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T H E  engineering fundamentals, 
potentialities and problems asso- 
ciated with the alapli,cat'ion .of nu- 

clear energy to rocket propulsion ,have 
been .reporte.d. 3,4,s,~1,24,2~,2~ Work  on 
nuclear rocket propulsion 'has been 
underway at the Los Alamos Scientific 
LaSoratory for a number  .o,f years 
under the code name Project  Rover.  ~ 
An inherent advantage of nuclear pro- 
p.ulsion is t'he unlimited energy sup,ply 
of  a reactor that can be used to heat a 
low molecular-weight propellant like 
hydrogen to much 'higher exhattst' ve- 
locities than are possible in chemical 
rockets operating at the same tempera- 
ture. T'he higher exhau'st velocities lead 
directly to superior rocket performance. 
The nuclear rocket is considered as in- 
dispensable for extra-terrestrial  voy- 
ages, and appears ideally suited fo r  tlse 
as a reusable satellite-bo,o.s~er, moon- 
ferry or interplanetary vehicle capable 
of carrying very large payloads at a 
nominal cost. n 

A recent nuclear-rocket timetable 1 
revealed the following: 

1946--First nuclear .rocket proposal ; 
scheme shelved 

1955--Decision to sponsor study program 
1957--Four programs acknowledged: 

Rover--nuclear rocket 
Pluto--nuclear ramjet 
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Snap--auxiliary nuclear power for 
satellites 

Ionic Propulslon--advanced pro- 
pulsion system 

1958--First test of nuclear rocket reactor 
1959-60--Choose reactor for first nuclear 

rocket 
1965-70~First nuclear rocket flight 

The problems 14 and risks 15 associated 
wit'h man in space include the obvious 
variations in acceleration, weightless- 
ness, changes in the closed ecological 
system., possible decompressions, 1G 
meteoroidal collisions, 81 extra-terres- 
trial radiation (cosmic and Van Allen's 
radiation belt), 2~ temperature varia- 
tions and psychologic factors. A recent 
evaluation 15 of long duration ,space 
operations revealed that, "it  is not the 
hostile space environment per so, but 
the overall reliability of space vehicular 
system, especially the .complex sealed 
cabin system, which will determine the 
success and safety .of .orbital, lunar, 
and planetary operations." Of  all the 
risk factors involved in ,space flight, 
exposure to ionizing radiations has 
perhaps received the most attention. 
T.he ~se 'of a nuclear reactor for  pro- 
pulsion will increase the radiation 
hazard to which the spacemen will be 
exposed. 

I t  is true that the earth is surrounded 
by at least one dangerous radiation belt 
and Van Allen 29 believes dose rates, of 
100 r ,per hour may exist above the 
equator. But this does not mean that 
such radiation will add significantly to 
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the exposure of a crew on an inter- 
planetary flight in a nuclear-powered 
space ship since the Army's Pioneer 
H I  indicates that relatively low dose 
polar .exits proba~bly exist. I f  we 
assume that, as additional .satellite data 
become available, it will be possiNe to 
plot optimal trajectories and velocities 
for minimttm time in the radiation 
belt(s), then the prime radiation source 
for the astronauts will .be the nuclear 
reactor. 

The r~pi.d development in reactor 
technology could make construction of 
a nuclear powered space vehicle pos- 
sible in about ten years. Therefore, it 
is not premature to study the human 
factors involved in the design of such 
vehicles. Human factors involve the 
difficult task of predicting human re- 
quirements, capa~bilities and functions 
long before a system has been firmly 
laid down. Human factor specialists, 
as members of the advance design 
team, are continuously confronted 
with decisions for which they 'have in- 
adequate information. T~he forecasting 
of human requirements for nuclear 
space ships is no exception. Ideally, 
the radiobiologist desires a minimum 
r~diation dose, because any exposure 
to :ionizing radiation, no matter 'how 
small, will result in some damage to 
the individual. The .design engineer, on 
the .other hand, desires a minimum of 
shielding because of weight and cost 
considerations. 

This study was conducted to obtain 
6rd'er of magnitude figures required to 
e#aliaate the biological risk factors in- 
Vol,~ed in future nuclear powered space 
flight, The utilization .of such data can 
,help the design team to avoid pitfalls 
and unjustifiable compromises at the 
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expense of the human .occttpants in the 
initial des.ign of an olXimal nuclear 
space system. Althot~g'h the object 
should always be to minimize any ex- 
posure to radiation, concessions by the 
radiobiologist may be necessary to 
make certain missions feasible. There- 
fore, the question is, How much shield- 
ing is necessary for acceptable pro- 
tection o,f the crew ? The answer to 
this question depends .on many factors. 

What  is involved is not an elimina- 
tion of all the risks involved in manned 
space flight, for that is impossible, but 
rather an .evaluation of the factors, so 
that the balance tips in favor of the 
benefits gained from manned space 
ventures in nuclear powered vehicles. 

The problem is to calculate human 
risk in direct and scattered radiations 
at various separation distances from 
the reactor and at different .power out- 
puts, without shielding, and with vary- 
ing amounts of shielding weights. 
These calculations have .been made 
and ,can be utilized by design teams to 
arrive at an optimal nuclear space ship 
design. 

