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ISPO-C~50 Phase I
DIVERSION ASSUMPTIONS FOR HIGH-POWERED RESEARCH REACTORS

F. T. Binford

1. INTRODUCTION

1.1 Scope

This study was performed at the Oak Ridge National Laboratory pur-
suart to a request by the International Safeguards Project Office
(ISPO) of the Brookhaven National Laboratory. The study, designated
Task C-50 under the Program for Technical Assistance to International
Atomic Energy Safeguards (POTAS), deals with diversion assumptions for
high-powered research reactors — specifically, MTR fuel; pool- or
tank~type research reactors with light-water moderator; and water,
beryllium, or graphite reflectors, and which have a power level of
25 MW(t) or more.

The objective is to provide assistance to the IAEA in documen-—
tation of criteria and inspection observables related to undeclared

plutonium production in the reactors described above, including:

a. criteria for undeclared plutonium production,

b. necessary design information for implementation of these criteria,

c. verification guidelines including neutron physics and heat
transfer, and

d. safeguards measures to facilitate the detection of undeclared

plutonium production at large research reactors.

Fulfillment of this objective consists of two phases, of which
this study covers only the first,



PHASE I

1. Define criteria which the IAEA may use to assess the credi-
bility of undeclared production of significant* amounts of plutonium
annually within or at the periphery of the active core along with
quantitative estimates of the production rate (taking into account
both physical possibility and the ability to operate the reactor
safely).

2. Suggest methods for making vrough, quantitative, practical
estimations of plutonium production for typical cases.

3. Specify the necessary reactor design information for assessing
the capabilities for making practical estimates of plutonium produc-
tion.

4. Suggest guidelines for verification, including neutron physics,

heat transfer, and mechanical handling of radioactive components.

PHASE IIL

It is contemplated that Phase II of the study will consist of pro-
viding assistance to the IAEA in determining the clandestine produc-
tion potential for plutonium in six to ten large research reactors
under TAEA safeguards. This will include identification of the
necessary data to be used for calculations and the calculation of the
reactor operating conditions and fuel usage necessary to produce one
or more significant quantities of plutonium per year bhased on the

available data.

*¥A significant amount of plutonium production has been defined by

the TAEA to be 8 kg or more. In this work it has been taken to mean

L
8 kg of fissile plutonium (239Pu and 2 lPu).

I
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As a result of the Phase I study, the following reactors are

regarded as probable candidates for the Phase II study:

BR-2, Mol, Belgium 100 MW
R-2, Nykoping, Sweden 50 MW
JMTR, Oarai-Machi, Japan 50 MW
HFR, Petten, Netherlands 45 MW
Tamuz-~1, Bagdad, Iraq 40 MW
Maria, Swierk, Poland 30 MW

In addition to these, there are a few tank-type reactors now
operating at lower power levels which might become candidates if their

pcwer were to be increased.

1.2 Method of Analysis

The reactors listed in the previous section are reasonably simi-
lar; however, they differ significantly in two respects which are
relevant to their potential for producing plutonium. The firset is
power level and the second is their physical configuration which
determines the amount of space in and around the reactor core into
which fertile material can be loaded. Moreover, in each case there
is a variety of loading patterns and operating cycles which could be
used. While it may be possible to determine that pattern and that
cycle which optimize production, it must be remembered that con-
cealing the fact that plutonium is being produced is also an objective
of the operator. Since use of optimum conditions may make the fact
that plutonium production is going on quite obvious, the operator may
elect to use less optimized conditions which are more susceptible to
concealment,

For these reasons, examination of the potential to produce pluto-
nium has been approached in a generic fashion. While sufficient

information has been given to estimate the practical upper limit of



plutonium production in these reactors, accurate estimates of the
production rate for various production schemes require calculations
based upon the specific characteristics of the reactors under con-
sideration and are reserved for Phase II of Task C-50. Similarly,
sufficient information about the various operational elements which
must be present during plutonium production is given so that upon
observing them a well-trained inspector should be able to draw strong
inferences concerning whether or not clandestine production is
occurring. As in the case of production, an accurate quantitative
estimate of the magnitude of these observables depends upon the pro-
duction scheme being used.

Consequently, the body of this report provides a description of
how plutonium can be produced in a research reactor with emphasis on
the observable differences between the operational characteristics of
a reactor which is producing plutonium and one which is not. The
general principles of research reactor operation are described in
Section 3. Section 4 discusses methods of plutonium production, while
Section 5 deals with a number of ancillary considerations. In
Section 6 consideration i1s given to those elements of the operation
which provide evidence of plutonium production. Section 2 contains a

summary of findings and the conclusions which may be drawn from them.

2. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

During this study it became apparent that currently there exists
no simple, strailghtforward method to detect the production of
undeclared plutonium by merely monitoring the values of easily observ-
able parameters. There are, however, a number of distinguishable
differences between normal operation and operation in a plutonium~
producing mode. Observation of these can provide evidence of pluto-
nium production.

The potential for plutonium production can be estimated using
neutron balance techniques and, 1f sufficient details are known, spe-

cific neutronic calculations.



2.1 Plutonium Production Potential

The maximum possible rate of 239%py formation in research reactors
of the type under consideration is about 0.95 g per megawatt-day, and
the maximum actually achievable is 0.5 to 0.65 g per megawatt-day. It
is unlikely that a plant factor greater than 85% can be achieved so
that, in order to produce 8 kg of 239py per year, the reactor must
operate at a minimum power level of 40 to 50 MW.

A second limitation is the quantity of fertile target material
which must be present in the core. Although as much as 6.2 g of
fissile plutonium can be produced per kilogram of 238U, this requires
a very long irradiation (fluence of about 8 x 102} n/cm?). Moreover,
at this level the product is encumbered by the presence of large quan-
tities of nonfissile plutonium. At a fluence of 5 x 1020 n/em? (which
only takes one-sixteenth the time), the target contains 2 g of fissile
plutonium per kilogram and is of much better quality. In general,
production is maximized by using many short irradiations rather than a
few long ones. The time required to reach a given fluence and, hence,
the quantity of 2380, for a given production rate, that must be pre-
sent in the core, depends on the magnitude of the flux to which the
targets are exposed. For a given configuration the flux is propor-
tional to the reactor power. An accurate estimate of the quantity of
fertile material which must be present at all times in order to pro-
duce 8 kg of plutonium per year must be obtained on a case-by-case
basis; however, for a 50-MW reactor it probably lies between 1.5 and
2 metric tons. If uranium metal can be used as the fertile material,
it may be possible to get that much into the flux; but, if currently
available fuel fabrication techniques must be used, more than twice
the volume occupied by metal would be required. Under the latter
constraint, power levels approaching 100 MW would be necessary in

order to produce a significant quantity of plutonium annually.



2.2 Specific Production Estimates

Detailed neutronic calculations based on specific fuel and target
configurations are necessary 1f accurate production estimates are to
be obtained. These are planned for Phase II of this study. For this
purpose, it is necessary to obtain for each reactor sufficient infor-
mation concerning the composition of each possible configuration of
target and fuel elements to permit the effective fluxes and cross-
sections in the individual elements to be computed. Production in
each position as a function of fluence can then be estimated using an
appropriate isotope or burnup computer code.

Because it is impossible to predict the production scheme which
might be adopted for a given reactor, a number of configurations
should be examined with fluence as a parameter.

Other parameters which must be considered include power level,
permitted start-of-cycle excess reactivity, and fuel cycle length.
The frequency with which targets are replaced and, hence, the annual
target usage, will depend upon the neutron flux and the fluence to

which they are irradiated.

2.3 1Inspector Observables

Evidence of possible plutonium production may be supplied by

observation of one or more of the following:

a. The actual presence of undeclared plutonium detected by an
interrogation device.

b. The presence of targets containing a large quantity of irradiated
or unirradiated 238U in the reactor or in storage.

c. A substantial increase in core component traffic over that
required for normal operation.

d. The use of heavy core components containing pins or thick plates.



e. A substantial increase in the number of fuel-like components
loaded in and around the reactor core.

f. A reduction in 235U consumption in the normal fuel without a
concurrent decrease in power.

g. Structural or engineering changes designed to increase the
number of movable components located in and around the core.

h. A reduction in the use of the reactor as a neutron source for

experiments and radioisotope production.
2.4 Conclusions

It may be concluded that for research reactors operating at a
power level in excess of 40 to 50 MW sufficient neutrons are generated
to permit the production of 8 kg or more of fissile plutonium
annually, but that the capabiliiy for such production may be reduced
to less than half of this by space limitations within and around the
core unless the fertile material can be used in metallic form.

It may be further concluded that at this level of production,
which for the reactors under consideration requires dedication of all
or a large fraction of the reactor to production, there will be suf-
ficient differences between normal operation and operation in the
plutonium-producing mode so that they can be detected by an inspector
or by survaillance devices, provided of course that access to the
relevant areas in and near the reactor is available at the proper
times. Production at lesser levels would be correspondingly more dif-

ficult to detect and easier to deliberately conceal.

2.5 Recommendations

For the inspector to be able to recognize those changes in the

operating pattern which may signify that plutonium is being produced,



he must be familiar with the normal operatiug pattern. He should,
therefore, have a sound knowledge of the characteristics of the reac-
tor for which he is responsible. Moreover, this knowledge should
extend beyond the limits of the information contained in the "Design
Information Questionnaire” and the "Facility Attachments” and should
include a study of all available open literature documents concerning
the reactor.

Although such devices may not exist at present, consideration
should be given to the development of surveillance instrumeants which
can monitor the reactor power level independent of the regular instru-
mentation and to the feasibility of the use of sophisticated instru-
mentation to detect the presence of plutonium fissions or the presence
of large quantities of 238U in the reactor core by using noise analy-
sis techniques.

Finally, because 1t 1s obviously much easier to conceal the annual
production of a small quantity — one or two kilograms of plutonium —
than that of a "significant” quantity, it is suggested the inspectors
be alert to this possibility.

