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This invention relates to a radioisotope generator. 
More particularly it relates to a radioisotope generator 
wherein neutron shielding requirements are substantially 
reduced compared with similar generators. 

Radioisotope powered generators are known. Such 
units are of particular interest for space missions for 
supplying the power needed by the instruments of the 
space vehicle. These generators are also of utility in situa 
tions where there is need for a remote, lunattended, long 
lived small power source that is relatively impervious to 
conditions and hazards of its environment. Such uses in 
clude earth-based ones such as navigational aids in re 
mote areas, communication relay stations, forest Warning 
equipment, ocean cable boosters, and the like. 
For space missions, particularly manned ones, shield 

ing requirements against radiation contribute significantly 
to the overall weight of the space vehicle. Astronauts 
present in the vehicle would require shielding not only 
from external radiation but also from the radiation emit 
ted by the isotopic power unit itself. 

In general, isotopes which are alpha-particle emitters 
are preferred for fuel use in manned mission space flights 
because they are relatively easy to shield against, alpha 
radiation being the least penetrating of all. Exemplary 
of such a suitable isotopic fuel is plutonium-238. How 
ever, the alpha-particle-emitting isotopes are not ordi 
narily usable as fuel in elemental forms, but are present 
in the form of their compounds, alloys and mixtures SO 
as to provide an isotopic fuel with suitable properties 
with respect to melting point, hardness, ease of fabrica 
tion and handling, and other related physical and metal 
lurgical characteristics. 
While alpha-particle emisison per se requires but mini 

mal shielding, secondary radiation resulting from interac 
tion of the primary alpha particle with material in the 
immediate vicinity of the isotope emitter accounts for a 
significant increase in shielding requirements. The most 
important secondary source of radiation requiring shield 
ing arises from the alpha-neutron reaction in which an 
element is transmuted by absorption of an alpha particle, 
a neutron leaving the excited nucleus. 

Accordingly, it is an object of this invention to pro 
vide a radioisotope generator wherein neutrons shielding 
requirements are substantially reduced. 

It is another object to provide a primary alpha-particle 
emitting radioactive source wherein secondary neutron 
generation as a result of an alpha-neutron reaction is sub 
stantially reduced. 

It is still another object to provide a method for pre 
paring an alpha-particle emitter for a radioisotope gen 
erator whereby there results minimal secondary neutron 
generation. 

In accordance with this invention a radioisotope gen 

2 
erator is provided which includes a fuel capsule and a 
radiation shield in cooperative relation therewith wherein 
the radioiostope fuel material is an alpha-particle-emit 
ting radioactive isotope combined with components which 
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essentially have a threshold for the alpha-neutron reac 
tion greater than the maximum energy of the emitted 
alpha particles. Thereby secondary neutron generation 
resulting from an alpha-neutron reaction is substantially 
reduced, with a corresponding reduction in neutron 
shielding requirements. Preferred as fuel materials for use 
in the isotope fuel generator of this invention are alpha 
emitting radioisotopes of the actinide series combined in 
molecular form with particular low atomic number elec 
tronegative elements, or with selected isotopes of these 
elements, which have a threshold energy for the alpha 
neutron reaction greater than the maximum energy of 
the alpha particles emitted by the radioisotope. Particu 
larly preferred as fuel material is radioactive plutonium 
oxide, wherein the plutonium consists essentially of the 
plutonium-238 isotope and the oxygen consists essential 
ly of the oxygen-16 isotope substantially free of, or with 
only trace amounts of, the oxygen-17 and oxygen-18 iso 
topes. Ordinarily, plutonium-238 oxide will emit a pri 
mary neutron by spontaneous fission and about 15 times 
as many secondary neutrons by an alpha-neutron reaction 
on natural oxygen. Thus complete elimination of second 
ary neutrons will reduce overall neutron emission by a 
factor of 16. 

For a more complete understanding of the invention, 
reference is made to the sole figure of the drawing show 
ing a perspective view, partly in section, of an embodi 
ment of a radioisotope generator suitable for use in prac 
tice of this invention. 

