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RADIOISOTOPIC SPACE POWER .
PROSPECTS 'AND LIMITATIONS .

» . INTRODUCTION

Although it was about sixty years ago -that the CL'J.ries‘ ‘first reported the self-
heatiqg.phenomenOnsfrom.their study of rédium,‘it ﬁas only five years ago .
that this unique property of radioisotopes was demonstrated as a feasible

source of power. -The device which accomplished thls was called SNAP-3 and

--contained about one-half’gram of polonium to produce about three watts of

useful electricity. The heat to electricity éonwersion was achieved by means

_of special.thermocouples. Since mid-1961 at least four radioisotopic powered

satellites have beenioPerated;in orbit for use as navigational‘aids} -About

the same number of similar dgvices has been demonstrated on land and sea to

operate remote unmanned instruments for weather reporting and aids to navi-

gétion. -The .satellites have'béen-powered with plutonium-238; the earth

‘bdund devices have used stronﬁiuﬁ-90 as the source of power.

-Although there are over a thousand known radloisotopes and & variety of

techniques by'wﬁich.theyvcanubé~prodﬁ¢ed, the Candidates that can-be prac-
tically considered for application number only about a dozen;.however,'theSe
few candldates differ so widely in characteristics that with an adequéte
understanding of their engineefing properties logical applications can be

conceived for use in a varietyfof'missions. In this study, the basis for

i

‘seleétion of‘radioisotOPes for power applications 1s reviewed along with the

engineering properties that establish them as practical materials.

The principal features of certain radioisotopes which mske them especially

attractive as power sources are: (1) A long useful live - with some, this
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is far longer than can be matched by associated electronic equipment;. (2)
Reliability - although the power ootput declines with time, this rate is
readily and precisely predictable with absolute certainty; and (3) Compact-
ness - small volumes of many radioisotopes generate large amounts of heat -

many watts per cublc centimeter.

~ Although radioisotopes sppear to have outstanding -properties uhich-ﬁill as-.
sure their widespread .use, factors of 1ihited availabilityeand cost make it
-quite certain that their'uses.will be very specialized for applicatione
lrequiring‘only modest amounts of continuous power generally in the range of

less -than a few hundred watts. -For many applications, when comparisons are

—————

made on the basis of weight, reliabllity, cost and useful -lifetime, radio-

)
" .isotopes have no competitors.

. COMPARISONS OF POWER SOURCES

If we compare the complete spectrum of space power uses ranging ‘from a few
‘watts powering -a-tiny satellite to a few megawatts fOr electric-propulsiOn
systems to be used on manned.interplanetary flights, we must then compare
' the complete spectrum. of power systems. We. must compare chemical combustion,
fuel cells, batteries, solar radiation, nuclear reactor ‘and radioisotopic
.systems. ‘General criteria for evaluating and selecting-a power system is
-suggested by Bernatowicz, :Guentert and Klann(l) of NASA. It includes the
following: (1) mass; (2) ease of integration into the complete vehicle sys-
tem; (3) compatibility with the space enviromment; (4) life and reliability;
- (5) hazard to humaoflife; (6) eost,-and (7) availability or status of tech-

| no;ogy.
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It becomes evident.quite early in the cbmparison that fédioiéotdpic power
. o ] o
plants surpass all competition in those space systems which require a few % ,LJE

hundred watts for duration of one to five years.

In comparison with conventionaliy fueled (fuei plus oxidiief) devices, the
weight economics are extremely favorablelas“illustrated.in the following ex-
ample:
Basis: A power source bf-loo net electrical watts coﬁtinuoﬁs; Operation
for a period of five years. A thermal td electrical efficlency

.of 5% for a typical thermoelectric device.

Radioisotope . Kerosene and Oxygen
_-Specific power of Strontium-90 1 1b. Kerosene @ 20,000 BTU/1b re-
at five years = 0.80 watts/gram quires 4.25 lbs. of oxygen (with

20% excess).
' 2,000 vatts = required thermal 120,000 BTU = 5.89 KWH,

 output at five years.

2,000 _ 2500 grams of Sr-90 -at 5% conversion = 0.293 KWH,
& , ,
" required.
= 5.5 1lbs,
Radioisotopic Fuel (Sr-90) re- 100 watts for 5 years = h380‘KWHe

4380. - = 7.48 tons of Kero-
(+293)(2000)

quirement is thus sbout 6

sene plus~3i.8 tons of Oxygen.

