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SUMMARY 

Two configurations of smal l , Cer ium-144 fueled the rmoelec t r i c 
gene ra to r s have been designed at The Martin Company for use in 
t e r r e s t r i a l sa te l l i te s y s t e m s . In both, the radiocer ium fuel is enclosed 
in a tapered cyl indrical capsule of Haynes-25, to provide containment 
during the var ious launch acc idents . The capsule t empera tu re is 
580° C during operation, well below the melting point of Haynes-25 
(1329° C). Lead tel lur ide t he rmoe lec t r i c e lements surround the capsule 
and a r e contained within an outer s ta in less s tee l shel l . One configuration 
incorpora tes a second shell which is filled with m e r c u r y for biological 
shielding. 

The typical vehicle employed to inject the payload into orbit con­
s i s t s of a boos te r s tage fueled with liquid oxygen and R P - 1 (a kerosene) 
and a final injection stage fueled with unsymmet r ica l dimethyl hydrazine. 
The final s tage is a lso the sa te l l i t e . 

Cer ium-144 produces t h e r m a l energy in i ts beta decay to P r a s e o ­
dymium-144 and Neodymium-144. It has a half life of 285 days and a 
power activity constant of 0.0074 watt p e r cu r i e . Each generator uses 
9900 cur i e s of ee r i e oxide with si l icon carbide addit ives, the mix ture 
weighing 37 g r a m s . Since the daughters of Cer ium-144 have different 
oxidation s t a t e s , oxygen is evolved within the fuel. 

The biological shield r educes the di rect radiat ion dose r a t e from 
decay gammas and b remss t r ah lung to 90 m r / h r at 3 feet (two genera tor 
uni ts) . When the unshielded gene ra to r s a r e mounted on the vehicle, 
the dose r a t e at ground level is 1240 m r / h r . 

The integri ty of the fuel capsule under the spec t rum of launch failure 
forces is cons idered in this r epor t . These forces include internal p r e s ­
su re , external forces from shock o v e r p r e s s u r e s and impact, cor ros ion 
and propel lant f i r e s . 

Following successful m i s s i o n s , the fuel will be re leased in the 
s t r a to sphe re at a t ime when the source s t rength is about 4000 cu r i e s . 
The resu l t for Tempera te Zone r e l e a s e s will be a ground concen t ra ­
tion of 2 X 10~9 cur ie pe r squa re mi le . Fo r prompt s t ra tospher ic 
r e l e a s e s , resu l tan t ground concentra t ions will be 0.053 mi l l icur ie pe r 
square k i lomete r . 
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I. INTRODUCTION 

The Martin Company has prepared this preliminary safety report 
to discuss the safety measures adopted in the use of small, Cerium-144 
fueled thermoelectric generators in te r res t r ia l satellite systems. 
The Cerium-144 generator has been evaluated by comparison with 
similar isotopic power systems, specifically, the Task II and Snap III 
generators. 

Two generators employing a total Cerium-144 inventory of 19,800 
curies have been designed to produce an auxiliary power output of 3.2 
electrical watts after six months of operation. Two alternate generator 
configurations are described: one mercury-shielded to facilitate ground 
handling, and the other unshielded for remote installation in the launch 
vehicle. 

The generators are designed so that the radiocerium fuel will be 
consumed by aerothermodynamic forces on re-entry into the atmosphere. 
The ultimate fate of the fuel after both successful and unsuccessful 
missions is treated in this report. Since many of the cases considered 
result in dispersion of the fuel as aerosols in the stratosphere, a 
postulation of the fallout mechanism is also made. Aborted missions 
are refined into the following general cases: 

(1) Impact of fuel on land with recovery. 

(2) Impact in shallow water with recovery. 

(3) Impact in deep water without recovery. 

(4) Part ial ablation of fuel,impact of remnants in remote areas . 

(5) Prompt re-entry, total ablation and dispersion of fuel in 
stratosphere as aerosols. 

(6) Orbital injection of short duration with ultimate ablation 
and dispersion of fuel in stratosphere. 
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II. GENERATOR 

Each satellite utilizes two thermoelectric generators, each sup­
plying 1.6 watts at the end of six months for a total system output at 
that time of 3. 2 watts. The thermal energy output is converted to 
electrical energy by a ser ies of therm.oelectric elements. 

