01
4.000000-01
0.000000+00
0.000000+00
12
1.000000+401
0.000000+00
1.500000+01
5.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+400
0.000000+00

5
2.200000+00
5.300000+400
1.070000+401
8.500000+00
4.000000-01
4.000000-01
4.999999-02
0.000000+00
0.000000+00

13
1.025000+403
2.160000+03
1.035000+03
1.000000+01
0.000000+00
0.000000+00
0,000000+00
0.000000+00
0.000000+00

5
7.999999-01
0.000000+00
9.8000004+00
9.000000+00
3.000000-01
4.000000-01
2.000000-01
0.000000+00
0.000000+00

13
2.100000+01
0.000000+00
2.600000+01
5.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
5.000000+00
8.700000+00
1.500000+01
1.000000+01
0.000000+00
0.000000+400
0,000000+00
0.000000+00
0.000000+400

[
1.000000+00
0.000000400
1.300000+01
1.200000+01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
6.000000+00
1,160000+01
1.600000+01
1.000000+01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
6.000000+00
0.000000+00
2.200000+01
1.600000+401
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

8
24400000+01
4,.400000+01
3,400000+01
1.000000+01
0000000400
0.000000+00
0000000400
0,000000+00
04000000400

8
1,000000+01
0000000400
3.,000000+401
2.000000+401
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0,000000400
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Ta C2

1
3.000000-02
0.000000+00
3.330000+00
1.300000+00
0.0000004+00
0.000000+00
0.000000+00
0. 000000400
0.000000+00

9

3.000000+01
0. 000000400
5.000000+01
2.000000+01
0.000000+00
0.000000+C0O
0.000000 +00
0.000000+00
0.000000+00

U233 C1

1
1.800000+400
5.399999+00
4,250000400
1.200000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

9
8.895000+01
1.940C00+02
94900000+01
1.000000+01
4499999902
0.000000+00
0.000000+00
04 000000+00
0.000000+00

COOPER

2
7.000002-02
0.000000+00
3.770000+00
2.100000+00
7.999999-01
0.000000+00
0.000000+00
0.000000+00
0.0C0000+00
10
3.000000+01
0.000000+00
3.600000+01
6.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
1,860000+400
5.000000+00
4,500000+00
1.560000+00
2.000000-01
0.000000+00
0.000000+00
0000000400
0.000000+00
10
2.269500+02
4.,900000+02
2.370000+02
1,000000+401
4.999999-02
0.000000+00
0.000000+00
0,000000+400
0.000000+00

13 GRP

3
1.500000-01
0.000000+00
5.150000+00
3.800000+00
7.999999-01
7.999999-01
0.000000+00
0.000000+00
0.000000+00

11
5.000000+400
0.000000+00
1.000000+01
5.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+400

13 GRP

3
2.030000+00
5.000000+00
5.300000+00
2.770000+400
5.999999-01
6.999999-01
0.000000+00
0.000000+00
0.000000+00

11
1.829500402
3.940000+02
1.930000+402
1.000000+01
4,999999-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

4
2.600000-01
0.000000+00
6.360000+400
5.800000+00
7.999999-01
5.999999-01
4,000000-01
0.000000+00
0.000000+00
12
1.000000+01
0.000000+00
1.500000401
5.000000+00
0.000000+00
0.000000400
0.000000+00
0.000000+00
0.000000+00

4

2. 400000400
5.500000+00
7.800000+400
5.350000400
4,000000-01
3.000000-01
3.000000-01
0.000000400
0.000000+00

12

4.699500+402
9.410000+¢02
4.800000402
1.000000+01
4.999999-02
0.000000400
0.000000+00
0.000000400
0.000000+00

5
$.000000-01
0.000000+00
9.500000+00
9.000000+00
3,000000-01
4.000000-01
2.000000-01
0.000000+00
0.000000+00

13
2.100000+01
0,000000+00C
2.600000+01
5.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000¢00

5
3,350000+00
74300000400
1.060000+01
7.200000+00
4.999999-02
1.000000-01
1.800000-01
4,999999-02
0.000000+00
13
4,910000+402
1.122000+03
5.010000+02
1.000000+01
4,999999-02
0000000400
0,000000+00
0.000000+00
0.000000+00