‘The gbove comparison may be regarded as too conservative invview'of inef-
' ficlency of the "combustion thermopile.": However, even i1f the most optimistic

view is taken for combustion (thermal to electrical efficienmcy = 75%) in
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récently developed fuel cells, at least a half ton of kerosene and over two
tons -of oxygen would still be required. The comparison of the system weights

is not of consequence after the above fuel comparison.
Py 4 ‘

The sbove sample is typicel for the most svailable radioisotopes; similar
support exists for several of the others, .some of which have other properties
more favorable than the candidate selected for the exsmple, particularly in

power density and type of radiation.

L

‘For power requirements of much shorter duration, chemical systems and solar

‘cells have certain”adéantéges. This 1s primarily because of the cost of

radioisotopes. As the power requirements increase for long duration systems,
nuclear reactors.are obviously favored because of the ‘limited svailability

of radioisotopes. While solar collection systems may'bé‘comparable in cost
and weight, .when one considérs'the'problem of reliability.andvoriegtation Qf
‘huge collectors and radiators,-thé-simplicity of the radioisotopic system is

favorable.

The principal factors.which make radioisotopes attractive for power production
are: (1) Coﬁpactness:.because of the power density (watts/cc), isotopic heat
sources are very small. -This size factor adds very much t0 the simplicity

of the heﬁt producing part of the system. (2) Reliability: they provide a
.continuous,~though declining source of heet which cannot be changed in rate
by any practical means. -There is absolute certainty of thermal output and
‘lifetimes. (3) Long useful life: although different isotopes have different
‘but fixed half lives, some of the more available Ones possess half lives so
long that powér~flattening~needlnot be provided for and fufthermore,»the~life

far exceeds the expected reliabile life times of the associated equipment for
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‘power conversion and power utilization. (4) The above three characteristics

assure relatively:light weight for the power source and system.

A

Because of the compactness and simplicity of the isotopic heat sources, they
-can be.made to perform with assurance of safety. New designs are adequate

to provide a high degree of safety during-launch and operations and re-entry.

- RADIOSTOTOFPE CONSIDERATIONS

Although a chart of.the nuclides shows mAny candidate radioisotopic heat
sources (over one-hundred), the practical limitation of availability .:ln the
kilogram quantities required eliminates nearly ninety per cent of these can-
-didates. ‘Many have been detected only in the residues from accelerator ex-
‘periments which-use4massivefions as projectiles or special tgrget materials.
Such techniques cannot be regarded as production processes. Other candidates
ére producible .but only.as.mgmbers~of a family of isotopes of'a.common element.
. To be useful, most of thesé .would have to be sepafated or concentrated by
_1isotopic separation processes. Such processes do not exist and are unlikely
'to exist in the foreseeable future for highly radioactive materials in useful
amounts. .There are also a few more caﬁdidateS'whose manufécturing process
would be so fantastically costly that they could not be considered as prac-
tical heat sources. -Common physical and chemical properties alone‘eliminate
some other candidates; for éxample,‘elements which exist as stable gases

have densities s0 low as to make them unsuiteble.

With the restraints as mentioned above, only about & dozen radioisotopes
appear to have any realistic prospects as practical heat sources. -These are .
listed in Table I with their important characferistics. Inspection shows &

difference in properties of this rather small group of candidates. .This
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diverse distribution .of properties, when viewed frOm the standpoint of the
requirements of :a particular radioisotopic heat source use or mission, in-
variably imposes further restraints to limit the selection. For example,
missions which have as their objective an accurate detection and measurement
of a wide spectrum of radiation in space , would certainly avoid use of a
.radioisotopic ‘heat source characterized by being a profuse gamma or "bre;ms-
'strahlung.emitter for which an impractical amount of sﬁielding would ‘be
‘necessary to bring the local radiation significantly rbelow~'b§'ckground.
Although .it.4s .fortunate that.there is.a wide diversity in properties of
candidates, .the, final choice of & particular one is-in most cases limited

by ‘suc.h.‘factor.s as mentioned above, to a single or at mést a very few choices.
.Similarly,vthemhalf..lifeﬁ o‘f | selected isotope must be approximately as ;‘long
as .the expected . useful.life of the mission; otherwise, ‘én.excessive variation -

.in power output would be introduced.

‘A discussion of the important characteristics follows.

