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ANOMALIES OF CRITICALITY - REV. 2

Revision 2 includes six items not listed in the journal artfc]e
(Nuclear Technology, July, 1974), together with certain ed1tor1a]
corrections and other changes for clarity. o -

The six items include:

The laser-induced micro-explosion involving initiation of a super-
critical event in a highly compressed, small pellet of Pu containing
as little as 10-2 g Pu.

Homogeneous aqueous mixtures of 235U and 238U, wherein it would
be poss1b1e to achieve criticality éover 1limited concentration .
ranges) with a_smaller quantity of 350 in the form of low enriched
U than if the 235U were in the highly enriched form :

Interacting finite cubic arrays of meta] units wherein an unmodor-
ated array of 30.0% 235U enriched spheres might have a lower critical
lattice density, and hence 235y mass, than an array of 93.2% 1235y
enriched spheres. . :

Insertion of a neutron absorbing control rod into a.Pu solution sphere
" wherein the effect of this was to cause the assembly's reactivity to

initia]]y increase as the rod entered the solution.

An apparent chain reaction wh1ch took p]ace in the Re8§g11que of

Gabonaise some 100 million years ago with low (3 wt% enriched

uranium. : '

Neutron multiplication and the power reactor (four billion watts and
subcritical) '

Five new Fiéures also are provided:
Figure 2 - k off of Fractional Critical Mass vs. Critical Mass

Figure & - Ratio of Critical Sphere Volume to Cube Volume
(P]ex1g1as Reflected Assemblies)

F1gure 14 Computed Cr1t1ca1 Masses of Water-Reflected Spheres
© of Uranyl Nitrate Solutions (No Excess HNO3)

Figure 15 - Critical Mass and Volume of Unreflected Metal Arrays

Figure 18 - Control Rod Effect on Flux Level

- Other "anomalies” may be included at a later date.
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ANOMALIES OF CRITICALITY

ABSTRACT

During the development of nuclear energy, a number of apparent anomalies have

become evident in nuclear criticality. Some of these have appeared in the open

Titerature and some have not. VYet, a naive extrapolation of existing data, without

knowledge of the anomalies," could certainly lead to potentially serious consequences.

The known "anomalies" include, but are not Iimﬁted to,

1.
2.

10.

11.

12.

relationship bstween criticé]ity in finite spheres and reflected cubes
effect of added scatterers on the criticality of infinite slabs

a small mass concept whereby crit{ca1ity could be achieved with less than
an ounce of fissile material in the form of a single small foil ~ 0.2 mil thick

laser-induced micro-explosion involving the initiation of a ;upercritica] event
in a highly compressed, small pellet of Pu containing as little as 10‘2 g Pu

effects of progressive water flooding on the criticality of interacting arrays
of fissile materials in storage vaults

effect of mixind metal and fissile bearing aqueous solutions together in the
same vault

criticality of coupled fast—therma1vsyétems'composed of small p]gtonium metal
spheres surrounded by aqueous plutonium-bearing solutions '

criticality of slightly enriched uranium and the negative buckling core

235U'and 238

to achieve criticality (over limited concentration ranges) with a smaller
235 235

homogeneous aqueous mixtures of U, wherein 1t would be possible

quantity of U in the form of low enriched U than if the U were in the

highly enriched form

interacting finite cubic arrays of metal units wherein an unmoderated array
of 30.0% 23°U enriched spheres might have a lower critical lattice density,
and hence 235 235

U mass, than an array of 93.2% U enriched spheres

effects of density changes in spherical cores with weakly absorbing réf]ectors
(external moderation)

insertion of a neutron absorbing control rod into a Pu solution sphere wherein
the effect of this was to-cause the assembly's reactivity to initia11y increase
as the rod entered the solution
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13. appearance of critically unbounded regions (of infinite masses) for
slightly enriched uranium

14.. criticality in the earth ’
15. criticality in the universe

16. an apparent chain reaction which took place in the Republique of Gabonaise

235U)

some 100 million years ago with Tow (3 wt% enriched uranium

17. criticality of even-n nuclides beginning with the naturally occurring

231
element, 9]Pa

18. beyond Californium projection of the "micro" critical mass for the doubly-
closed shell, super-heavy magic nuclei of the future

19. neutron multiplication and the power reactor (four billion watts and
subcritical) A
There can be as many as three different fuel concentrations with the same
critical volume, and perhaps four different fuel concentrations may result in the
same critical mass. ‘Contrary to the usual expectation, the sphere, after all, may
not be the configuration of least mass; the reflected cube may be somewhat less
under certain circumstances. In some cases, the effect of added scatterers can
significantly reduce the critiéa] dimension; whereas, in others the result can be
precisely the opposite. |
Reducing core density can, under some circumstances,.actua11y decrease the
critical mass, contrary to the usual expectation that the mass will be increased.
Surprising as it may seem, a system with ke, < unity might be made critical by ‘
reducing the core size and adding a finite feflector of DZO’ etcp, (in the latter
case keff > keot). In some cases, the effect of moderation results in the.sma11est

critical mass; whereas, in others (depending on the evenness or oddness of the

nuclide), the effect is again precisely the opposite.

235 238

It is noted that a homogeneous aqueous mixture of U and U could have

235

a smaller U critical mass (over a limited concentration range) with low enriched

uranium than if the uranium were fully enriched (93.5 wt% 235U)', and that an



23§U)

unmoderated interacting array of metal units (spheres of 30 wt% might have

a lower critical density than an array of fully enriched uranium spheres, of

235U mass in the array. There is

identical volume, and thus a smaller critical
an example wherein the effect of inserting a neutron absorbing rod into a
Pu-solution-bearing sphere is to cause the reactivity‘to initially increase
rather than decrease.

12 atm, comparable with the pressure in the center of the

Pressures up to 10
sun, are now believed achievable with advaﬁced giant lasers or electron beams
which could change the density of a small pellet df f%ssionab]e material under
irradiation by a factor of some 250, thus making it possible to achieve a super-

2 g Pu. One

critical event in a small pellet of Pu containing as little as 10,
of the more interesting events in the annals of criticality is the discovery of
an apparent prehistoric chain reaction (Nature's Anomaly) that took place in the

235%) enriched

Republique of Gabonaise some 100 m111ioh years ago with 3 wt%
uranium,
| Finally, it is interesting to recall that, in the presence 6f inherent
neutron soﬁrces; even the power'reactor will be technically subcritical (keff < 15
when operating in a constant power mode at any powér level.
Still other anomalies are known. Several of the anomalies cited would
constitute "autocatalytic reactions," for in the event of criticality, the reaétivity ‘

would be increasingly enhanced as a consequence of the reaction.
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ANOMALIES ‘OF CRITICALITY

. INTRODUCTION

‘A large body of knowledge has been accumulated on criticality, and
the factoré_affecting criticality, since inception of the first chain

reaction in 1942.(]_52

Criticality, however, is fraught with complexities,
and, lest we become too complacent in the era of advancement, it may be
well, at this time, to recount a few of the apparent anomalies - some of

wnich have heretofore remained unpublished in the open literature.

