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Radiation Dosage in Flight through 
the Van Allen Belt 
HERMANN J. SCHAEFER, Ph.D. 

A B O U T  ten years ago, when avia- 
lion medicine developed a seri- 
,ous interest in the problem of 

cosmic ray ,hazards in flight at the top 
of and outside the atmosphere, it be- 
came common practice to express cos- 
mic ray intensities in terms of tissue 
ionization dosages, that is, in roent- 
gens equivalent physical ( rep) .  This 
expedited ~he interpretation of the ~;lata 
of the physicists inasmuch as expos- 
ures quoted in rep or milli-rep imme- 
diately convey, to the radiobiologist, 
an idea about the effects on living mat- 
ter to be expected. On the other hand, 
one should realize that dosages derived 
in this manner  are not representative 
of  the true exposure that would pre- 
vail if a ~human ,body were to replace 
the measuring device. Though cosmic 
ray intensities are often given in units 
of ion pairs per c.c. of standard air, 
thereby lending themselves easily to 
the indicated conversion, they usually 
have been measured with equipment 
which does not fulfill the requirements 
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of "air equivalence" as set forth in the 
definition of the roentgen unit. 

I f  ,tissue ionization dosages are to [)e 
indirectly determined by inference 
f rom data, which 'have been collected 
without any consideration of radio- 
biological implications, larger system- 
atic errors  are bound to enter the eval- 
uation. The ionization in the gas of  an 
ion chamber is representative for the 
tissue 'dosage only if a number of con- 
ditions are fulfilled. The filling gas 
and the walls ,have to be of  the same 
mean atomic number as living matter. 
Tlle thickness ~f the eham'ber walls 
must be large enough to equal t~he max-  
imum range of secondary electrons and 
small enough nor to attenuate the radi- 
ation to be measured. For  a radiation 
of the utter inhomogeneity of the pri-  
mary  cosmic ray ,beam, the latter re- 
quirement leads to contradictory speci- 
fications of  design. Another difficulty 
lies in the need ,for saturation voltage 
of the ion collecting field in the cham- 
ber. A sizable fraction of the total 
ionization of the pr imary cosmic ray 
beam is generated in absorption events 
of high local energy dissipation creat- 
ing dense columns or giant' clusters of  
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ions. Considerable recombination loss 
is unavoidable for  this fraction of the 
toieal ionization even if a 'high voltage 
is used for the ion collecting field. 
Finally, the cosmic ray apparatus of 
the physicist is usually designed ,to the 
most stringent specifications of com- 
pactness weighing a few ,pounds at the 
most. Accordingly, the dosage contri- 
bution from local scattering in casing, 
frame and equipment can be expected 
to 'be substantially smaller than for a 
human body in a large space capsule. 

For  all these reasons, the indicated 
evaluation of cosmic ray exposures in 
rep cannot claim accuracy. H'owever, 
as .long as the ,dosages involved remain 
small, not exceeding the 1 r level, this 
indeterminacy seems accepta,ble since 
on the biological level a similarly large 
margin of uncertainty exists with re- 
gard to the definition of  the permissi- 
ble dose. For  the so-called quiescent 
cosmic ray beam beyond the atmo- 
sphere and with dose rates well below 
0.1 rep per 24 hours, this specification 
seems well fulfilled. For  space travel in 
general, however, a similar assurance 
no longer exists since Van Allen has 
shown that a field of intense radiation 
is girdling the earth beyond the 1,000 
kilometer mark with d~)se rares exceed- 
ing the '10 rep per hour level. Despite 
these new aspects, it is nevertheless felt 
that in the present early phase of space 
exploration the use of the rep unit for 
dosage estimates, because of its better 
descriptiveness, should not be aban- 
doned. I f  the aforementioned limita- 
tions are 'borne in mind, no misconcep- 
tions are likely to develop. When sat- 
ellit'e :techniques progress in the fu- 
ture and more detailed data on the 
radiation in the Van Allen belt are 
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available, a more fruitful debate of 
how to carry out the determination of 
the .true tissue ionization dosages in 
a manned space ship will ,be possible. 