[
1.000000+00
0.000000+400
1.300000+01
1.200000¢01
0.0000004+00
0.000000 +00
0.000000+00
0.000000+00
0.0000004+00

[
5.550000+00
1.400000+01
1.560000401
1.000000+01
4.,999999-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

7
6.000000+00
0.000000+00
2.200000+01
1.600000+01
0.000000+00
0.000000+00
0.000000+ 00
0.000000+00
0.000000+00

7
1.020000+01
2.250000+01
2.025000+01
1.000000+01
4.999999-02
0.000000+400
0.000000+00
0.000000+00
0.000000+00

8
1,000000+401
0.000000+00
3.00C000+01
2.000000+01
0,000000+00
0,000000+00
0,000000+00
0. 000000400
0.000000+00

8
24740000+01
64000000+01
3,745000+01
1,000000+01
44999999-02
0,000000+00
0.000000+00
0000000400
0000000+00
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1
2
3
4
5
6
7
8
9

U235 Ci R.

1
1.239999+00
3.09000C+00
4.040000+00
5.599999-01
0.000000+00
0.000000+00
0.000000+00
0.00000C+00
0.000000+00

9
1.026000+02
1.480000402
1.133000402
1.06580C+01
4.200000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

U238

1
6.000000-01
1.450000+00
3.979999+00
1.200000+00
04000000400
0.000000+00
0.00000C+00
0. 000000400
0.000000+00

9
5.68000004+01
0.000000+00
6.700000+401
8.919999+00
9.000000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

Ci

2
1.300000+00
3.209999+00
4.500000400
1.800000+400
1.000000+00
0.00000G+00
0.000000+00
0.0C0000+00
0.000000+00

10
3.980000+01
6.100000+01
5.000000+01
1.015800+01
4.200000-02
0.000000+00
0,000000+00
0.00000C+00
0.0C0000+00

R. COOPER

2
5.000000-01
1.125000+00
4.340000+00
1.800000+00
3.300000-01
0.000000+00
0.000000+C0
0.0C0000+00
0,000000+00

10
5.900000+01
0.000000+00
6.800000+01
8.919999+00
8.0€0000-02
0.0C0000+00
0.000000+00
0.000000+00
0.,000000+00

COOPER

13 GRP

3
1.320000+00
3.050000+00
5.350000400
3.440000+00
9.499999-01
8.799999-01
0.000000+00
0.000000+00
0.000000+00

11
1.430000+02
2.950000402
1.530000+402
9.958000+G0
4.200000-02
0.000000+00
0.000000+00
0.000000+400
0.000000+00

13 GRP

3
1.300000-01
0,000000+00
5.110000400
3.800000+C0
9.499999-01
8,999999-01
0.000000+00
0.000000+00
0.000000+400

11
7.000000-01
0.009C00+400
9.700000+400
8.919999+00
8.000000-02
0.000000+00
0.C00000+00
0.000000+00
0.000000+00

4
1.520000+400
3.340000+00
71.520000+400
5.790000+00
4.400000-01
3.500000-01
2.600000-01
0.000000+00
0.000000+00
12
4.340000+02
9.000000+02
4.440000+¢02
9.958000+00
4,200000-02
0.000000+00
V. 000000400
0.000000+400
0.000000+00

4
1.500000-01
0.000000+00
7.200000+00
6.400000+00
8.299999-01
7.999999-01
6.999999-01
0.000000+00
0.000000+400
12
1.000000+400
0.000000+00
1.000000+01
8.919999+00
8.000000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
2.800000400
4.950000+00
1.200000+01
9.160000+00
1.500000-01
1.200000-01
1.000000-01
1.000000-01
0.000000+00
13
6.940000+02
1.440000+03
7.040000+02
1.000000+01
4.200000-02
0.000000+00
0.000000+00
0.000000+400
0.000000+00

5
3.000000-01
0.000000+00
1.099000+01
1.060000+01
54499999-01
3.500000-01
2.900000-01
2.500000-01
0.000000+00

13
2.800000+00
0.000000+00
1.180000+01
9.000000+00
8.000000-02
0.000000+00
0.000000+00
0.000000+00
0,000000+00