The phenomenon of criticality depénds on the interaction of neutrons
with matter, and is characterized by a self-sustaining fission chain.
reaction. Consider the conditions for achieving criticality. The exact
configuration, or spatial density, for each kind of atom present in the
system is relevant. Criticality, then, depends not only on the quantity
of fissile mqteria1 present, but on the size, shape, and material of any
containmenf vessel which may be used, on the nature of any solvents or
d11ueﬁts, and on the presence of any adjacent material which may possibly
return neutrons through scattering back into the‘fissile material. Most
of the examples to be cited are not well known. Yet, without knowledge
of these "anomalies" an unwise appfitation of existing data could lead

to potentia]i} serious consequences. As an introduction to the apparent

ranomalies. that follow, our discussion begins with a description of the

variation between critical mass and radius as a function of concentration

for plutonium spheres.

COMPLEXITY OF CRITICALITY

A1l factors which influence the interaction of neutrons with matter

affect criticality. The following curves (Fig. 1), showing the complex
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variation of critical mass with sphere radius for homogeneous 39Pu-water

(6)

mixtures, serve to illustrate several effects. The curves show critical
radii of spheres, and critical masses of plutonium contained therein, as a
function of water dilution. The upper curve is for bare, homogeneous

plutonium-water spheres and the lower one for plutonium-water

spheres immersed in water. Striking changes are seen to occur in the
critical mass as the plutonium is diluted with water. Beginning with
alpha-phase plutonium metal (p = 19.6 g/cm3), the critical mass and radius
both increase on dilution with water. The mass passes through a maximum

value at an H/Pu ratio of about 4 (Pu density ~ 5 g/cm3).

The effect of partially moderating (or slowing down) tﬁe fission
neutrons causes a significant reduction in the value of n (number of
neutrons produced per neutron absorbed in Pu), due to the change in the
ratio of the neutron capture and fission cross sections with neutron
energy. In addition, the dilution of the metal with water also decreases &T’
the density of Pu énd increaseé the neutron 1eakage.' The system must then
be made larger to maintain a balance between production and losses of
neutrons. On further dilution, moderation by the hydrogen in water becomes
increasingly more effect{ve and the probability for fissioning with slow
neutrons is.enhanced. The effect of adding water is seen to cause a
further increase in leakage (and critical size), but the net overall result
is a decrease in mass, due to the reduction in Pu density. Finally, on
further dilution, or modefation; an optimum condition for production and
leakage is obtained, such that the combination results in the smallest
critical mass. At this point, the Pu concentration has been reduced to

32 g Pu/y (H/Pu atomic ratio " 900). The critical solution volume is about

75 times larger than that for undiluted Pu metal, but the quantity of lu



contained in the sphere is only about 1/10 the metal value. This condition
of "optimum moderation" gives a minimum critical mass for the water-

reflected sphere that is ~ 531 g Pu.(7) Finally, both the critical radius

and mass 1ncre$se once again on further dilution with water, due to increasing
neutron absorption in the water (principally in the hydrogén). Both become
infinite at a plutonium concentration of 7.2 + 0.1 g Pu/¢ (H/Pu ratio of

u 3680).(8) At this point, about half the neutrons released in fission are

absorbed in the diluent.

Fig. 1 shows, é]so, the effect of neutron reflection. For the sphere
immersed in watér, some of the neutrons which would otherwise escape are -
reflected (scattered) back inté the sphere, reducing the leakage. The
curves show the difference in critical radii brought about by the water

S

reflector.

Fig. 1 illustrates, a]so,.that the same critical mass can be échieved
with three different Pu concentrations, but that the critical volume or size
will.differ in each case. Now, as criticality is approached, or as the size
is increased, at any given concentration, keff will increase and approach
unity; keff is, therefore, an index of criticality. A pertinent question
applicable to any system concerns the value of keff for any given fraction
of critical mass. In criticality saféty analysis, it is common to evaluate
safety in terms of a given value of keff5 1:e., the system is safe providing
keff does not exceed 0.9 or 0.95, etc. A problem arises because there is
no general consistency betwegn keff and fraction of critical mass except at
_the point of criticality (where'keff = unityj. fwo different systems which
have the same fraction of critical mass may have different values of keff’

Stating it another way, for a specified value of keff on two systems (with

different fuel compositions), one system may have a higher fraction of critical



mass and be "less safe" than the other. . This fact has perhaps not always

been fully appreciated by those in the field.

The weird-complex variation in keff of fraction of critical mass vs.
critical mass is shown in Fig. 2, where keff has been computed by R. D.
Carter, et al., for two cases; 50% of a critical mass and 75%, spanning
the range of concentrations from Pu metal (19.6 g Pu/cc) to dilute aqueous

(1)

solutions (0.01 g Pu/cc) for both unreflected and water-reflected systems.

1. A Triple Point of Criticality

Fig. 1 was used to illustrate some of the factors (such as
moderation and refiection) that affect the criticality of systems

containing a single actinide isotope (for purposes of illustration,

239Pu). The system becomes inherently more complex for mixtures

240

of isotopes. The second most prevalent isotope of plutonium is Pu.

240Pu isotope on the criticality of 239Pu-240

(9)

The effect of the Pu

240

mixtures is shown in Fig. 3. Calculations indicate that Pu

could, by itself, be made critical under certain conditions - specifi-
cally those under which there wodld be no moderation by a diluent.
The interaction of a thermal neutron with 240

241Pu, since the fission cross section
£ 240

Pu results principally in
scattering or the formation of
for slow neutrons is negligible. Thus, the effect o Pu on the
criticality of 239Pu will be largely dependent on the neutron spectrum,
which in turn is determined by the concentration and type of di]uenf

24OPu on the critical

present. The curves of Fig. 3 show the effect of
radius, and clearly indicate the existence of triple points of criti-

cality. The effect is more clearly portrayed (schematically) in Fig. 4.
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Note that for a given radius (or fixed volume) there ﬁay now be as many
as three different critical concentrations: The system would then
osci]]ate‘between regions fhat are subcritical énd supercritical as a
function of the fuel concentration. This is brought about by the mere
addition or removal of fuel that changes the hydrogen-to-fuel ratio and,

consequently, the neutron spectrum.

2. One Mass and Four Concentrations

Critical mass calculations are presented in Fig. 5 for mixed

2405, (10) £ the

oxides of U and Pu in which the Pu contains 25 wt?%
pecu]iar cufve shape at the higher concentration range is corfect (note
curves for 15 and 30 wt% Pu in U) the results imply. that it would be
possible to achieve the same critical mass at four different concen-
trations of mixed oxides in water. In this case there would be four
4d{fférent vo]Qmes hﬁv{né-éhe samé crifi;ajﬂhagé;.Wﬁé}eés, fn fhé‘previoué
example (Fig. 4) there was one critical volume at three different fuel

concentrations.

THE CUBE AND THE SPHERE

Since the ratio of surface area tn volume is a minimum in the case of
a sphere, and since neutron production depends on volume and neutron leakage
on surface area, the sphere can be expected to have the smallest critical
volume of any shape. Thgre are data, however, that indicate that a reflected
cube might, under spﬁe circumstances, have a smaller critical volume (and
mass) than if the fissi]e‘materfa1ﬂwere in the form of a sphere. This some-
what surprising result stems %ﬁ&#‘é;periments performed with Pu02-p1astic

(11)(12)

compacts arranged in cubic geometry and reflected with Plexiglas.