3. RESEARCH REACTOR DESIGN AND OPERATION

3.1 General Characteristics of the Reactors

The research reactors listed in Section 1.1 have a number of
features in common. They are all light-water-cooled, thermal reac-—
tors, moderated with water or with & combination of water and
beryllium. Reflection is provided by beryllium, graphite, or
deuterium oxide together with some water. All are located within or
immediately adjacent to a large pool of water which provides shielding
and facilitates the handling of fuel and other radioactive components
which must be removed from or inserted into the reactor core and which
permits easy access to the reactor for the purposes of maintenance,

experiment servicing, or other necessary operativns. The pool, which



is usually divided into two or more sections by means of removable
partitions or dams, also provides shielded storage space for irra-
diated fuel and other radioactive components.

At present, all of these reactors employ plate-type, aluminum-clad
fuel elements which contain uranium highly enriched in 2350* (HEU) and
have either an approximately square or a circular cross-section.
Depending upon the reactor, the fuel elements will initially contain
250 to 400 g of 2350, of which normally about 507 is consumed during
th~ 1life of the element. 1In some cases, a neutron-absorbing "burnable
poison” is incorporated in the fuel to reduce its initial reactivity,
permit heavier lcading, and thus extend the fuel life. Current prac-
tice is to fabricate the individual fuel plates by a "picture-frame"”
technique with the fuel cor:s being made from uranium-aluminum alloy
or by powd metallurgy using aluminum and uranium (UAly) or aluminum
and U30g3. They are then rolled and formed to the proper shape — rec-
tarngular plates for the square or box-type elements or concentric
cylinders for the circular elements.

The fuel elements are maintained uprignt within the reactor core
by means of end-mounted adapters which fit into horizontal grid plates
designed to accommodate them. An operating core may contain 25 to 40
fuel elements, depending upon the reactor, although the grid plate may
hav~ space for perhaps twice as many. Those grid positions not
occupied by fuel will contain reflector pieces, control elements, or,
frequently, experimental rigs. A typical arrangement is shown in
Figs. 3.1 and 3.2.

The cores of four of the reactors — BR-2, R-2, HFR, and JMTR — are
contained in tanks or pressure vessels which are immersed in the reac-

tor pools. Maria is a "pressure—tube” reactor in which each fuel ele-

ment is enclosed in a separate tube, all of which are connected to an

*Conversion to low—enriched uranium (LEU) 1s currently being con-

templated for most of these reactors.
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upper and lower plenum. Tammuz-I has a unique cooling system which
includes a chimney directly connected to the pool. Aluminum is the
material of construction used for the vessels and tubes.

The water moderator also serves as the primary coolant which
removes the nuclear heat from the reactors. These reactors operate at
low to moderate pressures — 3-14 atm. abs. — and the coolant fleow rate
is adjusted to maintain the exit temperature well below saturation.

In general, it is also expedient to keep the fuel surface temperature
and that of other in-core components near or below the coolant satura-
tion temperature so that the coolant velocity must be sufficiently
high to provide a heat transfer coefficlent which is adequate for this
purpose, With the exception of Tammuz-I, the primary coolant is
pumped vertically downward through the reactor core. It is then
passed through heat exchangers where the heat is given up to a second-
ary coolant, also water. Cooling water is supplied to the secondary
side of the heat exchangers either from an external source of cold
water such as a river or sea or is recirculated through cooling

towers to waste the heat to the atmosphere.

A small fraction of the reactor heat escapes to the pool due to
radiation and conduction through the reactor vessel. Also, heat is
supplied to the pool water from the radioactive decay of fission
products in stored irradiated fuel so that the pools are also provided
with a cooling system.

Appropriate fractions of both the primary coolant and the pool
water are circulated through demineralizing equipment in order to
maintain water purity.

Reactor control is exercised by means of control elements or
"rods"” fitted into the reactor lattice among the fuel elements. These
control rods contain a neutron-absorbing material or "poison” such as
cadmium, hafnium, boron, or cobalt. The reactor is started up by
ralsing the control rods so that the poison section is moved out above
the core until a multiplication factor slightly greater than unity is

achieved. When the proper power level is reached, the position of the



13

rods is adjusted to provide a multiplication factor of unity. The
rods are further withdrawn throughout the operating cycle to compen-
sate for reactivity lost as the fuel is consumed.

In most cases the control rods serve also as safsty rods, being
connected to their drives by a magnetic coupling which, when
deenergized by a protection system ¢ignal, allows the poison section
to fall by gravity into the core. The drives may be located either
above or below the core, with the latter being the most common
arrangement for high-powered reactors.

Four of the reactors — R-2, HFR, Tammuz-I, and JMTR — employ "fuel
followers” which are modified fuel elements attached to the bottom
half of the control rods. As the poison section is moved out of the
top of the core, fuel is drawn in the bottom. This arrangement
increases the reactivity worth of the rods. Depending upon the reac-
tor, five to ten such rods are generally utilized., Neither BR-2 nor
Maria employs fuel followers; and, in the latter case, control is exer-
cised by using ten cylindrical control rods using B,C. An additional
six ByC rods are used independently as safety rods. While there is no
set rule, it is usual in reactors of this type for the control and
safety system to be able to handle about twice the beginning-of-cycle
reactivity.

The acknowledged mission of all these reactors is to generate
neutrons which may be used for basic physical research, the testing of
power reactor materials and components, production of radioisotopes,
neutron radiography, activation analysis, and many other constructive
purposes, For this reason, the reactors are equipped with a variety
of experimental facilities to give access to the neutron field. These
include beamports and thermal columns exterior to the core, as well as
facilities for in-core experiments including circulating loops and
flux traps. Usually, provision is also made to insert and remove
samples from the reactor core during operation by means of one or
more hydraulically operated "rabhit"” tubes. Both the R-2 and HFR

vessels and the Tammuz chimney have been designed so that relatively
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large experiments can be positioned in the reactor pool exterior to
the vessel but quite close to the core. These "pcolside windows"” are
frequently used for shielding and neutron damage experiments.

In general, thermal neutron fluxes of the order of a few times 1013
to a few times 1014 are available in the experimental facilities with
perhaps 1015 being available over a small region in the flux traps of
the higher-powered reactors. Fast neutron fluxes of a few x 101“ are
also available. The actual values of the fluxes and their spatial
distribution depends upon the arrangement of the core components and
the operating power level.

Contalnment is provided in all cases by either a pressure-tight
building or by a controlled-ie=akage arrangement which permits only
filtered air to leave the containment envelope.

More detailled descriptions >f the reactors under consideration can

be found in the publications iisted in the attached bibliography.

3.2 Heat Transfer Considerations

Aside from the necessity of designing a chain-reacting device
which will provide a source of neutrons in a configuration suitable
for experimental uses and whose power level can be regulated in a safe
and orderly fashion, the overriding considerations in research reactor
design are those related to the removal of heat.

A 50-MW reactor similar to the 0Oak Ridge Research Reactor (ORR),
illustrated in Figs. 3.1 and 3.2, will normally contain about 30 fuel
elements and four to six shim safety rods. The total heat transfer
area of such a core is approximately 53 m2 so that the average heat
flux is about 95 W/cmz. Because of variations in the power density,
both radial and axial, the peak heat flux may be perhaps 2.5 times
this or 238 W/cm2. These values are nearly twice those found in a
3000-MW(t) pressurized water reactor. Thus, while the cores of high-
powered research reactors are physically small, they are intense

sources of heat.



15

To remove this heat, the fuel elements must be designed to present

an adequate surface area to the cooling water, the coolant flow rate
must be high enough to remove this heat without an excessive rise in
temperature, and its linear velocity through the fuel elements must be
sufficiently high to provide satisfactory heat transfer coefficient
without producing a prohibitive drop in pressure. It is for these
reasons that fuel elements assembled from thin plates are almost uni-
versally used in high-powered research reactors.

Bulk coolant flow rates in the reactors under consideration are
generally in the range of 23 to 37 L/s per fuel assembly. The veloci-
ties vary from 6 to 20 m/s, while the pressure loss due to friction
and shape changes varies from 1 to 2.5 atm. The heat transfer coef-
ficients range from 3-6 W/cm2°C.

The foregoing values are valid for "normal" operating cores.

Vhile the maximum bulk coolant flows are essentially fixed by the
capacity of the coolant pumps and the flow area of the individual ele-
ments is fixed by the fuel element design, the flow rate through the
elements, and hence the velocity, depends upon the total available
flow area, i.e., the number of fuel elzments present. A relatively
small fraction of the total flow does not pass through the fuel but is
required to cool other core components such as reflector pieces,
experimental rigs, core structural elements, etc. Nevertheless, to a
first approximation, both the coolant flow per element and velocity
are inversely proportional to the number of fuel elements present.
Since the heat transfer coefficient varies directly as the 0.8 power
of the velocity, it decreases with the increasing number of fuel ele-
ments.

On the other hand, the heat transfer area increases directly with
the number of fuel elements so that, for a given power level, the
average heat flux varies inversely as the number of fuel elements.
However, because the ratio of peak to average power density may
actually increase as the number of fuel elements increases, the larger

core may not produce a lower peak heat flux. Moreover, although the
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bulk coolant temperature rise is not affected by the number of fuel
elements, because of the lower flow, the rise in the hottest channels
may actually be as great or greater in the highest power density chan-
nels of a large core than it is in a small core. Thus, since it is
the hottest channels which govern the reactor thermal-hydraulic be-
havior, it cannot be assumed a priori that increasing the number of
fuel elements wil) always lead to an improvement in the worst heat
transfer conditions.

The basic criterion which is widely used to dictate the thermal

design of reactors of the type under consideration is:

"The combination of coolant flow, velocity, and inlet
temperature shall be capable of preventing the onset

of nucleate boiling anywhere in the core.’'