BIOLOGICAL A S P E C T S  O F  I O N I Z I N G  

R A D I A T I O N  

Ionizing radiations accompanying 
the use of nuclear power can penetrate 
matter and the human body is no ex- 
ception. The passage of ionizing radia- 
tions through the body is not sensed 
even though lethal doses are absorbed. 
The principal means of energy dis- 
sipation by an ionizing radiation in its 
passage through matter is the ejection 
of electrons from atoms through which 
it passes. An atom so ionized is left 
positively charged, that is, an ion. 
When an atom is ionized, the molecule 
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of which 'it is a par t  almost certainly 
undergoes chemical change. 2~ I t  is, the 
chemical change resulting f rom the 
ionization wthich causes the ,biological 

Medical evidence of human ability 
to sustain acute or short-term exposure 
to whole-body radiation appears to be 
reasonably clear. 5'6'1~176176 Our 

T A B L E  I.  C L I N I C A L  C O U R S E  I N  M A N  F O L L O W I N G  

V A R I O U S  A C U T E  W H O L E - B O D Y  D O S A G E S  O F  

I O N I Z I N G  R A D I A T I O N  

Dose 
Not  Hospitalized 

Trivial Light Moderate 

600r 
100r 

400r 
300r 6 % 
200r 1% 33 % 64 % 
100r 98% 2 %  

Hospitalized 

Serious Grave Lethal 

3% 
68% 
2% 

~oo% 
6 %  94% 

58% 39% 
26% 

effect. The darnage to living tissue 
has been summarized as followsr 2 
"The damage to irradiated tissue is 
fundamentally the same regardless of 
the type of ionizing radiation. The 
number of ions produced and their 
distribution within the cells determines 
the extent of the damage. Radiation 
doses even ,in the lethal range cause 
ionization of .only a small fraction of 
the total number :of molecules in a cell. 
I'f these affected molecules are im- 
portant to the life of the cell, for ex- 
ample, are those composing enzymes, 
genes, and chromosomes, involvement 
of even a 'few may lead to the death 
of the cell." 

In general, the rapidly proliferating 
tissues ( fo r  example, blood-forming 
tissues and the intestinal and germinal 
epithelium) are usually the most radio- 
sensitive, while nervous tissue and 
muscle are relatively radio-resistant. 
The  illness p,roduced by exposure to 
radiation of the entire :body or a large 
part  ,of the body is termed acute radia- 
tion syndrome. The symptoms depend 
primarily upon the dose and the ex- 
posed organs2 ,~~ 

present knowledge and appreciation of 
the pathologic effects of radiation in 
man comes from experimental work on 
animals, as well as f rom the available 
human data which include: 

1. Results of excessive exposure to x-rays 
and radium in the early days. 

2. Results of more moderate exposures to 
different forms of radiation, as experi- 
enced by cyclotron workers. 

3. Results of introduction of naturally 
occurring radio-elements into the body, 
notably radium. 

4. Effects of exposure at Hiroshima and 
Nagasaki. 

5. Observations on populations irradiated 
by fallout. 

6. Additional observations from clinical 
radiotherapy; use of artificial iSOtOpes 
in therapy; a very limited number of 
accidents in atomic energy work, and 
certain statistical surveys of large 
groups. 

In  an excellent study, Gerstner 1~ 
made a comparative analysis of ,human 
data of nu,clear accidents, Japanese 
bomb casualties, and radiotherapy pa- 
tients to obtain the clinical picture of 
the acute rad ia t ion  syndrome. The 
,pertinent information in Gerstner 's  
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report is summarized in TaJble I, and 
in the following general statements : 

Dose range 0 to 50 r: Sub-threshold for 
the acute radiation syndrome and presents 
no medical problem in emergency ,situations. 

Dose range 51 to 100 r: Will cause trivial 
and transitory clinical changes posing no 
medical problem. Acco,rding to present 
knowledge, these mild acute affects are fol- 
lowed by complete recovery and return to 
normal life. 

Dose range 101 to 150 r: Conclusions 
parallel those given for the previous dose 
range. 

Dose range 151 to 200 r: The acute radia- 
tion syndrome becomes noticeable in ~h:e 
majori ty of the exposed, and reaches clinical 
significance in a few highly radio-sensitive 
persons. Approximately 200 r will be the 
clinical tolerance or threshold dose and be- 
yond this an appreciable number  of the 
exposed can be expected to develop signifi- 
cant complications requiring hospitalization 
and intensive medical treatment. Present 
knowledge leads .to the conclusion that  in 
this dose range, complete recovery will follow 
after  the patient passes through the acute 
radiation syndrome, even in its more severe 
form. 

Dese  range 200 to 400 r: Clinical course 
predominantly serious or  grave, ,depending 
on individual susceptibility, with all exposed 
persons requiring hospitalization and inten- 
sive medical treatment. Properly instigated 
treatment promises a favorable outcome and, 
most likely, recovery to a normal and 
vigorous life. 

Do,e  range 401 to 600 r: Clinical course 
predominantly grave, with best present indi- 
cations ~hat 450 r will be lethal to 50 per 
cent, and about 600 r will be lethal to 100 
per cent of the exposed persons. 

Each person receives, on the average, 
a total accumulated dose f rom natural 
background radiations of  about 4.3 r 
over a thirty-year period. T~is may 

be as high as 5.5 r in some places, in 
the UI~ited States because at  high alti- 
tude the cosmic ray .component in- 
creases. Some persons receive no 
radiation f rom medical x- rays ;  others 
may get a great deal. On the average, 
a total accumulated dose to the gonads 
is about 3 r of x-radiation during a 
thirty-year period. 21 Combining these 
radiations the average person gets a 
little over 7 r in the ~hirty-year periods. 

T,he consequences 04 chronic life- 
time exposure to ionizing radiation are 
not so clear. There is evidence, how- 
ever, that long term damage can be as- 
sessed ta rgdy  in terms of decreased 
life-span. As will be seen later, the 
use of  nuclear powered space ships in- 
volves very short periods o.f reactor 
operation, and thereby primari ly in- 
volves acute, rather than chronic effects 
of radiation. Future  use of  reactors 
as secondary-nuclear-auxi l iary-power  
( S N A P ) ,  and possibly in ion propul- 
sion engines, may involve chronic ex- 
posures. Groups. like the one under 
Pickering 2z have devoted many years 
to the .study of the biological and medi- 
cal aspects .of ionizing radiation asso- 
ciated with nuclear weapons, devices, 
and ~he aircraft  nuolear propulsion 
program ( A N P ) .  Their  research ef- 
forts will continue to give us a better 
understanding of the chronic and acute 
radiation effects in ,man. All the radio- 
biologic data collected to date will have 
a direct bearing .on the design of nu- 
clear reactors for use in space. 