N s e ey
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For PuO2 at an H/Pu ratio of 0.04 (essentially unmoderated) the

analysis indicates that a reflected cube would have a critical volume

about 14% less than that for the reflected sphere. However, the phenomenon
is not so pronounced that the apparent anomaly could not result from inac-
curacies in the measurements.. Monte Carlo calculations utilizing the KENO
code(]B) have since been made on a reflected cube and a reflected sphere

of unmoderated PuO2 having precisely the samé vo1umes;(]4) the results show
the cube, in this case, to have a higher keff (about 1%) and tend to support
the above, but the statistical uncertainty in the Monte Carlo calculations
rules out firm‘conc1usions. However, in examining data from a number of
other experiments involving cubes of Pu-bearing fuels, it is to be noted that
‘the effect (ratio of critical sphere volume to critical cube volume) fs
uhiform]y dependent on the H/Pu ratio, or degree of moderation, as is evident
from Fig. 6. In the case of well moderated (and larger systems) the reflected
‘sphere doeé,ués ekpecféd, haVé a crﬁfifal Qd{dme_or mass about 20% less than
that of the reflected cube, and the Monte Carlo calculations are‘in support
of these results. It also has been concluded that for some undermoderated
mixtufes of U(93.5% enriched) and water, a right circular cylinder with
‘height-to-diameter ratio (h/d) of about 0.9 may have a slightly smaller
water-reflected critical volume than a sphere.(q)(]s) This same’efféct also
was'reported to have been seen in the results of some two dimensional neutron

(15)

transport calculations made by G. E. Hansen. These conclusions lend
additional support to our conclusions regarding the cube and the sphere.

In passing, it may be of interest to note that, in practice, materials are
more likely to be encountered iﬁ the form of rectangular parallelepipeds or

cylinders than in the form of spheres.
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D. ADDED SCATTERERS AND MODERATION

In Fig. 1 and 3, the critical mass and radius for various plutonium
concentrations were seen to vary continuously, in a smooth but somewhat
complex manner. We shall now consider the effect of adding water to the

fissile core without at first changing the density of the fissile isotope.

1. A Point of Discontinuity

Fig. 7 shows the effect of adding water to mixed oxides 6f Pu and U
beginning at 7 g/cm3 in water plotted as a function of the fractional weight
of water added.(16) The sphere volume is seen to decrease initially as
the water fills the void space in the oxides. A point of discontinuity
occurs ét séturation in fhé examp]e‘given} éeyond this bo{ﬁfifﬁénkurther
addition df water reduces the density of the mixed oxides and the criti-

'~ cal volume is seen to increase. The result is that the critical volume

changes abruptly from a decreasing to an increasing function.

" The curve shape is the result of four effects: "added scatterers
which initially reduce neutron leakage, moderation by hydrogen, the change
in density of mixed oxides, and, finally, excess neutron absorption in

hydrogen becomes predominant.

T : 2. The Reduction in Mass nf the Sphere

The next example (Fig. 8) serves to illustrate the large reduction
in critical mass that can be brought about by the mere addition of water

to oxide at reduced density.(]G)

The straight lines show the increase in
mass as a result of reducing the density of the mixed oxides. The bottom
curves give the critical masses for saturated oxides. Note that critical
mass reductions of about‘ZOO are theoretically possiblern simple saturation

of the reduced density oxides with water.

&,
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~COMPUTED CRITICAL VOLUME AS WATER IS ADDED
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The Paradox of the Infinite Slab

The following example is interesting because it demonstrates that, -
under some circumstances, the effects will be directly opposite to those
illustrated in the previous examples; not only will thefe be no reduction
in critical mass with added scatterers, but the critical size can actually

be increased.

The effect of added scatterers on the criticality of slabs was first
reported by E. R. Woodcock in 196](17) and later studied in detail by

Makoto Iwai.(]S)

E. R. Woodcock had reported that, if the core were in the form of a
thin disc or slab, a reverse effect could occur in which the additional
scattering centers would now tend to scatter neutrons out of the core

and the critical size would increase.

Makoto Iwai performed a study on the effect of added scatterers
(0, C, N) on criticality by means of transport theory calculations

utilizing the DTF-IV code.19)

His study pertained to plutonium com-
pounds likely to be encountered throughout the nuclear industry - in
fuel processing and fabrication processes. His results do, indeed,
confirm that, in some cases of unmoderated thin slabs with hydrogenous

reflectors, the effect of added scatterers can cause an increase in

the critical dimension contrary to the usual expectation that the size
should be reduced in such cases. The dominant factor causing the e
increase in slab thickness was the decrease of neutron leakage into the

moderating reflector.
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DENSITY EFFECTS

The variation of critical size and mass with changes in density is of
special interest. For a bare system to remain critical, while the density
is changed uniformly, all the Tinear dimensions must be scaled inversely as
the density. To maintain the same nonleakage probability or the same number
of mean free paths in the system, the dimensions and densityAmust be inversely
proportional. It follows that the critical mass of an unreflected sphere
will vary inversely as the square of the density, MC " p-z. For infinitely
long cylinders, the critical mass per unit.length will vary inversely with
density, Mc LY p-]. In the case of infinite slabs, the mass per unitvarea,
Mc = po = constant, and remains unchanged. An unreflected infinite slab
which is subcritical remains so, irrespective of the density; criticality in

this case could be achieved only by adding more material to the slab so as

to increase the mass per unit area. .For reflected systems, in which the core

and reflector density are varied independently, the variation in the critical

mass for finite geometries is given by

M.« (core density) ™ (reflector density)™",

c
with the provision that m + n = 2.(20)

We shall now cite an example contrary to the usual expectation that

the critical mass should be increased as the core density is reduced.

External Moderation

Surrounding the fissile material with thick moderating and weakly

absorbing reflectors such as graphite, heavy water, or beryllium, can cause
(15)(21)

striking and unexpected changes to occur with core density change.

The effect is illustrated in Fig. 9, where the critical mass of U(93.5) metal

. reflected by graphite and beryllium has been plotted against density of

OO NN
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235U metal in the core. The critical mass is, at first, seen to increase,

and then, contrary to the usual expéctation, the change reverses itself and
the critical mass decreases with decreasing core density. It should be borne
in mind that the core is not being diluted with any material, but merely

reduced in density.

The region df core density throughout which a decrease causes a smaller
critical mass would be critically unstable with respect to an increase in
temperature. In the event of criticality, the heat from fission would reduce
the core density and cause a further increase in reactivity. Ih{s autocatalytic
process would then cont%nue until the core density was sufficiently low that
the critical mass was again ihcreasing as the core density was reduced, or
until the reflector was reduced in density sufficiently to reduce its

effectiveness.