In some respects this criterion 1s conservative because the heat
transfer coefficients associated with nucleate boiling are con-
siderably higher than those associated with conduction. Thus, opera-
tion in this regime will permit an increase in heat flux (and, hence,
power) without a proportional increase in fuel surface temperature.
However, the nucleate boiling regime borders on a region of flow
instability and is close to conditions which could lead to bulk
boiling, film blanketing, and subsequent melting of the fuel. Also,
the formation and collapse of bubbles may lead to fluctuations in the
neutron signals feeding the reactor instrumentation, thus producing a
"noisy" response which could mask developing malfunctions.

For the conditions considered, the onset of nucleate boiling
usually requires that the fuel surface temperature exceed the satura-
tion temperature by 5 to 15°C. An even more conservative criterion is
to require that the fuel surface temperature nowhere exceed the
saturation temperature.,

All of the reactors were originally designed to one or both of

these criteria. TIn most cases experience showed that the designs were
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overly conservative and that by making modest changes it was possible
to increase the original power level of the reactor by a significant
amount. Such changes include increasing the capacity of the secondary
cooling system, increasing the primary coolant flow, decreasing the
primary coolant inlet temperature, increasing the heat transfer area of
the fuel plates, and careful tailoring of the core configuration to
minimize the peak power density. Beyond this, it may in some cases be
possible to increase the reactor pressure to raise the saturation tem~
perature, although this would be difficult if the system had not been
originally designed with such a contingency in mind. In extreme
cases, it might be considered worth the risk to operate in the
nucleate boiling regime.

Calculation of the heat transfer conditions is accomplished using
a series of "hot channel” and "hot spot"” factors which account for
variations in axial and radial power density as well as uncertainties
in fuel density, channel width, and flow velocity. For reactors in
which the coolant flow is downward, both the maximum coolant tem-
perature and the minimum pressure will occur at the bottom of the
active region of the fuel.* Generally, the maximum power density
(hence, maximum heat flux) will occur either slightly below the core
centerline or at the bottom of the core, depending on the magnitude of
the reflector peak caused by the bottom reflector. It is conserva-
tive, therefore, to assume that the maximum heat flux occurs at the
bottom of the core where the coolant temperature 1s highest and the
saturation temperature lowest. The hot spot and hot channel factors
are then applied and the fuel surface temperature calculated. This is
then compared to the saturation temperature or to a nucleate boiling
correlation to determine if the criteria are met. Because the power

density profile may change significantly throughout the operating

*In the case of Tammuz-I, in which the flow is upward, the maximum

coolant temperature and minimum pressure occur at the top of the core.
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cycle as a result of control rod movement and fuel consumption, it is
often desirable to calculate the thermal conditions at various stages

of the cycle.

3.3 Research Reactor Fuel

All of the reactors utilize fuel elements assembled from thin
plates. These fuel plates consist of a fuel core containing uranium-
bearing material which is clad on both sides and on the ends with
aluminum metal. The plates are fabricated by forming fuel cores into
the proper size and placing them in an aluminum “picture frame.”
Aluminum cover plates are placed on both sides of the framed core,
the edges welded, and the whole assembly rolled to the proper
thickness. The rolled plates are then trimmed to the correct size,
stralightened, and, where necessary, formed to the proper curvature.
They are then assembled into finished fuel elements.

Four of the reactors — HFR, R-2, JMTR, and Tammuz-I — utilize
"box-type" fuel which consists of a number of flat or slightly curved
plates assembled in the form of a rectangular parallelepiped. The
fuel used in BR~2 and Maria consists of six concentric cylindrical
plates and, thus, has a circular rather than an approximately square
crogss-section. Typical fuel elements are shown in Fig. 3.3.

Three methods to produce fuel cores are presently in use. The
oldest method (which is now used infrequently) is to produce a
uranium—-aluminum alloy billet by melting the two metals together. The
billet is rolled into relatively thick plate from which the cores are
punched. The amount of uranium which can be contained in such cores
is limited because it 1is extremely difficult to roll alloys which con-
tain a high percentage of uranium. Although higher percentages have
been achieved, attempts to routinely produce fuel plates having alloy
cores containing more than about 26 wt % uranium have not been very

successful.
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The use of uranium-aluminum alloy cores has been largely displaced
by cores fabricated by powder metallurgy techniques. These processes
use a mixture of aluminum powder and either uranium metal or
U30g powder. The ingredients are blended in the desired proportions,
shaped in a die, and hot pressed to form the core. The powder
metallurgy methods have a number of advantages over the use of alloy:
the plates are easier to roll, homogeneity of the fuel distribution
can be better controlled — as can uniformity of the clading thickness —
and higher fuel densities are obtainable. Fuel cores containing up to
40 wt % of uranium are routinely produced by these methods.

An ongoing development program using U3Si or U3Si, as the uranium-
bearing materials is aimed at producing even higher density fue's.
This could yield uranium densities as high as 70 wt Z%.

Neither unalloyed uranium metal nor UO, have been successfully
used for research reactor fuel plate fabrication althoughk both are
used in pellet form in fuel pins. It is extremely difficult to roll
the metal. Moreover, there must be a metallurgical bond between the
cladding and the fuel core, both for heat transfer purposes and to
prevent the formation of a void region into which fission gases could
migrate and cause separation of the cladding, thus narrowing the
coolant channels. Because the metal tends to swell upon irradiation,
any such bond would be suspect.

The early natural uranium graphite-moderated reactors employed
slugs (short cylinders) of uranium clad with either aluminum or a zir-
conium alloy and frequently bonded with silicon, but this technique is
not suitable for plate-type fuel. More recently, the metal has been
used in the form of thin cylindrical rods clad in a stainless steel
tube. These rods or pins contain a heat transfer medium such as
sodium or sodium-potassium alloy (NaK) to conduct heat from the fuel
to the pin walls. While suitable as fast reactor fuel, the high ther-
mal neutron capture cross—-sections of steel and liquid metal virtually

preclude the use of this type fuel in a thermal reactor.
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Some fuel plates have been produced and operated using UO, rather
than U30g as the fuel-bearing material for the powder metallurgy pro-
cess. Because of chemical reactions which take place between U0, and
aluminum during the rolling proces, plates containing U0, tend to
swell and blister and are far more difficult to produce than are those
containing U30g.

Uranium dioxide 1is routinely used in power reactor fuel pins and
quite high-density fuel (88 wt % uranium) can be fabricated by using
pins rather than plates in a fuel element similar in configuration to
that of a TRIGA fuel element. The main disadvantage 1s that for a
given fuel content the heat transfer area of the pin-type element is
significantly less than that of the plate type.

The French have developed a unique method using UO; which results
in a high-density, plate-type fuel. Small lozenges of UO, are pro-
duced by pressing the powder. These are individually wrapped in alu-
minum or zirconium foil, enclosed in cover plates, and rolled to
produce the fuel plates. The wrapped U0, lozenges look like a piece
of wrapped candy, hence, the name "caramel" fuel.

A tabulation of the relevant characteristics of the various fuel

types 1s given in Table 3.1.

3.4 Operating Considerations

The operating cycle of a research reactor is governed by a number
of factors which include: the needs of the experimental program, the
reactivity limitations imposed by the control and safety system, the
characteristics of the reactor fuel, the frequency with which both
preventive and corrective maintenance must be performed, and economic
considerations with respect to fuel usage.

Although the pattern may vary, operating cycles usually last for

two to four weeks, followed by a shutdown for refueling and servicing
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of the experiments, which may take anywhere from a few hours to several
days. The length of the operating cycle depends upon the initial
excess reactivity and the power level of the reactor.

For reactors of the type under consideration, the loss in excess
reactivity due to fuel turnup is in the neighborhood of 0.009% Ak/k
per megawatt-day, provided the fuel contains no burnable poison. If
burnable poison is present, this value will be less during the early
life of the fuel because the loss in fuel is compensated for by burnup
of the poison. 1In both cases, there is 2z greater loss in reactivity
during the first two or three days due to the growth of fission pro-
duct poisons, principally 135%e, (o2200 = 3.6 x 106 b.)

Once the r:actor has shut down because the excess reactivity bhas
been depleted, it cannot be restarted and operated at power until it
has been refueled. If the startup 1s to take place within a few hours
of the shutdown, it will be necessary to replace a relatively large
fraction of the fuel because of the growth of 135%Xe following shut-
down. During operation, the equilibrium 135%e concentration will com-
pensate for 3-4% Ak/k, but once shut down, this will increase rapidly
due to the decay of its parent, the 6.7 h 1351 figsion product. The
rate of increase is highly flux dependent as is the time required for
the 9.1 h 135Xe to decay. For example, in a reactor which has been
operating with an average thermal flux of 1.0 x 10!*, the xenon con-
centration will increase to a maximum value of about six times the
operating equilibrium value over a period of about 10 h. It then
requires an additional 37 h for the xenon to return to its original
concentration. Curves showing tue growth and decay cf this isotope
following shutdown after operation to equilibrium at various neutron
flux levels are shown in Fig. 3.4. It should be noted that since the
neutron flux varies from fuel element to fuel element, the reactivity
effects are also different for different elements,

The operating cycles at a given reactor are generally repetitive

with a fixed operating period, followed by a short shutdown for

“i
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refueling and experiment servicing. Frequently, two or more long
shutdowns are scheduled annually to permit major maintenance. In
addition, there are occasional unscheduled outages due to malfunctions
of one kind or another. Most of the reactors are able to achieve a
plant factor of about 75%, although with careful planning plant fac-
tors of up to 90% are possible.

3.5 Fuel Management

Among the most important operating expenditures are those for man-
power, utilities such as electricity and water, and the cost of the
reactor fuel. The manpower cost is essentially constant whether the
reactor is operating or not, and the fuel cost depends on the amount
of energy produced per unit time together with the number of megawatt
days which can be obtained from each fuel element. It follows that it
is highly desirable from an economic standpoint to operate with the
highest plant factor consistent with the needs of the experimenters
and to obtain the maximum practical amount of energy from each fuel
element before discarding it as spent.