In one design, a biological shield surrounds the generator to p r o ­
tect launch operations personnel. A fill and drain system is attached 
to the biological shield for remote draining of the mercury biological 
shield to reduce liftoff weight prior to the launching of the missile. 
Figure 1 shows a thermoelectric generator encased in its biological 
shield. In the other design the generator is the same, but the biological 
shield is not utilized. Instead, a remote handling mechanism is used 
to install the generator, which is encased in a lead cask prior to in­
stallation. 

A. THERMOELECTRIC GENERATOR 

Each Cerium-144 heat source has an activity of 9900 curies and is 
contained in a tapered cylinder of Haynes-25 material. Physical de­
tails of the containment of the fuel a r e reported in a later section of 
this report. At initial loading, the 9900 curies of eerie oxide will pro­
duce 73 thermal watts at a capsule temperature of 580° C. The lead 
telluride thermoelectric elements are located between the capsule and 
a stainless steel sphere. The fuel capsule maintains the hot junction 
temperature of the thermoelectric elements, and the stainless steel 
sphere maintains the cold junction temperature by radiating excess 
heat to the outside. Environmental tests indicate that the cold junction 
temperature will vary from 110° C at initial loading to 74° C after six 
months of operation. Thermal insulation surrounds the capsule and 
thermoelectric elements, to maintain the necessary temperature 
differential across the elements. The elements are electrically insu­
lated, to allow for a continuous ser ies connection. 

The thermoelectrics consist of doped lead telluride arranged in 
pairs of P - and N-type elements. A screw and spring attachment at 
the cold junction permits thermal expansion of the elements. Elec­
tr ical leads a re attached to the generator and connected to output 
terminals at the top of the biological shield, to produce electrical 
power for the satellite. 

B. BIOLOGICAL SHIELD 

A biological shield designed to reduce direct radiation doses to 
permissible levels surrounds the generator. The shield is a stainless 
steel sphere approximately 17 inches in diameter, containing liquid 
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mercury. A circular ring support structure holds the generator in 
place. At the top of the sphere is an opening, to permit the insertion 
of the fueled generator in the biological shield container. 

Mercury flows in or out of the biological shield through a built-in 
fill and drain system. The inlet and drain line is located at the lowest 
point on the biological shield shell, to ensure complete mercury drain 
prior to launch; the vent line is located at the uppermost point on the 
sphere, to prevent air voids from forming as the sphere is being filled. 
The mercury shield of one generator weighs 1250 pounds but is drained 
remotely prior to the launching of the missile. The actual flight weight 
of each unit, including the biological shield container, is 25 pounds. 
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III. INTEGRATION OF VEHICHLE AND GENERATORS 

Two concepts have been developed for the installation of the units 
in a typical satellite. In one concept, the generator and biological 
shield unit previously described is manually installed in the satellite. 
This design requires an auxiliary fill and drain system to install and 
remove the mercury shield when required. The other concept considers 
remote installation in the missile of a generator without a biological 
shield. This method reduces the weight by 50% and does not require 
a fill and drain system. However, m^odification of the gantry crane 
is required, and added restrictions are imposed upon working person­
nel in the laxmch area after installation of the generators in the vehicle. 

A. INSTALLATION OF SHIELDED GENERATORS 

The generators encased in biological shields are located in the aft 
position of the satellite vehicle and are bolted to a frame at the skin 
separation plane of the booster and final stage. After final stage sepa­
ration, the units are exposed to the environment. The aft equipment 
rack of the satellite is located directly above the units, and the booster 
propellant tanks are directly below the generators. The two units are 
180° apart, on opposite sides of the final stag6 rocket engine. 

A mercury fill and drain system accompanies the generators as 
they are transported to the site and integrated with the missile. The 
completely assembled units are placed in a lead cask for transporta­
tion. At the launch site, personnel can remove the units and bolt them 
directly to the satellite vehicle at ground level. The generators can 
be checked out at ground level with the satellite components. The 
satellite is then raised into its position atop the basement stage. At 
this location, the units a re 75 feet from ground level. 

Fill and drain lines are attached manually to disconnectors after 
the final vehicle stage is placed in position. At five minutes prior to 
launch, the mercury is drained from the units. Should a hold occur 
after this time, the mercury can be returned to the biological shield 
container. The disconnectors attached to the shield container are 
remotely operated by a lanyard arrangement as the missile leaves 
the launch pad. 

