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ABSTRACT SNAP lOA radiological hazards are compared to those from 
SNAP 9A as presented in the final safeguards report for the transit 
mission. The SNAP 9A hazard is based on a 900 year decay in orbit 
plus reentry burnup. It is shown that the SNAP lOA hazards are 
always less than those from SNAP 9^, for the same orbit life, 
provided: 

1. Reactor shutdown is achieved prior to & years operation 
at full power. 

2. Reentry burnup is achieved. 

n the event that reentry burnup of SNAP lOA cannot be ensured, 
400 years shutdown is required to reduce the external radiation 
hazard from one year of reactor operation to a safe level. In­
ternal radiation hazards would have been reduced to the 9A level 
in 200 years. Post reentry criticality must also be prevented to 
allow meaningful comparison as criticality produces direct 
radiation hazards as well as short-lived radionuclides that other­
wise would not be present in the case of radioisotope power source. 
It is, therefore, concluded that for those missions where long 
decay times in orbit cannot be ensured it is imperative that 
reentry burnup be achieved in order to eliminate external radiation 
hazards. 
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INTHODUCTION 

Aerospace nuclear safety criteria are not neces'iarily the same as 

safety criteria for terrestial re'tctors and no special criteria have been 

established. Thus it appears worthwhile to review pertinent cases in which 

decisions have been reached, particularly since safety criteria can be 

expected to remain primarily "de facto" for some time. 

No reactors have been used in space but radioisotope fueled generators 

which also present radiological haz rds, have been utilized in orbit. SNAP 

9A (Reference l) is of particular interest as it was recently approved and 

placed in service. Therefore, SNAP 9" radiological safety criteria and 

hazards are reviewed and used as a basis for SNAP lOA radiological safety 

criteria. 

RADIOLOGICAL HAZARD 

There are three types of radiological hazard, characterized by the 

manner in which the dose is inflicted, viz: 

1. direct radiation 

2. external radiation, and 

3. internal radiation. 

"Direct radiation" refers to the radiation emitted while the core is 

essentially intact and includes both the prompt radiation emitted during 

criticality and the radiation from fission product and activation product 

decay. "External radiation" denotes radiation emitted after the core is 

destroyed and while the radioactive material is outside the body of the 

person being irradiated, for example, radiation from a fuel element after 

core disassembly. The designation "internal radiation" means the radiatioi. 

source is within the body of the exposed individual. For instance, fissioi. 

products from a fuel element which fell into a reservoir might be ingested 

and the radiation emitted while the radioactive material was in the per­

son's body is considered internal radiation.. 

The hazards from direct and external radiation normally are directly 

proportional to the observed or specified quantities — rem or rem/hour--

but the situation is not so straightforward for internal radiation. The 

quantity of radioactive material is usually given in curies and, for any 

specific isotope, the internal radiation (or radiotoxicity) hazard is pro-

7J9.P wmm 
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portional to t"ie number of curies. However, the quantity of radioactive 

material in curies is no measure of the relative hazard where different 

isotopes are to be compared. For example, from internal radiation the 

hazard from one curie of highly radiotoxic Fu-238 is 2.8 x 10 times the 

hazard from one curie of mildly radiotoxic H-3, Ge-71, Nb-97 or In-131m 

(Reference 2). 

The internal radiation hazard from a quantity of long-lived radio­

active material released to t'^e biosphere is perhaps best characterized by 

the following three quantities: 

1. the number of maximum permissible body burdens (KPBB) 

2. the wster volume required to dilute the material to its maximum 

permissible concentration (MFC), and 

3. the air volume required to dilute to the maximum permissible 

concentration 

The maximum permissible body burden is the amount of a radioisotope which 

would be expected to cause no observable damage if maintained inside a 

person's body indefinitely. The maximum permissible concentrations are 

those concentrations of an isotope in air or drinking water which would 

keep the amount of material in the body at the MPBB. For example, the MFBI 

for Pu-238 is 4 x 10 curies and this body burden would be maintained by 

continuous exposure to air containing 7 x 10~ curies per cubic meter or 
_5 

to drinking water containing 5 x 10 curies per cubic meter. 

SNAP 9A 

SNAP 9A is a 2.2 watt thermoelectric generator ftieled with 16,175 curies 

of Plutonium-238. The generator is expected to have a useful life of five 

years. In the transit mission it was placed in a polar orbit with an 

expected orbit-life of 9OO years. 

