For both reactor design and safety in nuclear-fuel pmccssing. one needs to

know masses, concentrations, and dimensions of critical plutonium systems.

Behavior is similar to that of uranium, but different enough that extrapola-

tion is difhicult and v.\pvrimums are necessary. Experimcms at a Hanford [a-

cility have examined criticality in water solutions and ];lulonium assemblies,

PLUTONIUM
CRITICALITY
EXPERIMENTS

By E. D. Clayton

Plutonium, the man-made element of atomic num-
ber 94, has established itself mainly as the fssile
component of nuclear weapons. It is always made
in the operation ol a uranium-fueled reactor and
has been manulactured in large quantities since
its introduction in World War I1. It has long
been considered inevitable that plutonium will be-
come an important reactor fuel. It offers hazards
and puzzles 1o reactor physicists, and for two rea-
sons in particular they must know the conditions
under which assemblies containing it become criti-
cal. First, they must design processing systems that
will not have accidental and dangerous chain reac-
tions. Second, I}H.'} need data for reacton Li{'e«igll.

To determine these data (and extend some that
were determined more than a decade ago), calcula-
tions to determine criticality parameters and ex-
periments like that shown in Fig. | are being car-
ried out in the Critical Mass Laboratory at the
Battelle Institute's Pacihc Northwest Laboratory at
Hanford, Wash.

Why study plutonium?

In uranium-fueled reactors fissile plutonium is
made because ***U readily captures neutrons to

become **U, The **U undergoes two successive

I'he author is director of the Battelle-Northwestern Critical
Mass Laboratory at Hanford, Wash., and research associate
professor in the Department of Nuclear Engineering at the
University of Washington. The Pacific Northwest Labora-
tory, which is operated for the Atomic Energy Commission
by Battelle Memorial Institute, was part of the Hanford
Laboratories until last January when thev were transferred
from the General Electric Company and became a division
of Battelle.
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Fig. 1. Experimenter places concrete layver around vessel that
holds plutonium-nitrate solution in criticality experiment,

beta decays (half-lives are 23 minutes and 2.3 days)
to become first ***Np and then **Pu,

Early criticality measurements with plutonium
were made at the Los Alamos Scientific Labora-
tory, but with large-scale production of the ele-
ment, more data were needed. Therefore, during
1950-51 a series of criticality experiments at Han-
ford, a major plutoninum-producing site, were per-
formed to determine safe limits for handling the
material, F. Kruesi and his colleagues made meas-
urements to find the minimal critical mass of a
light-water-reflected, plutonium-nitrate solution in
water with plutonium concentrates in the range
ol 25-125 g Pu/liter.

With the development of new processing meth-
ods, still other data were needed on solutions and
compounds outside the ranges previously studied.
So our facility was constructed, and experiments
started in it in mid-1961. More than 500 experi-
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PuO,-plastic mixtures in solids,

Critical mass, volume, size

Critical masses and minimal critical dimensions
of #"Pu for a few simple shapes are given in
Table 1. Variation of critical mass with volume
for ***Pu-water mixtures is complex, as can be
seen from Fig. 2. The curves show radius of the
cﬁucal sphere and mass of plutonium contained
‘in it as the plutonium is mixed with increasing
amounts of water. The upper curve is for bare,
homogeneous plutonium-water spheres. The lower
one is for plutonium-water spheres surrounded by
an infinite reflector of pure water.

The curves show three effects. First, beginning
with plutonium metal at the density of the alpha
phase (19.6 g/cm®), critical mass and volume in-
crease as water is added, The increases in critical
mass and volume occur because decrease in plu-
tonium density leads to increased neutron leakage.

Second, with further dilution, moderation by the
water becomes increasingly important; probability
of slow-neutron-induced fission increases. Although
critical radius becomes larger, critical mass de-
creases; in other words, critical plutonium concen-
tration falls more rapidly than critical volume in-
creases. Ultimately one reaches a condition of opti-
mal moderation and minimal critical mass ( ~ 520
g of plutonium at a concentration of ~ 32 g
Pu/liter) .

Finally, both critical size and mass increase once
more because of excess neutron capture in water
(principally in hydrogen) and become infinite as
concentration reaches 8 g Pu/liter (H/Pu ratio of
3512).