B. REMOTE INSTALLATION OF GENERATORS 

The location of the unshielded generators is similar to that of the 
shielded generator, the position of the generators around the final 
stage rocket depending upon the structure of the gantry crane. 
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The units are shipped in a lead cask smaller than but similar to 
that of the shielded generator. At the launch site the casks are placed 
in position on the gantry platform, and the area is cleared of personnel. 
The arrangement of equipment is shown in Fig. 2. As an actuator raises 
the lid of the cask, the manipulator swings into place, grasps the gener­
ator and rotates it 90". The manipulator carriage positions the generator 
through an opening in the missile skin into a fitting attached to the satel­
lite frame. The carriage is moved back, and a panel closes the missile 
access hatch. Limitations which must then be placed on working person­
nel are defined by the shielding requirements listed in a later section of 
this report. 

C. PROPELLANT LOADS 

The generators are located five feet below the final stage propellant 
tanks and two feet above the booster propellant tanks. Figure 3 shows 
the position of the units with respect to both the booster and final stage 
fuel tanks. 

The final stage of a typical satellite vehicle utilizes UDMH (un­
symmetrical dimethyl hydrazine) fuel, with IRFNA (inhibited red fuming 
nitric acid) as an oxidizing agent. If accidentally ignited, the final stage 
propellants will release only thermal energy. 

A typical booster propellant load contains RP-1 fuel with liquid oxygen 
as the oxidizing agent. Unlike the final stage propellants, when ignited 
en masse, the booster propellants will release some mechanical (shock) 
energy, as well as a large amoxmt of thermal energy. 

Tests were conducted to determine the thermal energy effect on similar 
generators and are reported in Ref. (1). 
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rV. CERIUM-144 

The thermal energy reqxrlred of a Task 5 generator is 73 thermal 
watts. Since the power activity constant of Cerium-144 is 0. 0074 watt 
per curie, 9900 curies are required to fuel each generator. The fuel 
form, eerie oxide with 10% SiC and 0.5% CaO additives, has a specific 
power of 1. 96 watts per gram; hence, the fuel weight is about 37 grams, 
The fuel is compacted into right cylindrical pellets under 25 tons per 
square inch (tsi) pressure and sintered, to produce uniform grain 
structure. Table 1 presents the chemical, physical, thermal and nu­
clear properties of the fuel. Further data on the fuel may be found 
in Ref. (2). 

A. CHEMICAL PROPERTIES 

Ceric oxide is Insoluble in water and dilute acid solutions, but it 
is soluble in concentrated nitric and sulfuric acids. Because of the 
additives, some CeCg and CeSi, will be formed in the fuel in minor 
amounts. 

As a result of the different oxidation states of the isotopes of the 
Cerium-144 decay chain, sin evolution of oxygen within the fuel pellet 
will occur according to the following reaction chain: 

12 CeOp ^̂ ^ • 2 Pr^O, , + 0 2-^^^^ - 2 P r g 0 ^ ^ + Og] 
I (fl) "" 

6 NdgOg + 2 Og-t 

Over an infinite decay time, a maximum of 1.7 grams of oxygen will 
be produced; this is equivalent to 1.2 l i ters of ©„ gas at STP. 

B. PHYSICAL PROPERTIES 

The fuel has a bulk density of 5.4 gm/cc, and the corresponding 
cerium density is about 4 gm/cc. Pure ceric oxide melts at 2600''C; 
hqwever, decrepitation of the fuel induced by additives occurs at 
IBOO'C. 

C. THERMAL PROPERTIES 

The fuel form has a specific power of 1.96 watts per gram and a 
corresponding specific activity of 265 curies per gram. Ceric oxide 
has a thermal conductivity of 0.01 ca l /cm/sec "C, a specific heat of 
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TABLE 1 to 

P r o p e r t i e s of Ce-144 O^ + 10% SiC 

Compound 

C e O - + SiC 

C h e m i c a l P r o p e r t i e s 

^2^ C o l d H . O H o t H . O D i l u t e A c i d s H N ^ S ^2^4 

I n s o l u b l e I n s o l u b l e I n s o l u b l e Soluble Soluble 

O 

I 
^^ 
CO 

CO 

M o l e c u l a r Weigh t 

~ 140 

P h y s i c a l P r o p e r t i e s 

M e l t i n g P o i n t 
(°C) 

1800 (d) 

C r y s t a l l i n e S t r u c t u r e 

F a c e - c e n t e r e d c u b i c 

T h e r m a l P r o p e r t i e s 

Bulk D e n s i t y 
( g m / c c ) 