Available .data indicate that sublethal 
irradiation of the whole body causes 
,premature death primarily by accelerat- 
ing the actual biological aging process. ~ 
In general, for given dose, rates, the 
survival time is inversely related to the 
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amount of radiation energy absorbed. 
The shortening of life is generally 
greater if a given total do,se is ab- 
sorbed in a short period of time, that 
is, an acute radiation exposure. As an 
example, workers exposed to the max-  
imum permissible AEC dose rate 
of 0.3 r per week (15 r per year) ,  
would receive a .dose of 450 r in thirty 
years and presumably show no visible 
signs of damage. However,  the same 
dose of 450 r received as whole-body 
acute radiation would probably be fatal 
to 50 per cent .of the exposed persons. 

Any radiation is genetically undesir- 
able, becau'se radiation induces harm- 
ful ~nutations. Present available data 
leads to the conclusion that the genetic 
'harm is proportional to the total .dose, 
that is, the total acmamulated dose to 
the reproductive cells from the con- 
cep,tion o.f the .parent to the conception 
of the child? 1 The overall study of 
the mutation generating effect of  ion- 
izing radiation in man ,has been 'hin- 
dered by lack of many important facts 
concerning human genetics. Knowl- 
edge is needed about the number of 
existing mutations carried by mankind, 
mutation rates, the structure of 'hu- 
man populations, the rate of elimina- 
tion or dissemination of mutant  genes 
in :human populations, and about those 
factors, including radiation, which af-  
fect human genetics? 

How great an increase in ruination 
rate is tolerable to t~e .human race? 
Even if an accurate prediction could 
be made, the decision of what is a 
"tolerN~le" dose is to a large extent a 
moral and philosophic problem. 

A gene .can be mutated, permanently 
altered, by certain agents;  heat, some 
chemicals and radiation. The change 

is presumab:Iy an alteration in the com- 
plicated chemical nature o.f the gene. 
The prime problem in estimating the 
genetic effects of  ionizing radiation, is 
the determination of the "doubling 
dose," that isl the dose required to 
double the spontaneous rate .of muta- 
tion. The best biological judgment in- 
dicates that the values 'of the "doubling 
dose" are almost surely more than 5 r 
and less than 150 r and recently sev- 
eral experienced geneticists have esti- 
mated a narrower  range of 30 r to 
80 r. "~ A mutated gone is duplicated 
in eaoh subsequent cell division and if 
in an ordinary body ceil, it is merely 
passed along to other body ceils. The 
mutant gone, under these circum- 
stances, is not passed on to progeny, 
and the effect is limited to, the person 
in whom the mutation occurred. 

I t  is obvious that the foregoing gen- 
t:tic considerations do not apply if the 
irradiated individual does not ~have off- 
spring after  the period of exposure. 
This so significantly decreases the .gen- 
etic hazard that it should :be a factor 
in nuclear space ship crew selection. 
T'he crews in the early exploratory 
flights will probably be highly trained 
mature persons over thirty-five years 
of age with completed families. Inas- 
much as the genetic concern involves 
the general public, even if a small num- 
ber of  irradiated astronauts decided to 
have additional offspring af ter  their re- 
turn to earth, the mutagenic effects 
would be very diluted. However,  if 
this is ever considered a prablem, it 
should be possible to set up "semen- 
banks" for departing astronauts, so 
that if they decide to have additional 
progeny, they will carry t,he parental 
hereditary .characteristics which exist- 
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ed before the possible exposure to. the 
reactor and cosmic radiations. 

The committee on genetic effects of 
atomic radiation of the National Acad- 
emy of Science 21 recommends (1) 
"that individual persons not receive 
mo,re than a total accumulated dose to 
the reproductive cells of 50 roentgen 
up to age thirty years (by which age, 
on the average, over half of the chil- 
dren .will have been born) ,  and not 
more than 50 roentgen additionM up. to 
age for ty (by which time about nine- 
tenths of  their .children will have been 
born) ,"  and (2) "that every effort be 
made to assign to tasks involving high- 
er radiation exposures individuals who, 
for ,age o,r .other reasons, are unlikely 
thereafter  to have additional off- 
spring." 

There  ,have been many attempts to 
modify the deleterious effects of ioniz- 
ing radiation by prophylaxis and treat- 
ment. One of the authors had .some 
degree of success with hypoxia, I~, car- 
gon monoxide# 8 and altitude acclima- 
tization? 9 Others have tried reducing 
compounds, that is, .cysteine, cystea- 
mine, glutathione, antibiotics, blood 
transfusion, hypothermia, and ,hiberna- 
tion. Present animal experimentation 
indicate that the reduction o,f prompt  
and delayed radiation effects is not 
hopeless. Protective drugs like A E T  
(S, 2 = A m i n o e t h y l i s o t h i u r o n i u m  Br 
H B r )  arid isologous Ibone marrow 
( I B M )  have great  promise? A E T  
drastically reduces the ~biological effects 
of radiation in animals. This chemical 
seems to localize in bone mar row and 
blood forming .organs, exerting its pro- 
tective influence there. At  the last In-  
ternational Congress of Radiation Re- 
,search meeting, David G. D.oherty of 

Oak Ridge National Laboratory,  stat- 
ed, " I f  results on mice can be extrap- 
olated with any confidence, a one gram 
pill of A E T  should cut in half the 
damage to a person's system from a 
radiation dose as high as 400 roent- 
gen." Despite this encouraging news, 
it may 'be some time before the drug 
can be used with confidence in humans. 
Therefore,  the panacea for protection 
against ionizing radiation is still struc- 
tural shielding. 