Table 1. Critical values for “Pu'"’

Mass, Diameter, Thickness,
sphere infinite infinite
Density* (kg) cylinder (cm) slab  (cm)
Water-reflected metal
o 5.6 ~ 4.3 ~ 0.6
[} 7.6 ~ 5.3 ~ 0.7
Unreflected metal
3 10 ~ 6.1 ~28
§ 16.3 ~ 7.6 -~ 3.5

Minimum critical mass of homogeneous mixture in water
Water-reflected  sphere 520 g Pu
Unreflected sphere 900 g Pu

Smallest critical concentration in water"

80+ 0.3 g Pu/liter

* Density of the  phase is 19.6 g/m" density of the 5 phase
i5s 156 g/cm®.

"This is the smallest concentration that can be made critical
in an infinite volume of agqueous mixture.
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_Fig. 2. Estimated mass and radius of critical pluton-
ium-water spheres. Upper curve is for bare spheres and
lower for water-reflected ones. Labeled dotted lines
show densities, starting at 19.6 kg liter of c-phase
metal, Bottommost knee is principal region of existing
critical data and steepest portion is now heing explored.

Criticality in “"Pu and *'U

We know less about criticality conditions for
23Pu than for **5U. Nevertheless, one can make
a few simple comparisons between the two based
On neutron capture cross sections.

Thermal-neutron-induced fission in plutonium
will release on the average 291 fast neutrons
(v =2.91), whereas for **U the number is 2.47.
The effective 2200-m /sec absorption cross section
of plutonium for neutrons with a Maxwellian dis-
tribution at room temperature is 1107 barns, 676
barns [or uranium. But since fewer fissions occur
for each neutron absorbed in plutonium than in
uranium, the net yields of neutron released per neu-
tron captured in fuel are nearly equal (2.09 for
plutonium, 2.07 for uranium). Some of the neu-
trons absorbed merely produce *4'Pu and #311,

In its simplest form the reproduction factor k
for a system of #Pu or U and moderator that
is critical on thermal neutrons can be written
k =y f P. (kis ratio of number of neutrons in
one generation to the corresponding number in the
preceding generation; 5 is the number of neutrons
produced per neutron absorbed in fissile material;
f is the probability that a neutron will be absorbed
in fissile material—the number of neutrons ab-
sorbed in fssile material divided by the total num-
ber absorbed: P is the probability that neutrons
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do not escape from the system through leakage.
In terms of nuclear concentrations and cross sec-
tions f = N,o,/(N,o, + N,o,) where N, and N,
are concentrations of fissile and moderator nuclei
and the o's are appropriate microscopic capture
Cross sections.)

The minimal water-reflected critical mass for a
homogeneous **U-water mixture is 820 g and
the corresponding concentration is ~ 52 g/liter.
That #*Pu has a smaller minimal critical mass
than 2% comes principally from its higher neu-
tron capture, not from its higher neutron yield at
fission y.

One might suppose that for equal concentrations
the critical mass of plutonium will always be small-
er than that of uranium. (Since the average absorp-
tion cross section is larger, f will be larger.) But
this is not true,

The capture-to-fission ratio o varies with neutron
energy, and the variation difters between ##'Pu
and 2¥U. The factor 4, therefore, varies with
energy [y = /(1 + a)]. For example, plu-
tonium has a large resonance capture cross section
for 0.3-eV neutrons, and at this energy 5 is
only ~ 1.7. The neutron energy spectrum depends
on the ratio H/X ol hydrogen to fissile atoms.

Monte Carlo calculations by L. L. Carter of k
as a function of H/X for infinite homogeneous sys-
tems of 23°Pu and U in water are shown in
Fig. 3, and 5 and [ lor the same systems are
shown in Fig. 4. When averaged over neutron ener-
gy 5 differs from its 2200-m/sec value: it varies
smoothly with H/X within wide limits and is some-
what insensitive to resonance peaks in capture
Cross sections.

Variation of » with energy is one reason simple
theory fails to give correct results at higher plu-
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Fig. 3. Monte Carlo values of reproduction factor k
in homogeneous “'Pu- and “"U-water mixtures. (H/X is
atomic ratio of hydrogen to fuel.)
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Fig. 4. Monte Carlo values of fuel absorption
f and neutron-production ratio 7 for ““Pu and U in
homogeneous water mixtures,

tonium concentrations and neutron energies. This
is also why attempts to predict critical data for
#Pu in terms of known critical 25U masses
generally have not been successful.

