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SUBJECT: MATERIALS FOR PORTABLE
KFUCLEAR REACTORS

To Members of the Lead Industries Associationt

Attached 48 a reprint cf an article appearing in the

October 1960 issue of "Materials in Design Enginzering” ene
titled "Materials for Portable Nuclear Reactors,” prepered

by a member of the LIA staff. We believe that you will find it
both interesting end useful.

We have a limited supply of this reprint, which is aveil-

able to mwerbers free of charge in quantities up to 25 and for
five cents apiece in larger quantities as long as the supply

lasts.
Very truly yours,
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Materials for
Portable Ruclear Reactors

Reactors designed for
rescarch and training

purposes pose special prob-
lems in materials selection.
Both cost and weight must
be minimized. Herets a
look at cu:rrent practice

in fucls, controls,

modcrators, reflectors
and shielding.

by Edward 2 Muiiacns,,
Technical Director,
Lead Industries Asom.

W Portable research and trziming
resctors are widely nsed for ju-
struction and orientation with
nuclear physics and te explain
the principles of reactor design
#nd operation. They are also
especially useful for radiation de-
tection and health physics in-
vestigations, and In moderate-
level trecer research.

Such reactors differ greatly in
design from larger reactors. They
are moderately priced and bow
powered. Also, shipment, instzlla-
tion, operation and maintenance
are reiatively simple, safe and
Inexpensive.

Like other reactors, portable
reactors involve many compro-
mises in materials selection, Un-
fortunately, nuclear materials do
not always have good structural
properties, ard are often heavy,
massive and expensive.

NC 9000 reacter core consisls 8f 275 Sum... "~ tubrg 325 in, in dia by S¥
in. long arvanged in heregonal pattern end supported by tan yrid , "% Ineg
shoxn), The tubes are deaigned te hold 1 in. dia by & in. long natural uranium
slugs whoee total weight w2 5500 Ib. Uranixm s mads sveiladle te schools
under AEC astistance pregrem.

1. Fuel materials

Fuels can be fiquid or selld

The {uel materials used in port-
able reactors can be liquid or
solid and are usually enriched
with fissionable U-235 20 as to
reduce size,

Homogentous reactors use liq-
uid or solution-type fuels, or fuel
uniformly divided and dispersed
in & solid moderator. Advanced
preactors such as L-T7 (Atomics
International) and AGN 201 and
AGN 211 (both Aerojet-General
Nucleonics) are homogeneous re-
actors and provide the only prac-
tical expericnce with homogeneous
systems to date.

Heterogencous reactors use sep-
erate fuel and moderator elements
and are typificd by the TRR (Nu-
clear Development Corp. of Amer-
fca) and NC 8000 (Nuclear Chi-

Deoidered by:

Leod lIndustries Asseciotion
292 Modison Avenve
New York 17, New Yock

cago) reactors. Heierogeneous
portable reactors commonly usc &
so-called *“canned” fuel element
which, at the present state of the
art, is giving ground tn» more eff-
cient designs.
Design for minimum
Sritical maese

The reaction rate and flux de-
sired in a reactor fixes four fae-
tors: 1) the number of fuel atoms
required per unit volume, 2) the
ratio of fuel atoms to the atoms
in the structure, 3) choice of cool-
ant and moderator, and 4) oper-
ating temperature. Also, nuclear
physics dictates the spatial distri-
bution of fuel wtoms within the
core and, in the case of heteroge-
neous Tesctors, provides a first
aporoximation of the shape and
arrangement of fuel elements.

N 1692.01
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In designing a fuel system it {s
desirable to approach the minimum
critical mass with a nonuniform

fuel distribution arrangement.

This approach, combined with ju-
dicious moderator and reflector

Portable resctors are
thermal type

Nuclear reactors sre dassi-
fied by their predominant neu-
tron energy spectrum and fall
into three cateygofies: thermal,
intermediate and fast. Portable
research and training resctors
are thermal-type reactors and
incorporate a moderator and re-
flector. The moderator slows
neutions released in the fstion
reaction to ticrmal energies
where the probability for fs-
sion is great. As ity neme ime
plies, a reflector peturns o the
core neutrons that would other-
wise leak out uf the system. The
reflector permits 8 reduction {a
fuel requirements, thus reducing
the cost of both fuel and coa-
struction materials,
Subcritical ve critical

DNepending on their sustain-
ing featurea, portable reactors
are either subcritical or eritical

An important factor in this
relation In the effectiva multi-
plication focler, & --the ratia of
the average number of neutrens
produced by fission in each gen-
eration to the corresponding
number of peutrons abeorbed in
the fuel, moderator, etc, or
leaking out.