Referring to the drawing, which is intended as illustra 
tive and not restrictive of the present invention, a sim 
plified view of a radioisotope generator 1 is shown from 
which its principal components may be seen. An outer 
shell 2, usually in the form of a thin cylindrical can of 
metal, protects the internal components from contamina 
tion and may serve as a heat radiator where required. A 
radiation shield 3 is required to provide safety require 
ments in handling the generator during launch and follow 
ing impact and also to protect astronauts present in the 
space vehicle during manned space flights. These shields 
are of high density and prevent the emission of primary 
and secondary radiation. Exemplary of such shields are 
lead, depleted uranium, and cast iron. Low density neu 
tron shields such as lithium hydride are also required. 
These shields all contribute considerably to the weight 
of the radioisotope generator. This increase in shielding 
weight is a major disadvantage for space missions. Where 
the minimizing of shielding weight is a primary considera 
tion, it is preferred to use radioisotopes which are alpha 
radiation emitters, since alpha radiation is the least pene 
trating of all and requires minimal shielding provided no 
secondary radiation of a penetrating nature occurs. 
An energy converter section 4 is used to transform 

part of the isotope decay heat into electricity. This may 
consist of an array of thermoelectric elements or therm 
ionic converters. At the heart of the generator is the 
energy source, shown as a fuel capsule 5 in which a radio 
isotopic fuel material 6 is enclosed by a capsule wall 7. 
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The radioisotope generator may be of any desired 
shape, cylindrical shapes or spherical shapes being more 
common. In one type of assembly, the energy converters 
are placed around a space reserved for the fuel capsule. 
The shield is then wrapped around the converters. The 
outer shell, except for an end left open for fuel insertion, 
is soldered or welded around the shield. The fuel capsule 
is then usually inserted by remote control for safety rea 
sons, and the last piece of the outer shell is then sealed 
in place. Almost all of the nuclear particles emitted by 
the decaying radioisotopic fuel are absorbed inside the 
fuel capsule. During the absorption process, the fast nu 
clear particles collide with the atoms in the fuel capsule, 
causing them to move more violently and thus raise the 
capsule temperature. The kinetic energy of the particles 
is thereby converted to heat. Generally about 5 to 10 per 
cent of the total heat flow, shown by directional arrows, is 
converted into electricity. The remaining heat energy pro 
duced by the fuel flows into the outer shell from where 
it is radiated or conducted to a surrounding environment. 

Because of the physical and metallurigical requirements 
for the fuel material, an alpha-particle-emitting isotope 
cannot ordinarily be used in the pure elemental form. For 
example, Pu238 has a melting point ranging from 120° C. 
to 640 C., depending upon the particular crystalline 
structure. Whereas, in the form of Puc its melting point 
is 1654 C.; PuO melts at 2282° C., PuN 2450° C., PuB 
2040 C. Thus the isotopic materials will ordinarily be 
used in the form of their molecular compounds, alloys, or 
nonstoichiometric mixtures. 

It is an essential feature of this invention that secondary 
neutron generation resulting from an alpha-neutron reac 
tion is substantially reduced by selecting the component 
that is combined with the alpha-particle-emitting radioac 
tive isotope to have a threshold for the alpha-neutron re 
action that is greater than the maximum energy of the 
emitted alpha particles. Generally a threshold above about 
5.6 mev. is required, this threshold value varying some 
what depending upon the particular alpha-particle-emit 
ting Source. 
The selection of the particular alpha-particle-emitting 

radioactive isotope and its combining component will be 
determined by many factors. As mentioned, metallurgical 
and physical properties play a primary role. Also of im 
portance is compatibility of the fuel material with clad 
ding materials, as well as its chemical stability, availabili 
ty and cost. Where a space mission of brief duration is 
contemplated, an isotope such as polonium-210 which 
has a half-life of 138 days may be suitable; whereas for a 
Mars emission, which would require approximately 2 
years, a longer-lived isotope, such as plutonium-228, which 
has a half-life of 90 years, would be required. Also the 
choice of isotope would be governed in part by the rela 
tive freedom of the alpha-particle-emitting isotope from 
other primary radiation emission such as gamma rays and 
neutrons. 
The alpha-particle-emitting radioactive isotopes of the 

actinide series are preferred in the practice of this inven 
tion. Exemplary of suitable alpha-particle-emitting iso 
topes of this class are: Pu238, Po210, Th928, U292. Cm24, 
Cm244, and Am241. Pu238 is advantageous for use as an 
alpha-particle-emitting radioactive source because of its 
long half-life and the relatively small amounts of gamma 
rays and neutrons which are also primarily emitted. Thus 
shielding requirements are considerably minimized. As ex 
amples of electronegative components with which the elec 
tropositive alpha-particle-emitting isotopes may be com 
bined, either as molecular compounds, alloys, or nonstoi 
chiometric mixtures are the oxides, carbides, nitrides, sili 
cides, and oxychlorides. 

In Table I is shown the threshold energy for the alpha 
neutron reaction for the relatively light weight natural 
isotopes. The relative abundance of these natural iso 
topes is also shown. 
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TABLE I 

Threshold energies for alpha-ngurgfictions in natural isotopes from 
ON 

Threshold energy 
for (or, n) reaction 

Percent abundance (new.) 