Internal Moderation - Unbounded Regions and Multiple Infinity

As interesting as the preceding example may be, the following anomaly
is.perhaps even more strange. The variation in critical mass with core
densify change for.a weakly absorbing reflector (such as graphite) was shown
in Fig. 9. It should be borne in mind that this variation was merely the
result of a simple density change within the core. Let us now consider‘the
combined effects of reducing the core density and also filling the void
space with graphite (di]utfng the core with graphite). For this particular
illustration there will be gg_exferna] reflector; the core will be unreflected,
or bare, but internally moderated. |
' (22)’

A parametric study was made in 1967 by L. B. Engle and W. R. Stratton

235,, 238

of bare homogeneous spheres containing u, U and carbon in various

mixtures. Figure 10 shows the unusual results of their calculations. There is
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CRITICALITY AND THE NEGATIVE BUCKLING CORE
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nothing unusual about the curve for fully enriched uranium (93-1/2%), but

note the appearance of critically unbounded regions for 235U densities between

2

about 10°“ and 2 g/cc for uranium enrichments less than ~ 11%. It is also

true that, for every enrichment, the critical mass will become infinite on

the left 'side of the Fig.; i.e., for sufficiently small 235

U densities (at
large C/235U ratios). The minimum critical enrichment for metal (enrichment

for which ke is unity with no dilution) was computed to be 5.694%.(22) Now

it is clear that whenever k. becomes unity the critical mass becomes infinite.

The calculations show the critical mass to become infinite at three

235

different U densities, providing the enrichment is in the range between

5.7 and 11%. This can be explained as follows. As carbon is added to the

metal, the neutron spectrum will be degraded s]ightly in energy. Eta for

235U will be reduced somewhat, as will fast fission in 23

i 238 s ‘ o S
resanance canturc in T7U0 will be somewiiat ennancea. Over-a range of C/U

8U; to the contrary,
ratios ke will become, and remain, less than unity; but on further moderation,

as the neutron spectrum becomes sufficiently well thermalized, resonance
238

capture in U will be significantly reduced and ke will now exceed unity.

235

Ultimately, excessive absorption in the graphite (at very low U densities)

PR —

reduces k., to values that are again less than unity. Thus, within the enrichment

5

ranges defined, there can be as many as three different C/23 U atom ratios for

which ke is unity and the critical masses and dimensions become infinite.

The example under "External Moderation" served to illustrate that, under
certain circumstances, the critical mass could be reduced by a reduction in core
density, but for the cases described, ke (the reproduction factor for an infinite

size core) would always have exceeded unity. We shall now cite an example that is
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contrary to the usual expectation that ke for the fuel mixture has to be greater
than unity if criticality is to be achieved. It follows logically from the simple
formula, keff = ke P, where P is the nonleakage probability, that keff becomes

equal to ke for the case of no neutron leakage (an infinitely large system).

It would be reasonable to assume, therefore, that, if the system could be
made infinitely large and remain subcritical, a reduction in size could hardly
be cause for concern. Yet, an example can be given in which ke of the core is
less than unity (the core buckling is negative), but criticality can be achieved

nonetheless.

In 1968, a study was made of the possibility of 1nducing criticality in

unmoderated, negative buckling cores of slightly enriched uranium by using

(23)

moderating reflectors. It was demonstrated (by means of calculations)

that, given certain reflector conditions, a finite, reflected system with
negative core buckling (ke <1.0) could have a keff 3_1.0.‘ Some of M. L.
Blumeyer's results are included in the following table, which illustrates

the point in question and shows keff to be greater than ke.

TABLE 1

Cumpuled keff for Spheres of 1000 cm Corc Radius
with 500 cm Thick DZO Reflector

Material Enrichment H/U in Core ke Keff

uop 3.10 wt% 0.59 0.999 1.109
Uranyl Nitrate - ‘
U02(N03)7 2.26 wt¥ 5.90 0.999 1.012
Metal - Full

Density 2.96 wt% ~zero - 1.006  1.170

e

- v . e
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The results for light water reflectors were inconclusive, but negative
for the few cases examined. It, therefore, remains problematical as to
whether a system with a negative buckling (ke < 1) could be found that could

be made supercritical in finite size with light water reflection.

THE COMPLEX REFLECTOR

The critical mass, or dimension, is reduced as a result of neutron
reflection from materials external to the fissile bearing core. There are
wide differences in the effectiveness of reflectors, but in a relative
sense, the best reflector is that which results in the smallest critical

size.” Reflectors frequently consist of more than one layer of reflecting

~ material such as steel and water or steel and concrete, etc. Although it

might appear ]bgica] to assume that a combination of ref]e;ting 1ayers
would not be better than the best reflector separately, there are noted
exceptions;

235

Ekperimenté with é UH3C sphere, reflected with layers of nickel

and natural uranium, show a composite reflector consisting of 1/2 in. thick

~nickel next to the core, surrdunded by natural uranium, gives a significantly

smaller critical mass than either reflector a]one.(24)

There is no verified explanation for the effect, but it is suspected
that it may be associated with a strong scattering résonance that nickel

has at about 16 kev.(zs)

THE DISSOLVER PARADOX

The dissolution process can involve fissile material in the form of

metal or oxide initially; whereas, during the intermediate stage, the

. material will be surrounded by a sO]utfon containing the partially dissolved

material. In the final step, all of the material is dissolved, with the

concentration being determined by the quantity of material starting the process.
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One might conciude that if the material were subcriﬁical initially,
and when fully dissolved, the process could safely proceed, but this does
not necessarily follow, as during the intermediate stage of the coupled
fast-thermal system, criticality may occur.

In the case of an idealized plutonium dissolver, it has been shown
that, at least for the conditions assumed, it is possible to begin dis-
solution in a system that is subcritical at both the starting and ending
configurations and yet achieve supercriticality somewhere in between
although the total mass of Pu in the form of solution and/or in metal or
oxide ha;'remained constant (see illustration, Fig. ]I.)(ZGI

The computed curves in Fig. 12 show the critical masses (total Pu-239 in
metal and sphere solution) and the corresponding critical volumes of the dis-
solver (regions I and II). The critical envelope is drawn tangentially to the
various curves and the subcritical region is the region below this envelope.
The possibility of 2 system being subcritical 3t the beginning and end of
dissolution, yet being superéritica].in between is further 111ustfated in Fig.
13 for the case of a 3-kg mass dissolving into-a 5-1iter volume. The critical
mass becémes less than 3 kg total mass at or near 40 é/]iter in solution and
reaches a minimum of 2.8 kg at about 100 g/liter. In the example given the
system would then have become éupercritica] at a solution concentration > 40
g/liter and would have remained so until the concentration reached abbut 350

g/liter.

2354238y MIXTURES (CONCENTRATION OR MODERATION - EFFECT ON CRITICAL MASS)

At first hand, it may seem surprising that, in the case of a homogeneous

235

aqueous mixture of low enriched uranium, the U mass required for criti-

cality can be significantly less than for fully enriched U (93.5%) within a

narrow H/U range at the same total (235U + 238U) concentration.(27) This s
235

evident from Figure 14, which gives computed U critical masses for 5.0 wt%
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enriched U and 93.5 wt% U plotted against H/U(235U + 238U) atom ratios.

However, in cases such as these, it is always the H/235

U ratio,.rather than
concentration per se, that is the controlling factor. If both curves were
plotted against H/235U ratio (instead of total U), the lower enriched uranium

235

case would be seen to have the larger U critical mass for the same H/235U

ratio.