The discovery by Van Allen 2 that 
the earth is surrounded, in the equato- 
rial region, by an intense radiation field 
extending from 1,000 leo about 20,000 
kilometers in altitude, has brought 
about a revoltttionary change in the 
basic concepts of the radiation hazards 
in space flight. While present informa- 
tion is still too fragmentary to allow a 
precise determination of the .tissue ioni- 
zation dosages that will have to be 
accepted in flight through the Van Al- 
len belt, the frequencies of ionizing 
particles have 'been accurately deter- 
mined and some first clues as to the 
nature of these particles and their en- 
ergies are available. This information 
indicates that exposure levels closely 
approaching or  possibly fully ent'ering 
the range of  acute radiation damage 
prevail in the central zones of the Van 
Allen 'belt. 

The impact of this sensational turn 
of event's is so strong that some might: 
be inclined to forget the vast regi,0n 
between 200 and 1000 ,kilometers in 
altitude in which long-lived stable or- 
bits can be established and the radia- 
tion hazard seems entirely acceptable. 
IIe is this very region, upon vehich the 
sound, practical development of htmaan 
space flight in the near future will 
center. Global passenger transporta- 
tion with ballistic vehicles and perma- 
nently orbiting observation and relay 
platf,orms will both operate in this 
altitude range. In fact, both types of 
operation are likely to heavily favor 
the lower third of  the altitude range in 
question. Nevertheless, the challenge 
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of manned flight beyond the 1000 
kilometer mark  will always 'be there, 
and calls for  a tentative assessment of  
the radia'tion hazards in these regions. 

T H E  V A N  A L L E N  B E L T  

Graphs and picttlres of  the general 
isointensity contours of the Van Allen 
belt:, as they follow from the record- 
ings of the Explorer satellites and Pio- 
neer probes, have been published re- 
peatedly. 1 They are all based on Van 
Allen's .original graph in his report 
on ,the Pioneer 11I data. 3 The basic 
structural feature of the .belt is the di- 
vision in two zones showing maximum 
radiation intensity at about 3000 and 
about 15,000 kilometers in altitude 
above sea level. Inasmuch as the prob- 
ing vehicles ,carried diverse detectors, 
some first clues on the composition of 
the radiation in the two zones are also 
available. T'he most  penetrating com- 
ponent in the inner zone seems to con- 
sist of  protons in the 100 million e-volt 
energy range. This component' pro- 
duces, even behind 1 gram per cm 2 
absorbing material, a dose rate of more 
than 10 rep per hour anc~ is little at- 
tenuated by an additional shield of 3 
millimeters of  lead. Without  the indi- 
cated absorbers, the maximum intens- 
ity in the inner zone is ~remendous, yet 
the ,bulk ,of the beam consists of  par-  
ticles of  low energy corresponding to 
a penetrating power of  less than 140 
milligrams per  cm 2. The remaining in- 
tensity of  higher penetration than 140 
mg per cm 2 exhibits a less steep de- 
cline towards ~higher energies. This 
means that a man freely exposed in a 
space suit of  minimum design for pres- 
surization and heat insulation (about 
0.2 g per  cm 2) will receive an entrance 
dose t~ his skin .of st~bstantially more 
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than 10 r per hour  and the depth dose 
of this radiation will not show a very 
steep decline. 

The outer zone seems to consist ex- 
chtsively of  electrons, which show a 
similarly steep energy spectrum fall- 
ing off rapidly toward higher energies 
(i.e., penetrating powers) .  While pro- 
tection f rom the electrons themselves 
would pose no serious weigh't problem 
because of their low penetrating power, 
the actual exposure conditions are seri- 
ously aggravated by the circumstance 
that electrons in the process of  being 
stopped produce x-rays in the so-called 
bremsstrahlung processes, and these 
x-rays have about a thousand times 
higher penetration than the electrons 
generating them. This local x - ray  
production in the outer surface of the 
vehicle represents the main, if not ex- 
clusive expostrre flareat in the outer  
zone of the Van Allefl belt. 

The best weight economy in the de- 
sign of shielding f rom the radiation 
in the outer zone would be afforded by 
laminated walls assigning the task of  
stopping the beta rays to a material 
of low atomic number  Z, thereby min- 
imizing the production of x-rays,  and 
the task of attenuating the x-rays to 
an element of  ,high Z which offers 
greater absorption on the same weight 
basis than a lighter material. 