Computed curves for k. (k for an infinite homo-
geneous volume) imply there is a range of concen-
trations over which critical masses of 235U are less
than those of **Pu at the same concentrations. It
is interesting to note that 23Pu has a smaller mini-
mal critical concentration, smaller minimal criti-
cal mass (at optimal moderation), and smaller
critical mass in the pure metal, although k for *5U
exceeds that for **'Pu throughout the H/X range
from ~ 20 to 300. The explanation is purely the
different variations in the capture-to-fission ratio
« with energy.

Plutonium isotopes

Isotopes of plutonium other than 2Pu are also
of interest, and it is interesting to speculate as
to the possibility of criticality. A few percent of
“Pu is normally present in all plutonium since
it is formed in nuclear reactors from radiative
neutron capture in *#Pu,

This heavier isotope adversely affects criticality.
Capture of thermal neutrons in 2*°Pu results almost
entirely in formation of 241Pu; little fissioning
is caused by slow neutrons. But at high neu-
tron energies fission becomes important. In this
respect *¥Pu is like 2%, The effect of *'Pu
on the criticality of **Pu depends on H/Pu ratio,
or degree of moderation. For dilute solutions (for
example, 30 g Pu/liter), the critical concentration
of **"Pu will be increased by about § percent
lor each added percent of *#'Pu.?

Calculations show that =*%Pu has its greatest
elfect on critical mass for H/Pu ratios of 20-60. In
this range of H/Pu ratios, the neutron energy spec-
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trum is ol intermediate neutron energy, being be-
tween that for a predominantly thermal reactor
and a last reactor.

The isotopes **Pu and =*$Pu are like *=#U
in that all three nuclei have even numbers ol
protons and neutrons. A large quantity of =#U
will not chain react by itsell because of energy
losses from inelastic scattering of fission neutrons
in the uranium. The fissionability ol a nucleus with
charge Z and mass number A is determined by
the ratio of Z%/A, and 2¥Pu and 25Pu have
larger values of this parameter than #%U—hence
these nuclei have lower threshold energies for in-
duced hssion,

Carter’'s Monte Carlo calculations for k., in in-
finite metal systems ol three uranium and four
plutonium isotopes are shown in Table 2. So [ar,
criticality has been achieved with three of these
nuclides; 23U, 235U, and *%Pu, The values of
k. show that criticality is also possible with the
even-even nuclei ***Pu and *'"Pu, as well as with
1Py, 1t is important to note, however, that these
results are very sensitive to cross sections, and cross
sections are not well known between 0,05 and
5 MeV where most fissions and absorptions occur
in last systems.

The value of k. determines whether criticality
is possible. and critical size depends on both k-
and neutron leakage. Leakage depends sensitively
on total cross section (scattering plus absorption) .
Although k. for #%U and **Pu differs by only
~ 18 percent. the critical mass of pure U ex-
ceeds that [or **Pu by a factor slightly greater
than four alter correcting for differences in den-
sity. Thus, although differences in k. may be small,
difference in critical mass can be large in these
all-metal systems, Monte Carlo calculations by Car-
ter give the critical mass [or a bare sphere of
255Pu  (density 19.6 g/em®) as 5.2 kg, which is
about half the value ol *Pu metal. Critical
mass for “%Pu bare metal sphere is estimated to
be — 80 kg.

Table 2. k, fissions and absorptions in infinite metal

svstems”
Nuclide Fivsions Lhsoy ptions R
sy 3740 1884 2,56 + 0.01
=5 7199 7018 2,55 +— 0,01
] 140 10nis 031 - 0,08
=Py 3232 39358 266 + 0.02
Py 5430 5050 2,97 + 001
WPy 5050 021 250 + 0.07
Py 3205 3044 2,62 + 0.03

S Fyom Mente Calo ealeulations of 1. L. Cavter,
fissions

Ill\ = Vuy * N

absarptions
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Fig. 5. Critical-approach curves plot reciprocal counting
rate (> volume) against amount of material in assembly,
Here amount of material was represented by height of a
Lucite-reflected rectangular prism with 22.9-cm square base,
Core material was PuO_-polystyrene compacts with 1.12
¢ Pu/em’ and an overall H/Pu atomic ratio of 15, !