5.4 

T h e r m a l L i n e a r Coef f ic ien t 
T h e r m a l Conduc t iv i t y Spec i f ic Hea t of E x p a n s i o n Spec i f i c A c t i v i t y Spec i f i c P o w e r P o w e r A c t i v i t y C o n s t a n t 
( c a l / s e c - c m / ° C ) ( c a l / g m / ° C ) ( c m / c m / - ° C S T P ) ( c u r i e s / g m ) ( w a t t s / g m ) ( w a t t s / c u r i e ) 

0 . 0 1 0. 1 1 2 . 1 X 10 265 1.96 0.0074 

N u c l e a r P r o p e r t i e s 

R a d i o n u c l i d e Half Li fe 

C e - 1 4 4 

P r - 1 4 4 

N d - 1 4 4 

285 days 

1 7 , 5 m i n 

1.5 X 10^^ y r 

Mode of D e c a y 

p. y 

j3 E n e r g y 
M e v % 

0 . 3 2 7 
0 . 2 5 8 
0 . 1 6 

75 
5 
20 

3 . 0 1 98 
2 . 3 0 — 1 . 3 
0 . 7 9 1.0 

None 

y E n e r g y 
M e v % 

0 . 0 5 4 
0 . 0 8 0 
0 . 1 3 4 

0 . 6 9 
1.50 
2 . 18 

None 

10 
10 
15 

1.6 
0 . 2 5 
0 . 8 

O t h e r R a d i a t i o n 

X f r o m B r e m s s t r a h l u n g 

X f r o m B r e m s s t r a h l u n g 

a 1 . 9 M e v 



-6 
0.1 cal/g "C, and a thermal linear coefficient of expansion of 12.1 x 10 
cm/cm-"C, 

D. NUCLEAR PROPERTIES 

Cerium-144 is a fission product which is separated from reactor 
wastes. Some of the radiation and resultant thermal energy associated 
with radiocerium originates in the beta decay of Cerium-144, but a 
majority of the thermal energy is derived from the beta decay of 
Praseodymium-144 to Neodymium-144. Aside from the gamma radia­
tion which is emitted instantaneously upon decay of radiocerium, a 
large portion of X-ray photons (Bremsstrahlung) is emitted during 
the slowing down of the energetic beta particles. Although Cerium-144 
is formed directly by fission, a minor amoimt is formed from fission 
product decay, as shown by the following genetic relationship: 

La-144, Ce-144^ Pr-144 Nd-144 
fl I fi & ' ' 

(n, -y) Fission 

U-235 

Cerium-144 has a half life of 285 days and decays by beta emission 
to praseodymium. The beta energies associated with Ce-144 and their 
percents of abundance are 0.30 mev (75%), 0.25 mev (~5%) and 0.16 mev 
(20%). The gamma radiation energies range from 0.012 to 0.134 mev. 

Praseodymium-144 has a half life of 17.5 minutes and decays by 
beta emission to Neodymium-144. The Praseodymium-144 beta 
energies and their percent abundance are 3.0 mev (98%), 2.3 mev 
(~ 1.3%) and 0.79 mev (1.0%). The 3.0 mev beta particles are the 
major source of thermal power and the predominant cause of 
Bremsstahlung emission from the radiocerium fuel. 

15 Neodymium-144 has a half life of 1.5 x 10 years and decays by 
the emission of "^1.5 mev alpha part icles. Because of its long half 
life, Neodymium-144 is considered to be stable. 

The following diagram represents the decay scheme of Cerium-144 
and Praseodymium-144. 
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Ce-144 (285 days) 

Y Mev 

0.134 

0.080 

0 Pr-144 (17.5 min) 

B-

i 

Nd (1.5 X 10 yr) 

E. RADIOBIOLOGICAL PROPERTIES 

The radiobiological properties of Cerium-144 are shown in Table 2. 
The critical organs for soluble radiocerium are the large lower intestine, 
the skeleton and the l iver; for insoluble radiocerium, the liings and large 
lower intestine. The maximum permissible total body burden is 5 micro -
curies . The total internal radiation dose from one microcurie of Cerium-
Praseodymium-144 inhaled i s 1160 mi l l i rems . 
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TABLE 2 

Radiobiological Properties of Cerium-144 and Daughters 

Radionucl ide and 
Type of Decay 

ggCe-144( f t Y ) 

g g P r - 1 4 4 ( 3 . Y ) 

gQNd-144 (a) 

F o r m 

Soluble 

Inso luble 

C r i t i c a l O r g a n 

GI 

Bone 

L i v e r 

Kidney 

To ta l Body 

Lung 

GI 

Maximum P e r m i s s i b l e 
Burden = To ta l Body 

Oic) 