If k =1, the chain reactiom
is sutionary and self-sustain-
ing, or criticall If k < 1 the
chain is not self-sustaining
and is subcritical {(withogt am
extrancous neutron source the
chain reaction canpot be main-
tained). If k > 3, the chain is
divergent and the systems is
supercritical.

The k values for portable re-
search and training reactors are
equal to or less than 3, Flux is
confined to 107 to 10'* n per nq
cm-sec to avold danger of over

. asposure and necdless expense.

F.flective multiplication is
made up of ¢+ factors: the ta-
finite multiplication factor kw
and the nonleakage probability.
The k0 factor i the ratio of
averaga number of neutrons
produced in each generstion Lo

Nuclear Fundamentals of Portable Reactors

the average number of corres-
ponding neutrons absorbed. Non-
leakage probability, on the other
hand, is & measura of the prob-
ability that neutrons will not
leak out but will remain until
absorbed o cause flssion.

Some neutron leakage is de-
sirable for research and train-
ing purposes. Extent of leakage
depends on two factors: The
first is the dimensiors of the
resctor. The second {s the dis-
tance a neutron travels frem its
birth es a fission neutron to ita
ultimate absorption in an ex-
periment. This distance is re-
lated to a quantity called the
migratioa length,

Thermal utilization
should be high

For every peutrom absorbed
by 3 fuel atom, 208 neutrons
are produced. Of these, one mast
be captured by another fuel
atom to sustain the reaction.
Thus, at the most only 1.08 new-
trons are available for experi-
mentation. Also, some will be
captured in the moderator and
structural materinls in the fued
region. The ratic of the aumber
of captures in fuel to the num-
ber of captures in the fuel-plus-
moderator-and-structure is the
thermal utilisation, f.

Since one of the 2.08 new-
trons is captured in a fuel atom,
1/f represents the total number
captured in the fucl region and
2.08—1/f the pumber that leak
out of the fuel region. Thus, if
£ is 1 there wili be 1.08 neutrons
per U™ capture avalladle for
csperimentation. This is equiv-
alent & a maximum vaive of
33 x 10* ncutrons per sec ab-
sorbed {n experiments for each
megawsalt of thermal power.
This maximum figure is & con-
stant independent of reactor de-
sign. Thas, to mske 3 research
and training reactor eficient
the thermal utilization in the
tuel region should be high and
experimental facilities should be
properly placed to receive new-
t.uns leaking out.

selection, reduces fuel loading.

And, from a safety standpoint, it
insures that any rearrangement of
the fue! will decrease reactivity.
Coanslder the

affects of fuel growth

Solid fuels have a tendency to
grow in preferential directions
when irradisted. (Since low pow-
ered reactors produce low heat
levels we can neglect the effects
of hcat transfer.) This growth is
caused by elemenial changes in
the fuel as well as changes in
chemical and structural properties.
As burn-up proceeds, each fisajon-
ing atom is replaced by two fis-
sion product atoma (some exist-
ing as gases) which generally
have a gruater volume than the
parent material

The above effects tend to cause
expansions and stresses in the
fuel element and have to be ac-
commodated lest they cause dis-
tortion. Distortion can affect cool-
ant flow or the distribution of the
moderator within the core matrix.
And the resulting hot spots and
disrupted flux patterns can result
in shutdowns and costly repairs.
Under such circumstances it is
prudent to approach core design
with the utmosat feeling for safety.
Special liquid fuel problens

In principle, homogeneous re-
actors are based on the operation-
al characteristics of the KEWB
(Kinetic Experiment ca Water
Boilers) design. Unlike solid fuels,
liquid fuels can be changed or re-
moved easily and are free of the
effects of anisotropy. Naturally,
the marerials retaining the fuels
must resist corrosion and radio-
tytic decompositicn. Because of its
proper combination of structural,
nuclear and corrosion properties,
stainless steel (s generally usced
in contact with aquevus uranyl
sulfate fuel suspensions, Such sus-
pensions should be completely free
of harmful chlorides.