Critical experiments

In our critical experiments, the fissile material
(plutonium in various forms and concentrations)
necessary for a sellsustaining chain reaction is care-
[ully assembled in prescribed geometries under pre-
cisely measured and controlled conditions, As more
fissile material is added, k approaches unity, and
criticality is achieved.

During the construction of a critical assembly, it
is important that the assembly size never becomes
so large that criticality can occur on prompt neu-
trons alone. As long as all neutrons released in
fission  (both prompt and delayed) are required
for criticality, the system is said to be “delayed
critical”. Then its kinetic behavior is determined
by the mean emission life of the delayed neutrons
(those that are released only after decay of certain
fission products) . Changes in & from unity result
in exponential changes in neutron flux at a rate
depending on average neutron lifetime in the
system,

On the other hand, if & were to become so great
that (k-1)/k were equal to g (the fraction of neu-
trons delayed) or greater, the system would be-
come critical because of prompt neutrons alone.
Delayed neutrons would no longer be controlling.
Since the time from birth to capture is small com:
pared with mean life of the delayed-neutron emit-
ters, neutron flux would increase at a rapid and
uncontrollable rate.

During the approach to criticality, source-neu
tron multiplication is a guide to fuel additions.
Multiplication (the number of neutrons freed in
the future by one neutron free at present) cin
be expressed by

M=1+k+k24+k...0k"% _
When k is less than unity, the expression reduces
to M =1/ (1 — k). Since M is proportional 10




counting rate, one can predict criticality by plot-
tng the reciprocal ol the observed counting rate
as 2 function ol the amount ol material in the
assembly. As k approaches unity, the reciprocal ol
the counting rate approaches zevo. Ty pical multipli-
giation curves from a critical experiment are shown
in Fig. 5.

Criticality is finally achieved by withdrawal ol a
small neutron-absorbing rod or insertion ol a little
fuel (fuel-bearing control rod) by remote methods.
With k slightly greater than unity, neutron flux
will increase exponentially until the rod is reposi-
poned to give £ = 1.
gontrolled by subsequent rod adjustments,

The power level is then

Figure | shows a typical critical assembly unit
for a critical experiment with plutonium-contain-
ing liquids, The sphere is being covered with 4
inches ol concrete, which reflects some ol the neu
mons that would otherwise escape back into the
plutonium solution. Since concrete is standard
structural material, 1ts effect on criticality is ol
practical interest.

Plutonium-nitrate solutions of various concentra-
tions are pumped into the sphere through a line
at the bottom. 1f the concentration is adjusted prop-
erly, a self-sustaining chain reaction will occur.
Control is by absorbing rods that enter the solu-
tion from above through the sphere neck,

We conduct critical experiments with plutonium-
containing solids using a remote-control split-table
machine in one ol the critical-assembly room hoods.

Figure 6 shows PuO.-polystyrene cubes being
hand-stacked on the table halves before an experi-
ment. With table faces in the lully open position

Pu_-polystyrene

Fig. 6. Hand-stacking of
cubes on remotely-operated split-table machine.

|

|
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Fig. 7. Split-table machine with fuel assembled
and faces together. Control drives visible at top

material is added: alter personnel have left the area
and the room is sealed, the [aces are brought to-
gether by remote methods. Multiplication is then
observed; the laces are uin'nu|. and lurther addi-
tions are made. When the material is separated
(Faces open) the assembly is well subcritical. We
continue the procedure until eriticality is achieved
on closing the laces and inserting a small fuel-
bearing rod.