I N T E G R A L  E X P O S U R E  I N  D I F F E R E N T  

ORBITS 

Another possibility of  reducing the 
radiation exposure in flight through 
the radiation belt lies in :speeding up 
the traversal of the regions of  highest 
intensity. The following example 
serves best to explain the ~asic issue. 
Nearest  at hand is the case of  the lunar 
transfer, i.e., the trip to the moon. 
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F o r  reasons of ~tuel eeonorny, the prop- 
er trajectory ~or this trip is the so- 
called t ransfer  ellipse. It means that 
the vehicle is put  into an elliptical orbit 
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Fig. 1. Traversal of Van Allen belt on 
lunar trip. Top and center graph are drawn 
to scale. Bottom graph~ s.hows radial speed 
component for both trajectories. Note large 
difference in first radiation zone. 

around the earth with the apogee of 
~he ellipse in the vicinity of ,the moon. 
Such a .transfer ellipse is drawn to 
scale in t~e ul)per graph of Figure 1. 
Also indicated in that sketch is another 
possible trajectory, the radial shot. The 
relative navigational merits of  the two 
possible trajectories ,shall be discussed 
later. The point of interest here is 
the relative radiation dosages. Since 
dosage equals dose rate times exposure 
time, it depends, for a given radiation 
field in space, directly on the speed 
of .'the vehicle. For  .the circular sym- 
metry of the Van Allen belt in particu- 
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lar, the radial speed comlxment of a 
given trajectory is the determining fac- 
tt~r. For  the two trajectories under dis- 
cussion, this component is shown in 
the lower graph of Figure 1. I t  is seen 
that a vehicle on a transfer eUipse en- 
ters the first belt at less than ~half the 
radial speed as compared to the radial 
shot. For  the second belt, the cor- 
responding difference is much smaller, 
yet still sizable. In view of the fact 
that the ,shielding problem in the first 
belt is more difficult Ibecause of  the 
high energy proton component, the ad- 
vantage of the radial shot over the 
t ransfer  ellipse actually is much greater 
than the mere kinematic difference 
would seem to indicate. 

With regard to the .integral dose on 
traversal, it must be remembered that 
its accurate value in rep cannot be as- 
sessed at present since only particle in- 
tensities, but not actual ionization in- 
tensities have been recorded so far. The 
dose rate profile in the top graph of 
Figure 2, therefore, .is tentative and 
based only on the component of highest 
penetration. One should realize that 
due to the extreme heterogeneity of 
the radiation involved, the dose rate 
quite 'basically depends on filtration. 
Even if at some future time ehe ioniza- 
tion intensities will be exactly known, 
the special conditions of the individual 
case, .such as material and  thickness of 
the vehicle wall and the pilot's cloth- 
ing, will strongly influence the entrance 
dose on the body surface and ,the depth 
dose pattern within ,the body. For  a 
discussion of the relative merits of the 
different trajectories, these relation- 
ships obviously are irrelevant as long 
as the radial structure of the radia- 
tion intensity is correctly known in 
relative terms. 
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Routine mathematical procedures 
lead f rom the altitude profile o f  the 
speed (bottom, Fig. 1) to the altitude 
profile of  the time, which in tu rn  can 
be combined with the altitude profile 
of the dose rate (top, Fig. 2) furnish-  
ing finM.ly the altitude profile of  the 
integral dose (bottom, Fig. 2) .  O f  
special interest also is the time profile 
of  the dose rate for  the two trajectories 
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Fig. 2. Radiation dosage in Van Allen 
belt. Dose rate as a function of altitude 
above sea level over equator (above). Ac- 
cumulated dose as a function of altitude for 
tile two trajectories of Figure 1 (below). 

in question, since it conveys direct' in- 
formation on the critical time intervals 
dur ing which high radiation intensities 
prevail. These time ,profiles are shown 
in F igure  3. The  areas under  the 
curves are directly integral doses. 

I t  is interesting to notice that, for  
the radial 'shot, *he critical time inter- 
vals within which the bulk of  the full 
dose is administered equal 7 minutes 
fo r  the first, and about  15 minutes for 
the second bel't. I t  seems conceivable 
that a space pilot dur ing such relatively 
short  periods could accept some dis- 

comfor t  in order  to ensure better pro-  
tection as shown in F igure  4. Rolling 
up to a fetal position the man could 
cram himself into a lead lined capsule 
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Fig. 3. Time profile of dose rate in Van 
Allen belt for the two trajectories of Figure 
1. Note shorter time intervals at ~high dose 
rates for radial shot, especially in the first 
zone. 