5 

6 

10 

20 

-

M a x i m u m P e r m i s s i b l e Concen t r a t i on 
4 0 - H r Week 

(water) (air) 
(>ic/cc) 

-4 
3 X 10 

0 . 2 

0 . 3 

0 . 5 

0 .7 

-4 
3 X 10 

8 X lO"^ 

io-« 

io-« 

2 x 1 0 " ^ 

3 x 1 0 " ^ 

6 X 10"^ 

6 x l 0 - « 

168-Hr Week 
(water) (a i r ) 

(fjic/cc) 

1 0 - ^ 

8 X l O " ^ 

0 .1 

0 . 2 

0 . 3 

1 0 - ^ 

3 x 1 0 " ^ 

3 X l O " ^ 

_ Q 

4 X 10 

7 X l O " ^ 

io-« 

2 X l O " ^ 

2 X l O " ^ 

Biological half life--500 days 
Effective half life--180 days 
Dose per single inhalation--! 160 mrem/^ic 
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V. SHIELDING REQUIREMENTS 

In one of the designs a biological shield surrounds the genera tor , 
to provide adequate protect ion for personnel working in the a r ea of the 
genera tor for extended pe r iods of t ime . The physical cha rac te r i s t i c s 
of the biological shield were explained in Section II. Although the 
radiat ion level around the genera to r is high after the m e r c u r y has been 
drained, personne l can work at ground level for short per iods of t ime. 
Radiation levels for the unshielded ( remotely handled) design will be 
s i m i l a r to those of the shielded genera to r with its m e r c u r y shield 
drained. F u r t h e r considera t ion is given to the shielded genera tor . 

A. SHIELDED SOURCE 

The radiat ion dose r a t e s at a point one m e t e r from a geometr ica l 
sou rce of 9900 cu r i e s were calculated for var ious th icknesses of 
m e r c u r y shielding in terposed between the source and the point in 
question. The r a t e s obtained r e p r e s e n t those from the initial source , 
d i s regard ing radioact ive decay; therefore , they a r e maximum dose 
r a t e s . Table 3 l i s t s the r e s u l t s of the calculation. 

TABLE 3 

Hg Shield Thickness Dose Rate at 1 Meter 
(inches) ( m r / h r ) 

6 40 

5 154 

4 616 

Majcimum p e r m i s s i b l e exposure t imes and corresponding dose 
r a t e s were determined for different separa t ion dis tances , for the case 
in which the m e r c u r y biological shie ld th ickness around each genera tor 
is 6.0 inches . The dose r a t e s s ta ted apply to the combined source 
s t rength of two g e n e r a t o r s . A maiximum pe rmis s ib l e total dose of 3 
roentgens was used in the ana lys i s . Table 4 s u m m a r i z e s the maximum 
p e r m i s s i b l e exposure t i m e s and cor responding dose r a t e s for var ious 
d is tances from the g e n e r a t o r s . 

MND-P-2363 



18 

TABLE 4 ^ 

Distance from 
(feet) 

2 

3 

4 

5 

10 

20 

Source Dose Rate 
( m r / h r ) 

206 

90 

52 

34 

8 

2 

Maximum P e r m i s s i b l e 
Exposure Time 

(hours) 

14.6 

33 

45 

88 

375 

1500 

B. UNSHIELDED SOURCE 

Since the mercury is drained from the units before the vehicle is 
launched, it is desirable to know the radiation levels from an unshielded 
source near the ground. In this evaluation, the source is located ap­
proximately 75 feet above ground level. From an unshielded generator 
source, the dose rate at a separation distance of 100 feet will be 1240 
m r / h r . This radiation level permits an individual to remain in the 
vicinity of the vehicle for 2.4 hours before receiving a total dose of 3 
roentgens. At a distance of 50 feet from an unshielded source, the 
radiation dose rate is 5000 m r / h r . An individual in this vicinity, ad­
jacent to the missile and 25 feet above the pad, would receive the total 
maximum permissible dose of 3 roentgens in 36 minutes. For launch 
pad aborts after the generators have been separated from the biological 
shields, remote equipment will be required to recover the fuel. 
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VI. SAFETY DESIGN CRITERIA 

The safety design requirement for the generator is absolute contain­
ment of the fuel, except in cases of high velocity re-entry into the 
earth's atmosphere. The radiocerium is sealed in a primary capsule 
as shown in Fig. 4. Actually, three containment structures are in­
herent in the shielded design of the generator: the fuel capsule; the 
secondary shell of the generator, which holds the thermoelectric 
elements and insulation; and the tert iary shell, which encloses the 
mercury biological shield. 