Figure 7 shows the material assembled with [aces
closed. Some control- and safety-rod drives can be
seen, Plutonium concentration in the cubes 15 1.12
g Pu/cm® and the H/Pu atomic ratio for the
assembly is 15. For criticality in the approximate
lorm of a cube as shown, the quantity of plu-
tonium is =34 kg (305 = 30.5 351.8 cm) . 1 the
cube is reflected on all sides with plastic, critical
dimensions are reduced and critical mass becomes
19.2'cm).
This fuel composition makes a system in which

11.4 kg (core dimensions 22.9 » 22.9

the neutron spectrum is neither fast nor thermal;
most fissions are produced by intermediate-energy
neutrons. Another Monte Carlo calculation (by
C. R. Richey)

[ractions ol fssions caused by neutrons of diflerent

has given a rough estimate ol the

energies in the base system:

Euf'r;{\' feV) Fisstons (%4)

< 0.4 12
0.4 — 10 20,7
10 — 1000 42.8

~ 1000 24.5
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Neutron liletime has been determined by S. R.
Bierman with pulsed-neutron-source experiments.
The liletime is obtained [rom the measured ratio
Bure/1 ol the eftective delayed neutron lraction to
the neutron lifetime. The liletime is defined as
the average time a neutron lives in a finite system
alter being released in hssion, with neutron loss
from absorption and leakage. Measured liletime
was ~ L4 psec in the unreflected cube and — 14
psec in the reflected cube. In the rellected cube,
neutron liletime is the weighted average ol core
lifetime and the average time spent by neatrons
in the reflector before returning to the core. (Life-
time of a thermal neutron in reflector material
alone would be ~ 200 psec.)

Value of the plutonium needed for the experi-
ments is high (~ 51 million in this case). But the
plutonium is not harmed in zero-power experi-
ments, and its [urther use is not restricted. The
PuO.-plastic cubes are used to cover the density
range ol plutonium precipitates and polymers that
can form in chemical separation plants.

Safety

Many automatic salety devices are built into our
criticality system. With a loss ol electric power,
the table is opened by an air motor. I air pres-
sure is not available, the table cannot be closed.
Opening a door to the room automatically shuts
the system down. Loss ol power causes control
and salety rods to move and shut the assembly
down. Should criticality be approached too rapid-
ly, causing a too rapid change ol fission rate, the
system shuts down automatically. If the neutron
level rises above preset values, the system also
shuts down. Moreover, operating personnel in the
control room can take action at any time to shut
down any critical assembly.

In general, criticality is ol concern wherever
fissile materials are handled in significant quanti-
ties (for example, in chemical plants [or reprocess-
ing spent fuel) . There is the possibility that enough
material may accumulate 1o constitute a critical
mass and produce a chain reaction.

In nuclear salety we are concerned with preven-
tion ol accidental chain reactions in nonreactor
environments. One must consider various in-plant
factors that allect criticality ol an individual unit
or quantity of fissile material. Allowances must be
made for neutron rellectors, interactions between
associated vessels, and units in related operations
(storage arrays, interconnected pipes, operations in
adjoining hoods) .

Miny methods have been used for criticality con-
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trol, and combinations of several methods
used. These are some ol the methods
been used:

Process vessels are designed to be safe by geometry;
is, neutron leakage is great enough to prevent eritic
regardless of how much fhissile material is present.

¥

Operating limits are imposed on material compositions |
such as density of hssile material in solution and quantity
of diluent or moderator that can be present.,

Amount of material handled in a single operation is
limited (o a subcritical amount; that is, a safe mass limit
or batch control is applied.

Restrictions are applied to amount and form of material
permitted in a storage array and on spatial distributions of
the material.

Soluble or fixed neutron absorbers can be used (o in-
erease the mass limit or make a vessel safe by geometry,

In current practice, nuclear salety is based mainly
on results of experiments together with interpreta-
tion and extrapolation of experimental data. But
application ol critical data to practical problems
in processing plants olten involves assumptions to
cover prevailing conditions not duplicated in the
original experiments. Then the usual procedure is
to compare theory and experiment lor situations
measured in the laboratory. When satisfactory cor-
relations have been effected and the calculational
method verified, the method is then used to extend
the data and provide answers to salety problems
not yet studied experimentally,

First the reactor physicist must be able to apply
theory and compute accurately the values meas-
ured in the laboratory. Doing so involves basic
study of the physical theory of criticality as re-
lated to plutonium systems and neutron interac
tons,

IT criticality conditions are precisely known,
equipment can be specifically designed to prevent
nuclear accidents, and methods can be devised for
sale handling of plutonium. Programs like ours con-
tribute to the good overall safety record of nu-
clear energy.
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