~Helf-Life

. Half-life 1s perhaps ‘the most important factor in the evaluation and selection
\for a radioisotopic heat ‘s‘c‘mrce since it establishes the time for which such‘
a materisl is capable of being useful. ‘Half-life is also generaliy closely
-related to specific power - thermal watts per gram. Long:lived materials
will have low .specific power while shorter-lived ones will have higher
specific power.. -For practical purposes, materials with half-lives of less
than one-hundred days ‘would be severely limited in their use in competition

| with even conventional fuels. .Complex productiéﬁ recovery processes and de-

-livery operations consume too large a fraction of the .useful life of the short

lived materisals.
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Specific Power and Power Density

Although specific power is ambng the most important propert;es,;practical
consideratiOns‘require its incorporation into the property called power
dencity which taskes inte nccéﬁnt the purity of the isotope, the cqmpoaition
of the compound form in which it is to be used, -and the attainable density
.of.this :compound. .This figure, power density or thermai watts per cubic
‘centimeter,athus‘estgbliéhes‘the limit on how much heat can be!produced in

.a given volume of a device from each potential candidate. Some of these

materials, however, .have such high power densities that diluxion'will be re-

‘quired . to assure a volume with enough outer surface area to permit release of

the heat which is 'evolved.

-Type. of Radiation
‘Radloisotopic .heat sources in the course of their decay may emit radiation

as alpha, ‘beta, -and neutron.particles, .and .as gamms rays. -Alpha and low

_..energy beta particles are easily'shielded;vin'fact,~are to.almajor extent

. &bsorbed in the mass of the iéotoPe. ‘However, both can give rise to other

radiations: neutrons from collision of alpha particles with lighter elements

(X, ) ;

.(carbon, boron, oxygen, .fluorine, etc.) and bremsstrahlung (X-rays) from the

slowing down of energetic beta particles. Neutrons are also émitted by some

candiéates through spontaneous'fiSsion.which'also gives rise to fission
proqdﬁfs. ‘These fission products emit energy as they decay to their stable
states. ‘To avoid undesired éhielding, tpe preferred radiolsotopes would be

puré~alpha emitters with vernyOngsspontaneous fission half-lives and pure

beta emitters with rather low beta energy. Such choices would avoid neutrons,

7

gamma rays and .energetic bremsstrahlung. -An inspection of Table I shows that

such choices are-extreﬁely;limite¢.
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.~:Biological Hazard

_Although all radioisotopes ‘are regarded as 'biologically ‘hazardous materials ’

there is 'a wide range of variation in their toxicities. For the probable

candidates, this range from the least to the most hazardous differs by a

- factor of about 100,00Q. Biological considerations should be considered,

‘but no longer »-representi the limiting factors in selecting energy sources.

_ 'Availabnity o , ' .

Certainly. availability isa signiﬁcant factor in the evaluation of any

- .1sotope.' Practical isotope separations processes for highly radioactive

materials do not exist today; thus, those isotopes which would require such

. ‘processing .cannot be considered as available.

-Similarly, materials ‘which :involve processes requiring -irresdiation with

multigram quantities of protons, .alpha or other heavy ions must be regarded

-as outside the scope.of .today"s practical technology. Redioisotopes must,
- therefore, "be at hand .as ‘by-products of fission or must be economically

- .producible by neutron irradiat:lon of available target materials ‘accompanied

by feasible separations processes. .The latter requirement :lnvolves chemical-

-rather than physical or isotopic separations.

Cost |

Cost will be 'én important factor 1n selection Vof isotopes and also in con-
»sidefation of competitiﬁe power sources - ‘batterieg » solar cells, fuel cells,
ete. Only recently have representative cost figures become -available. Since
the go&ernment today is ‘the ohly producer and only small amounts of isotopes
have been produced for research purposes , -the costs .available today qr‘e not
particularly;represént;tive of what they may be when produced in larger
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-quantities by commercial companies for a profit. Even so, .i'zxdicated costsb
for some of these materials appear to be highly attractive when compared

with conventional alternatives.

. DESIGN CONSIDERATIONS

- Radioisotopic space power systems could employ either the dynamic turbo-

| .generator 'power generétionﬂequipment or static conversion devices. The

- latter .1s generally considered the most appropriate, .and thermoelectric and
‘thermionic devices are generally a part of rgdioisotopic power system de-.
.-8igns -in order to optimize the mechanicél simplicity and.thus'fhefreliability'

of the system.

According ‘to Carpentef(e) ’ present radi:o'isotppicvpower systems display &
power 1o weight .ratio of one watt per pound, -and ‘he estimates that ﬁithin
the next few years, two to three watts per pound would be achleved. NASA ‘
~has now sasked for proposals tf) develop a system that has a .specific power

of two watts per pound.