7.4 
92.6 
OO 

8.8 
8.2 
98.9 

, 
99.62 
0, 38 

99,76 
0.04 
0, 20 
00 

90.52 
0.27 
9.2 

OO 
78.6 
10.1 
1.3 
100 

92.3 
4,7 
3.0 
00 

95. 
0.74 
4.2 

0.036 
75.4 
24.6 

99.632 
93. 
6.9 

96.97 
0.64 
0.45 

0.0033 
0.85 

OO 
7.94 
7.75 

73, 45 
5.52 
5.34 
0.23 
100 

4. 49 
83.78 

OO 

Isotope 

4.85 
5.25 

i O 
i O 

0.22 
11.25 

i 

s 

7 7 7 
3.72 

4,75 

6 s 
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In accordance with the teaching of the invention, if the 
alpha-emitting isotope is used, for example, in the form 
of its carbide, the C13 isotope would be eliminated by 
chemical or physical treatment so that the carbide would 
be substantially free of the Cl3 isotope and could con 
sist almost exclusively of the C2 isotope. Thereby, since 
the threshold energy of the C12 isotope is 11.25 mev. 
(Table I), no alpha-neutron reaction would occur and 
secondary neutron emission would be substantially re 
duced or eliminated. Similarly, if plutonium oxide (PuO2) 
were used, the radioactive fuel would consist essentially 
of Pu88D6 since the threshold energy of O16 required 
for the alpha-neutron reaction is 15.2 mev.; whereas the 
threshold energy of the Oi and O18 isotopes is consider 
ably less. This radioisotope fuel, Pu238O16, is particularly 
preferred therefore in the practice of this invention be 
cause of its elimination of secondary neutron generation 
as well as its desirable chemical and physical properties. 
Maximum benefits in reducing shielding requirements 

are obtained where there is present as combining com 
ponent only the stable isotope of the electronegative ele 
ment which has a threshold for the alpha-neutron reac 
tion greater than the maximum energy of the alpha par 
ticles emitted by the radioactive isotope. However, sub 
stantial improvement in shielding requirements is ob 
tained even where lesser or trace amounts are present of 
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the undesired isotopes which have low threshold values 
for the alpha-neutron reaction. 

For purposes of illustration, without in any sense being 
limited thereby, a specific method of practicing this in 
vention, and the advantages obtaining thereby, will be 
illustrated with reference to the radioactive isotopic com 
pounds Pu238O6 and Po210O16. 

EXAMPLE 1. 
Preparation of enriched oxygen-16 

3. Enriched oxygen-16 is conveniently prepared by elec 
trolysis of heavy water, DO, which is enriched in the 
heavier oxygen isotopes. This heavy water process is 
followed by hydrogen sulfide exchange and then followed 
by distillation to yield a product containing 90% DO. 
The 90% DO is then electrolyzed to produce 99.75% 
DO. During electrolysis, the lighter O1 isotope comes off 
initially as a gas, the heavier oxygen isotopes concentrat 
ing during this production of DO by electrolysis. Using 
Such a process H2O is obtainable with a depleted content 
of 0.007% O17 and 0.007% O18, with the balance O16. 
Oxygen-16 is then conveniently obtained in gaseous form 
by electrolysis of this O16-enriched water. 

EXAMPLE 2. 

Preparation of Pu238O16 
(a) By reaction with plutonium metal.-Plutonium 

metal is produced on a continuous basis by electrolysis. 
The plutonium metal is then heated in O16 gas at a tem 
perature of 400° C. to form Pu016. 

(b) From plutonium oxide by hydrofluorination.- 
PuO2 containing natural oxygen and prepared by low 
firing at a temperature below 480 C. is converted to 
PuF4 by hydrofluorination at 450° C. The PuF is 
reduced to Pu metal by reaction with calcium and iodine. 
The Pu metal is transferred to a closed system and con 
verted to Puolò as above described. 

(c) From plutonium oxide by treatment with phos 
gene-Plutonium oxide containing natural oxygen is 
heated at 400° C. with phosgene to convert it to pluto 
nium trichloride. The chloride is then reduced with cal 
cium and iodine to form plutonium metal which is then 
converted to PuO6 by reaction with O16 gas as above 
described. 