A. CONTAINMENT 

Containment must be maintained against a variety of external and 
internal forces. To ensure this, an analysis was made to establish limiting 
values of internal and external pressures , corrosion and temperature 
effects. 

1. Internal Pressure 

The source of internal pressure within the fuel capsule is the free 
oxygen which evolves from the fuel during radioactive decay. The 
mechanism by which oxygen is liberated from the fuel matrix is not 
well known, but it appears that not all of the oxygen produced in the 
fuel would migrate to the free void volume of the capsule and contribute 
to the buildup of internal pressure . However, because of this uncer­
tainty, and for a conservative analysis, it is assumed that all of the 
oxygen that evolves goes into the free void volume. Figure 5 shows 
the pressure due to oxygen accumulation in the void volume during 
the first 350 days after encapsulation. The majcimum pressure is 
34,000 psi. 

By use of the following relationship, the mass of oxygen at any 
time after encapsulation can be calculated: 

m. = m (1 - e""^^) 

t 00 

where 

mass of oxygen at time t (grams) 

mass of oxygen at infinite time (grams) 

-3 -1 
decay constant (2.43 x 10 day ) 

m^ 

m 
c 

\ 
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Fig. k. Cerium Capsule Configuration 
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t = time (days after encapsulation). 

Based upon the ideal gas law , the following expression was derived 
and used to determine the pressure at any time after encapsulation: 

m RT 

^t VM— 

where P. = pressure at time t (atmospheres) 

R = ideal gas constant (0.0821 liter-atmosphere per mole-°K) 
T. = temperature at time t (°K) 

-4 V = void volume (5 x 10 liter) 

M = molecular weight of oxygen (32 grams/mole) 

m. = mass of oxygen at time t (grams). 

Table 5 shows capsule temperatures at several times after encap­
sulation. 

Fuel C 

Time (t) 
(days) 

0 

63 

178 

348 

TABLE 5 
apsule Temperature 

Capsule Temperature 
(°K) (°C) 

855 582 

794 521 

639 366 

483 210 

To determine the integrity of the capsule when it is subjected to 
internal pressure , the following equation is employed: 

^ :T~,—2~ 
R + r 
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where 

P = allowable pressure (psi) 

S = ultimate yield or tensile s t ress (psi) 

R = outside capsule radius (0.375 inch) 

r = inside capsule radius (0.25 inch). 

Then, the tensile s t r ess needed to rupture the capsule at the end of 6 
months is 50,000 psi, well above the internal pressure exerted at this 
time. The capsule material will, however, begin to yield gradually 
after 7 months and may eventually rupture. The capsule has been tested 
at 870° C and 30,000 psi without failure. Since the material will yield 
in a ductile manner, the void volume will increase and a lower pressure 
will result . Though a somewhat marginal case of integrity exists after 
7 months, release of fuel at this time will not jeopardize the safety of 
the mission, since the generator is designed to completely ablate on 
re-entry induced by orbital regression. 

2. External Pressure 

In the event of missile failure, the generator will be subjected to 
external dynamic pressures from shock and impact loads. 

The failure of the booster propellant tanks containing liquid oxygen 
and RP-1 can yield a low order detonation. The resultant shock over­
pressure is approximately 1000 psi at the location of the generators. 
This shock load was experimentally simulated with scaled-down speci­
mens at a proportionate distance from a known quantity of TNT. The 
integrity of the fuel capsules was maintained in this test environment. 

The maximum impact force imparted to the fuel capsule during a 
vehicle failure is attained at terminal velocity im.pact on a rigid 
medium. For an average terminal velocity of 302 fps, the maximum 
impact pressure is 12, 000 psi. Impact experiments were conducted 
in which fuel capsules were heated to the expected operating tempera­
tures and impacted at terminal velocity on target media simulating 
the earth 's surface. Capsule integrity was maintained in all cases. 

Since discrete fuel capsules were tested individually, a safety 
factor is introduced by the clamping effects of the actual generator 
structure. The structure will serve to reduce the impact velocity 
and absorb a portion of the energy imparted by impact and shock 
loads. 
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3. Corrosion 

The minimum wall thickness of the primary capsule is 0.125 inch. 
Corrosive agents anticipated are salt water, in cases of impact at sea, 
and nitric acid, in cases of launch failures releasing second-stage 
propellants (IRFNA). The pitting corrosion rate of Haynes-25 is about 
0.014 inch per year in salt water and about 0.046 inch per year in boiling 
concentrated nitric acid. The anticipated exposure time to nitric acid 
is less than one week, whereas marine exposure will occur over an 
infinite period of time. 