The problem of radiolysis with
the water moderatcr in homoge-
ncous reactors is only alight, aince
the free radicals that form tend
to + nbine and establish equi~
tibrium. The L-77 resctor, for
example, contains a recombiner
unit containing platinized alu-
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mina catalyst pellets which recom-
bine ¢circulating hydrogen and oxy-
gea gascs to form water. The
equilibrium of the water depends
on impuritics and the fuel solute
which can create an excess of
either peroxide or hydrogen. An
excess of hydrogen tends to sup-
press decompasition almost com-
pletely. Conversely, an excess of
peroxide teuds to increase decom-
p~_ition.

Ahe L-T7 reactor also contains
an overflow chamber to offset pos-
sible fuel solution expansion
caused by bubble formation. If
expanaion is grest enough it will
force some of the fuel solution
into the overflow chamber, thus
making the reactor subcritical
(k becomes less than 1) and pro-
ducing an automatic shutdown
Hot gases can be beneficlal

The gases generated in a re-

sctor can be beneficial. For ex-
ample, in a liquid fuel reactor
such as the L-77, “hot™ gas can
be transported to remote experi-
mental apparates, giving the unit
great versatility. About 10 curies
(15 to 2055 of the total) of vola-
tile fission product activity fs
present in the L-77 under equilib-
rium conditisns.

Unlike gases in the L-77 design,
however, the gases generated in
the AGN 211 reactor are not bene-
ficial and cannot be usad for other
gainful purposes. In the AGN 211
core there are about 45 curies of
radioxctive gases present at
steady-state operation. About one-
third of the gas i{s harmful fodine-
131, (Maximum permissible con-
centration for iodine-131 is § X
10-* curies per ml or § X 10-°
curies per cu m of air.) However,
thia quantity of activity should

2. Corntrol element materials

Reactors are controlled by chang.
ing the nuclear reactivity of the
core. Change in positive reactiv.
ity can be made by moving the
fuel, or by changing the modera-
tor density or core leakage.

In the case of a reactor like
TRR, simply changing the deute-
rium oxide level of the beavy
water moderator permits fine
“tuning™ of the excess reactivity
available. Fuel consumption can
thea be compensated for by add-
ing small amounts of deuterium
oxide, and the excess reactivity
present need never exceed the de-

sired low value of 0.75% k&

The AGN 211 reactor is evea
mote flexible. Aside from certain
disadvantages inherent in swim-
ming pocl-type reactors, this re-
actor has unrivaled accessibility
and adaptabiiity in its class. It is
purportedly the only reactor in
which the core materials and crit-
ical geometry can be varied in
three dimensions without fabri-
cating new fuel elements for each
variation,

Changes in necgative reactivity
are made by changing the concen-
tration of neutron absorbers or

3. Moderator materials

Neutrons released during fisajon
have very large kinetic energies—
as high as 2 mev (million electron
volta). Moderation changes this
kinetic energy to theimal energy
by forcing the neutrons to collide
with the nuclides of conatruction
materials. The best moderator
materials have low atomic weighl,
high scattering crosa saction, large
energy loss per collision, and low
absorption croas section for ther-
mal neutrona

Water, beryllium and graphite
have good properties

In this discussion we can {gaore
aqueous homogeneous reactors
since their moderator-fuel make-
up is largely fixed. Although rela-
tively expensive, heavy water,
beryllium and graphite are emi.

nently suited as modcrator mate-
rials and provide lower fuel load-

cause no trouble, In order to be
hazardous the lodine must first
diffuse out of the uranium oxide
particles, through the polyethy-
lene element and its coating, and
then escape from the water, This
likelihcod is extremely small,
Life of polyethylene
core materiale

Polyethylene {s somewhat more
radiation resistant than water
sad tends to trap any decomposi-
tion products or gases occurring
in the matrix. Radiation damage
manifests itself in reduced deon-
sity and loss of hydrogen from
the polyethylene after exposures
of about one week at a flux of
10'* a per cm'gec. A flux time
(nvt) extrapofation {ndicates that
the core life of the material would
be more than 10,000 hr based on
an average continuous power of
100 w,

Poisans in the core region. Such
changes are typically accomplished
in the AGN 211 reactor by two
Boral safety rods: an aluminum-
clad cadmium rod for coarse coa-
trol and a stainless steel rod foe
fine control.