Fu-?38 presents essentially no direct or external radiation hazard 

since both it and its daughter U-254 are alpha emitters. However, Fu-238 

is one of the most hazardous radionuclides as an internal radiation source, 

Hius, there is no radiological hazard as long as the fuel is contained but 

release in the biosphere could occur and hazards could res 'T pNCyiSflFIEI 
jst early m the 

Obviously the SNAP SA radiological hazards are greatest early 

life of the device. For the original Pu-239 inventory the three character­

istic quantities are: 

719.P 
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1 . Maximum p e r m i s s i b l e body b u r d e n s : 4 x 10 
fi 

.8 2. Water volume for dilution to M-C: 3«2 x 10 cubic meters* 

3. Air volume for dilution to MPC: 2.3 x 10 cubic meters** 

Each of these factors might be increased by a factor of ten for non­

occupational exposure. Nine hundred years decay (Figure l) reduces each oi 

the quantities by the factor 10 so the reentry values are 4 x 10 MPBB, 

3.2 X lO-'-'̂ cubic meters of water and 2.3 x lO-' cubic meters of air. The 

total activity essentially ceases to decline after a thousand years because 

Fu-238 decays to radioactive U-234 which has a very lon^ (2.48 x 10 years-

half life. Subsequent decay periods will be measured in millenia. However, 

U-234 is slightly less radiotoxic than Fu-238 (Table l) the quasi-equil-
o 

ibrium quantity, '̂ .7 curies, constitutes 1.15 x 10 MPBB and can be 
10 4 

diluted to occupational MPC by 3 x 10 cubic meters of air or 2 x 10 

cubic meters of water. An increase in decay time beyond the 900 years 

planned for the transit mission would not significantly reduce radiologica] 

hazards. 

The safety objectives for SNAP 9A were complete fuel containment pricr 

to reentry, maximum radiological decay in orbit, and complete reentry burn-

up. These objectives could not be completely achieved but were modified to 

the followinr design safety criteria: 

1. absolute containment of the fuel except after (a) aerodynamic heat­

ing or (b) more than a year of corrosive attack by sea water, and 

2. complete burnup and dispersal of the fuel in particles of no more 

than ten microns diameter above 10 feet for any reentry mode. 

The first criteria requires that the device maintain integrity through (l) 

a missile propellant explosion,(2) a missile propellant fire,(3) corrosive 

attack by missile propellant,sea water, the atmosphere, etc.,(4) a terminal 

velocity impact on rock, (5) internal pressure from helium buildup, or (6) 

thermal conditions resulting from land burial. The second criteria requires 

complete burnup, even in the event of "package"(intact satellite)reentry. 

Obviously, if SNAP 9A will burn up in the stratosphere, upon reenter­

ing the atmosphere from orbit, suborbital paths must be possible that will 

•Eighty-five billion gallons, about one-fourth the total quantity 
wasted daily in the United States. 

••5»6 million cubic miles, enough air to cover the earth's surface to a 
depth of 100 feet. 

and 

/ 
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result in complete or partial release of" the fuel to the biosphere. Con­

sequently, a range safety criterion requires that the device be restricted 

to isolated areas when incomplete or low altitude burnup is possible. 

Obviously these criteria are stringent. In fact, they may constitute 

the maximum attainable with this isotope without resorting to injection to 

a solar orbit. Even so, this is not an instance of zero hazard for the 

following- reasons : 

1. Failure to achieve orbit could have resulted in a large release 

of lonr lived radioactive material to the lower atmosphere and/ 

or to f" e ocean. 

2. A lov; orbit could have caused the release of a large quantity of 

Pu-238 to the upper atmosphere. 

3. A significant quantity of ru-238 will be released to the upper 

atmosphere as a consequence of the intended operr.tion. 

SNAP lOA 

SNAP lOA is a compact reactor designed to operate for one year at 33 

thermal kilowatts. As with other reactors, radiological hazards are a 

stron? function of operating history. Before startup the import=-nt radio­

isotope is uranium-234 since there is no startup neutron source. The 

inventory is only 0.33 curies so f^at pre-startup r:.diolop-ical haz'rd is 

little more than one-twentieth the ultimate (minimum) SNAP 9A hazard. 

However, once criticality is achieved*, either accidentally or in orbit, 

the situation changes radically. 