Usually, all of the new fuel elements for a given reactor are iden-
tical in fuel content. However, except for the initial startup, the
reactors are not operated with new fuel but with a mixture of par-
tially spent”ahd new elsments. Generally, the core configurations are
relatively constant from cycle to cycle. At the beginning of a cycle,
there may be four or five new fuel elements in a 35-element core. The
remaining elements will be in various stages of depletion and located
in such a way as to provide the requisite excess reactivity and the
appropriate neutron environment for the exerimenters. During the
operating cycle, 235y is consumed at a rate of approximately 1.24 g
per megawatt-day, although this consumption rate 1is not uniformly dis-
tributed throughout the reactor core because the elements are not all
operating at the same power level. For example, in a 14-d operating

cycle, about 26 g of 2357 will be consumed in an element operating at
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1.5 MW, whereas only one-~half that much would be consumed at a power
level of 0.75 MW. At the end of the cycle, those elements which are
regarded as spent are removed from the reactor, the remaining elements
redistributed in the core, and new elements added to duplicate the
previous start-of-cycle pattern.

Frequently, instead of redistributing the fuel in the core, some
or all of it is removed and replaced with elements of similar 235y
content which have been stored in the reactor pool following their use
in previous cycles. This is done when it is desired to start the
reactor up before there has been sufficient time for xenon to decay.
It is often the practice to keep a preselected group of fuel elements
on hand so that in the event of an unscheduled shutdown the core can
be reloaded and the reactor restarted with a minimum of delay.

Of course, the core configuration is altered from time to time to
fit the needs of the experiments. Under these conditions, there will
be variations in the loading procedures until an "equilibrium" cycle
is established for the new configuration.

It is highly desirable that as much as possible of the 235y origi-
nally present in fuel be consumed. It has been found that higher ini-
tial 235U loadings permit a higher fraction of the fuel to be consumed
before the element 1s depleted to the point where it no longer con-
tributes a useful amount of reactivity. Depletion of the 235y to
about 507 of its original value is common; and, in some cases, this
can be extended to 60% or 70% by the use of a burnable poison which
allows a high loading by compensating for the extra reactivity. An
ordinary 280-g element would thus be expected to produce about 115 MWd,
whereas a 340-g element containing burnable poison might generate
175 MWd. The actual time over which this energy is generated may,
however, be a year or more because of the practice of cycling the fuel
in and out of the reactor. The amount of fuel consumption permitted in
some reactors 1s arbitrarily restricted by safety regulations which
limit the number of fissions permitted per unit volume of fuel core. 1In

any case, an estimate of the average annual fuel element usage can be

AT
I8}



27

obtajued if the reactor power level, initial fuel weight, average
burnup, and plant factor are known. For example, a 50~-MW reactor
using 280-g elements which can be burned to 50% and which has a 75%
plant factor will consume 50 x 365 x 0.75 x 1.24 = 16,972 g of 235U
per year. This represents 16,972/(280 x 0.5) = 121 fuel elements per
year.

Spent fuel elements must be stored for a period of time, usually
three to six months, before being shipped to the reprocessing plant.
This cooling period is required to allow the heat generation rate to
decay to a point where the fuel can be handled in the shipping casks
without the necessity for special heat-removal arrangements. The heat
generation rate as a function of time after shutdown is shown in
Fig. 3.5. The radiation levels are also considerably reduced;
however, they are still extremely high so that massive biological
shielding 1s still required.

The fuel is stored vertically 1in racks in the storage pool adja-
cent to the reactor. The water in the pool provides biological
shielding and also cools the fuel by free convection. The racks are
designed to provide a critically safe array either because of their
geometry, by the inclusion of a neutron-absorbing material such as
cadmium, or both. It is customary to provide criticality safety for
fuel of at least the same 235U content as that in the new fuel ele-
ments. Typical storage racks are shown in Fig. 3.6.

Despite the high heat-generation rate, most research reactor fuel
elements can be removed from the pool in air within two or three days
after shutdowns, provided they are removed rapidly (to prevent
blockage of the lower end by the pool water) and held vertically. In
this position they are sufficiently cooled by free convection in air
to prevent melting. They are, as pointed out above, extremely
radioactive so that, if this is to be done, it must he done remotely
or within a shielded space.
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4. PRODUCTION OF PLUTONIUM

4.1 General Principles

Plutonium is produced by the absorption of neutrons in 238U to
produce 239U, which decays with a 23.5-min half-life to 239Np, which
in turn decays with a 2.35-d half-life to 239py. During the course of
the irradiation, a number of other transuranium isotopes are produced,
the most significant of which are 240py, 24lpy, and 242pu, The pro-
duction and decay scheme is shown in Fig. 4.1.

0f the plutonium isotopes listed, only 23%°Py and 2“4lpy have large
fission cross-sections. They are thus the chief contributors to a
plutonium chain reaction, with the former being by far the more impor-
tant. Both 240py and 2“Pu, which have small fission cross-sections,
have an appreciable spontaneous fission decay mode, with the former
generating about 900 neutron g~ls~! and the latter about
1600 neutron g-ls~!, Hence, their presence in significant quantities
will result in some subcritical multiplication and the concurrent con-
tamination of the plutonium with fission products. This causes an
elevated radiation level from both neutrons and electromagnetic
emissions, which makes subsequent processing and fabrication more dif-
ficult. Conseguently, it is desirable to have a product which con-
sists almost entirely of 23%y and is relatively free of the heavier
plutonium isotopes. This can be accomplished by using short irra-
diation times and frequent reprocessing. On the other hand, because
less fissile plutonium is produced per unit weight of 238y in a ghort
irradiation than in a long irradiation, the amount of target material
which must be handled to produce a given quantity of fissile plutonium
is larger in the former case than 1n the latter. Thus, some trade-
offs must be made in order to determine the optimum irradiation cycle
for a given facility.

The production characteristics are, to a very good first approxi-

mation, a function only of the fluence, i.e., the product of the flux
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magnitude and the irradiation time. Curves showing the production per
unit weight of target material and the fraction of nonfissile pluto-
nium present are given in Figs. 4.2 and 4.3. The curves have been
derived using the Origin code and a set of cross—-sections develcped
for a typical water-moderated plate-type research reactor neutron
spectrum; hence, they should be adequate to characterize the pro-
duction rates to be expected provided the 238y targets are reason-
ably similar in configuration to the fuel. For situations where the
neutron spectrum in the targets differs significantly from that found
under the above conditions, the results would also be somewhat
different.

Basically, then, what is required for plutonium production is a
supply of neutrons and a suitable arrangement of 238y target material
which is disposed in such a manner that it is capable of intercepting
a large fraction of the neutrons not required to sustain the chain

reaction.

4.2 Reactor Power Requirements

The generation of 1 MW of thermal power requires 3.121 x 1016
fissions per second (200 MeV per fission). Since the average number
of neutrons released by the fission of an atom of 235U 1s 2.47, the
corresponding rate of neutron production is 7.709 x 1016 neutrons per
megawatt-second.

Of these, 3.12 x 1016 neutrons are required to produce fission in
order to sustain the chain reaction. 1In a typical water-moderated
research reactor using highly enriched plate~type MTR fuel, only about
75% of the neutrons captured in the fuel elements and their associated
moderator are captured by the 2350; and only about 847 of these pro-
duce fissions. Hence, to maintain the chain reaction, a total of

4.954 x 1016 neutrons per second must be absorbed in the fuel. This
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leaves 2.755 x 1016 neutrons per second (35.7%) available for other
purposes. Of course, some of these are absorbed by the core structure
and the control rods; and some of them leak out of the reactor so that
the number of useful neutrons is less than this. For the moment, this
fact will be neglected.

If 1t 18 now assumed that all of these spare neutrons are absorbed
in 238U, it follows that the maximum production rate for plutonium is
2.755 x 1016 atoms per megawatt-second or 0.944 g per megawatt-day.
This production rate has been calculated using, in addition to the
assumption that all of the available neutrons are captured in 2380 to
form plutonium, the following assumptions: 1) there 1s no loss of
plutonium due to fission or neutron capture which also implies that
the presence of the plutonium formed in the 2380 target has no effect
on the probability of neutron absorption in 238U; and 2) the only
fissile material present 1is the 2350 in the fuel and targets. These
two assumptions would be true if the plutonium were removed as fast as
it is formed; but as a practical matter, the targets must be allowed
to remain in the neutron flux for a finite period of time so that
there 1s a buildup of plutonium which is subject to both fission and
radioactive capture. Moreover, the high cross-section plutonium iso-

238
U target for neutrons, thus reducing the

topes compete with the
production rate. On the other hand, fissions occuring within the
target generate neutrons in the resonance energy range and thus
increase the effective cross-section of the 238U.

Estimation of all of these effects requires a specific knowledge
of the magnitude and energy spectrum of the neutron flux in the target
region and will not be pursued further here, although the last two
effects which are small and opposing can probably be neglected.

It may be concluded that in order to produce 8 kg per year of
fissile plutonium an absolute minimum of about 8500 MWd are required.
This translates into a 23-MW reactor operating for one year at a 100%

plant factor with 100% use of all neutrons not required for fission.
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As a practical matter, a certailn amount of excess reactivity must
be tied up in the control rods in order to permit operation to con-
tinue for a reasonable period of time and by absorption in fission
product poisons, primarily 135Xe. Under the most optimistic cir-
cumstances, it is unlikely that more than two-thirds to one-half of
the available neutrons could be utilized to produce plutonium; hence,
about 15,000 Mwd is actually required. Consequently, it is safe to
conclude that in order to produce this amount of product in a year in
a reactor operating at a realistic 85% plant factor, a minimum power
level of about 40-50 MW is required. Moreover, the reactor would have
to be dedicated almost entirely to the production of plutonium.
Independent multigroup calculations of plutonium production in spe-
cific core configurations are in substantial agreement with this esti-

mate,

4.3 Target Consideraticns

Either natural uranium, which contains 0.72% 235U, or depleted

uranium, which may contain 0.3 to 0.25% 235U, can be used as the
target material.