In a subcritical heterogeneous
reactor using natural uranium and
light water woderator (such as
NC 9000), no contro! aystem f{s
needed to prevent it from going
critical accidentally. Natural ura-
nium can go critical only when it
is used in comtination with heavy
water.

is advantageous since it enables
the U.235 (uel to compele more
favorably with water for neutrons
in the fuel reglon. Thus, thermal
utilization may be almost the
same whether heavy water or
light water {s used.

However, apart from the above,
the designer must transport, with

- minimum losses, the maximum

ings than other materials such as. ! number of excess. neutron to where

light watei. However, extra fuel

foading in a light water reactor

- they can be experimentally used

Low absorption materialy provide
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an cflicient “piping system.” Deu.
terium dioxide in particular de-
livers more neutrons per gram of
uranium consumed than any other
—its efficiency of Jelivery is al-
most 100%,

Grganlec materials

ace Inexponsive

Less expensive moderator ma-
terials are also available with
properties approaching those of
heavy water, beryllium sad graph-
ite. In addition to light water,
organic materials such as the poly-
phenyls, paraffin and polyethylene
can be used. These organics are
particularly interesting because
of their:

1. Migh hydrogen-to-carbon atom
ratio.

2. Compatibility with fuel, can
and other structural materisls,
resulting in low corrosion rates.

3. Low induced radioactivity.

4. Elimination of hazardous
chemical reactions.

§. Fair resistance to radiation
damage (see table on p 113).

Organic moderator materials
help to reduce cost since they can
be uscd with inexpensive carbon
and low alloy structural ateels.
They also permit weight reduc-
tions because of their compatibil-
ity with light, low-crozs-section
materials like aluminum.
Organics plus motals
ofler good combination

The fair resistance of the or-
ganicy te radiation damage can be
improved by mixing them with
appropriate  reflector, gamma
shield or fuel materials. The com-
posites perform dual reles, im-
proving both the durability of the
organic material and the effective-
nesa of the metal. Combination
with lead or lead-lithium pellets,
for example, reduces energy ab-
sorption by the organic material
This technique is used in the
rulti-region primary of the L-77
reacter.

The relatively poor heat trans-
fer properties of the organics can
also be offset by combining them

4. Reflector materials

The purpose of a reflector s to
return to the core leakage neu-
trons that are not intended for
experimential use. The size of the
core {fuel and moderator), its
critical mnass, and its cost are sub-
stantially affected by the presence
of a reflector.
important sefection factors

Like the best moderators, re-
flector materials are characterized
by a high scattering cross section
and low neutron absorption. They
should be chosen 30 a3 fo:

1. Minimize costs.

2. Provide s large negative
temperature and void coefficient
(these quantities tend to [ncreass
with 8 decrease in reflector thick.
ness).

3. Eliminate or reduace core-
reflector Interface flux peaking
and smooth fluz diatribution fa
the core.

4. Properly control the flow of
neutrons into experiments.
Lead reduces welght, cest

One of the most useful reflector
materials for poriable research

and training reactors is lead
Important savings in weight and
costs are obtained when it is used
in the dual role of reflector and
gamma shield. The homogeneous
L-47 reactor (uow replaced by the
more refined L-77) was the first
to use lead in this way,

Lead acts as an essentislly in-
finite reficctor in the L-47 design.
This means that experimental
apparatus used at or near the
reflector surface will not perturb
the neutron balance in the core.
Furthermore, no hatard {s pre-
sented in the vicinity of the re-
flector when the apparatus s
moved during operation,

Also, since lead acts as an effeee
tive shield against in-core resid-
ual gammas, personnel have ac
cess o the interfor when the
secondary shield water tank s
drained. In addition, since the
lead Is cast and bonded around
the core vessel it helps {mprove
the reaistance of the core vessel
,to any sudden pressure surges
that may occur.

with other materials, For ex-
ample, intimately mixing hydro-
genous organies with lead or
other metals increases thermal
conductivity and specific heat,
thus sllowing higher operating
temperatures, ecliminating bot
spots, ete.