‘The dééign criteria for a radioisotopic space power system is about the
same as previously defined for a space power system in genersal. tThe design
criteria for the rsdioisotopic source are:

:1. -The 1sot;>p1c source should be of minimum size and weight. }

2. -The half-life should be so that poﬁer ﬂgtte'ning requirements are a

minimun;. ’

-3+ -Shielding should be minor.

4. Cost 'should be low.

5.. -The -isotomé form must be 'chemicaily cor&patible with its cox:tainment‘

material.
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6. -Mission safety requirements must be accommodated in the selection

of isotope form, .containment, -and handling.

"

Although -on & preliminary view of power densities, one might conclude that
the alpha emitters sre overwhelmingly favored by the .easily shielded and
-absorbed energy of ihe massive alpha particles, practical considerations

-require that void space must be provided with such sources to .contain

- securely the accumulating helium gas which is :the end product of alpha

- particles. -In practice, -the void space is usually made equal to the volume

of the 1sotopic ..materie.l; Such provisions ‘are not required with beta emit-
ters. -The significance of this situation mayv be appreciated by the following
comparison: | ‘
Bases: A capsule.of inside dimension 15 cm long -and 3 cm in diameter,
& wall thickness of 0.3 em for an alpha emitter, ~I;u23802, .and
0.15 for a beta emitter, (PmalhTQj). |
Assume the void volume is »equél to the volume of the Puoa.‘
Compare: The maximum heat output of each ;ca.psule‘ and the gross power
density of the capsule (watt/cc of total volume).
" Inside dimensions of both capsules = 15 cm X 3 cm = 106 cem
Qutside dimensions -of Pu2380 capsule = 15.6 cm x 3. 6 em =-158.8 cem

Outside dimensions of szll"‘o capsule = 15.3 x 3.3 em =-130.8 ccm

For i’u23802 Case:

Inside volume -is 106 ecm but in view of void space requirement only 53 cem
of this volume -can be occupied by the isotope compound

53 x 3.9 watts/cem (power density of Pu23802~) |
Heat output of capsule = 206.8 watts =--l..3 watts per cem of total ca‘pslﬂe

volume (external).

L



For the Pn," "0y Casé:

-In.,sﬁ.dé volume is 106 cem with no need foi' void space allowance.
106 .x 1.8 watts/cem (power density of Bnéll‘703)
Heat output of capsule = 190.8 watts - 1.46 watts/cem of total capsule

 volume (external).

This -comparison shows that promethium oxide in the encapsulated form may have
‘a significantly higher practical power density than does jlutonium-Q38 oxide.
This fact is not apparent from a cursory inspection of radioisotope pro-
perties (Table I) but comes to light when the materials -are considered froni

the standpoint of. practical éngineering design.

For smaller capsules, the comparison, as made above, would be even more
divergent. .This situation should be teken into account when comparing any

. of the ‘alpha emitters with the beta emitters.

4 similar situation exists in the case of the isotopes of véry- high power
* densities such:as Po-210. In such materials it is unlikely that the pure
‘1sotope could be handled, fabricated or even used without some dilution.
The heat,putputb from even small volumes of the pure materials .is so high
that extraordinsry means are needed to prevent melting and volatilization of
the ‘isotopes as éell as the encapsulating materials. Thus, from a practical
s‘tandfoint , designs -could probably employ Po-210, Cm-242 or Th-228 only with

substantial dilution and thus at more modest power densities.

A comparison of shielding requirementé is shown in Table.IX. -Based on
these data, Pm-147 and Pu-238 require much less shielding than the other

isotopes.

- -t D SERIP NI - i R A RO I S == N S, e
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‘TABLE II

COMPARATIVE SHIELDING REQUIREMENTS(3)
FOR TYPICAL RADIOISOTOPIC POWER SOURCES

Basic: 1000 Watt Source
Inches ©of Lead Required

Source | : for 10 mr/hr at 1 meter
. 8r~90 Y . | : 6.1 |

Cs-137 | su
- Ce=1hl ' 10.3

Pu-1LT | 1.1 (a)

Pu-238 S 1 (v)

(a) Pm with two years of aging.'

(b) Without shielding the dose rate is less than 10 mr/hr
at 1 meter.