Natural uranium has the advantage that it contains sufficient 235U
8o that a substantial amount of power, perhaps as much as 50% of the
total, may be generated in the targets. Hence, using natural uranium
targets will extend the life of the fuel elements. Because a substan-
tial fraction of the power is generated in the targets, the heat load
on the fuel elements themselves is reduced. This 1is desirable because
some of the primary coolant is required to cool the targets, and this
reduces the flow available to the fuel. Moreover, natural uranium is
avallable from a wider variety of sources than is depleted uranium,
which must be procured as a byproduct from one of the enrichment
or reprocessing plants.,

On the other hand, the power level and heat generation rate in

natural uranium will be greater than that in targets made from
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depleted uranium. Also, the fission product content in the irradiated
targets will be higher by a factor of perhaps two or more. So far as
plutonium production is concerned, there is virtually no difference
between the two provided they are exposed to the same flux and
spectrum; but, for a given reactor power level, the epithermal and fast
flux in the natural targets should be higher than that in the depleted
targets.

Three principles govern the design of the target elements: it is
desirable to have each target contain as much 238U ag possible, the
dimensions of the target-bearing region must be such as to minimize
self-shielding, and it 1is necessary that sufficient surface area be
provided to permit removal of heat unlier the thermal-hydraulic con-
ditions that prevail in the reactor being considered. The same heat
transfer considerations that apply to reactor fuel al.o apply to the
targets.,

Of course, the exterior dimensions of the targets must be com-
patible with the dimensions of the reactor core and any blanket or
other region where they are to be located. Moreover, it would seem
desirable to have the targets appear similar to the fuel elements or
to normally used experiment rigs so that chey cannot be readily iden-
tified visually. Two kinds of target _onfi jurations suggest them-
selves: clad plates similar to those employe« in the regular research
reactor fuel elements or clad cylindrical pins wuch like those used in
power reactors or in Triga fuel. The pins have the advantage that
they can accommodate more 238y than can the plates. Moreover, if the
denser materials such a& metallic uranium or U0, pellets are to be
used, the pin geometry is probably mandatory. On the other hand, the
surface area available for heat transfer will be substantially less
than is the case for plates. For example, a 23-plate MTR-type fuel
element having fuel core dimensions 0.508 mm x 60.9 mm x 600 mm has a
cotal core volume of 427 cm3 and a heat transfer area of 16,808 cm?,

On the other hand, an array of 16 fuel pins having an active diameter
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of 12.7 mm and a clad diameter of 13.7 mm of the same length has a
total core volume of 1416 cm3, but a heat transfer area of only
4132 cm2.

An added disadvantage to the use of pin-type target elements is
that upon close examination they can easily be distinguished from the
regular plate~type fuel. A possible advantage is that these elements
could probably be designed to permit removal of the pins in the reac-
tor pool, with subsequent reuse of the other portions of the assembly.
In this way, the pins could be handled individually without the
necessity of moving entire target assemblies in and out of the reactor
area. Similar considerations apply to the plate-type targets, but the
design would be more complex.

The target elements could easily be produced using natural or
depleted uranium by any of the techniques discussed in Section 3.3.
The amount of uranium which can be loaded into the targets is,
however, also limited by the considerations discussed in that section.

If metallic uranium is used, it is 1likely, as pointed out pre-
viously, that pin-type elements will be required. An array of 16
12,7-mm diam pins, 60 cm long, could contain as much as 23.2 kg of
uranium. Similarly, arrays of 25 and 36 pins, 10 mm in diameter,
could contain 22.5 kg and 32.6 kg of uranium, respectively. The heat
transfer area per pin for the last two cases 1is about 20.7 cm2. The
use of UO, pelle*s would reduce the loadings by about a factor of two.

Using soon-to-be-available powder metallurgy techniques, it is
likely that uranium densities up to 6-7 g/cm3 can be achieved in
plates. Using alloy, similar densities are possible, but whether this
can be done successfuly on a production basis is questionable.

Another variable is the number and thickness of the fuel cores used.
Thus, use of a 17-plate element having a core thickness of 1.73 mm
would provide 2.5 times the core volume found in a 23-plate element
which has a 0.51-mm—thick core. Of course, if the number of plates
and their thickness in a target element differs from those in a normal
fuel element, this could be observed by close examination. The heat

transfer areas would also differ.



39

It is not possible to predict in advance what types of targets
would be favored by an organization contemplating the production of
fissile plutonium; but, as will become apparent, it is clear that in
reactors of the power level under consideration, a very large amount
of target material must be present. Thus, despite the fact that heat-
transfer considerations and fabrication problems may prohibit it, it
will be assumed that 25 kg of uranium is the maximum which can be con-
tained in a pin-type element and 18 kg in a plate-type element. (The
latter number is quite conservative, with 7 kg being more realistic.)

A very important point to note here is that an ordinary MTR-type
fuel element weighs approximately 5.2 to 5.5 kg, of which 250 to 400 g
is fuel. Hence, target elements containing large quantities of ura-
nium can easily be distinguished from ordinary fuel by merely weighing
them; and this can be done initially or underwater following irra-
diation. Even if 207 enriched uranium is substituted for the present
highly enriched uranium in the fuel, the weight differences will be
easily detectable. A reduction in the target weight to anything close
to the normal fuel element weight would render them virtually useless
for production purposes.

With respect to "fuel-like" targets, it must be realized that if
these targets are placed within the reactor vessel they will partake
of the primary coolant flow. Since the individual target elements are
generating power at a rale considerably lower than the fuel or
"driver” elements, they require less cooling than the fuel; however,
the flow through them will divert coolant flow which normally passes
through the fuel. It may, therefore, be necessary to restrict the
flow through the targets by using orifices or some other means. If
the targets are located outside the reactor vessel, some means of
cooling them must be provided. This may be either by forced or
natural convection. In the latter case it will be necessary to
suppress the upward flow of water before it reaches the surface of the
pool. This is to prevent 6N, which is formed by the 160(n,p)léN
reaction in the cooling water, from reaching the surface and creating

a radiation hazard.
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Although it is possible to position specially designed targets in
experimental facilities such as beam holes, tlLe space available 18 so
limited that at the production rates to be expected they would
generate only a small fraction of the plutonium which could be

obtained from targets in and near the reactor core.

4.4 Production Strategies

The most obvious and probably the only viable scheme for producing
large quantities of plutonium in a research reactor is to position as
much 238U target material as possible in and around the reactor core
within the reactor vessel and to irradiate for an appropriate period
of time. 1In order to obtain accurate production information, it is
necessary to perform a multigroup calculation on each specific fuel
and target configuration. Nevertheless, using the data in Figs. 4.2
and 4.3 together with some reasonabhle assumptions concerning the
magnitude of the neutron flux in the target elements, it is possible
to come to some general conclusions concerning expected production
rates.

It can be seen from Fig., 4.2 that the maximum possible production
is about 6,2 g of fissile plutonium per kilogram of target* and that
this occurs at a fluence of about 8 x 1021 nvt. On the other hand, at
a fluence of 5 x 1020 nvt, 2 g of fissile plutonium are produced per
kilogram of target so that by the consecutive irradiation of 16 l-kg
targets to 5 x 1020 nvt it is possible to produce 32 g of plutonium in
the same time. Moreover, at the lower fluence the nonfissile impurity
is only about 6.5%, whereas in the firet case it 1is over 30%. On the
other hand, at the lower fluence more than three times as much target

material is needed per gram of product.

*Although Fig. 4.2 is based on the use of natural uranium target,
the results would be the same for depleted uranium provided the

neutron spectrum was the same.
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In general, higher production rates (and a higher quality product)
are obtained by irradiation to lower fluences with frequent changes of
the target elements. This procedure has the obvious disadvantage that
it requires more target material than do longer irradiations. The
effects of irradiation time can best be i1llustrated by an example.

Consider a 50-MW research reactor which has space for 100 com-
ponents in its grid. Assume that 30 of these components will be fuel
"drivers” or shim rods and that the other 70 are target elements, each
containing 25 kg of natural uranium. Of the 70 targets, 18 are
located in the reactor core and the other 52 are arranged in a blanket
around the core. The configuration is shown in Fig. 4.4. To perform
the calculation properly, the flux in each target element should be
known, but for illustrative purposes it will be assumed that the
average flux in the in-core targets is 7.75 x 1013 and that in the
blanket targets it 1s 2.5 x 1013.

To achieve a given fluence, F, at a flux, ¢, the time required is
F/% seconds. Consequently, the number of cycles per year is
3.15 x 107 ¢/F. 1f M is the weight of uranium per target, then the
amount of plutonium produced per target per year is 3.15 x 107 ¢M P(f)/F,
where P(f) i1s the production in grams of plutonium/kilogram of uranium
given in Fig. 4.2. The annual number of targets required per target
position is the same as the annual number of cycles and the annual
target weight requirement is just 3.15 x 107 ®M/F. Summing over all
targets gives the total annual plutonium production. The results for
the specific example cited above are given in Table 4.l.

A further elaboration of this example is instructive. Assume that
the production strategy is to produce 2 g of fissile plutonium per
kilogram of target. This requires a fluence of about 5 x 1020 n/cmz.
Using the same fluxes as before and assuming an 85% plant factor, the
targets in the core must be replaced about 4.15 times per year, and

those in the blanket 1.31 times per year. Let M be the weight of 238U
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in the targets (kilograms). Then, to produce 8 kg of fissile pluto-

nium we must have
(18 x 4,15 x 2M) + (52 x 1.31 x 2M) = 8000

so that that weight of the fertile material must be 28 kg per target
and a total usage of about four metric tons annually.