The AGN 211 reactor uses fuel
elements made of 20% enriched
uranium dioxide particles em-
bedded in s radiation-stabilized
polyethylene. This system has an
inherent safety advantage due to
the negligible time delay in the
transfer of heat from the fuel
particles to the polyethylene mod-
erator. If something should go
wrong the prompt heating of the
moderator would increase the
thermal energy of the neutrons
and tend to reduce fission-to-
capture probability, Furthermore,
tke prompt heat expansion in the
fuel-moderator elements causes &
decrease in density and increases
leakage from the core, resulting
{n immediate shutdown.

The L-T7 carried the use of
multipurpose materials even fur-
ther. Here an int!mate mixture
of lead shot and dipheny! is used -
inside the primary structure to
provide neutron shielding or mod-
eration in combination with
gamma shielding or reflection.
Composition hardboard
alse fow In cost

Ancther popular reflector ma-
terial is composition hardhoard.
Hardboard kas good nuclear prop~
erties and maintains high neutron
flux density within the core and
experimental region. It is pela-
tvely free of impurities that ab-
sorb neutrons and has a large
,altering cross section. Further
more, it s {nexpensive, readily
available, and offers good reaist-
ance o moisture and heat

In designing the TRR reactor
several reflector materials were
considered, such as graphite,
heavy and light water, beryllium
and wood planking. Because of
ita low cost and other desirable
properties hardboard was chosea
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L-77 reactor uses fuel of wranyl sulfate enrizhed to 20% or more in U=235,

Moderator ia light water; reflector is lead pellsts in diphenyl material

TRR reactor with shiclding removed. Nextron reflector uaed on sides and
bottom comsista of 1 ft of graphite sheathed with 3 in. of masonite which in
turr ig covered with 4-in. layer of borated (& to J0%) polysthylens shiclding.
Additional skicld (rnst siowm) consists of 6-ft layer of ordinary concrete
blocks. Enriched wranium fuel is centrally loccted in cluminum reactor tank
and is cooled by natural comvection of Aeavy water,

to supplement graphite and heavy
water reflectors. Cost of the hard.
board for this application was
$1.10 (all prices per sq ft) as
coxpared to $38 for graphite,
$600 for heavy water and $3000

for beryllium. Wood planking was
rejected because it was less homo-
geneous than hardboard and more
susceptir's Lo warping and shrink-
ing. Light watsr was rejected
since it required a container that

5. Shielding materials

Shielding falls into two broad
classifications: thermal and bio-
logicsl. Thermal shielding is used
to dissipate excessive heat from
high absorption of radiation en-
ergy. It Is not needed with small
portable reactors because of their
low power levels. Biological shield-
ing, however, {s needed to reduce
gamma and neutron radiation at

the outside surface of the reactor
to & tolerable level—generslly
agreed to be 7.5 millirema per hr.

Unf- rtunately, materfals that
effectively stop neutrons are poor
gamma absorbers. Up to about §
mev, neutrons are attenuated beat
by low-atomic-weight materials,
Converaely, good gamma abcosbers
should havs high atomie weight.

AGN 212 reacter and fuel cloment
assembly. Moderator is made of poly-
ethylena, reflactor of $ to S-4n. thick
grophits, and shielding ef concrete.
The center 10 in. of each fuel cls-

ment i pored of & homog e
mizture of uranixm dioride én pol,
ethylene, A S-in. graphite reflector
s wsed at cach end of fuel element
and & 24n. lad shadow ehicld ia
wsed at outer ends of graphite.

would be dificult to erect and
modify. The hardboard {a used
in a 4-in. thick laminate made up
of B layers, weighs 3.1 Ib per oq
ft, and is structurally self-.sup-
porting.