[
5.400000+00
9.8500004+00
1.540000+01
9.959999+00
4.000000-02
3.500000-02
3.000000-02
0.000000+00
0.000000+00

[
6.500000-01
0.0G0000+00
1.375000+01
1.30000G6+01
9.000000-02
1.000000-01
0.000000+00
0000000400
0.000000+00

7
1.420000+01
2.020000+01
2.420000+01
9,.959999+00
4.000000-02
9.999999-09
1.500000-02
0.000000+00
0.000000+00

7
2.600000+00
0.000000+00
1.550000+01
1.280000+01
1.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

8
2.799800+01
44900000401
3.800000+01
9.959999+400
4.000000-02
9.999999-09
9.999999-09
9.999999-03
0000000400

8
2.000000+01
0.000000+00
3.029000+01
1,020000+01
1.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
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28 C2

1
6,000000-01
1.720000+00
3.979999+00
1.200000+00
0.000000+00
0.000000+00
0.000C00+00
0.000000+00
0.000C00+00

9
5.800000+01
0.000000+00
6.700000+01
84919999+00
9.000000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

wC2

1
2.999998-02
0.000000+00
3.330000+00
7¢999999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0.000000+00

9

3.500000+01
0.000000+00
5.500000+01
2.000000+01
0.000000+400
0.000000+00
0,000000+00
0.000000+00
0.000000+00

COOPER

2
5000000-01
1.200000+400
4.340000+00
1.800000+400
3.300000-01
0.000000+00
0.000000+00
0.000000+400
0.000000+00

10
5.900000+01
0.000000+00
6.800000+01
8.919999+00
8.000000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

136

3
1.100000-01
0.000000+400
5.090000+00
3.800000+00
9.499999-01
8.999999-01
0.000000+00
0.000000+00
0.000000+00

11
7.000000-01
0.000000+¢00
9.700000+00
8.919999+00
8.000000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER 13 GRP

2
3.0C0000-02
0.000000+00
3.930000+00
2.200000+00
1.000000+00
0.000000+00
0.000000+400
0.000000+00
0.000000+00

10
3.000000+01
0.000000+00
3.600000+01
6.000000+00
0.000000+00
0,000000+00
0.000000+00
0.000000+00
0.000000+400

3
5.000001-02
0.000000+00
5.150000+400
4.600000+400
1.300000+00
1.000000+00
0.000000+00
0.000000+00
0.000000+00

11
3.999999+00
0.000000+00
9.100000+00
5.100000400
0,000000+00
0.000C00+00
0.000000¢00
0.000000+00
0.000000+00

4
1.300000-01
0000000+00
7.180000+00
6.400000+00
84299999-01
7+999999-01
6.999999-01
0.000000+00
0.000000+00
12
1.000000+00
0.000000+00
1.000000+401
8.919999+00
8.000000-02
0.000000+00
0.00000C+00
0.000000+00
0.000000+400

4
7.999998-02
0.000000+00
6.180000+00
6.100000+00
5.000000-01
4.000000-01
5.000000-01
0.000000+00
0.000000+00
12
1.210000+01
0.000000400
1.720000+01
5.100000+00
0.000000+00
0.000000+00
0.000000400
0.000000+400
0.000000+00

5
3.000000-01
0.000000+00
1.099000+01
1.060000+01
5.499999-01
3.500000-01
2.900000-01
2.500000-01
0.000000+00
13
2.800000+00
0.000000+00
1.180000+01
9.000000+00
8.000000-02
0.000000+00
0.000000+00
0.000000+00
0.000000+00

5
1.999999-01
0.000000+00
9.200000+00
9.000000+00
0000000400
0.000000+00
0.000000+00
0.000000+00
0.000000+00
13
1.770000+401
0.000000+00
24280000+01
5.100000+00
0.000000+00
0.000000+00
0.000000+400
0.000000+00
0.000000+00

[
6.500000-01
0.000000+00
1.375000+01
1.300000+01
9.000000-02
1,000000-01
0.000000+00
0.000000+00
0.000000+00