During criticality the radiological hazard is from direct (neutron 

and gamma) radiation. A "maximum credible" 70 megajoule excursion may 

produce lethal doses as far as twenty meters away and "emergency permiss­

ible doses" (25 rem) out to about 70 meters. Average annual permissible 

doses ( 5 rem) could be incurred I'TO meters away. Direct radiation con­

stitutes the hazard during steady power operation also. At ful] power (33 

kilowatts) the above doses i could be received at the sarre distances in 

about 3? minutes. Obviously, direct radiation is ir^ortant only within a 

few hundred meters of the reactor. Quasi-steady-state operation releasing 

2x10 megajoules is conceivable if an optimum quantity of water^is 

encountered. NCUSSIIE 
*The activity produced in the zero power acceptance testing operation is 
negligible after a few hourg^^^dow^^ 

719.P 
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After shutdown, radiolor^ical hazards decrease monotonically with time 

but several kinds of hazard must be considered. Direct radiation will 

persist, though with greatly reduced intensity, and core destruction could 

perm.it internal radiation hazards and external radiation hazards from 

reactor debris. 

If criticality consisted of a power excursion without significant 

previous power oper-tion — a launch accident, for example — the result­

ing radioactive material would be short lived. Release fission products 

might be transported downwind and the cloud containing the radioactive 

debris would present both external and internal radiation hazards. 

However, radioactive decay and atmospheric dispersal would reduce the 

hazard as the cloud moved so the hazard from the cloud would be confined 

to essentially the same area that was exposed to direct radiation. The 

release of excursion generated activity to water would constitute an even 

smaller hazard since human ingestion of contaminated water would not be 

likely to occur before dilution and decay minimized the hazard. Further­

more water shielding would minimize the external radiation dose. Thus, 

normal launch and range safety precautions provide adequate protection 

for both launch personnel and the public against hazards from an excursicn 

prior to jower operation. However, a power excursion after return from 

orbit would be in a completely uncontrolled location and obviously is 

unacceptable. 

After power operation and shutdown the dominant hazard is determined 

by the operating history, the shutdown time and the physical form of the 

radioactive material. If the activity is contained in clad fuel elements 

the only hazard is external (gamma) radiation which is proportional to 

the gross fission product inventory. The core inventory in curies, as 

approximated by the Way-Wigner formula* is 

-0.2 
A = a 2 8 8 P T : 1 - r i + TA) 

- 0 . 2 

NCUSSIFIED 
*The empirical Way-Wigner formula is not assumed superior to detailed 
calculations but is used here for convenience and for comparison with 
NAA SR ^EKO 7774 calculations. The I'/ay-'.v'igner formula has been shown 
to give reasonable agreement with detailed calculations for decay times 
up to a few centuries and confidence in any calculation is limited for 
extremely long decay times due to uncertainties in yields and decay 
constants. 

719.P 
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after T years at F watts and shutdown for T, years. For one fuel element 

(of 37) the self shielding factor can be taken as 0.6, geometry effects 

can be neglected at distances greater than one n.eter (Figure 2), and air 

shielding can be neglected at distances less than 200 rr:eters, so in this 

range t-̂.e dose rr.te is 
-O. 2 i -a -^VTJ'''IR ^ (r^/A) 

where R is the separation distance in meters and the power is 33-5 kilo-

v;atts. Obviously the dose rate variation with time is a strong function 

of the opervTting tim.e (Figure 3)' After a year at full power about 400 

years of decay reduces the dose rate to 0.01-r per hr at a meter (Figure 4) 

— a level which might be considered acceptable because it is the limit 

for shipment by common carrier. 

Power oper uion!' also builds up radiological poisons, of which SR-90 

and I-I3I are generally most important. Of these I-I3I cc'iz be neglected 

if there is a shutdov/n period of even a fev; months before exposure be­

cause the half-life is only 8.05 days (Figure 5). Conversely, Sp-90 has 

a 28 year half life and so builds up and decays slowly. The Sp-90 

inventory in curies is given by. 