It should be borne in mind, however, that in nongeometrically safe
situations (wherein vessels are not safe by geometry) it would be possible
to achieve criticality (albeit over Timited concentration ranges) with a

235 235

smaller quantity of “““U in the form of low enriched U than if the U

were in the highly enriched form:

Not, however, explained are some interesting calculations that indicate
235

an interacting array of 30.0% U enriched metal spheres could have a

235

lower critical lattice density than an array of 93.2 % U enriched spheres,

of identical volume, and thus a smaller critical 235U mass in the lower

(28)

enrichment array. (See Figure 15.) In the case of these interacting

arrays, the calculations imply that a situation might be obtained whereby

1 235U mass could be achieved in a given array volume by

238

a smaller critica

mixing the 235U with U! The array would contain fewer, but larger, units
' | 235

distributed over its volume with a net reduction in total U content.

-~ AN ARRAY ANOMALY

1. Mixed Units in Storage

The criticality of an array of units involves the effect bf neutron
interaction between Tike or dissimilar quantities of other nuclear materials
that may be in the vicinity. Suffice it to say, thebproblem of computing
criticality becomes_more complex when .interacting arrays of units are to be

considered, such as may occur in storage areas and in shipments of containers
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of nuclear materials. In any operation, not only must subcriticality
be establisned for a single unit, but the degree of subcriticality of the
system as a whole; for example, the effects of interconnected and adjacent

pipes must be evaluated in processing plants.

~ An interesting problem concerns the mixing of units within an array.
If it has been determined that an array can safely handle A_units of metal
by itself, and B units containing dissolved fissile material in solution )
by itself, then is it 1o§ica1 to assume that these units could be mixed
together in the array at the same lattice spacing, providing the combfned

number were less than either A or B? Surprisingly, the answer can be "no",

as borne out by the following simple example (see Fig. 16 and Table II.)(29)

Note that the total number can be significantly less, depending on

the pattern of positioning used.

Mist o Tlooding: A Fuiszitial oi Tripie Criticality)

The previous example was used to show that, on mixing metal and
solution units together, the total critical number could be less than that

for either of the units when stored separately in the same configuration.

An interesting problem concerns the effect on criticality for an array

of interacting units if the water content of the intervening air spaces

within the array were increased. This could be brought about by the use

of water for fire control or possibly through the use of automatic sprinkler

systems in buildings so equipped.

In.case of storing mixed oxide fuels of PuO2 and UNATOZ’ or s]ight]y.
énriched uranium,.three effects' (shown schematically in Fig. 17) will be
paramount. For purposes of illustration, Tet us assume the Pu content,
or 235U content inlthe U, to be less than 5% such that criticality would

not be possible without the addition of moderator, taken in this case to
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" TABLE II

. Mixed Units of 3.5 kg Pu Metal and
125 g Pu in Solution (H/Pu Ratio of 500)

(Cubic Array)

Spacing Between Units Critical Numbers
Center-to-Center Metal Units Solution Units -

26 cm 83 None

26 cm | None 5O

26 cm . 31 29

26 cm 32 34

‘Total
Number

93
&U
60
66
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be water. The array is well subcritical in}tially. . Depending on the fuel
composition making up the fuel bundles, and the storage arrangement used -
it is possible by means of Monte Carlo calculations to generate the type

of curve shown. The three effects involve 1) internal moderation of the
fuel elements within each fuel bundle, 2) ref]ection-about the array as a
whole andha]so about each individual unit and, 3) interaction between units.
Initially, the value of keff increases fapidly with increased water density
due to internal moderation, external reflection and enhanced interaction.

Interaction is enhanced because a small amount of water (typically a few

percent of full water density) in the space between units will slow down

some of the neutrons in the interaction process. The number of neutrons
actually arriving at a second unit will be less, but there will be a higher
probability for fission if the neutron energy is reduced. However, with too
much moderation or intervening water, too many neutrons will be absorbed
between the units and the effect of interaction will be reduced. The

value of keffAis rapidly 1ncreaseq at firs;, then falls, due to the decrease
in neutron interaction. If the surface-to-surface distance bétween fuel
bundles is some 8 - 12 in. or more, then, on full flooding, the reactivity
of the array would become merely that for a single bundle of fuel immersed
in water. With full flooding, the neutron interaction would be reduced

to zero.

Note that in going from the completely dry case to the fully flooded
condition, criticality could occur at three different water densitie§
being separated by two subcritical regions of water density.' It is
important, therefore, for determinihg the safety of éTgiven stbrage arréy
that the effect of sprinkler systems, and the use of water for fire contro],

be fully examined over the full range of water densities.
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AN ODDITY OF POISON (THE CONTROL ROD AND THE SOLUTION SPHERE)

In early criticality experiments with Pu solutions it was noted with
some surprise that, as a hollow cylinder control rod was moved into the
solution of a sphere along its axis, thé reactivity actually 1hcreased during
the initial phases of rod insertion and then reversed itself, contrary to
the usual expectation that keff should be continuously reduced in such

(30)

cases. A copy of the chart recording (heretofore unpublished) showing
the strange variation in neutron flux with control rod movement.is shown

in Figure 18. As noted, when the control rod (tube) entered the solution,
for spheres that were not quite full, the flux was first observed to rise
and then fall. This peculiar behavior might be expected if the rod's
poison worth were small, for in that case the first portion of the rod is
worth more in terms of a volume displacement of solution (the sphere is
becoming effectively more full) than as a neutron absorber. The effect was
estimatea to be approximately ten cents from the multiplication curves
plotted with the control rod in the full oﬁt posifion and then partially

inserted. A perturbation calculation subsequently provided an estimate of

8.4 cents.

EVEN-N VS. ODD-N NUCLIDES - A REVERSAL ON THE EFFECTS_OF MODERATION

In Figure 1, striking changes were observed to accur in the critical
mass as the fissile isotope was diluted with water. The effect of moder-

ation was to enhance criticality and to reduce the critical mass by a factor

233

of ten. This same type of curve prevails for other odd-n nuclides, U

235U, etc. We shall now cite examples in which the smallest mass occurs

and
for the unmoderated system, where thé-effect bf water is to prevent, rather

than enhance, criticality.



T'IME'——» |

CONTROL ROD EFFECT ON FLUX LEVEL

12
~PARTIALLY IN
11
| RTIALLY OUT
10
10

30 40 50 60
-FLUX LEVEL |

FIGURE 18

70

ot



41

231, 237. 238
9172 g3 94

contain even numbers of neutrons and all are fissionable, though not fissile.

240 241 244 252
94Pu, 95Am, 96Cm, and 98Cf

Nuclides such as Np, Pu,
Fissionable nuclei are considered those for which a chain reaction can be

set up, with the majority of fissions caused by high energy neutrons. Fis-

sile nuclei aré those for which it is possible to set up a chain reaction

in which the majority of fissions are caused by thermal or slow neutrons.

It follows that the known nuclei which are fissile are fissionable, but not

the converse. Calculations show that criticality can be obtained with each

of the above listed fissionable even-n nuclides but only under essentially
unmoderated conditions. Results of known calculations made to date are -
‘summarized in Table III, which also includes critical mass values for the

odd-n nuc]ides.(31’32)

In considering the criticality of tﬁe even-n nuc1ides, it is noted that
the optimum condiﬁion for criticality in terms of minimum mass is reversed.
It is reversed in the sense that mixing moderator with an odd-n nuclide (such as

'239Pu or 241

Pu) produces the condition resulting in tﬁe smallest critical mass.
For the even-n nuclides, moderation is found to prevent - rather than enhance -
critica]ity. The guaranteed presence of a small amount of moderating diluent
would then ensure against accidental critica]ity and serve as a method of

criticality control.