- In comparing the radioisotopes listed in Table I against the design criteria,

we see that Po-210, Th-228, and Cm-242 excel in criteria number 1 'because

of their high specific power; however,' they have some other shortcoxnings

. such &s .cost and half-life for Po-210, .cost, half-life and shielding for Cm-

242 and heavy shielding for Th-228. The isotopes Sr-30, Cs-l3"{, U-232, Pu-

238, -Am-2k1, and Cm-244 have advantages of long half lives for long flat

power curves. From the standpoint of minor shielding requirements, ‘Pm-147,

Tm-170, ‘T1-204, ~‘:Po-'210 , Pu-238 and Am-241 are exceilent;‘.

The more abundant fission products will always be produced at the lowest
cost; however, some of the irradiated lsotopes such as Fo-210 will come down

in cost after they are in production.

-Compatidbility with the container leads us .into ‘the problem of materials con-

siderations.
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MATERI.AIS CONSIDERATIONS

The keys ‘to. higher . speciﬁc yower for radioisotopic space power systems is |
'higher source temperature and better utilization of the -heat generated by
_the source. Each of these depend upon an increased knowledge of materials
‘on the part of the design engineer and on the development of materialslihat'
vill meet the Arequir'ements. »I-Iigher specific heat sources are available so
that the »prbblem lies ..:1n'.deyeloping ‘containment materials , structursl mater- :
-~ 3als, and Aeleétricai energy conversion materials that will allow the use ofv ;
& higher temperature source and allow dissipation of heat at a ‘highe} temp-~
erature. -The dissipation of heat at a higher temperaturé allows for smaller

size radiastors, :thus lower weight in the o;rer-all power producing system._

' Thermal Efficiency of System

T source —_——

T radiator

—_—t ..._ J

Q device 10% thermoelectric - gives h% eff.

Q through ! Q shunt.loss 60%
device LO% I

Q device 20$ themionic - gives 84 eff.
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Figure I is a plot of the thermal efficlency of a system. On the left we

plot the temperature of the source and .‘tht; temperature of fhe radlator. The
distances along the bottom are the Q representing the heat.dissipation through
-the device and .the Q for the shunt loss or the loss of heat by-passing the

device.

In most systems as ‘xixow desivgned , the Q thrpugh ‘the device will't not be ‘more |
-than about 40%. With a 10% conversion efficiency of & thermoelectric device, |
this gives us about l;-ff» over-all conversion of iéotcspic heat to electricity.
With a 20% Q conversion in a thermionic device, we obtgin about 8% over-all |
efficiency from thermal to electrical energy. If the T (temperature) of

the 'source 13 increased and the T 'of the radiator is increased with no change
in the bratio or +the lengtﬁ,of the Q's, the thermal efficlency.of the system
~would remain the same, but the size of the radiator could be smaller. v.']!his ’
‘however, does place a.requirement for higher temperature materials to produce
the same quantity.of -electricity. There is & possibility that i1f we increage
the temperature of the source and maintain a constant temperature in the
radiator, that we cou;d put two devices in series in the Q through the device
such that we are generating power -1# both devices and getting a higher con-
version percentage: of the é.through devices. For example, if we add a
thermionic device that operated at a temperature from 2300°K to 1h®°K and.

a thermoelectric device in series which operated from 1200°K to 600°K, we -
‘could recover 30% of the n»e'cQ through the device. ‘This would perhaps make
our ‘over-all system 12% efficient. We can also incfease.the efficlency by

_ decreasing' the shunt loss. This again would depend on ‘improved"’deaign and |

application of better -insulation materials.
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If we design for higher temperatures of the source s this will create in-
creased problems of compatibility of the source material with the containment '
material. The nature of this compatibility will depend on whether the source
- materisl is in the solid or molten state. It will also depend on whether

- the source material is in the metallic form or & compound form.

.Very.little 1s known ebout many of the power isotopes either in the pure
state or their compounds. ‘Most of the physical property data that is aiail-
-able for isotopic materials -is ‘listed in Table III. Much of this ‘data is
:estimated Oor not very accurate. The lack of data is noted by the great
number of blanks.in the Table. -Programs should be conducted -in the very
.near future to obtain these physical and chemical properties and provide
these properties to the. engineering designer. Experiments to determine the
. compatibility of many. of these power isotopes with candidate containment
materials at higher temperatures must 8ls0 be conducted. ‘Because of the
| ‘tremendous emphasis on safety, higher temperature compounds of the power
| isotopes must be evaluated for hazards ‘involved .in laupch pad fires and
-various types of mission abort énd re-entry,.conditioné. -The actual power
‘isotopes should be ‘used .in these studies since it has 'bee‘n‘found that radio-
.isotopes have different physicai and chemioa; reactions with their environ-

‘ment than the stable -isotopes 0of the same element.