If a fluence of only 2 x 1020 n/cm? is used, then only 0.9 g/kg 1is
produced. The in-core targets must be cycled 10.4 times per year and
the blanket targets 3.35 times per year. To produce 8 kg of fissile

plutonium, we have
(18 x 10.4 x 0.9M) + (52 x 3,35 x 0.9M) = 8000

so that M = 24,6 kg per target, but the total annual 238y usage
increases to about 9 tonnes.

In general, for a given rate of annual production the weight of
target material which must be present in the reactor decreases as the
fluence employed (and, hence, the production per kilogram) decreases;
but the total weight of target material required annually increases
dramatically. This constitutes an important practical limitation on
the production rates which can be achieved. It has been tacitly
assumed above that the targets can be fabricated using uranium metal;
but, as discussed in Section 3.3, there is considerable doubt whether
or not this can be done successfully. If, as 1s likely the case, con-
ventional fuel fabrication techniques must be used, the capacity of
the targets to contain fertile material will be reduced by a factor of
at least two. Under these conditions, a power level of about 100 MW
would be required in order to produce a significant quantity of
fissile plutonium. Nevertheless, the pnssibility exists that some
method for utilizing metal in the targets can be devised so that the

use of the heavy targets cannot be ruled out entirely.



It is here reemphasized that the foregoing is an example used to
illustrate a method for estimating production rates. Its results
should not be construed to be representative of any given reactor,
although their order of magnitude is probably correct in general. To
get reliable estimates, configurations and neutronic parameters spe-
cific to the reactor under consideration must be used.

While it is impossible to predict what strategy would be followed
in any particular situation, certain advantages and disadvantages are
immediately obvious. To begin with, to attain the highest production
rates requires the handling of a verv large amount of target material.
Also, 1t can be seen from Table 4.1 that the production of 8.66 kg of
plutonium requires five times as much target material as that required
to produce 7.04 kg, an increase in production of only about 23%. It
would seem that prudent management would dictate use of the higher
fluence value and lower production rate, not only from an operating
standpoint, but also because the reduced amount of target handling
would be easier to conceal., It 1is true that higher fluences produce a
lower purity product, but as long as the value does not exceed about
1021 this should not be a serious disadvantage. As a practical matter,
then, for this particular example one would expect a production rate
in the neighborhood of 7 kg of fissile plutonium per year, which
implies that 140 to 150 targets must be handled annually,

During normal operation without targets, a 50-MW reactor with an
857 plant factor will generate 15,512 MWd per year. Since 1 MWd
corresponds to the consumption of about 1.24 g of ?3°U, the total 23°y
annual requirement is about 19.2 kg of 235y, If this is supplied by
fuel elements initially containing 285 g of 23°U and which are burned
down to an average of 507, about 135 fuel elements are required
annually. For the case where plutonium is belng produced, about 145
target elements must be handled per year. In the example, there are
always 70 natural uranium target elements in the core; and these con-
tain initialy a total of 12.6 kg of ?°U, which provides about 30% of

the total reactor power. Thus, for the core containing targets, only

C—



about 35 MW is generated in the fuel so that the fuel requirement is
reduced to about 95 elements annually; and the total number of core
components which must be handled is 240, compared to 135 in the normal
core.

1f depleted uranium is used as the target material, the power
generated in the targets will be less, by a factor of two or three, so
that change in fuel element usage will be less pronounced; however,
the total number of components handled will be greater.

It must be emphasized again that the foregoing is only an example
and that each reactor system must be examined using values of the
various parameters which are appropriate for that system. However,
there are two important gencral conclusions which can be drawn: 1) in
a plutonium-producing reactor, the number of cor: components which
must be handled will be substantially greater than the number which
must be handled in one not producing plutonium; and 2) for the same
amount of generated energy, the plutonium producer will require less
fuel than the nonproducer.

Changes in power will, of course, affect the production rate. If
a reactor similar to that described in the example were to operate at
100 MW, 8 kg of fissile plutonium could be produced annually be irra-
diating 15 in-core targets and 26 blanket targets to a fluernce of
1021. This would require that only about 115 targets or 2.9 tonnes
of uranium be handled annually. 1In this case, the fuel consumption
would be about 80% of that in the nonproduction reactor and the
total number of core components handled would be about 407% greater.*

In the foregoling discussion,it was tacitly assumed to be physi-
cally possible to locate 70 target elements in and around the reactor
core in such a way that they are exposed to the fluxes specified.

This may not always be true. For example, the ORR has a 9 x 7 grid

23
*It is here assumed that 200 g of U can be consumed per fuel

element.
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which allows space for a total of only 63 core components. Additional
targets could be placed outside the lattice to increase the total
number to perhaps 85; however, this would require significant design
modifications to provide cooling. Moreover, a blanket consisting of
two rows of targets 1s about the maximum practical because the flux in
a third outer row would be too low to produce much plutonium.

It is worth noting that targets located within the active lattice
are more effective than those located on its periphery. In the
example, the peripheral targets contained nearly 75% of the target
material but contributed less than 50% of the production. Thus, con-
figurations in which targets and fuel are interspersed would be
favored. It may be possible to enhance the flux in the target ele-
ments by scattering them throughout a large active lattice rather
than by disposing of most of them in a blanket., The effect of this of
this and other such options can only be estimated by making calcula-
tions specific to the configurations under consideration.

It is clear, however, that it is possible to produce a significant
quantity of fissile plutonium in a research reactor operating at a
power level of 40 to 50 MW or above, that the potential production
rate is proportional to the power level, but that it is limited by the
physical size of the reactor core and its surroundings. To preduce
this much depends upon the ability to utilize uranium metal as the
target material, and it is questionable whether or not this can be
done succesgfully. If 1t is necessary to use some other uranium-
bearing material as the target, then either higher powers, a great
many more targets, or a combination of the two would be required. For
example, UO, pellets would require a power level of about 100 MW or
else about twice the number of targets, whereas the U3Si, cermet would
demand power levels of the order of 200 MW, or four times the number

of targets.
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5. ADDITIONAL CONSIDERATIONS

5.1 Ancillary Facilities

It was concluded in the previous section that it is possible to
produce significant quantities of fissile plutonium in a research
reactor provided that the power level is high enough to generate an
adequate number of neutrons and that it is physically possible to
expose sufficient 2380 to them.

There are, however, two other ingredients which must be present.
The first of these is the capability to fabricate or otherwise acquire
a supply of target elements, and the second is the existence of a pro-
cessing plant capable of separating the product from several tonnes of
uranium which are highly contaminated with fission products. In addi-
tion, provision must be made for the temporary storage of irradiated
targets which have to be shielded and, initially at least, cooled.

Although the existence of target fabrication and processing facil-
ities are essential to the production of plutonium, a discussion of
their characteristics is beyond the scope of this study. It should be
noted,however, that they need not be located at the reactor site.
Targets could be fabricated elsewhere and shipped to the site, and the
irradiated material could be transferred to a remote processing site.
The latter would require the use of massive shipping containers for
shielding. Storage and handling of the targets at the reactor,
whether or not fabrication and processing are done off-site, are
potentially important observables which could provide evidence of plu-

tonium production and will be treated in the next sectiom.

5.2 Target Handling and Storage

Unirradiated uranium targets, like unirradiated fuel elements, can
be stored and handled unshielded with the only safety concern being

criticality. Thus, they can be stored in an area remote from the
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reactor and transported to it quite easily. On the other hand, once
irradiated they must be provided with biological shielding and suf-
ficient cooling to prevent dammage from overheating.

Both the heat generation rate and the radiation level depend upon
the irradiation time, operating power level, and decay time following
the irradiation. Figure 3.5 shows the heat generation rate to be
expected in a typical target as a function of time after reactor shut-
down. This curve is based on an irradiation time of eight weeks at
constant power. For shorter irradiation periods, the fission product
power will fall off more rapidly with time, less rapidly for longer
irradiations; however, this curve should serve to give an idea of the
time behavior of the heat generation rate. More specific estimates
can be obtained by using the data in ANSI Standard 5.1.

A very crude estimate of the unshielded radiation level can be
obtained by multiplying the current power level in watts by the factor
3.3. This gives an estimate of the radiation level in roentgens per
hour at the midplane of the target element 3 m from the vertical cen-
terline. Thus, for a target which had been irradiated for eight weeks
at 250 kW and allowed to decay for ten days, the heat generation rate
would be 350 W and the unshielded radiation level would be about
1150 R/h at 3 m.

While from a heat transfer standpoint it may be possible to remove
the targets from the reactor pool shortly after shutdown and rely on
free convection in alr to remove the heat, it is clear that they can-
not be approached unshielded without the risk of serious injury or
death. Consequently, it is highly unlikely that irradiated targets
will be removed from the reactor pool in other than shielded cou-
tainers or through some sort of opening in the pool wall which leads
to a canal or other storage area. In any case, the targets will have
to be permitted to decay for some period of time prior to processing;
and this is most conveniently done underwater to provide cooling as
well as shielding. If the storage takes place in the reactor or adja-

cent fuel storage pool, the number of core elements so stored will
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increase over that to be expected if only fuel were present. If the
elements are removed to some remote storage area shortly after
discharge from the reactor, merely accounting for the number of com-
ponents stored at the reactor would not be conclusive. In either
case, if a large number of uranium target elements are being handled,
there will be a concurrent increase in the number of core components

being transferred in and out of the reactor.

5.3 Reactor Power Increases

For the reactors under consideration, by far the most important
limitation on power level is the ability to remove heat. 3o far as
the fuel elements are concerned, they would, in nearly all cases,
withstand a considerably higher specific fission rate provided the
temperature could be controlled. This is also true of the smaller
pool-type reactors. Baslcally, sufficlent cooling implies that at the
maximum heat flux produced by the operating power level, the primary
coolant velocity will be adequate to develop a heat transfer coef-
ficient high enough to maintain the fuel surface temperature, at most,
a few degrees above the saturation temperature, and that sufficient
primary coolant be forced through the reactor at a low enough inlet
temperature so that the maximum temperature of the fuel remains below
the point where softening and loss of structural integrity can occur.
Moreover, the capacity of the secondary system which receives heat
from the primary system and wastes it to the environment must be ade-—
quate to handle the heat load.