The effect is illustrated in Fig. 19, which gives the value of k.

and critical radius for ZgéNp as a function of metal concentration. As

moderating material is added to a meta]-atoms-in-water system, Ke

decreases steadily, as shown in the Figure, from that for a pure metal at-

237

20.45 kg/liter through a value of unity at a Np concentration of about



. TABLE IIT

Neutron Fissionability and Criticality

Computed or Measured Critical { Computed or Measured Critical
Masses of Solution Spheresd; Masses of Metal Spheres:
Thermal Systems at Fast, Unmoderated Systems
Optimum Moderation (Ref. 32) (Ref, 32)
Criticality Aspects -
: Water Water Steel
E, b B, N B,-E, - Slow-Neutron Fast-Neutron Bare Reflected Bare Reflected Reflected

Nuclide Type® Z3A | Mev) | (MeV) { (MeV) | Chain Reaction | Chain Reaction (kg) (kg) (ke) (kg) (kg)
Z2Th | Even-even | 34.91 | 6.0 4.8 -1.2 No No ———- ———— ——— ——-- S
2ipa | Odd-even | 35.85 | 5.94¢ | 5.6 -0.34 No Indicated —— N RSN ———- ———-
*#ipa | Odd-odd 3549 | 5.7 6.5 0.8 Questionable Indicated® —— ——-- - - -
Zu Even-odd | 36.33 [ 5.1 6.8 1.7 Yes Yes 1.2 0.59 16.5 7.3 ——--
23U Even-odd | 36.02 | 5.2 6.5 1.3 Yes Yes 1.5 0.82 49.0 22.8 N
28y | Even-even | 35.56 | 5.7 4.8 -0.9 No No .- - .- - .-
#INp | Odd-even | 36.49 | 5.7 5.5 -0.2 No Yes! -—--- ——-- 68.6 64.9 43.1
#A%Pu | Even-even | 37.13 | 5.2 5.6 0.4 No Yes! -—- ———- 7.2 5.6 4.5
%iPu | Even-odd | 36.97 | 4.8 6.4 1.6 Yes Yes 0.905 0.53 10.0 5.42 ———
#%Pu | Even-even | 36.82 [ 5.3 5.24 -0.06 No Yest 158.7 148.4 . 96.4
#pu | Even-odd | 36.66 | 5.0 6.3 1.3 Yes! Yes! - 0.26 6.0 -
“3Am | Odd-even | 37.54 | 5.4 5.5 0.1 No Yes! ———- — 113.5 105.3 7.4
22Am | Odd-odd | 37.29 | 5.1 6.4 1.3 Yes! Indicated® --- 0.023 ———-
Z3Am | Odd-even | 37.14 ] 5.5 5.4 -0.1 No Indicated ———- ——- ———- - -
#iCm | Even-odd | 37.93 | 4.5 6.8 2.3 Yes! Indicated® ——-- 0.213 .- ——-- ————
24Cm | Even-even | 37.77 | 5.0 5.5 0.5 No Yesf S ce-- 23.2 22.0 14.2

3;}f;Cm Even-odd | 37.62 | 4.6 6.5 1.9 Yesf Indicated® — 0.042
#ICm | Even-odd | 37.31 | 4.7 6.2 1.5 Yes! Indicated® B— 0.159 ——n- - ———-
#iCt | Even-odd | 38.57 | 4.3 6.6 2.3 Yes! Indicated* 0.032 —
" 290t | Even-even | 38.42 | 4.7 5.1 0.4 No Indicated® PO ———- c—--
ZiCf | Even-odd | 38.26 | 4.4 6.2 1.8 Yes! Indicated® ---- 0.010 .—-- —.-- —---
" Z20f | Even-even | 38.11| 4.8 4.8 0.0 ~ No Indicated® - ———- S— S ———-
#iEs | Odd-odd 38.59 { 4.7 6.0 1.3 Indicated® Indicated® - ——e- ——— ———- ———

2Proton number; neutron number.
activation energy for fission (fissior. time 10~* sec); E, is 0.9 MeV |

bEn=

€. = neutron binding energy for nuclide of mass A + 1 (Ref, 3 3;)

dMinimum mass for homogeneous aquecus solutions.
“No question concerning the possibili
{Computed (see Ref. 31)

&

ty of criticality, but no ¢alculations are known (o have been made.

2ss than fission barrier (Ref. 33} ’
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12.7 kg/liter. Below 12.7 kg/liter, the reproduction faétor for én infinite
system (km{ becomes less than unity and criticality is no longer possible.
Over the concentration range where criticality is possible, the critical
radius for a steel-reflected sphere of metal atoms in water varies uniformly
from a minimum of 8.0 cm (43 kg) for the pure metal to a maximuﬁ value
approaching infinity as the minimum critical concentration of 12.7 kg/]itér

is approached.

The effect of energy degradation also becomes -evident in the reflector

savings'of such a system. A good moderating material, such as water, returns
237

- neutrons of reduced energy to the core. In the case’ of 93Np, many of the

reflected neutrons are degraded in energy below the effective fission threshold

and, hence, these returning neutrons contribute little tq the fission process.

THE INFINITE SEA CONCENTRATION

The limiting critical concentration in water is defined as that uniform
concentration of the fissile isotope that is required.to obtain a ke« of unity.
In the case of plutonium the "infinite sea" concentration is 7. 2 0.1 g/Titer
(H/Pu ratio 3680) (8) At this point, about half of the neutrons released
in fission are absorbed in the diluent (H20), since

| ko = 2.08 f =1, Where 2.08 is the n for Pu.

It should be remembered that it is not the concentration per se that is

important, but rather the ratio of absorbing atoms to fissile atoms which

determines this 1imit, and is the controiling factor.

1. Criticality in Earth

Let us consider the d1scharge of dilute ptutonium so]ut1ons to
earth (such as in the case of an underground waste trench or sludge-

filled vessel). In1t1d]]y, there would be no,problem,of cr1t1ca11ty,
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providing the Pu concentration in the aqueous solution were uniform and
less than 7.2 g/liter, for below this concentration k would be less than

unity even for an infinitely large system.

Let us assume the Pu to build up uniformly and be held as in a
‘matrix within the sand or soil. Subsequently, the soil begins to dry
out and our earth system could become supercritical, even though the

concentration of Pu in the soil were significantly less than 7.2 g/liter!

This sgeming]y anomalous happening may be explained as follows:
It is well known that a dilute aqueous solution containing less than
7.2 g Pu/liter could be contained in a large vessel and be well sub-
criticai initially, and subsequently achieve criticality through the
simple process of evaporation. In this case, however, the fissile atom
density would automatically increase beyond 7.2 g/liter as the water.

evaporated and the solution concentrated.

The problem of criticality is ynique as given herein, because thé
density of fissile atoms could, theoretically, remain unchanged as the
soil dried and yet criticality could occur at concentrations significantly
be]bw 7.2 g/liter. The reason is that the soil displaces water and the
absorption cross section for "pure"‘sand isvrelatively'sﬁall. Thus, as
Pu builds up in the soil (perhaps from so]qtions containing only milli-
gram/liter guantities initially) a concentration could be achieved'that
is well below 7.2 g/liter, yet on simple evaporation of water from the

soil (at a later date) the system might well become critical. Thus, an
~ abandoned crib could (under the ‘proper circumstances) become critical months
~or even years later. Note that such a system would 1ikely be autocatalytic

in the event of criticality - for the reproduction factor would be further



46

enhanced as the heat from fission evaporated water from the system. It
should be noted, also, that under the conditions given, keff could be
reduced by the readdition of water to the system, or the system would
be made further subcritical on flooding.