[
7.000000-01
0.000000+00
1.329999+01
1.260000+01
0.000000+00
0.000000V+00
0.000000+00
0.000000+00
0.000000+00

17
2.600000+00
0,000000+400
1.550000+01
1280000401
1.000000-01
0.000000+00
0.000000+400
0.000000+400
0.000000+00

7
1.200000+00
0.000000+00
1.780000+01
1.660000+01
0.000000+00
0.000000+00
0.000000+00
0,000000+00
0.000000+00

8
2.000000+01
0000000400
3,029000+01
1,020000+01
1,000000-01
0,000000+00
0.,000000+00
0,000000+00
0.000000+00

8
64000000400
0.000000+00
24600000401
2.000000+01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
0,000000+400
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1
0.000000+00
0.000000+00
2.500000+00
1.02000C+00
0.000000+00
0.000000+00
0. 000000+ 00
0.000000+00
0.000000+00

9
0.000000+00
0.000000+00
6.200000+00
6.060000+00
1.399999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

R. COOPER

2
0.000000+00
0.000000+00
3.400000+00
2.680000+00
6.899999-01
0.000000+00
0.000000+00
0.000000+00
0.0C0000+00

10
0.000000+00
0.000000+00
6.200000+00
6.060000+00
1.399999-01
0.000000+00
0.000000+00
0.000000+00
0.0C000C+00

13 GRP

3
0.000000+00
0.000000+00
4.900000+00
4.860000+00
4.700000-01
6.099999-01
0.000000+00
0.000000+00
0.000000+00

11
5.000007-02
0.000000+00
6.250000+00
6.060000+00
1.399999-01
0.000000+00
0.000C00+00
0.000000+00
0.000000+00

4
0.000000+00
0.000000+00
7.300000+00
7.100000+00
4.000000-02
2.500000-01
1.800000-01
0.000000+00
0.000000+00
12
1.200000-01
0.000000+400
64320000400
6.050000+400
1.399999-01
0.000000+00
0.00000G+00
0.000000+00
0.000000+00

5
04000000400
0.000000+00
8.800000+00
8.610000+00
2.000000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

13
1.800000~01
0.000000+00
6.380000+00
6.200000+00
1.500000-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00

[
0.000000+00
0.000000+00
8.000000+400
7.820000+400
1.900000-01
0.000000+400
0.000060+00
0.000000+00
0.000000+400

7
0.000000+00
0.000000+00
6.400000+400
6.260000400
1.800000-01
0.000000+00
0.000000+00
0.000000+4+00
0.000000+00

8
0,000000+00
0.000000+00
64200000+00
6.060000+00
14399999-01
0.000000+00
0.000000+00
0.000000+00
0.000000+00
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Materiay

Reflector
thickness,
cm

N, atoms/cc
x 10724

Core radius,
em

eff

Bare Oy Sphere

5.08

0.048

6.84

1.002

* = atoms/oc x 1072

Be

5.08

0.123

6.55

N(u238) _ 0.003
R = 8.735 ¢p k.pp = 0.999h
Be c Fe
10.16 10,16 20.32 7.62
0.1235  0,0848 0.0848  0.08:8
5.77 6.90 6.41 7.01
1.0005 1,007 1.003 1.007

0.0524
(+0.0142)

6.41

0.977



TABLE A2

U23502 METAL REACTORS

Description W-U235 Mo—U235 UOQ-Mo UOQ-W
Vol %, core i
U0, (O2 neglected) 16 16 20 30 Lo
Metal ol 6l 20W 30W Low
Void 60 20 60 Lo 20
Case No. oLl olip 255 255a, 110 L) o
Core
N(235) 0.00% 0.00L7 0.003% 0.003% 0.0042 0.0063 0.0082
N(238) o 0.0003 0.00045 0.0006
o N(W) 0.020 ) 0.01205 0.0181L 0,024
N(Mo) 0.019 0.019 0.038
N(0) 0.0068 0.0068 0.009 0.0135 0.018
R, cm 41.85 62.86 k2,57 40.60 37.12 26.08 20.75
Reflector
N(Be) 0.11 0.11 0.11 0.11 0.0927  0.0927 0.0927
Ra.dius, cm 50.22 T5 Akt 51.08 48.71 k9,12 38.08 32.75
Nt 1o21L a.tom/cm2 0.921 1.384 0.936 0.892 1.112 1.112 1.112

Other cases:
415 Similar to 411. 30% Mo (N = 0.0183) replacing W, R,

22,6, R.op = 34.6

411a Similar to ¥11. 30% Uo, , noW R

1

c 26 021’ Rref = 38.21

411b Similar to H1l. 30% UO,, 50% W N = 0.0302, R, =26.30 R o= 38.30
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Description
cfu

Reflector t (cm)

Case No.