Shielding of any part  of the body 
reduces .damage to the entire organ- 
ism. This is also a fruitful area of re- 
search. To  date, it has not ~been dem- 
onstrated that .a small shield, protecting 
a part  of the ,body, is more effective 
than a shield of equal weight covering 
the entire body. Therefore,  we shall 
consider only whole-body shielding in 
the following radiation dose and shield 
weight calculations. 

RADIATIONS AND SHIELDING 

C A L C U L A T I O N S  

At present, an analysis of  the nu- 
clear radiations attendan,t to t'he oper- 
ation of a nuclear rocket propulsion 
system must necessarily be ~based upon 
assumptions. The assumptions used 
herein are : 

1. That 0.6 percent of the reactor power 
is dissipated by radiations leaving the 
reactor. 

2. Of these radiations, the gamma flux in 
Mev/cm2 sec. is ten times the fast neu- 
tron flux in neutrons/cm 2 sec. 

3. The thermal neutron flux is equal to 
the fast neutron flux. 

4. The gamma flux is divided into energy 
groups o,f 0.5, 22 and .5.0 Mev in order 
to simulate the fission spectrum. 

5. The fast neutron flux is taken to be 2.0 
Mev, but as will be seen later, .the mag- 

4 ~  AEROSPACE MEDiCiNE 



RADIOBIOLOGIC RISK FACTORS--KONECCI AND TRAPP 

nitude of this value is not important in 
this analysis. 

6. All radiations leave the reactor isotropl- 
cally. 

7. The reaeto.r operating time is assumed 

at various separation distances for  
variable reactor ,power as produced ,by 
the direct radiations. Neut ron  flux to 
dose rate conversion is .taken as given 

,d 
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io~ I0 G ,o ~ 
DOSE RATE, rem/hr  

FIGURE I 

Fig. 1. Dose rate in crew compartment from nnshlelded direct radlations during reactor 
operation. 

as 300 sec., however, t0he length of this 
time will not have a great influence on 
the shield weight in this .study. 

Each of  these assumptions ~as been 
analyzed to some extent, and none ap- 
pear to yield a large source of  error. 

Calculations have been conducted on 
the 'basis o f  the ab.o,ve assumptions.  
A thin layer o f  B 1~ is taken to sur- 
round the reactor to essentially con- 
vert  the thermal neutrons to. 0.5 Mev 
gammas. These are then added to the 
gamma spectrum. This procedure  es- 
sentially eliminates the need for  con- 
sideration of  l~he n, T, reaction in nitro- 
gen. F igure  1 indicates the dose rate 

by Snyder  and NeufeldY s I n  comput- 
ing thrust,  hydrogen  is the assumed 
propellant wi~:h an assumed specific im- 
pulse of  865 seconds. 

Scattering calculations were made on 
gamma rays considering all space to 
have the same air .density as that as- 
sociated with the altitude of the rocket 
at any  part icular  time. Both energy 
and directional properties o f  the gam- 
mas were retained dur ing the scatter- 
ing process by the use of  the Klein- 
Nishina ,scattering theory. Thus,  the 
angular  and energy dependence of the 
gamma radiation arr iving at the re- 
ceiver is known. Due to therhigh shield- 

JULY, 1959 493 



.p
=
 

>
 

>
 

#
 

c~
 

IO
O

ft
 

S
E

P
A

R
A

TI
O

N
 

D
IS

TA
N

C
E

 

5X
10

4 ~
 

�9
 2X

lO
 i

 

,o,
i 

5X
lO

 3 

' 
' 

~;
] 

...
. 

~;
~ 

.
.

.
.

.
.

.
 

~;
t 

D
O

S
E

 
R

A
TE

, 
re

m
/h

r 
FI

G
U

R
E 

~:
A 

20
0 

ft
 

S
E

P
A

R
A

TI
O

N
 

D
IS

TA
N

C
E

 

5X
10

4 
~ 

-~,~
! 

~*~
 

oo
~,

y 

_
/
/
,
/
 

.
.

.
.

.
.

.
 

D
O

S
E

 
R

A
TE

, 
re

m
/h

r 

F
ig

. 
2.

 

I-
 

(z
: 

15
0t

t 
S

E
P

A
R

A
TI

O
N

 
D

IS
T

A
N

C
E

 

,#
 

D
O

S
E

 R
A

TE
, 

re
m

/h
r 

Ft
G

U
R

E 
2B

 

3
0
O

ft
 S

E
P

A
R

A
T
IO

N
 D

IS
TA

N
C

E
 

,o
' 

IO
 

Io
 e 

F
IG

U
R

E
 

2C
 

D
O

SE
 R

A
TE

, r
em

/h
r 

F
IG

U
R

E
 

2D
 

D
os

e 
ra

te
 i

n 
cr

ew
 c

o
m

p
ar

tm
en

t 
fr

o
m

 u
n

sh
le

ld
ed

 s
ca

tt
er

ed
 

ra
d

ia
ti

o
n

s 
fo

r 
v

ar
io

u
s 

se
pa

'r
at

io
n 

di
st

an
ce

s.
 