In order to increase the power level of an operating research
reactor, there are a number of variables which can be manipulated. 1In
the case of tank-type reactors which have a closed primary-coolant
system, an increase in the operating pressure will produce a
corresponding increase in the saturation temperature, thus allowing a
higher surface temperature. A pressure increase may be acomplished by

using a positive displacement pump to force water into the system, by
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using a steam pressurizer in which a bubble of high-pressure steam
located in a vessel attached to the primary system and controlled by
electric heaters is used to pressurize the system, by altering the
primary pump characteristics to increase the discharge pressure, or by
increasing the hydrostatic head on the system. In general, pressure
increases are limited because of the design of the reactor vessels
which usually are not capable of withstanding very high pressures.

An increase in primary coolant flow will increase the velocity
through the coolant channels in a reactor of fixed configuration.
This causes an increase in the heat transfer coefficient, which varies
as the 0.8 power of the velocity, and results in a higher permissible
heat flux at the same surface temperature. Higher flow also reduces
the coolant temperature rise for a given power level. It does,
however, increase the pressure loss in the system. Lowering the pri-
mary coolant inlet temperature will also increase the permissible heat
flux.

The heat flux may be lowered by increasing the heat-transfer area.
The most obvious way to accomplish this is to increase the number of
plates in the fuel elements. Thus, substituting 23-plate elements for
19-plate elements would increase the heat transfer area per element by
about 20%. In this connection it should be recalled that in a reac-
tor heavily loaded with natural uranium targets a substantial portion
of the power is developed in the targets; and, since there 1is an
increase in the number of core elements, the heat-transfer area is
also increased. Thus, only an increase in primary and secondary
coolant flow may be required to support a modest increase in power.

For reactors already operating near their thermal capacity, one or
more of the foregolng changes will be needed if the power is to be
increased significantly. On the other hand, many reactors — par-
ticularly older ones — were overdesigned from a thermal hydraulic
standpoint; and their power can be increased without any substantial

changes. 1In most cases, this has already been done where possible.
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Regardless of how the power level increase 18 accomplished, the
most reliable method of determining the actual power is by means of a
calorimetric balance on the primary and secondary cooling systems,
utilizing the coolant mass flow rates together with the inlet and exit
temperatures. Of course, more 235U will be consumed per unit time at
a higher than at a lower power. But, because in a plutonium-producing
reactor some fraction of the power is generated in the targets, the
rate of consumption of 235U in the fuel itself may not be a reliable
indication of the total power level.

With the exception of BR-2 which is already operating at 100 MW
and Tammuz-I which was overdesigned to the extent that it could prob-
ably operate at 70 to 75 MW (although modification of the secondary
cooling system might be required), none of the reactors under con-
sideration could be operated at power levels much higher than 50 to
60 MW without major modifications to the cooling system to provide
additional heat removal capacity. Some of the lower-powered research
reactors could be upgraded to this level. The requirements for this

would have to be determined on a case-by-case basis.

5.4 Core and Target Configurations

In order to produce a significant quantity of fissile plutonium,
it must be possible to dispose a large quantity of 238U in and near
the reactor core. The number of in-core positions which are available
for fuel, experiments, reflector pileces, control rods, or targets
varies with each reactor but generally ranges from about 55 to about
100, of which approximately 30 to 35 positions are required for fuel
and control rods. In some cases as many as 50 to 100 positions nor-
mally occupied by reflector pleces or experiments are located outside
the core, but near enough to it to provide useful positions for target
irradiations. It may be concluded that there 1s probably enough

avallable space in and around each of the reactors to accommodate an
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adequate inventory of target material, provided metal targets and the
proper fuel configuration are used. An accurate estimate of the pro-
duction rates to be expected and the annual amount of target material
requirements can only be obtained by a calculation based on the par-
ticular configuration under consideration.

Use of the core grid positions as target locations presents no
great difficulty since the targets can be inserted and removed in the
same manner as ordinary fuel elements, which are generally handled
through a hatch in the reactor vessel especially designed to allow
easy access to the fuel area. If positions designed as more or less
permanent locations for reflector pieces are to be used for target
locations, it may be that special tools and handling procedures will
be required to cycle the targets in and out of the reactor. 1In
extreme situations, modification of the fuel access hatch may be
needed. In any case, the reflector pieces which originally occupied

those positions must be removed and disposed of.

6. OBSERVABLES INDICATIVE OF POSSIBLE PLUTONIUM PRODUCTION

6.1 Background Information

Unfortunately, at present there exists no specific method to
conclusively determine whether or not a given research reactor is
being used to produce undeclared plutonium. Although there are
distinct differences in the neutronic behavior of plutonium fission
and that of 235U fission and between the characterictics of reactors
containing only a small amount of 238y and those containing a very
large amount, as yet no instrumentation has been developed to exploit
these differences. Therefore, in order to detect such production, it
is necessary to take a diagnostic approach and search for those symp-
toms which must be present if plutonium is being produced.

In adopting this approach, a number of factors should be kept in
mind. To begin with, it should be obvious that any attempt to produce
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undeclared plutonium would be accompanied by a determined effort to
conceal the fact that it is being done. Since it can be assumed that
the reactor operator is just as aware of the significance of the
observables which are symptomatic of plutonium production as is the
inspector, he can be expected to make every effort to prevent the
inspector from discovering them. Denial of access to these observ-
ables may itself be a meaningful symptom.

Secondly, it must be realized that it will be far easier to con-
ceal the annual production of a small quantity of plutonium — a
kilogram or two — than that of a significant quantity. In the latter
case, the reactor will have to be virtually dedicated to plutonium
production with a consequent substantial alteration in its operating
pattern, whereas in the former any changes would be less obvious.
Similarly, a "one-shot" production campaign in which the reactor is
used only long enough to produce one significant quantity and then
returned to normal operation would be easier to conceal than conver-
sion to plutonium production and operation in that mode for a
protracted period of time.

The observation of one or more symptoms that plutonium is being
produced does not necessarily mean that a significant quantity {is
being produced; however, if the reactor is capable of such production,
it may be presumed that it is a possibility.

Finally, it must be realized that changes in the reactor operating
regime which arise for perfectly legitimate causes are not unusual.
Although operating cycles are generally more or less repetitive,
changes in experimental programs, necessary repairs, planned improve-
ments and upgrades, improvements in fuel design, and many other con=-
tingencies result in altered operating cycles and procedures. It is
worth noting, however, that such changes are normally undertaken to
improve the efficiency of the process, either from an operational or
an economic standpoint. Thus, any change which obviously decreases

efficlency should be viewed with suspicion.
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In order to arrive at a meaningful diagnosis from observation of
the various symptoms which indicate "off-normal” operation and
possible plutonium production, it is necessary that the inspector be
sufficiently familiar with the operation of the reactor for which he
is responsible that he can readily recognize the difference between
"normal” and off-normal” operation. It is for this reason that the
earlier sections of this report have been devoted to a generic
discussion of research reactor operation and plutonium production.
The inspector should be cognizant of the specific values of the rele-
vant parameters of the reactor and should be thoroughly familiar with
its normal operating characteristics.

It is also necessary that the inspector have access, either
through direct observation or surveillance devices, to the observables
which may reveal the symptoms. If it were possible for the inspector
to directly examine all of the components which enter or leave the
vicinity of the reactor core, then there is no doubt that the irra-
diation of 238y targets could be readily detected; but, 1f he has no
access at all, detection becomes difficult, if not impossible. The
extent to which the inspector has access to the observables is a
matter which is negotiated between the IAEA and the state in which
the reactor is located and will not be addressed here. Nevertheless,
it is obvious that, in a situation where undeclared plutonium produc-
tion 1is occurring, efforts would be made to curtail or deny such
access. It must be appreclated, however, that there may be perfectly
justifiable reasons associated with national or industrial security
for withholding certain types of information.

The more obvious symptoms indicative of plutonium production have
been developed in the previous sections. They will be summarized and
methods of observing them discussed in the remainder of this section.
These will be treated in a generic fashion bacause specific quan-
titative results for any given reactor will depend to a considerable

extent on the physical configuration of that reactor.
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6.2 Direct Methods of Detection

The most compelling evidence that plutonium 1is being produced or
that its production is being contemplated is the presence at the
reactor of irradiated 238y targets or of fresh, unirradiated targets
containing the fertile material. Even though they may have an exter-
nal appearance similar to normal fuel elements, they can easily be
identified by an inspector if he has access to them.

The simplest procedure is to weigh them and compare the weight
with that of the regular reactor fuel. It was shown in Section 4 that,
in order to produce a significant quantity of plutonium, the reactor
must be heavily loaded with 238U so that the target elements must con-
tain a large quantity of uranium and will weigh a great deal more than
the fuel elements. The weight of a regular fuel element can be
obtained by weighing it, obtaining the weight from the shipper's
invoice, or calculating it using the dimensions of the element.

By use of suitable interrogation devices which detect their
radiation, it should be possible to distinguish between an element
loaded with natural or depleted uranium and one fueled with enriched
uranium, whether or not it has been irradiated.

Visual examination of the interior of a core component will reveal
if it has a configuration identical to a fuel element or whether pins
or thick plates — which admit higher uranium loadings — are being
used. Certain legitimate experiments which are designed to test
power-reactor fuels may utilize pins contained within a box or shroud
shaped like a fuel element. While pins which contain fuel having a
low 235y enrichment will indeed generate plutonium upon irradiation,
the presence of a few such experimental devices does not imply that a
significant quantity of plutonium 1s being produced, but it could
serve to confuse the issue. Likewise, other experimental devices

which contain fertile material but do not resemble the fuel could be
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present; however, because of the large amount of 238U required, it is
doubtful that such devices alone could be used to produce a signifi-
cant quantity of plutonium.