The bases for these conclusions are presented in Figures 20 and 21
and come from an interesting series of calculations by K. R. Ridgway
and R. D. Carter on "Criticality Prevention Parameters of Plutonium
in Soi1s."(34)(35)

The calculations were made for plutonium-soil mixtures of two
different void fractions (the void fraction is the space available

within the soil that might be filled with plutonium-water mixtures).

Void fractions of 30 and 40 volume percent were assumed, and both

fully-saturated, and one-third saturated, soil parameters were calculated.

The soil composition used was as follows:

TABLE 1V

HANFORD SOIL COMPOSITIONS, WEIGHT PERCENT
. Component Dry Soil

S1’02 81.0
A]203 6.0
Fe203 2.0
_FeO 2.0
Ca0 4.0
Mg0 2.0
K20 1.0
NaZO 1.0
H20 1.0.

Full soil density, no voids: 2.43 g/cm3
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The calculations for soil (assuming 30 vol% void) fully saturated
show the value of ke to be about 1.3 at a concentration of 7.2 g Pu/liter
(critical mass about 4.2 kg Pu). If water were to be removed, however,
such as through the process of evaporation, ke would subsequently increase
and go through a maximum value > 1.4 during the process. This means
that criticality would be possible at concentrations below 7.2 g/liter -
perhaps as low as 1.75 g/liter in the soil with the proper dryness

(H/Pu ~ 200).

The Universe

Pertaining to the "infinite sea" concentration and criticality in
earth, it was noted that it was not the concentration per se that was
the controlling factor, but rather the ratio of fissile atoms to
absorbing atoms that was paramount. We may now speculate as to whether
there is any lower 1limit on the critical concentration in the absence
of any absorbing atoms; for example, in infinite space - or the "ether".

Although of academic interest only, there is technically such a limit.

In this situation, the infinite multiplication constant is the
ratio of neutron generation rate by fission to the rate of neutron loss
by both g-decay and absorption within a critical system whose lower limit
of nuclei density is determined by the radioactive decay constant of the
neutron. Under these conditions the critical equation (assuming the
neutrons are at the average energy of fission, N2 MeV) becomes, n v No n-=
nvNo, +X n where the losses (on the right) come from absorption
as well as g-decay -of the neutron, since the neutron is radioactive

(half-1ife about 12 minutes) with a mean Tife of about 17‘minutes.

js the decay constant for 8 emission by the neutron,
-1

In the above, AB

“taken as 9.6 x 10'4 sec The relativistic velacity for the neutron
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9 cm/sec, or some 12,200 mi/sec.

with 2 MeV of energy is about 2 x 10
Assuming 2 barns for the absorption cross section of Pu at 2 MeV, and
taking n as 2.85, the mean free path, A = ﬁ% , is estimated to be
3.8 x 1012 cm. The latter corresponds to a distance about 100 times
that between the earth and the moon.

The density of the fissile atoms (or "infinite ether" concentration)
would, under these circumstances, be incomprehensibly small - a fraction

of a billionth of a gram/cc. Under these conditions (if Pu were con-

sidered as fuel) there would be only about 1 a-decay/cc every 8 sec.

To be more precise, it should be considered that gome of the fast
.-neutrons will scatter inelastically per collision event. Thése neutrons
will move with less velocity and, hence, will have more time to decay

’ before ehcountering another Pu atom. Iﬁ other words, the effect of
inelastic scattering is to increase the number of neutrons lost by
g-decay. To compensate for this effect, the nuclei density would have
to be s]ightly increased. The criticality equation(s) become consider-
ably more complex under the latter consideration.

NATURE'S ANOMALY

One of the strangest happenings to have been uncovered sjnce the
first man-made criticality (December 2, 1942, by E. Fermi and co-workers)
was_the discovery of nature's criticality in the Republique of Gabonaise.(36)
This event is believed to have taken place some one-hundred million years
ago, and the reaction is thought to have remained critical for perhaps one
million years.

This strange phenomenon was brought to light wheh.it was noted that

o 235

th U content from the Oklo miné was much less than normal, ranging

in values down to as low as 0.440% in some places where the concentration
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of uranium in the mine exceeded 20% by weight; also, in some cases, a

few samples of very slightly enriched urénium were actualily found, méking
the situation even more puzzling. Now, the isotopic composition of
natural uranium is known to be remarkably constant throughout the world.

e 235

Th U atomic percentage is 0.7200 * 0.0006%, with the possible variation

being less than the experimental accuracy.

After a detailed and careful analysis, it was concluded that the
modifications in the isotopic compositions of the uranium could only be
the consequence of nuclear fission reactions. It was found that, in all
samples in which the uranium was depleted, the isotopic compositioﬁ of the
r;re earth elements differed completely from that of naturally occurring

elements and was strikingly representative of fission product y1e1ds.

The analysis suggests that the uranium deposited and concentrated at
and

1, e 1T L e e e e R
Cklo scme 1.7 % yedird agld wad accuan

¥y tiuse w 3% enriched. The

amount of fissionable material consumed during criticality was computed

235

to be of the order 1 to 1.5 tons of U. The corresponding energy

produced amounted to 2 to 3000 MW-yr. This prehistoric reactor would have

been somewhat akin to today's light water reactor with a burn up of the
order 20,000 MWd/T. The cvidencc for the event is most convincing, as
a result of the fine analysis made, and there can be little doubt that
the reaction actually took place - some one-hundred-hi]]ion years prior

to man's first criticality.

“SMALL MASS" CONCEPTS

1. Thin Foils and Nonabsorbing Low Temperature Moderators

It is now known how, in principle, to obtain a critical

239

configuration with less than an ounce of Pu, or with only about

'235U-(37)

| one ounce of These quantities are only about 1/20 of the
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minimum critical masses prescribed for these nuclides in criticality
safety handbooks or safety guides. The study by R. S. Olson and

M. A. Robkin was predicated on the surprising observation that an
infinite slab of material with n > 1 immersed in an infinite non-
absorbing moderator would have an essentially zero critical thickness.

As reported by Olson and Robkin, a series of calculations were

235U and 239

made with single sheets of Pu metal foils reflected by
thick regions of DéO. The temperature of the core and 020 was
Towered to 4°K to rethermalize neutrons striking the core (thin fuel
sheets) and to take advantage 6f the absorption characteristics of
the fuel. Under these circumstances, a minimum critical mass of only

235 239, foi1.