Core
N(235)
N(238)
N(C)

Rc’ cm

Reflector
N(Be)

Rrefzcm

Nt 10° atom/cm2

1.78

6.%
271

0.0225
0.0015

0.0412

9.9

0.12
16.86
0.835

TABLE A3

LOW C/U SYSTEMS

Te3
10.1

272

0.009
0.0006
0.066

15.2

0.12

253
1.212

0.9
Te15
273

0.03

0.002

2
15.2
281

3.27 x 10~

2.12 x 10~

0.0274% 6.54 x 10~

8.16

0.l2

15.31
0.856

28

0.12
k3,2
1.823

3
"

3

15.2

282

3.07 x 2073
2.0 x 10~
1.23 x 10°2

28

0.12
k3,2
1.823

8
15.2
283

2.76 x 1073
1.8 x 1o'h
2.21 x 1072

28

0.12
43,2
1.823
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TABLE Ak

U232¢ REACTORS

Description

Vol %, core
uc 80 60 Lo 20 30 100 67
W 0 0 0 0 10 0 ‘ 0
Void 20 ko 60 80 60 0 33
Case No. ol6 ol 248 2k9 250 LooA LooB
Core
N(235) 0.0236 0.0176 0.0118 0.0059 0.00885 0.0272 0.0186
N(238) 0.0016 0.0012 0.0008 0,000k 0.0006 0.002 0;001
N(C) 0.0252 0.0188 0.0126 0.0063 0.00945 0.0292 0.0196
N(W) 0.0063
R,, cm 9.1k 11.96 16.30 26.96 18.86 9.95 13.23
Reflector
N(Be) 0.123 0.123 0.123 0.123 0.123 0.10 0.10
R, p» O 18.29 19.94 ok 46 35.95 28.29 14 .95 19.84
Nt 1o21L atom/cm2 1.124 0.98 1.00 1.10 1.16 0.5 0.661




Description

Vol %, core

TABLE A5

U235c.Zrc REACTORS

uc ~ 40 ~ 27 20 15 30
ZrC ~ 40 ~ 53 20 25 30
Mo 0 0 10 10 10
Void 20 20 50 50 30
Case No. 253 254 256 257 258
Core
N(235) .0129 .0088 .00588 00441 .00883
N(238) .0009 .0006 0004 .0003 .0006
N(C) 0276 .0282 .0139 .0ll2 .0208
N(Zr) .0138 .0188 0076 .00952 011k
N(Mo) L0064 006k 0060k
R,, cm 12,84 15.97 22,92 26.9 17.0
Reflector
N(Be) 123 .123 12 .12 A2
Rrefﬁ cm 21.4 23.95 32.08 3549 25.5
Nt 1027 atom/cm> 1.05 .980 1,10 1,08 1,018
259 Similar to 257, Without reflector. R,re = 43,05
257a Similar to 257. 10% W in place of 10% Mo, Rore = 27.89,
R.op = 37+19.
25Tb Similar to 257. 5% W in place of 10% Mo, R ore = 27.61,
R.op = 36.81
253a Similar to 253. (UC)l(ZrC)l, 60% void, R ore = 18.66, R o = 31.1
254a Similar to 254, (UC)l(ZrC)z, 60% void, R, = 23.47, R.ep = 3542
256a Similar to 256. 10% W in place of Mo, AR, e = +0.43 cm,
R, =23.35, R = 32.69

256b New Mo(Ck) and Zr(C2) o's. R, = 22.73, R

ref = 31.82

66



TABLE A6

U2350-METAL CARBIDE REACTORS

Description
Vol %, core

uc 15
Metal Carbide 35 HfC
W 0]
Void 50
Case No. 321
Core
N(235) ~00l43
N(238) .0003
C .01823
Zr
HE .0135
Ta
W
Mo
R, cm 4o 48
Reflector
N(Be) .092
Rref, cm 54 48
Nt 10° atom/cm2 1.104