(d) From Plutonium Trichloride.- The plutonium tri 
chloride is hydrolyzed in the vapor phase with O16-en 
riched water to form Pu0216. The reaction that occurs 
is as follows: 

PuCls--2HO->PuO-3HC1-1/2H 
EXAMPLE 3 

Decreased neutron yield from Alpha-neutron reaction 
Two samples of radioactive polonium-210 are com 

pared. The samples are obtained as PoCl4 deposited on 
glass. One sample is dissolved in distilled water contain 
ing oxygen of natural abundance (99.759% O16, 
0.037% O17, 0.204%. O18) and the other in water en 
riched in O16 (.007% O17, 007% O18, balance O16). A 
small amount of HCl is added to both solutions to prevent 
depositions of Po on the walls of the container. The two 
solutions are then made to the same volume in the same 
size containers so that the ratio of the count rates observed 
with a neutron in a fixed geometry is the desired ratio of 
the neutron production rates. The neutrons from the 
source solution are thermalized with paraffin so as to per 
mit use of a boron trifluoride neutron detector. This detec 
tor is efficient to about 10% for neutrons entering the sen 
sitive volume. The cross-sectional area for the detector is 
selected to be about 20 cm2. For a desired count rate 
of 1,000 counts/min. from the solution of normal water, 
and a 3-cm. thickness of paraffin, about 10 neutrons/ 
min. is required of the radioisotope source. One curie of 
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Po210 will produce 1.33x105 n/min. Using a curie of 
Poio for each of the samples, approximately 1,000 
counts/min. is obtained for the solution of normal water 
and approximately 1,000/30 or about 30 counts/min. 
for the O16-enriched water (i.e., O18 depleted water by 
a factor of 30). Polonium-210 emits alpha particles with 
an energy of 5.3 mev., compared with 5.5 mev. for 
Pu238. 
According to the data of Serdiukova et al., "Investiga 

tion of the (c.,n) Reaction on Oxygen' Bull. Acad. Sci. 
U.S.S.R. (Phys. ser.) vol. 21, p. 1018 (1957), the neu 
tron source from an alpha-neutron reaction on oxygen 
is proportional principally to the O18 concentration. In 
the present process, by depleting both the O and O18 
isotopes, a significant improvement in reducing the emis 
Sion of secondary neutrons is obtained by using an O16 
enriched radioactive alpha-emitting oxide. 
Where pure Pu238O16 is used, with the O17 and O18 

isotopes of oxygen completely eliminated, the overall 
neutron source can be reduced by a factor of 16. But 
even with available O16-enriched water, where the water 
is depleted to a content of 0.007% O17 and 0.007% O18, 
there is a reduction of total neutron emission by a fac 
tor of about 10, or a reduction in the secondary alpha 
neutron source by a factor of about 27. Thus in one de 
sign where an 11-inch thick lithium hydride neutron 
shield for a Pu238 oxide isotope source is required using 
natural oxygen, a reduction in shield thickness to 5 inches 
is obtained by using the above available O16-enriched 
Source. Thus for a space vehicle using as isotope source 
Pu238O2 containing normal oxygen, the 11-inch thick 
lithium hydride shield would weigh about 1000 pounds. 
With Pu238O containing the enriched O16, 5-inch thick 
shield weighs about 400 pounds, resulting in a saving 
in weight of 600 pounds. This reduction in weight is of 
course highly significant in a space mission, 
While the principles of the invention have been de 

scribed above in connection with specific materials and 
processes, it is to be clearly understood that this descrip 
tion is made only by way of example and not as a 
limitation to the scope of the invention as set forth 
in the objects thereof and in the accompanying claims. 

I claim: 
1. A radioisotope generator including a fuel capsule 

and a radiation shield in cooperative relation therewith 
wherein the neutron shielding requirement for said shield 
is substantially reduced by preselecting as radioisotope 
duel material in said capsule an alpha-particle-emitting 
radioactive isotope combined with components which 
essentially have a threshold for the alpha-neutron reac 
tion greater than the maximum energy of the alpha par 
ticles emitted by said radioactive isotope whereby sec 
ondary neutron generation by an alpha-neutron reaction 
is substantially reduced. 

2. A radioisotope generator according to claim 1 
wherein said preselected fuel material is at least one 
compound selected from the class consisting of the 
oxides, carbides, nitrides, silicides, and oxychlorides of 
the radioactive actinide metals. 

3. A radioisotope generator according to claim 2 
wherein said radioisotope fuel material consists essential 
ly of Pu238O16. 

4. A radioisotope generator including a fuel capsule 
containing a primary alpha-particle-emitting radioactive 
fuel material having a substantially reduced secondary 
neutron emission wherein the radioisotope fuel material in 
said capsule comprises an alpha-particle-emitting radio 
active isotope combined with components which essen 
tially have a threshold for the alpha-neutron reaction 
greater than the maximum energy of the alpha particles 
emitted by said radioactive isotope whereby secondary 
neutron generation by an alpha-neutron reaction is sub 
stantially reduced. 

5. A radioisotope generator according to claim 4 
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wherein said primary alpha-particle-emitting radioactive R. G. NILSON, Primary Examiner 
fuel material consists essentially of Pu288O16. M.J. FROME, Assistant Examiner 
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