which provides  only minimum space 
for movement.  I t  is obvious that the 
total surface and  therefore also the 
weight  of  such a ,capsule is consider-  
a n y  smaller than that  o f  one designed 
for  a man in a more  comfortable posi- 
tion. At  the .same time, a man  in a 
rolled-ttp position receives a smaller 
total body  dose in a given radiation 
field than in a s tanding or sitting po- 
sition, ~because the body offers, a smaller 
total entrance cross section to the ra- 
diation beam with a correspondingly 
greater  equivalent target  thickness. In  
view of  the large fraction ,of particles 
of  .low penetrat ion in the incoming rad- 
iation, this will result in a substantial 
lowering of  the kilogram roentgen total 
body radiation burden. 
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Another question which should be 
discussed in this connection concerns 
the directional properties of the radia- 
tion. T'here are some lines of  evidence 

s'how largely onmi-directional symmet- 
ry of incidence. 

A third question pertains to sub- 
mersion in water. We tolow that a 
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Fig. 4. Fetal position of pilot for minimizing exposure in short duration 
traversal of intense radiation fields. Two advantages: (1) total surface, 
i.e., weight of shield is minimal, (2) volume dose in kilogram roentgens 
is minimal because of greater mean depth of target which means smaller 
depth doses. 

. J  

that a large .part .of the electrons and 
protons in the Van Allen belt travel 
at right angle to the magnetic .lines of 
force of the earth's field. In terms 
o.f the 1,ocal conditions in a space ship 
this would mean that .the pr imary  radi- 
ation shows .cylinder-symmetrical in- 
cidence. I t  has been suggested that 
this .circumstance could be utilized for 
further weight .savings with the design 
of a ring- .or barrel-shaped shield leav- 
ing top and bottom open (right, Fig. 
4) .  However,  it seems questiona.'ble 
whether sul-,stantial gains can be ac- 
complished al.ong these lines since a 
large part  ' of  the tissue dose within 
the ship will be ,contribu~ted by secon- 
daries produced locally in the structural 
material and equipment of  .the vehicle. 
This scattered radiati.on is likely to 

considerable alleviation of accelerative 
stresses can be achieved by total body 
submersion in water. Combining the 
two principles of  water submersion 
and radiation shielding, one .could con- 
ceive of a water-filled barrel with lead- 
lined walls. This would open the pos- 
sibility of allowing s,omewhat more 
space and positional freedom inas- 
much as the water would partly take 
over the task ,of creating a compact 
ball-like target volume for the radia- 
tion, minimizing thereby .t~he depth 
dose and the integral volume dose for 
the man in it. As mentioned ~before, 
better data on the actual roentgen dos- 
ages involved are needed before it can 
be decided to what extent these poten- 
tial ways and means o,f protection will 
have to be used. There is no, question 
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that they are all rather costly in temls 
of weight. What  makes it especially 
frustrating is that they would be need- 
ed for  ~nly a rather small fraction of 
the total traveling time. 

Returning again to the computation- 
al procedure of evaluating the integ- 
ral radiation dose, it is interesting to 
note that a very descriptive method 
of graphical plotting of radiation fields 
is ,obtained by dividing the local dose 
rate at a certain distance f rom the earth 
by 12he .local vertical speed component 
of the vehicle. The result of this divi- 
sion is a quantity, which has the di- 
mension of dose divided ,by distance. 
I t  is, .in other words, the .dose which 
the vehicle accumulates in traveling 
over unit distance. Figure 5 shows the 
corresponding graph wil~h the 1,000 
kilometer dose plotted ,on the ordinate. 
The characteristic difference of the 
two trajectories now shows u~p most 
clearly. At the same time, the plot is 
an altitude profile and not a time pri~- 
file. This is a definite advantage since 
it restores the connection to, the alti- 
tude profile o.f the dose rate and per- 
mits direct mapping o,f the radiation 
field in conventional terms of altitude 
and latitude. 

The main reason fo.r the usefulness 
of the 1000 kilometer dose rests in 
the fact that for most interplanetary 
operations, such as t ransfer  to the 
moon or to Mars, or  Venus, by far 
the largest part  of the propulsion work 
is performed in getting the vehicle out 
of the gravitational reach of  the earth. 
Since this work is the same f.or any 
mission, the required launching speed 
of .the vehicle will be largely the same. 
As is well known, .to each distance 
f rom the earth within its gravitational 
reach a corresponding characteristic es- 
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cape velocity can ~be assigned. I f  the 
dose rate of ionizing radiation at that 
distance is also known one can im- 
mediately determine the corresponding 
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Fig. 5. Altitude profile of 1,000 kilometer 
dose for the two trajectories of Figure 1. 