for a constant power of 33»5 kilowatts prior to shutdown. The decay con­

stant ( \ ) is 0.0248 per year. The maximum possible activity, correspond' 

ing to a long operating time (T •;*» 28 years) and short shutdown time 

(Tj**^ 28 years) is I67O curies, for which the characteristic Quantities 

are 
Q 

1. Maximum permissible body burdens: 8.4 x 10 
9 

2. Water volume for dilution to MPC: 1.7 x 10 cubic meters 

3. Air volume for dilution to MPC: 1.7 x 10 cubic meters 

Obviously, Sĵ -90 compares most unfavorably with Fu-238 as a water contam-

inant. For the same dilution volume as the reentering SNAP 9A (3.2 x 10 

cubic meters of water) the SK-90 inventory must be 0,32 curies. Thus, 

one year at 33-5 kilov;atts necessitates 200 years decay after shutdown 

(Figure 6). 
NAK LOSS IMCIHSSIRFn 

SNAP lOA is designed to shut down after a year of operation but, if 

the mechanism fails, operation will continue at essentially full power 
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until the cooling system fails. After a few years the NaK will escape, 02 

at least cease to flow, thus reducing the system's capacity for removing 

heat from the core and thereby reducing power due to the temperature 

coefficient. Reactor power variation with time after NaK loss as cal­

culated by Fields (Reference 3) is presented in Figure 7-

Power reduction will result in a fission product inventory decrease. 

Since power will vary slo\/ly with time, after about sixty years the Spj-90 

inventory will remain essentially in eauilibriurr "ith the fission jrocess, 

However, the activity produced at full pô -er adds significantly and rray 

constitute the major portion ^f the SR-90 inventory for the first century 

after NaK loss. The SR-90 inventory (Fi-ure 8) falls to 0.32 curies only 
k 

after 10 years. 

The gross fission product inventory also remains near eouilibrium wit! 

reactor power. However, reentry disas-̂ em-bly will cause shutdown and some 

radioactive decay will take place in the approximately 120 seconds betweer 

disassembly and im.pact. Thui, the quantity of interest is not the dose 

rate but the average dose rate for the exposure period. The "first hour 

dose"; the dose received one meter from a fuel elerent during the first 

hour after a 120-second shutdown is 

D, =0.01 fP • -fru^J 
where P is the power in watts just before shutdovm. The first hour dose 

is depicted in Figure 9 as a function of time after NaK loss. If the 

first hour dose is to be held to the non-occupational annual permissible 

dose (0.5 rem), an orbit life of 3000years is reauired and further reduc 

tion to the more acceptable 0.01 rem. limit would necessitate a very long 

orbit life. 

Shutdown is significantly more desirable than NaK loss, and indeed, 

is necessary if SNAP 9^ hazards are not to be exceeded, 

CONCLUSION UNCLASSIFIED 
Three considerations dominate the radiolop'ical hazards picture. First 

the possibility of a power excursion in an uncontrolled area must be 

elirrinnted, therefore reentry disassembly is required. Second, external 

dose rates in uncontrolled areas m-ust be acceptably small so reentry 

burnu"- or 400 years decay after shutdown is necessary. Finally, the 

719.P 
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internal radiation hazard should not exceed that presented by SNAP 9A so 

there must be a decay period of 200 years after shutdown before reentry. 

It is significant that if shutdown and reentry burnup are achieved 

SNAP lOA is less hazardous than SNAP 9A for any orbit life (Figure 10 

and 11). Moreover, inhalation is a much more likely exposure mode than 

is ingestion and the air contamination hazard from SNAP 9A is much 

greater than from SNAP lOA. In fact, only after nine centuries decay 

does the 9A air dilution volume fall to the maximum attainable by lOA 

assuming infinite operation I 

CLASSIFIED 
719-P 
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Maximum permissible body 
burden, LLC 

Continuous occupational 
MPC in water, c/m3 

Continuous occupational 
MFC in air, c/m3 

Specific dilution volume, 
water, m3/c 

Specific dilution volume, 
air, m5/c 

Half life, years 

Annual permissible 
inhalation,LLC 

Annual permissible ingestion, 

/xc 

TABLE 1 

CHARACTERISTICS 

SH'° 

2. 

10-6 

10-1° 

10^ 

10^° 

28 

0.73 

0.9 

Pu^^S 

0.04 

5x10^ 

7xlO--'-̂  

4 
2x10 

1.4x10^^ 

89 

5x10"^ 

45 

U234 

0.05 

_4 
3x10 

2x10-1° 

3x10^ 

5x10^ 

2.48x10^ 

0.3 

270 
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