> 0 ~d
 

5 �9
 

> H
 

0 U
~ I 0 Z ~n
 

c~
 

D
 

>
 

Z
 

>
 



RADIOBIOLOGIC RISK FACTORS--KONECCI AND TRAPP 

ing capability of the fuel for  a nu- 
clear rocket, only those radiations leav- 
ing the source and incident to the re- 
ceiver at angles greater than 15 ~ to 

ficiently high, that a shadow shield 
shou,ld be provided above the reacto.r 
to prevent excessive boil off of pro- 
pellant. An optimization has ,been con- 

I0 

~8 

"'6 

REACTOR POWER, Mw 
c,d 5x,o 4 

THRUST. Ibs 

Fig. 3. Shadow shield weight optimization, 

the source-receiver centerline were in- 
cluded in the calculations. Single scat- 
tering theory was used throughout this 
analysis. 

The analysis o4 fast neutron scatter- 
ing assumed elastic, isotropic scatter- 
ing of the neutrons, again maintaining 
angular and energy cognizance over the 
neutrons. The results of l~hese analyses 
are indicated in Figure 2, which illus- 
trates the reactor power, altitude, and 
separation distance dependence of the 
scattered radiation dose rate. 

Inasmuch as hydrogen is the assumed 
propellant, considerable radiation ab- 
sorption will take place in  the propel- 
lant tanks. The radiation will be suf- 
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ducted to find the shadow shield w~hich 
will give the minimum total weight of 
s:hadow shield plus boiled off hydrogen 
as a function .of reactor power. The 
optimized values are indicated in Fig- 
ure 3. 

In determining the s'hield require- 
ments for  a manned nuclear vehicle, a 
minimum volume compartment for 
three persons was chosen. Figure 4 
shows the compartment which meas- 
sures 3x6x7 feet. Trhis compartment 
need on~ly act as shielded quarters dur- 
ing propulsion phases in planetary at- 
mospheres. I f  anthropometric require- 
ments dictate, this shielded compart- 
ment (well) can be used as sleeping 
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quarters. This wetl is assumed to be 
surro.unded on the sides and base by 
three to six feet of hydrogen, which 
will be used as reactor after-coolant 

L|QUIO H2 COMSP~'~V~ENT ~ ~ 

INSULATI 

J 
Fig. 4. Schema of shielded well in pas- 

senger compartment. 

after propulsion termination. This hy- 
drogen provides some amount of at- 
tenuation; however, it mainly acts to 
thermalize the incident neutrons whiah 
are absorbed in a B 1~ layer ~bout the 
outside of the compartment shield. The 
isotropically released gammas from the 
neutron absorption are added to the in- 
cident gamma flux. T'his total gamma 
flux is then attenuated by a shield. 
Mercury is the assumed shield material 
here due to its unique property of 
being in the liquid s.tate at room tem- 
peratures and having shielding proper- 
ties almo,st equal to lead. Insulation 
woul,d be required between the liquid 
hydrogen and the mercury. The shield- 
ing is sculptured so as to minimize the 
shield weight for a given dose rate. 
It should 'be noted that in a practical 
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situation, extreme care would be taken 
to protect the flight and ground per- 
sonnel from acute mercurialism which 
is often fatal. Acute mercury poison- 
ing results in damage to the kidneys 
and chronic mercury poisoning dam- 
ages the nervous system. Although 
maximum allowable concentration of 
mercury in air is 0.1 mg/eu, meter, 
hermetic sealing of the space cabin 
should virtually eliminate any possi- 
bility of cabin contamination. 

Large propellant suppJlies are re- 
quired for nuclear propelled vehicles. 
This propel,lant will appreciably atten- 
uate the direct radiations during all but 
the final portion of tdhe propttlsion time 
when the propellant level is low. Cal- 
culations have been made on t:he direct 
radiatiou dose rate as a function of 
time, using shadow shield, propellant, 
after-coolant, B x~ and ,mercury atten- 
uation. Integration o,f the do.se rate 
over the burn time yields the results 
given in Figure 5 (integrated dose as 
a function of reactor power, mercury 
shield weight, and separation distance). 
The B 1~ weight i.s in M1 cases negligi- 
ble. The integrated direct dose varies 
inversely as the separation dis.tance 
squared. 

Figure 6 indicates the shield weights 
required to give various integrated 
doses from scattered radiation for var- 
ious separation distances and variable 
reactor power. A typical earth atmos- 
pheric exit trajectory 'has been as- 
sumed which, when integrated over 
density, yields approximately thirty 
seconds equivalence of exposure at sea 
level density. For  a given shield 
weight, the integrated scattered dose 
varies directly as the reactor ,power 
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RADIOBIOLOGIC RISK FACTORS--KONECCI AND TRAPP 

and ~he integrated density and inverse- 
ly as .the separation distance. 

We can use the earth equivalent 
atmospheric scatter dose calculations 
for launchings from the surface .of 
Mars, since the integrated scatter dose 
leaving Mars will probably be lower 
than the .one for the earth. The Mar- 
tian atmosphere is believed to be prin- 
cipally nitrogen. 7 Argon is Mso prob- 
ably present. 9'1a In 1948 Kuiper dis- 
covered COs spectrographically and 
estimated there is twice as much CO2 
per unit area on Mars as on earth. 
However, later calculations indicate 
that there is ab,o~t 10 times as 
much of the gas on Mars as on earth. 
T,he surface pressure on Mars is prob- 
ably 50 to 100 millibars, while the ter- 
restrial sea level pressure is slightly 
more than 1,tX)0 millibars. "Gravity on 
Mars is .only 0.37 of ours, so the mass 
o'f the atmosphere per unit area is evi- 
dently between 1/8 and 1/3 of our 
own2 a Although the Martian atmos- 
phere is considerably less dense than 
ours, the density gradient is much low- 
er owing to the flatness of the gra.vi- 
tational field .of Mars so that the air 
rises to greater heights. ''9 

The total equivalent atmosphere 
(uniform density under a uniform 
pressure of 760 mm. Hg)  of the earth 
is only 9 km ( 5 ~  miles), while the 
equivalent atmosphere of Venus is 
probably at least 12 kin2 If  surface 
landings are attempted on Venus, the 
subsequent nuclear launching 04 the 
vehicle would probably give integrated 
atmospheric scatter doses a little higher 
than those ca~Icnlated for the earth. 