In addition to having proper
nuclear properties, shiclding ma-
terials must be {nexpensive and
readily available since they are
used in large quantities. Typleal
good shielding materials are lead,
polysthylene, iros, concrete and
water. Numerous metals may be
used for shielding but 'ead {s pre-
ferred because it can be used rela-
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Thres [mportant Design Objectives

1. Minimize radlation damage

Although the fux level ia port-
able research and training re-
actors is usually lower than in
other reactors, radiation can
atill affect the structural integrity
of materials and components.

Radiation resistance depends
on many variables and cannot be
predicted with absolute assurance
(see “Radiation Damage in
Metals,” M/DE, Jan '60, p 89).
Complets assemblies may aid con-
stituent parts or materials, Oz
the other band, the proximity of
certain materials may render use-
less otherwise resistant materials.
Some materials may have a fower
threshoid value than others, but
wmay be mora resistant 1o higher
dotages. For example, nylon
shows radiation damage sconer
than TFE fluorocarbon, but with
increasing dosage nylon rmaio-
tains fair integrity Jong after
TFE fluorocarbon has failed,
Similarly, devices such as semi-
conductor diodes &nd triodes con-
tinue to function with degraded
perfermance at dosages far above
the damage threshold. In short,
extrapolated damage data should
be checked by actual testa,

The tables at far right show
the approximate levels st which
damage occurs for yarious resc.
tor materials and components ex-
posed to irradiation. These levels
are conservative, and in most
cases the specimens also received
an equal number of gamma pho-
tons. From the data and com-
sidering power levels it {s appar-
ent that organic materials and

some electrical ecmponents are
most likely to be affected by ‘ir-
radiation. Selection of the most
resistant material saould be con-
sistent with nuclear and cost re-
Quirementa, Most instrumentation
prone to damage can be reicgated
to remote consoles and positions.
However, this may be lmpossible
with electrical machinery, drive
mechanisma, ete,

Electrical failures can be caused
by insulation op lubrication break-
down. Formex and polyvinyl
formal {insulations for magnet
wire appear to be quite resistant
at medium temperatures. Nylon,
polystyrene, polybutyral, mineral-
filled phenol formaldehyde, poly-
ester and furane plastics are all
good orgenic insulations eapadble
of withstanding high radiation
dosage, although their physical
changes must be considered in
specific applications, Acrylie, TFE
and CFE fluorocarbons, vinyli-
dene chloride copolymers, casein,
vinyl, epoxy and all cellulosic
materials become poor intulations
when exposed to high dosage.
Alnico permanent magnets are
not appreciably affected. Incresas-
ing radiation resistance {s ex-
hibited by he inorganie, Inor-
ganic-filled and heat resistant
insulation materials. The best
known insulations undsr intense
radiation are glass and quarts
whick deteriorate very slowly.

No phyuical damage s observed
in temperature sensitive devices
such ag thermocouples and vesist-
ance thermometers below dosages
at which the basic materials are

aflected. The damage in these
components is primanly caused
by tamperature rise dua to irradi-
ation. Radiation heating is &
characteristic problem in enes
getic-type reactors and requires
the use of pressure shells and
special heat dissipation shields.
It is not normally cncountered in
low-power “package” reactors,

2. Minimize corrosion

Salts containing boron are fre-
quently used in water shields to
further attenuate neutrons and
to reduce radiolysis, Tests show
the following range of corrosion
rates (in wuls per year) of metals
in several Yorated solutions: lesad,
0.1 to 0.6; mild steel, 0 to 0.3;
mild steel-lead combinations, 0.3
t0 0.9. These rates are negligibla.
Stainless steel can be expected to
have still lower ratea, Aluminum,
however, despie ita good corro-
sioa resistance, is susceptible to
galvanic attack

An example of how ecorrosion
can occur in portable reactors io
provided by the NC 9000 reactor.
Corrusion was traced to galvanie
aciion between .¢ofe components
and the tank material. [t was
found that galvanic action could
be stopped by replacing tap water
with purified water having higher
electroylytic resistance.