The hazardous nature of radloisotopes requires that any device be provided
with near absolute safeguards to prevent the uncontrolled release of these
materials to the environment. For terrestrial uses, there must be certainty

that the heat of radioact;;te decay can be dissipated, otherwise temperatm'es
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will increase to.the point of melting and eventual destruction of the heat
-source capsule and reiease.of the radioisctope t0 the surroundings. Ofdiﬁary
operations such as transportation of these materials requires that the ship-
ment withstand any credible accident .of prolonged rire, .high speed impact
against an immovable barrier, and prolonged burial in .collision debris,
landslide and water. .Corrosion by such common agents as humid aii', fuels
-and sea water s -an 1ntpbrtant ccnsideration. For use in space devices 3
_there are even more problems regarding safety such as fire and explosion on
the launch pad, -prelaunch assembly and disassemble in case of a "scrubbed"
flight, post launch ‘and pre-orbit abort and finally re-entry, intect or dis-

persed.

These problems of safety are met by engineering solutions. 1nvolving materials,
~ designs, stat:lstical appraisal of risks of credible accidents and incidents,

.and .operating or handling procedures.

FUTURE PROSFECTS

;it .1s“v certain that the unique heat (power) producing properties of radio-
Aisotopes will find increasingly practical applications -for the Aoperat;.ion of
unmanned :instrumentation in remote areas on :the earth, on or 'uhder the sea |
and in space. More devices may be used as navigational aids and to report
universal weather conditions and to observe storm patterns -and rogress via
satellites. -The output of such devices may be uscd by.all p_ations who choose

to provide their own reception facilities.

There are, of course, Jmany 'otlicr applications including seismic observations,

military reconnaissance and defensive mdnitoring ‘undersea, .on land ‘and -in space.
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Conceivably, all of these uses would ‘require more than the available radio-
-dsotope resources. -This is readily realized when ‘the near future avail-
ability of these materials 1s appralsed. Among the fission products alone,

the combined Prospective annual output for the ‘longviived ones ‘(strontium-90,'

.cesium-137 and promethium-;lh?) is equivalent to slightly. over one-hundred

kilowatts of thermal power.(l‘) If the conversion to electrical energy is

efficiency is a‘bout S% ‘l‘hus » the annual output of electricity 1is con-

-celvably only about 5 kw from the prospective supply of ﬁssion product

radioisotopes. Therefore, even though a single device such as weather

monitoring satellite may require only about ‘one-hundred .electrical watts
continuously, .the annual number of such devices may thus be limited by the

supply of radioisotopic "fuel". Since such a use would be most suitable

for those isotopes which require a minimum of shielding (such as promethium-
147 or plutonimn~238 - the least plentiful ones), further supply . Limit-

ations are thus imposed. Fortunately,for this supply picture, the cost of
satellites en’d‘/their placement in or‘bits apart from the cost of the power
supply 1s s0 great that only a very few of such‘.important devices would be

.-expected to be launchedi;in acy glven year. This, however, is not ~e$cPected

to be the situation with earth based devices where conceivably hundreds of
units may be justified. Present prospects for radioisotope supplies are
limited but certainly adequate for the immediete future. As the ~civilian

nuclear power economy grows, additional supply of. fission product radio-

-isotopes vill be provided. Also » the supply of those radioisotopes pro-

duced ‘ny rintentional or concurrent irradiation of special target elements

will also increase. Plutonium-238 (via special neptunium-237 irradiations)

.¥o be done via conventional themoelectric devices , -the thermal to electrical :
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and nc":urium-ehh from.reactors based on plutonium recycle will certainly
have'increasing~availébility. If the demand exceeds the supply of these
costly materials, efforts can be initiated to produce others including
cobalt-60, thallium-204, uranium-232 americium-ahi, and plutonium-238 via
curium-242. . A1l of these could, of course, be employed today but until a

- market consumes all.of the present more readily available ones » - little
dincentive exists to pfodﬁce these alternate candidates.. At the present
time, :all demands can be met by existing capacity for producing Si-90,
Cs-137, Ce-1ik, Pn-147, Pu-238, and Fo-210. Furthermore, the processing of
the fission products could bde readily expanded to the productionievels |

-indicated on Table I, Ttem 10. With that as & first step, 1little 1likelihood e

didates in the -very mear future. Off in the more distant future, however,

.there lies the .prospect of more economical neutron bombardment facilities

‘and practical and economical isotope separations ~faéilities_.
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