Regrettably, it is quite possible that the inspector will not
even know that the targets exist, let alone have access to them. If
the operator intends to conceal the fact that he is producing pluto-
nium, he would plan to store the fresh targets in a location inac~-
cessible to the inspector and load the reactor at a time when the
inspector is not present. The irradiated targets would be removed and
also stored at a location also inaccessible to him. This would
require either transport in shielded casks or through some sort of
canal leading from the reactor pool to the concealed shielded storage
area. Such a procedure can be countered by providing surveillance to
detect it as discussed in Section 6.4.

Direct visual inspection of the reactor core would reveal whether
it contains a normal complement of fuel, experiment rigs, control
rods, and reflector pleces, or whether it is largely loaded with
fuel-like components, many of which could be targets. The visual
inspection would have to take place when the reactor is shut down just
prior to the removal of fuel for reloading or just before startup
after reloading. Of course, the operator could shut down, unload
targets, and load a normal core before the inspector arrives and then
reload with targets after he leaves; however, this would greatly
increase the amount of fuel handling, which should be detectable by
survelllance devices. Having an inspector on the site during each
shutdown to inspect the core has the additional advantage that the
extra fuel and target manipulations would extend the shutdowns, which
occur every two to four weeks, and thus cut into the operating time.

If a significant amount of plutonium is to be produced, a great
many more core components must be loaded and unloaded annually than is
the case 1f only fuel is being handled. While it is not contemplated
that an inspector be physically present at all times when core com-

ponents are being inserted or removed, the number handled could be
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observed by appropriate surveillance devices. An idea of the magni-
tude of the discrepancy to be expected can be obtained using the prin-

ciples outlined in Section 4.

6.3 Indirect Methods of Detection

If the reactor is loaded with a large amount of natural uranium, a
substantial fraction of the power will be generated in the targets.
Hence, for a given reactor power, the rate of consumption of 235y 4n
the fuel itself will decrease. Since the amount of 235U received at
the plant as fresh fuel and the amount of 235y returned for reproces-
sing 1s presumably known, it is possible to determine the rate of fuel
consumption provided the amount of 235y 4n the inventory of fresh and
partially spent fuel is also known. A comparison of this with the
power level could, in principle, indicate whether a significant amount
of energy is being generated from sources other than fuel. Because
of the almost universal practice of cycling partially spent fuel in
and out of the reactor and the cooling time required before shipping,
most of the reactors maintain an inventory of over a hundred spent and
partially spent elements in storage so that this would require
interrogation of a large number of components to determine the amount
of 235U present and may not be practical. Over an extended period of
time, however, a trend which indicates the consumption of less 2335y
than is required to produce the energy generated would probably be
detected. This symptom could be negated by a surreptitious increase
in power so that the fuel itself would actually operate at its origi-
nal power level with the target elements supplyling the increase.

There are a number of subtle changes in control rod action during
startup which could occur due to the burnup and growth of 135%e in a
combination of fuel and target elements, as distinguished from fuel
alone; however, an evaluation of these changes would require an inti-
mate knowledge of the core history and, without the aid of sophisti-
cated instrumentation, 1s probably beyond the capability of the

inspector.
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Where, as must be the case when a large amount of plutonium is to
be produced, the reactor is virtually dedicated to this production,
there will be a reduction in the avallabllity of the reactor for
experimental purposes. If most or all of the available core and
peripheral positions are occupied by fertile targets, clearly they
cannot be used for experiments, nor can the neutrons captured by the
targets be furnished to the experiments. Consequently, the use of the
reactor for the production of radioisotopes, materials testing, physi-
cal research, or any of the purposes for which it was originally

designed will be diminished, probably by an observable factor.

6.4 Surveillance

Two types of surveillance are desirable: first, continual obser-
vation of the reactor vessel and its immediate surroundings in order
to monitor the number and kind of components entering and leaving the
vessel and the storage pool; and, second, continuous monitoring of
certain reactor parameters to verify the operating schedule and power
level. To be trustworthy, the surveillance devices should be tamper-
indicating and completely independent of the normal operating instru-
mentation. Methods for optical surveillance of the reactor are
already available, and there exist interrogation devices, including
ordinary scales, which could distinguish between natural and enriched
uranium components. Methods to independently measure reactor power
might require some development.

With respect to surveillance of the reactor vessel and pool, the
desiderata are to be able to count all of the components which enter
or leave the vicinity of the reactor and to examine each one, either
by weighing or by the use of an interrogation device. To count or
examine is probably not difficult, but to make the devices tamper-
indicating or, better still, tamperproof against a determined adver-

sary, may not be so easy.
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It has been emphasized several times that one of the charac-
teristics of significant plutonium production is the use and handling
annually of considerably more core components than would be the case
for normal operation. Hence, if the irradiated targets were merely
stored along with the regular depleted and partially depleted fuel,
the inspector could presumably count them and, together with a
knowledge of the amount of fuel received and the amount shipped for
reprocessing, he could determine if a discrepancy exists.

The best method of monitoring the reactor power level is to obtain
a continuous readout of the mass flow rate of the primary coolant and
its inlet and outlet temperature, thus obtaining a heat balance across
the core or, failing that, obtaining values of the same parameters for
the secondary cooling system. These signals are available in the
reactor control room; but, if concealment is intended, the reliability
of the signals received by the monitoring device could be question-
able. It would be better if independent sensors were used. There are
other indicators which could be employed to estimate the power level,
such as the direct radiation at some point distant from the reactor,
the intensity of the Cerenkov radiation, or the examination of the
reactor noise signature. However, some development would be required
to produce a tamper-indicating device capable of measuring power using
these parameters.

In the absence of gross contamination, the main radioactive com-
ponents in the primary cooling system of a reactor which utilizes
aluminum-clad fuel and deionized water coolant are the 15.4-h 2l'Na and
7-s 16N. To a first approximation, the rate of production of both of
these 1s proportional to the power level so that their concentration
in the primary coolant exit is also proportional to the power level,
provided the flow remains constant. Increases in the concentration of
these isotopes could be indicative of a power increase. The concen-
trations of both can be altered by changing the total flow and, in the
case of 2“Na, by changing the fraction of primary coolant passing

through the deionization system.
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6.5 Structural and Engineering Changes

There are two types of structural and engineering changes which
might be required to convert an existing research reactor for the pro-
duction of significant quantities of plutonium.

The first of these are those changes necessary to permit an
increase in reactor power. These changes, which were discussed to
some extent in Section 5.3, deal primarily with modifications to the
heat removal systems. To substantially increase the capacity of these
systems, it is first necessary to enlarge the capability of the secon-
dary system to waste the heat to the environment by increasing the
number or capacity of the primary to secondary heat exchangers and by
increasing the supply of secondary cooling water, lowering its tem-
perature, or both., This last usually means an increase in the number
of cooling tower cells or a larger supply of cooling water if a
natural source such as a river, lake, or sea is used as the source.
Changes of this nature are not trivial and require considerable time
to bring about. They should be quite easy to detect.

Possible alterations to the primary system include increased flow
which would require modifications to or possibly replacement of the
primary pumps, the installaticn of pressurizing equipment, and perhaps
modification of the fuel to provide greater heat transfer area.

In any event, if a substantial increase in pumping demand is put
into effect, there should be a concurrent increase in the use of
electric power. Of course, if the system was initially overdesigned
from a thermal-hydraulic standpoint, no significant changes in the
design of the system would be needed in order to increase the power to
its permitted maximum value and only if previously idle pumping
equipmment were utilized to accomplish the power increase would there
be an increase in electricity usage.

The foregoing is directed primarily at tank-type reactors already
operating in the 10- to 20-MW range. 1In order to increase the power

of the small (2 to 5 MW) open-pool-type reactors to power levels
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anywhere near that required to produce a significant quantity of plu-
tonium, the modifications to the cooling system would be so extensive
that it would probably be impractical to try to conceal them. It
might be possible to achieve power levels of 12 to 15 MW in these
reactors, but this would entail a major upgrade of the cooling system.

Modifications of the second type are thcse which may be necessary
to permit the loading of the required amounrt of 238U into the reactor.
For those reactors in which the core lattice is large enough to accom-
modate both the requisite amount of target material and sufficient
fuel to permit operation, no significant changes beyond possible ori-
ficing of the targets to provide proper flow distribution will be
necessary. A few of these were discussed in Section 5.4. In some
cases where the lattice 1is small but where more or less permanent
reflector material 1s located within the reactor vessel, it may be
necessary to remove the reflector so that it can be replaced with fer-
tile targets. Whether or not this will require a change to the
existing reactor grid plate will depend on the specific reactor con-
sidered. However, unless the grid structure was originally suf-
ficiently overdesigned so that it can handle the additional weight of
the targets, modifications will be required to strengthen it,

Changes in the hatches through which fuel is handled may be needed if
the new target locations are inaccessible through the present
openings. Specially designed handling tools could also be needed.

In some reactors it may be possible to place target material out-
side the reactor vesssel. The most likely locations are on the
"poolside faces" of those reactors which have them and arouna the
"chimney" of reactors of the Tammuz-I or Osiris type.

Properly designed targets in these locations can probably be
cooled by free convection; however, some method must be devised to
prevent the BN produced in the cooling water from diffusing to the
top of the reactor pool where it would present a radiation hazard.
Targets in these locations should be visible but could be disguised to

resemble experiments normally expected to be there.
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The locaticn of experimental facilities such as thermal columns
and beam ports could be used to contain ex-core fertile material with
the thermal column locations, because of their size, probably being
the more useful. To use these locations, special target configu-
rations would have to be designed and fabricated and alequate cooling
provided. When irradiated, procedures for shielding and perhaps
cooling the targets during their withdrawal and transfer to storage
would have to be devised. Because the potential production rate in
these facilities alone is small and because of the elaborate provi-
slons required to accomplish it, irradiation of target materials in
ex—-core experimental facilities is probably not of serious concern

relative to the production of a significant quantity of plutonium.
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