Corrosion can also be prevented
by wusing suitable inhibitors ia
solution. Tests conducted with 8
1630 ppm lithium chrumate solu-
tion show that its inhibiting o
tion is effective for at least six
months with carbon steel, copper
and lesd.

tively thin, thus providing cost
and weight savings.
Designing primary and
secondary shielding

The primary or first skiclding
immediately surrounds the core
or core structure. It is made of
solid materials, is invariably leak-
proof, and in such reactors as
AGN 201 and L-77 is made inte-
gral with the packsge. Great
attention fa required in its design
since it comprises much of the

Sy

overall cost and weight.

By nature of their design,
swimming pool reactors such as
AGN 211 do not have a Jeakproof
primary shielding. However, the
induced core radiation level of
this reactor is low encagh for safe
fusl handling while providing
sufficient flux for many activation
experiments.

Secondary shielding is not con-
sidered part of the resctor pack-
age since it 1s usually erected on

the site. Water and/or concrete
blocks are frequently used as sec-
ondary shielding. Unlike primary
shielding, secondary shielding fa
not used in equal thickness around
the entire reactor. Secondary
shielding requirements above or
below the reactor can be minf-
mizd by taking into sccount the
benefita of the foundation or floor
below the reactor and uninhabited
alr space abore the resclor,

In most designs access to the
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3. Minimize welght
Naturally the weight of port-
e Q able reactors has to be kept to &
minimum. However, compromisce
In materisls selection are inevit-
able, and the usual practice ls to
usre mixtures or layers of gamms
aid neutron abeorbers.

Simple geometry tells us that
considerable weight savings are
obtainsble with circular poly-
shields. The first drawing below
shows the spproximate weight
difference in two shields designed
to provide ¢ ssme doss coa-
straint. As indieated, the lead-
water design bas a considersbie
weight advantage over the all-
waleir dealgn. S'milar compart-

SUMMARY OF DAMAGE THREINOLPS FOR REACTOR MATIRIALS

ANS COMPONINTS

Material or Component Radistion Level,
e
men«am(mmwmmm» 1zl
Many Simpie Inosganc Compounds . . 3Jx l0m
Pusticy (moderatory, shieldy, uﬂodm)‘ RERES  DEE
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reactor s lateral or radial and it
is in these directions that shicld-
ing requir and di i

The AGN 211 and NC 9000 re-
actors differ from others in that
experi tal access o the core ls

ace greatest. Thas, reactors are
generally somewhat wider than
they are high. However, overall
diameter is usually ept under 8
ft to facilitate transport. Whea
water or some other liguid {s used
for secondary shielding the tank
can double as & structursal suppart

° @ for the core and/or the primary
shielding,

from the top of the reactor.
Shielding for the AGN 211 in the
radial directions s provided by
40 in. of concrets in the form of
overiapping blocks. Vertical shield-
ing is provided by € In. of graph-
ita, 2 in. of lead and (Vs feet of
water.
Attenuating neutrens

Neutrons are absorbed (. twe

stagea. First, high energy new-
trons passing through a shield are
slowed by elastic or Inelastie
wcattering; the capture croee teo-
tion for neutrons at high energies
is extremely small. The second
stage of capture occurs only whea
the energy of neutrons drops {9
low valuea. Large crosa sections
of moat elements will produce
qQuick capture of low energy oo
slowed neutroos. Therefore, the
usefulness of seutron shield me-
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terials depends largely on their
ability to attenuate high energy
neutrons.

Elastic and loelastic scattering
are produced by collisions between
high energy neutrons and the
shield nuciei. In inelastic acatter-
ing the recoil nucleus is left in an
excited state and it therefore
absorbs a larger fraction of en-
ergy than it does with elastic
scattering. In general, inclastic
scattering is more important with
heavicr nuclei which can be more
easily raised to excited states,
Elastic scattering is more impor-
tant with light nuclei which can
absorb a large amount of energy
via recoil

Neutron shielding must also be
designed to protect against sec-
ondary gamma radiation produced
by ineclastic sc=ttering and cap-
ture. This can be done by in-
corparating absotbers such as
boron which reduce the energy of
capture gammas and remove low
energy neutrons as they are pro-
duced. Boron can be used in the
form of soluble or insoluble salts,
dejending on the mediumy, or in
the form of Boral, a mixture of
sluminum and boron carbide. The
TRR reactor uses & borated plas-
tic; the L-77 reactor uses horated
paraffia,

Attenusting gansma radistion

The effectiveness of & material
io shiclding agaianst gamma radi-
ation depends strongly on its spe-
cific gravily or atomic number,
i.e, electron density, Tt is useful
to remember that a gamma inten-
sity of 2 mev is reduced by a fac-
tor of ten by 19 in. of water, 10
in. of concrete, 2.6 in. of iron and
1.7 in. of lead.