T~he time of applicability of the scat- 
ter and direct shields does not coincide. 
For  this reason, o~r liquid mercury 

shield may be easily .moved from posi- 
tion of scatter shield to that of direct 
shield. Figures 5 and 6 indicate that 
the shield required to hold the scat- 
tered radiation doses to reasonable lev- 
els more than adequately shields the 
direct radiations. I f  this procedure of 
a dual purpose shield material does not 
prove to be sufficiently attractive, 
weight can be saved on single purpo,se 
immovable shields by using U 2a8. The 
shield weights are reduced to abo.ut 70 
per cent of their value for mercury 
if uranium is used. 

Preliminary analysis indicates the 
possibility of utilizing the basic re- 
quirements of oxygen, food, water and 
CO2 absorber to sustain the crew in 
the sealed cabin as shielding material. 
Without recovery, recycling or regen- 
eration of any kind, the average man 
metabolizing 3,000 KCal per day re- 
quires a minimum of about 12.2 
pounds per day of 02, food, water and 
COz absovber. In a basal state, metab- 
olizing about 1,760 KCal per day, the 
average man will require 7.3 pounds 
per day. This means ~hat a three-man 
crew on an earth-mars-earth trip o,f 
approximately 1,000 days would re- 
quire at least 21,900 pounds, and prob- 
ably not more than 36,600 pounds o.f 
02, food, water, and COs absorber, 
depending on their metabolic activity. 
Conservation o'f material is possible, so 
that with about an 80-pound water 
purification and recycling system per 
man, assuming availability of power, 
we could reduce the 12.2 pound per 
man per 3,000 KCal /day requirement 
to 7.3 pounds, or a fotal of 22,140 
pounds for a crew of three, which in- 
cludes 240 pounds for the three water 
systems. In addition, if we regenerate 
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RADIOBIOLOGIC RISK FACTORS--KONECCI AND TRAPP 

the CO2 system (that is, CaOH about 
a 50 pound system), the daily require- 
ment per average man is reduced to 
4.7 p,ounds, or 14,490 pounds for the 
crew of three. 

The ultimate in economy would be 
a balanced ,closed system--a miniature 
replica of the earth itself. Theoretical- 
ly, a biologic organism like the unicel- 
lar a'lgae could maintain the sealed 
cabin in a balanced state, .by absorbing 
CO2, giving off oxygen, and being used 
by man as food. An aesthetic problem 
may arise in an algal system, since h~- 
man excreta would be fed to the little 
organisms, which they would metab- 
olize, and allegedly the algae would be 
fit for  human consumption and nour- 
is.hment. Although this vitM research 
has been encouraged, inasmuch as we 
require an understanding of the fun- 
damental mechanisms involved, prog- 
ress has not been so rapid as to insure 
the development of a light weight re- 
liable system within the next several 
years that would maintain the physical 
and mental efficiency of a crew for 
1,000 .days ,on nothing 'but a *harvested 
algal diet, regardless of how balanced 
the diet may be chemically. The value 
of an algal or equivalent biological 
system will come with the setting up of 
lunar and planetary bases in addition 
to long duration space flights. 

Because nuclear s,pace .ships will have 
large payload capabilities, it would be 
wise to utilize the necessary 02, food, 
water, and CO2 absorber, as a crew 
shield. As mentioned above, depending 
on the system used, this weight could 
be 14,490 to 36,600 pounds. Although 
these low atomic number mater.ials are 
not as effective as mercury, lead or 

50O 

uranium shields of equal weight, they 
could be used to reduce the ~ctual dead 
weight radiation shield, since they are 
part of the useful payload. This sub- 
ject wil.l be covered in detail in a sub- 
sequent report. 

RFSIDUAL RADIATION 

Nuclear power has an unwanted by- 
product in quantities of radioactive 
fission product which could constitute 
a radiation hazard. However, on the 
basis of analyses conducted to date the 
residual radiation in our nuclear space 
ship is not considered to add signifi- 
cantly to the overall dose if the direct 
radiation shield is left intact. 

A nuclear power plant has another un- 
usual aspect in that at shut-down, the 
power level in the reactor does not drop 
immediately to zero. "Fhe reactor con- 
tains a sufficient accumulation of short- 
lived fission products that it wilt evolve 
appreciable quantities of heat for some 
time after shut-down. In our case, the 
hydrogen after-coolant used in dissi- 
pating this heat will continue to give 
the nuclear space ship small amounts 
of thrust. After  reactor shut-down the 
crew will experience a decrease of G 
in a short period of time, but a true 
state of weightlessness may not exist 
for some time. This unusual condition 
resulting from the use of an after- 
coolant in nuclear propulsion, may 
have a definite advantage in the spatial 
and cabin orientation c~f the crew im- 
mediately following the nuclear par t (s )  
of the flight. It  might have some physi- 
ologic and psychologic advantages, 
since the crew would ~have a little time 
to adapt themselves to the effects of the 
decreasing gravity. 
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RADIOBIOLOGIC RISK FACTORS--KONECCI AND TRAPP 

EARTH- I~'IARS-EART H MISSIONS 

W e  will use two flight missions A 

and B to i l lustrate the radiat ion doses 

and shield weights  involved in a round 

tr ip Mar t ian  voyage. Un t i l  some ex- 

p lora tory  landings on  Mars  have  been 

made, we cannot assume the uti l iza- 

tion of  any natural ly  occurr ing  ele- 

ments  for  fuel, shielding, or  the basic 

requi rements  for  man ' s  survival.  