35 g was_obtained for the U foil, and only 22 g for the
The results demonstrate the theoretical possibility of obtaining
remarkably small critical masses with the fissile material in the form

of a single foil o 0.2 mil thick. (See R. S. Olson Thesis for Master's

Degree in Nuclear Engineering, University of Washington, 1970, for

details.)(38)

The Laser-Induced Micro-Explosion

As noted previously, the critical mass of an unreflected sphere
will vary inversely as the square of the density, MC Y p-z. For
example, if two systems, differing only in dénsity, were critical

(k = unity) but the density of the first was 100 times that of

eff

the second, its critical mass would be only 1/10,000 that of the second.
It has recently been suggested that it day be possible, by means

of powerful laser beams or intense relativistic electron beams, to

compress a small fissionable sphere, of the order of a mm, into a
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(39)(40) Pressures up to 1012 atm

highly supercritical assembly.
comparable with the pressure in the center of the sun are believed
achievable with advanced giant lasers or electron beams irradiating

the small pellet simultaneously from all sides. Under these circumstances
the fissile material is said to be compressed to about 250 times normal
density. It is further reported by W. Seifritz and J. Ligou that a

pellet containing 0.2 g Pu (95% 239Pu and 5% 240Pu of radius 1.35 mm)
reflected by a 1.77 mm thick LiGD shell, could be compressed to a
supercritical state having keff §_1.25 if a laser pulse-energy of some

(40)

4.7 MJ were absorbed in the outer oblative layer. The number of

fissions that would occur during the 0.8 nsec burst is given as 2.33 x

1020, which is equivalent to an energy release of 1.61 tons TNT (a

burnup of nearly 50% would be achieved).” Further, in the case of a T-D
reflector the initial fissionable pellet diameter could be even smaller

.2 ’
(containing only 107" g Pu).

The preceding illustration constitutes an.example for the effect of
ultra-extreme density change on'critica]iﬁy. It would be of great
interest, should it prove feasible during fhe next few years, to perform
a successful irradiation confirming the above. Under the condifions
stated it would be possible to reduce the critical mass of Pu (or'other'

fissionable material) by tremendous factors; in the case of Pu, some

one-half million below that required for Pu metal at normal density.

BEYOND CALIFORNIUM - THE "MICRO" CRITICAL MASS

Beyond Californium

Increased binding energy at closed, or in the region near-closed,

. \
shells of nucleons results in increased stability of the nuc]eus.(41)(42’

Shell closures beyond lead now are predﬁcted at Z =114, and N = 184.
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Due to the additional binding, doubly-closed shell, superheavy "magic"
nuclei, if somehow formed, might be relatively stable; whereas, nuclei
lying in the region beyond the end of the periodic table prior to
reaching.this "fs]and of stability" would not exist with any significant
half-1ife. This leads to the prediction of the relatively stable super-

heavy element %?zx, and to others with closed or nearly closed, neutron

and proton she]]s.(42)

J. R. Nix has predicted some of the properties associated with the
fission of the hypothetical superheavy nuc]ei.(42) A few of these

properties are included in Table V.

"Micro" Critical Mass

We may now conjecture as to the possible minimum critical mass of
superheaQy, doubly-closed shell magic element(s) X, as yet undiscovered,
but theoretically bredicted. In making tﬁis "aualitative" estimate we
have assumed a nucleus one neutron short of the magic number; i.e., a
nucleus with an odd number of neutrons but in the region of a closed
shell.

i14X: critical radius ~ 3.44 cm
critical volume ~ 0.17 &

critical mass ~0.5¢g

Assuming minimum concentration of ~ 3 g/
in aqueous solution; water-reflected sphere.
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TABLE V.

Properties of Superheavy Nuclei

“Fissioning Energy Release Number of Neutrons
Nucleus Per Fission Per Fission Lifetime
' 298
]]4X 317 Mev 10.5
ﬁfgx 290 MeV 10.6 ~ 10% years”

*
Total half-1ife from decay by spontaneous fission, o decay,
B decay, etc.
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THE POWER REACTOR - FOUR-BILLION ATTS AND SUBCRITICAL

At the entrance of the N-Reactor, on the Hanford Reservation, there is
a sign which informs the visitor he is about to enter the largest nuclear
steam generating plant in the world. As of August, 1974, the dual-purpose
N-Reactor held the Free Nof1d's record of steam production for electrical
generation at 26.5 billion kW-hr. Yet, this reactor, even if generating
4 billion watts of thermal power in constant mode, is technically subcritical,
as the reproduction factor would be fractionally less than unity. This
reactor, as is true of all others when at constant power level, will be found
to be riding on neutron source multiplication where the origin of the source
neutrons is not the chain reaction itself, but rather from a-n reactions taking

238

place in the reactor's core material and from spontaneous fission in U or

240Pu, etc. The multiplication rate is given approximately by

2
+ oeee
ff - —1 . fork
- "eff

) S+S ke

M = ff

< 1.

+ S ke

-

~ £
S eni

If, somehow, it were possible to remove the source neutrons, the power level

would slowly fall to zero unless control rod adjustments were made to compensate.

The multiplication rate at full “subcritical" power level could be in the range

1

10" to 1013, or'up to some ten trillion.

CONCLUSIONS

The foregoing examples serve, if for no other purpose, fo illustrate
the futility of attempting to set up a few rigorous, general ru]es pertaining
to the factors affecting criticality, and to illustrate the complexity of

criticality itself.

If is. shown that there can be as hany as three different critical
concentrations with the same critical volume, and perhaps four different fuel
concentrations having fthe same critical mass. Contrary to the usual expec-

tation, the sphere, after all, may not be the configuration of least mass;

ade vy
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the reflected cube may be somewhat less under certain circumstances. In

some cases, the effect of added scatterers can significantly reduce the
critical dimension; whereas, in others the result can be precisely the
opposite. It is noted that reducing the core density can, under some
circumstances, actually decrease the critical mass, contrary to the usual
expectation that the mass will be increased. Surprising asiit may seem,

a system with ke < unity might be made critical by reducing the core size

and adding a finite reflector of D20, etc. (in the latter case keff > Koot ).
In some cases, the effect of moderation results in the smallest critical
mass; whereas, in others (depending on the evenness or oddness of the nuclide)
the effect ié again precisely the opposite. We have seen where a homogeneous

235 8 235

aqueous mixture of U and 23 U could have a smaller U critical mass (over

“a limited concentration range) with low enriched uranium than if the uranium

235U), and that an unmoderated interacting array

235

were fully enriched (93.5 wt%
of metal units (spheres of 30 wt% U) might have a lower critical density
than an array of fully enriched uranium spheres, of identical volume, and thus

235U mass in the array. There is an example wherein the

a smaller critical
effect of inserting a neutron absorbing rod into a Pu-solution-bearing sphere
is to cause the reactivity to initially increase rather than decrease.

12 atm, comparable with the pressure in the center of

Pressures up to 10
the sun, are now believed achievable with advanced giant lasers of electron
beams which could change the density of a small pellet of fissionable material
under irradiation by a factor of some 250, thus making it possible to achieve
a supercritical event in a small pellet of Pu containing as little as 10'2 g
Pu. One of the more interesting events in the annals of criticality was the
discovery of a possible prehistoric chain reaction (Nature's Anoma]y) that
took place in the RepubTique of Gabonaise some 100 million years ago with

3 wt% 235U enriched uranium.
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Finally, it is.interesting to recall that, in the presence of inherent
neutron sources, even the power reactor will be technically subcritical
(keff < 1) when operating in a constant power mode at any power level.

The 1ist continues, and there are doubtless many other seemingly apparent

\ anomalies that ‘can be cited in the field of criticality.
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