Gamma shields in themselves
are also a source of aeutron-pro-
duced gamma radiation or sec-
ondary radiation resulting from
capture. This adda to the secrn-
dary emission of hydrugcuious
shields and to the attendaut weight
of shielding required. According
to Jansen of ol, a lead-lithium
alloy shows vood potentis! protec-
ton. Because of its thermsl nea-
tron absorption properties, lith-
{um s effective In suppressing
gamma ray production resulting

from neutron interaction with
lead. The alpha rsdiation pro-
duced has an extremely short
range—several microns [a lead—
and is comparatively harmless
Although the alloy tends to cor
rode in air and water, corrosion
can be prevented by incorporating
it in hydrocarbon materials. Lead
is virtually {nert to nonpolar hy-
drocarbuns and only slightly at-
tacked by most polar materials.

Use of a lead-boron alloy for
gamma shielding has not proved
feasible because boron is only
slightly soluble in lead. Similarly,
production of the alloy by powder
metallurgy has not worked out
because of segregation problems.
However, a cementation technique
developed by Battelle Memorial
Institute appears promising (see
Williama et al).

Conposite shlelding combines
advantages of singie materials

Organic-lead mixtures are ad-
vantageous where it is desirable
to have a hydrogenous material
for neutron attenuation together
with a heavy material with a high
neutron inelastic cross section but
low gamma ray production eff-
ciency as the gamma attenuator.
Since carbon is a good source of
hard zammas when bombarded by
high energy neutrens, it is desir-
able 1o distribute lead throughout
carbon shields. [n addition to
satisfying nuclear requirements,
mixtures of lead pellets and or
ganic materials provide good de-
sign flexibility and inherent
satety. Alsy, homogeneous mix-
tures are easily cast into shapes
and easier to work with than
laminated layers.

Spherical lead pellets have been
uzed to advantage in the unique
primary shield of the L-77 reac-
tor. This shield consists of three
concentric regions. The inner
most region is composed of a mix-
ture of lr2d pellets and digheny!
which surrounds a stainless steed
sphere containing uranyl sulfate.
It acts primarily to reduce ueu-
tron leakage, moderats escaping
neutrons, and attenuate gamma
radiation. The central shield
reglon is composed of borated
parafin which further moderates

radiation and captures a signifi-”
cant portion of thermalized neu-

trons. The third region, made of

a mixture of lead pellets and

paraflin, acts as & neutron-gamma

shield.

Mixtures of lcad and parafiin
should be made as light as poe-
sible. Since neutrons creats hard
gammas in the carbon of the
parafiin, there is no need to have
more lead than {s neccssary to
reduce the core gamma streagth
to approximately the same level
as the neutron-induced secondary
gamma strength. (Boron additions
can serve to reduce the secondary
gamma level. Lithium on the other
hand vould reduce the contribu.
tion of lead and the hydrocarbons.)
This may suggest use of lead potve
der suspensions; however, these
could tend to separate by gravity
over prolonged pericds at mod-
erate umjeratures. This would
not be the casc with pellet shields.

According to Race, cylindrical
pellets would be less expensive
than most rpherical pellets. Also,
the effective density of comrosite
shielding can be varied without
affecting the packing factor by
using a cylinder of one maierial
(e.x. carbon steel) with a liquid
core or core of another metal (e.g.,
lead). This arrangement permits
uniform materials distribution—
more »o than a random mixture of
solid pellets of differeat materials.
Also, by using cylindrical pellets
to realize a specific packing fae-
tor, it {s possible to obtain a
range of gamma and ncutrom
stopping ratios oy changing pellet
core size and the Blling material.
The average packing factor for a
random arrangement of single-
size cylinders (with length equal
to diameter) s 9.366-—alightly
less thar. that of random-packed,
singlc-size spheres which have &
packing factor of 0.4
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