T h e r e f o r e  we will consider our  nu- 

clear space ships to be ful ly loaded on 

earth for  the complete round trip. 

Mission .d involves a nuclear powered 
launch from the surface of the earth, 
through the earth's atmosphere; the orbit- 
ing of Mars; and a nuclear powered return 
to earth with a non-nuclear landing. 

Mission B is essentially the same as Mis- 
sion A, except it involves a non-nuclear 
landing on .Mars and a nuclear take-off 
throug~h, the Martian atmosphere. For the 
purposes of this study, we are considering 
the Martian atmosphere as equivalent to 
that of the earth, although in reality, the 
scatter doses will probably be less. 

To  il lustrate the var ia t ion  in dose 

and shield weight,  we ,have chosen a 

reactor  power  output  of  2.1x104 M W ,  

or 10 G pounds  thrust  at an assumed 

specific impulse of  865 seconds for  the 

hydrogen  propellant.  F i g u r e  7 can be 

used to obtain numerous  examples  at 

this power  output  by va ry ing  crew-  

reactor  separat ion distances and shield 

weights to obtain integrated scatter and 

direct radiat ion doses at the c rew com- 

partment .  In  the fol lowing examples,  

we assume the direct  shield comes 

f rom the scatter shield and therefore ,  

the total take-off  shield weight  will be 

the scatter shield plus the opt imized 

uran ium reactor  shield and the hydro-  

gen boil-off  weight.  

JULy, 1959 

Mission A Example / . - -At  a 100-foot 
crew-reactor separation distance, (Fig. 7a) 
with a 25,000 pound mercury scatter shield, 
an integrated dose of 5.2 rein would be re- 
ceived on exit through the earth's atmos- 
phere. As soon as the vehicle is out of the 
earfh's atmosphere, with reactor power still 
on, 15,000 pounds o.f this shield could be 
dropped overboard. The remaining 10,000 
pounds of mercury would serve as the direct 
shield, which is required for the nuclear 
power phase on the return trip from the 
Mars orbit. On the initial nuclear take-off 
from the earth, the hydrogen fuel keeps 
the direct dose from reactor operation and 
residual radiation at an insignificant amount. 
On the return to earth with ~he use of nu- 
clear power and the consumption of the hy- 
drogen fuel, an integrated dose of 1.3 rein 
would be received with the 10,000 direct 
shield in place. The crew would receive a 
total of about 6.5 rem from nuclear opera- 
tion on this mission. 

Example Z - -A t  the 100-foot crew-reactor 
separation distance (Figure 7a) the initial 
take-off scatter shield weight could be re- 
duced by 10,000 pounds, that is, to 15,000 
pounds take-off weight, if an acute dose of 
71 rein scatter radiation is permitted on exit 
through the earth's atmosphere. We can 
drop 5,000 pounds and save 10,000 pounds 
of mercury for the direct shield needed for 
the nuclear part of the return flight, the~l 
the crew would .be exposed to an additional 
1.3 rein. 

Example 3.--At a 300-foot crew-reactor 
separation distance (Fig. 7d) and a take-off 
scatter shield weight of 25,000 pounds, the 
crew would receive about 1.8 rem on exit 
through the earth's atmosphere; at this time 
all but 10,000 pounds of Vhe shield could be 
dropped overboard. On the nuclear phase 
of the return from Mars orbit, the crew 
would receive an additional 0.15 rein, or a 
total of less than 2 rem from the reactor for 
the whole trip. 

Example 4.--Under the same separation 
distance of 300 feet as in Example 3, the 
initial take-off scatter shield weight could 
be reduced from 25,000 pounds to 10,000 
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potmds, if the crew were permitted to re- 
ceive a one time acute dose of about 110 
rem on exit through the earth's atmosphere. 
T~he 10,000 pounds of mercury as ~he direct 
shield would reduce the direct exposure, to 
about 0.15 rein. 

Mission B Examples.--The nuclear take- 
offs through earth and Martian atmospheres 
increases the scatter radiation dose received 
by the crew, as the following examples in- 
dicate : 

Example 5.--At  a 100-foot crew-reactor 
separation distance (Fig. 7a), and a 25,000 
pound scatter shield, the crew would be 
exposed to 52 rem on exit through the 
earth's atmosphere. The 25,000 pounds of 
scatter .shield would remain in place for t:he 
trip to Mars, so that on nuclear exit through 
the Martian atmosphere, the crew would re- 
ceive an additional 5.2 ~rem (probably less). 
If  the 25,000 pounds of scatter shield were 
used for the direct shield, an insignificant 
amount of direct radiation would be re- 
ceived by the crew. If, after exit through 
the Martian atmosphere, there was an ad- 
vantage in dropping 15,000 pounds of shield- 
ing, the remaining 10,000 pounds would per- 
mit a direct exposure of only 1.3 rem. T,his 
flight then, could be accomplished for a total 
dose of less than 12 rem. 

Example 6 .~At  a separation distance of 
100 feet, and a scatter shield of 25,000 
pounds, the crew would receive a scatter 
dose of 5.2 rem on exit through the earth's 
atmosphere. As soon as the vehicle was 
out of the earth's atmosphere, 10,000 pounds 
of the scatter shield could be dropped. The 
nuclear take-off through the Martian at- 
mosphere would be accomplished with 15,- 
000 pounds of scatter shield. The crew 
would be expected to receive a scatter dose 
of about 71 rein (actually less), and' with 
the 15,000 pounds becoming the direct shield, 
the direct radiation would be insignificant. 
The total dose for this trip would be about 
75 rein. 