4. Propellant Fi res 

A propellant fire releases a great deal of thermal energy over 20 
to 30 minutes, a relatively long period. The initial fireballs will be of 
short duration, but of high thermal potential. However, their effect 
upon capsule integrity is negligible, since only a small fraction of the 
available total thermal energy would be imparted to the fuel capsule. 
Following the initial violent release, there is a sustained propellant 
and metal fire which has a temperature profile varying from 4500° 
to 1500° F. Discrete fuel capsules (3) were exposed to this environment 
along with (5) capsules enclosed in the generators. Integrity was main­
tained in all cases. 
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VII. FATE OF FUEL 

The fate of the fuel can be general ly defined for both successful 
and aborted m i s s i o n s . 

SUCCESSFUL MISSION 

A successful miss ion is defined as one where the satel l i te i s in ­
jected into a 300-statute mile polar orbit having a l ifet ime of about 
600 days . At this t i m e , the Cer ium-144 inventory of the genera tors 
will have decayed from the ini t ia l source s t rength of 19,800 to about 
4000 c u r i e s . As the orbit continues to r e g r e s s , the satel l i te will r e ­
en te r the sensible a tmosphe re . Aerodynamic heating will separa te the 
sa te l l i te from the gene ra to r , and the generator shel ls will melt to e x ­
pose the fuel capsule . Continued r e - e n t r y of the fuel capsule at high 
velocity will provide enough aerodynamic heat to melt and d i sperse 
the capsule and i ts r ad iocer ium at an altitude of approximately 200,000 
feet. 

Since sate l l i te r e - e n t r y will be at random, the r e l ea se of fuel will 
occur at a random location. The following assumptions a r e made: 

(1) The mean s t r a to sphe re res idence t ime of the fallout r e leased 
i s 285 days . * 

(2) Seventy-five percent of the ma te r i a l will be uniformly d e ­
posited in the Tempera te Zone (30° - 60° lati tude). 

The re fo re , at the end of the mean res idence t ime (2.5 ye a r s after 
launch), 1000 cur i e s a r e deposited on the ea r th ' s surface, 750 cur ies 
in the Tenmperate Zone. 

Amount deposited (30-60°) 750 cur ies 
Area (30-60") ^ ~ ~7r 

3.6 x 10 sq mi les 

-9 
2 x 1 0 c u r i e / s q mile 

The ground deposition will be about 2000 m i c r o m i c r o c u r i e s per square 
mile at the end of one mean res idence t ime . This cor responds to an 

_g 
individual dose ra te in the Tempera te Zone of about 10 mi l l i rad 
p e r hour, which is not measu rab le . 

*This is conservat ive; es t imated mean res idence t ime for mater,ial r e ­
leased at 200, 000 feet i s about five y e a r s or m o r e . 
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B. ABORTED MISSION 

If the launch vehicle t r ave l s on a due south azimuth down the Pacific 
Miss i le Range, it will pass over 14,000 mi les of ocean and a c r o s s the 
Antarc t ic Continent before pass ing over a populated land m a s s (Mada­
g a s c a r ) . Malfvinctions of the vehicle will resu l t in projected impact 
points along this az imuth , except for fai lures in yaw, which will yield 
projected impact points at a varying l a t e ra l dis tance from this az imuth. 
The fate of the fuel as a consequence of abor t s falls into six ca tegor ies 
as follows: 

(1) Impact on land 

(2) Impact in shallow water 

(3) Impact in deep water 

(4) P a r t i a l ablat ion, impact of capsule remnan ts 

(5) P rompt r e - e n t r y , total burnup and d ispers ion 

(6) Into orbi t . 

1. Impact on Land 

The fuel capsules will impact on land from fai lures occur r ing i m ­
mediate ly after launch. Since the launch azimuth is over a controlled 
range safety a r e a , the resul tant hazard will be sma l l . The l inear 
segment of the projected launch azimuth is approximately five mi les 
in length. As the fuel capsules will be in an vindamaged condit ion, the 
fuel will be re t r i eved as a sealed s o u r c e . 