10
Lo HfC

50
322

00295
.0002

00186

01545

76 .6

.092
88.6
1.104

15
35 TaC

- 50
325

L0443
.0003
.02003

0153

T1.6

092
83.6
1.104

20
20 ZrC
10
50
Loo

.00588
0004
.0139

0076
.00625
24 27
.1

36.27
1.20

15
60

25
420

~LOOUL3
.0003
.0279

.0232

53

0927
65
1.11

#400 as k = 499913, 401-405 changed element densities in inner
eff
22,7 cm of core.

Lol AN(235) = + .001, k = 1.0567, Ak = 0.707 (kg mole)’l = o.003/kg’l.
Loo aN(C) =+ .005, k = 1.0083, Ak = 0,0226 " " " = o.0019/kg’1.
403 AN(Zr) =+ .005, k = 1.0179, Ak = 0,062 * " " = o.00051/kg’1;
BO%  AN(W) =+ .005, k = .99319, Ak =-0.0148 " " " =-0,000076/kg .
405 ANH =+ ,001, k = 1.0082, Ak = 0.112 " " " = o.056/kg’l.
Lo6 10% Mo (N = .000%) replacing W, R, = 20.47, Roop = 3447,

407 Similar to 400. Ref. of Graphite at N = .067, toep = 34.6 cnm.

408 Similar to 400. Ref. of Ni at N = ,0T3, trer = 14,02,

67



TABLE A7

023302-w REACTORS

Description
Vol %, core

UO2 20
W ~ 30
Void ~ 50
Case No. 314
Core
y233 00488
0 00976
W .0190
Rc’ cm 21.39
Reflector
N(Be) .092
Rref’ cm 33.05
Nt 102u atom/cm2 1.08

32
~ 48
~ 20

315

.00782
.0156
.0303
14 .82

092
25.30

0.962

15
Lo

35
413

.00338
00676
L0271
28.89

.0927
40.89

10 21.7
30 Yo

60 36.3
b1k 419

.00225 .004:88
00450 .00976
.0181 .0281
43 47 21,02
0927 0927
5347 33.02
1.11 1.11

422 Similar to 413, half as much W, N

413a Similar to 413, half as much O, N

41ha Similar to 413, half as much O, N

68

L0136, R, ore = 28,40,

Roop = 40,40

00338,

00225,

re

Rcore = 29,17,

Rref = 41,17

R = 41.98

core
Rref = 53 '98



69

TABLE A8

U233 METAL CARBIDE REACTORS

Descrigtion

Vol %, core
uc 8.8 20 30 8 10 8
Metal Carbide 31,2 ZrC 20 ZrC 30 ZrC 30 ZrC Lo HfC T2 HfC
W 10 10 10 10 0 0
Void 50 50 30 52 50 20
Case No. 310 311 312 313 323 hol
Core
N(233) .00262 .0063 009k .0026 .00315 00252
C .0139 .0139 .0208 .0139 .0186 ,0303
Zr .01128 .0076 011k .0113
Mo .0064
W 006k 0064 006k
Hf 01545 .0278
R,, cm 22.73 16 .43 12.93 25.43 35.86 69.4
Reflector
N(Be) .12 .092 .092 .092 092 0927
R.op» OO 31,82 28.0 22,7 40.68 47,86 81.4
Nt 102h atom/cm2 1.09 1,064 0.90 1.40 1.104 1.11




Description

Vol %, core
Pu O

2
W
Vold
Case No.
Core
Pu
0
W
Rc’ cm
Reflector
N(Be)
Rref’ cm

Nt 1024 atom/cm2

317a No reflector, R

cor

TABIE A9

Pu-0_-W REACTORS

16 10
30 30

5k 60
316 317
.00k 0024
.008 .0048
.019 .019
24,8 39.6
092 .092
38.3 53.2
1.24 1.25
e = 55 ol Cme,

TO

28
65
318

L0017
L0034
.018

55.8

69.3

1.24