Ec:an,ple 7.--At a separation distance of 
300 feet, and a 25,000 p.c~md scatter shield, 
the crew would receive a scatter dose of 1.8 
rein on passing through the earth's atmos- 
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phere. If  we dropped 10,000 pounds, and 
kept 15,000 pounds of shielding material, 
then on ~he nuclear take-off through the 
Mart ian atmosphere, the crew would receive 
24 rein. Since the direct dose would be very 
small, the crew would receive abou~ 26 rem 
from the reactor for the whole trip. 

Example 8. - -At  the 300-foot crew-reactor 
separation distance and an initial take-off 
scatter slhield of 20,000 pounds, the crew 
would receive an earth atmosphere scatter 
dose of 6.2 rem. If  10,000 poun6s of this 
shield were dropped af ter  passing through 
tile earth 's  atmosphere, the remaining 10,000 
potmds scatter shield would permit a Mart ian 
atmospheric scatter dose of about 110 rein. 
The direct dose would be only 0.15 rem, 
hence, the total dose received by the crew 
for this trip would be about 117 rein. 

For .convenience the examples pre- 
sented above are summarized in Table 
II. 

The data presented in this study per- 
mit the .calculation of scores of varied 
missions, by trading crew dose received 
for a saving in shield weight and the 
reverse lowering ,of the dose by in- 
creasing the shield weight. Analyses to 
date indicate that the scatter radiation 
poses the major problem in nuclear 
flight and a range of shield weights and 
doses exist which should make manned 
nuclear powered flights practical. 

It should be noted that in the prac- 
tical situation mercury would not be 
dumped freely into the earth's atmo,s- 
phere. In missions where an advan- 
tage could ~be gained from dropping a 
certain amount of the s~catter shield 
after exit through the atmosphere, mer- 
cury and the containers or an equiva- 
lent amo,unt of lead could be jettisoned. 

SUMMARY AND CONCLUSIONS 

Although many assumptions were 
made in arriving at the numerical 
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values presented in this study, the 
analytical form and the general order 
of magnitude of the results should not 
be altered thereby. Certainly the grad- 
ual accretion of knowledge in the field 
will .permit future refinements of these 
calculations. T,his study reveals the 
following salient points : 

1. Manned nuclear powered flight is 
feasible. 

2. The nuclear reactor is considered 
the prime radiat'ion source. Since polar 
exits probably exist, it should be pos- 
sible to plot trajectories and velocity 
profiles for minimum time in Van Ai- 
len's radiation belt(s). If shields are 
maintained in place while exiting 
through the radiation belt(s), the dose 
received from the belt(s) will be small 
relative to the scattered 'and direct 
radiation doses. Interplanetary cosmic 
radiations and possible radiation bands 
around the moon and nearby planets 
.still require study. 

3. The caleulatious in this study ,can 
Ibe utilized by design teams to arrive at 
an optimal nuclear space ship design 
which wilt not unduly compromise the 
crew or the vehicle. 

4. The problem in calculating human 
risks involves obtaining the direct and 
scatter (acute rather than chronic) 
radiation doses for given mission pro- 
files at various crew-reactor separation 
distances for different reactor shields 
and powers. The problem of RBE for 
incident neutrons has been simplified 
by the use of the H2-B 1~ combination 
to convert the neutrons to gammas. 

5. The largest dose will come from 
the atmospheric scatter radiation if the 
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reactor is used during atmospheric exit 
and propellant and other material are 
used as direct radiation shields. Oper- 
ation of the reactor in planetary at- 
mospheres (earth, Mars, and Venus) 
will require scatter shielding for the 
crew. The times of applicability o.f the 
scat, ter and .direct shields do not co- 
incide, 'so that a possible dual purpose 
shield like mercury (which has attenu- 
ating properties almost equal to lead) 
is recommended and used in the cal- 
culations. Since the direct shietd comes 
from the scatter shield, the total take- 
off weight of ,the shield is that of the 
scatter shield. I f  the ship does not take 
off on nuclear power through an at- 
mosphere, the shield weight reverts to 
the weight of the direct shield. 

6. Residual radiation after reactor 
shut.down is not expected to add sig- 
nificantly to the total dose, if the di- 
rect shield is left intact. 

7. Designers will have latitude in 
chosing a particular material or com- 
binations of materials for t'he direct 
and scatter shields. U 23" would save 
about 30 percent over mercury and 20 
percent over lead. The thousands of 
pounds of payload, like oxygen, food, 
water, and equipment, could 'be used 
to reduce the total shMd weight. The 
attenuating properties of these low 
atomic number materials wo,uld not be 
as effective as t'he mercury. A sub.se- 
quent study will cover this point in de- 
tail. 

8. Several examples are given for 
a 21,000 M W  reactor power which in- 
dicate Martian orbital and landing mis- 
sions may 5e accomplished for shield 
weight combinations between 10,000 
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and 25,000 pounds for total integrated 
acute dose 'between 2 and 117 rem. 

9. Efforts have been initiated to cov- 
er shielding for reactors of lower pow- 
ers such as may ~be used in ionic pro- 
pulsion systems and auxiliary power 
plants and will be covered in a sub- 
sequent report. 
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Medical Departments For Air l ines -  A Necessity 

A few ,of the 80 airlines of  the world ,have good medical departments, 
but les.s than one-fifth of the scheduled airlines have formal medical 
organizations. The report Vhat each month, for a five-month period in 
1957, a pilot on active duty ,died while in the cockpit will emp,hasize the 
importance of continuing medical supervision, as well as of the value 
of having a co-pilot. One ,of the oressing problems in this area relates 
t~o ,the changing age distribution of airline :pilots. With ,many of these 
men now entering age groups beyond 45 and 50', many problems of 
health and safety may be anticipated.--Ross A. McFARLAND: .Health and 
Safety in Transportation, Public Health Reports, August, 1958. 
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