2. Impact in Shallow Water 

The l inear segment of the projected launch azimuth that r e p r e s e n t s 
shallow water i s from five to ten mi les downrange, a total length of 
five m i l e s . In this c a s e , undamaged capsules would probably be con­
nected to vehicle d e b r i s . The capsule would be r e c o v e r e d , and safe 
disposal of the fuel would follow. 

3. Xnapact in Deep Water 

For fail\ires both before and after final-stage ignition, the fuel could 
impact in deep water downrange. The subsequent i m m e r s i o n of the un­
damaged fuel capsule in sal t water would introduce the capsule into a 
c o r r o s i v e environment . Based upon a pit t ing ra t e of 0.014 inch pe r 
yea r and a minimum capsule wall th ickness of 0. 125 inch, the fuel 
woxild be exposed in eight y e a r s . At th is t i m e , the Cer ium-144 inventory 
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for two generators would be 20 curies . This does not represent a safety 
problem, since the fuel is insoluble, and the source is removed from 
hunnan contact. 

4. Partial Ablation, Impact of Capsule Remnants 

For some aborts occurring after final-stage ignition, aerodynamic 
heating on re-entry will destroy the generator shells and partially ab­
late the fuel capsule and/or fuel. Therefore, at impact, the fuel will 
be exposed. The linear segment of the projected launch azimuth for 
this condition ranges from south of the Equator to midway on the Antarctic 
Continent, a length of about 6000 miles. The amount of Ceri\mi-144 
exposed at impact varies from about 1 to 19. 8 kilocuries with the r e ­
mainder dispersed by aerodynamic heating above 100, 000 feet altitude. 

The consequences of 19. 8 kilocuries of exposed cerium on the floor 
of the Pacific are not significant. If all of this material were dissolved 
immediately, contamination of less than one cubic mile of ocean would 
result . On the other hand, impact of exposed cerium on the Antarctic 
Continent would create a nuisance but would not constitute a significant 
biospheric injection. The dispersal of fuel at high altitudes will be 
discussed next. Detailed re-entry calculations may be found in Ref. 
3, 

5. Prompt Re-entry, Total Burnup and Dispersion 

Final stage failures yielding very high re -entry velocities will re -
suit in ablation of the fuel as aerosols at various altitudes above 100,000 
feet. Since most releases occur above the Southern Temperate Zone, 
the majority of the resultant fallout will be deposited in this zone. The 
material will fall out with a mean residence time of from eight months 
to more than five years. * The radiocerium inventory of both generators 
will be released without significant decay, constituting a stratospheric 
injection of 19. 8 kilocuries. 

The following relationship is utilized in determining the ground con­
centration at any time: 

N Z 
X^ = - ^ (e-^*) (1 - e-^'*) 

*A six-month mean fallout residence time is employed for purposes 
of analysis for conservatism. 
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groimd concentration (millicuries/km ) 

7 
amount of Ce-144 injected (1. 98 x 10 millicuries) 

percent deposited in Southern Temperate Zone (75%) 

7 2 area of Southern Temperate Zone (9. 3 x 10 km ) 
-3 -1 radioactive decay constant (2.43 x 10 day ) 

-3 -1 fallout constant (3.8 x 10 day ) 

time (days). 

Figure 6 shows a plot of ground concentration as a fvinction of time 
after re lease . The peak concentration is 0.053 millicurie per square 
kilometer, and it will occur 248 days after injection. 

To determine the radiological significance of the grovind concentration, 
the total integrated dose to individuals in the fallout field at various times 
can be obtained from the following expression: 

I = CE J X^ dt 
o 

where 

I = Dose (millirad) 

C = Constant (0. 10 millirad-km /year-millicurie-Mev) 

E = Average gamma energy (Mev) 

t = Time (years). 

Figure 6 shows the doses computed from this equation. During a 
lifetime, an individual would receive a dose of 0.0022 millirad. 

The above results can be compared to measured ground concentrations 
of Cerivun-144 derived from weapons debris. For example, in July 1959 
the Cerium-144 concentration at 42° North Latitude was 1812 millicuries 
per square mile, equivalent to a dose rate of 0. 0003 millirad per hour. 

where 

X 
o 

N o 

Z 

A 

A' 
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Natural sources of radiation alone will yield a 30-year dose of 3000 
millirads. 

6. Into Orbit 

Final-stage failures occurring late in the injection phase can yield 
orbits which vary in lifetime from those approaching 600 days to those 
of several hours lifetime. Since ablation and dispersion of the fuel 
will result from posterbital re-entry, this case is intermediate be­
tween Case 5 and the successful mission. 
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