1000 kilometer dose for that particular 
point as the qu,o.tient of the local dose 
rate and the local escape velocity. This  
1000 kilometer dose is a much more 
realistic term than the dose rate itself, 
since it directly defines the local expo- 
sttre hazard. For  instance, the same 
dose rate of  10 r per  hour encountered 
at an altitude of 6,000 kilomet'ers is 
equivalent to 0.35 r.per 1000 kilometers, 
encountered at 60,000 kilometers alti- 
tude it is equivalent to twice as much, 
namely, 0.7 r per 1000 kilometers. 

I t  is too early to decide to what ex- 
tent such elaborate mapping of radia- 
tion fields in space will be necessary. 
I t  is not even known yet whether these 
fields are constant enough to make :such 
a general analysis worthwhile and real- 
istic. A radically different way 04 
solving the radiation isstre is bypassing 
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the Van Allen belt entirely ,by choosing 
the so-called polar escape route. Fig- 
ure 6, drawn strictly to scale, shows 
the initial section of such a lunar trans- 

additional "pus'h" in launching saving 
fuel. Both advantages do not exist for 
the non-coplanar ellipse. Since the 
plane of this orbit  forms an angle 

, ,  ~ 2  5 16 I 

Fig. 6. So-called polar escape route for lunar trip bypassing 
Van Allen belt. Note that actual launching and injection .into 
orbit can take place at any latitude including equator. 

fer ellipse. I t  is interesting to notice 
that :the vehicle ,could be launched in,to 
this orbit f rom a location as fa r  down 
as the geomagnetic equator and still 
would clear the radiation ,belt ,by a 
large dis.tance. I t  would be erroneuos, 
however, to assume that the possibility 
of  using a t ransfer  ellipse for this orbit 
would restore the navigational advan- 
tages of  this type ,of trajectory over the 
radial shot. The conventional lunar 
t ransfer  ellipse, which 'has been ex- 
clusively used so far  for all moon 
probes, the Pioneers as well as Mechta, 
is coplanar with the moon's orbit. This 
ensu,res a greater chance of still reach- 
ing .the moon despite navigati.onal 
launching inaccuracies.. Expressed in 
the jargon o.f the astronaut, the moon 
is a larger .target for a coplanar ellipse. 
Furthermo.re, the coplanar orbit allows 
utilizing the rotation of the earth as an 
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close to 90 degrees with the ,plane of 
the moon's orbit, the moon is a target 
not significantly larger than for  the ra- 
dial shot. That  .the r.otation of the 
earth cannot be utilized either, is ob- 
vious. 

At the present state of  the art,  both 
advantages of the eoplanar t ransfer  el- 
lipse, the saving of propulsion work 
and ,the safer nagivation, seem to weigh 
rather heavily as rocket experts assert. 
Since the time for man's  flight to the 
moon has not quite come yet, it seems 
that the final decision which solution 
appears to ,be the best choice can safely 
be postponed until better data on tlle 
various parameters,  which have to ,be 
weighed in this ,decision, are available. 

SU M M ARY 

The Van Allen ,belt is a field of in- 
tense radiation girdling lthe earth in 
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the equatorial plane between about 
1,000 and 18,000 kilometers altitude. 
The radiation intensity shows two 
maxima about 3,000 and 15,000 kil- 
ometers. The first zone seems to con- 
sist of  protons exhibiting a very broad 
energy spectrum with a tremendous 
particle flux of low ,penetra.ting power. 
T'he intensity declines, first steeply, 
and then more gradually toward spec- 
tral sections of higher penetration. 
The hardest component, tentatively as- 
sumed to consist ~f protons in the 100 
million e-volt range, produces behind 
1 gram per cm. 2 absol~b.er thickness 
about 10 rep per 'hour and is little 
attenuated by an additional 3 milli- 
meters of  lead. The second zone seems 
to consist of  electrons. Though they 
are .completely absorbed in any wall 
of minimum structural stability, the 
s'hielding problem is complicated by 
the production of secondary X-rays in 
the stopping process of electrons. 
Laminated shields offer, for this dfial 
protec.tion, better weight economy than 
plain ,ones. Generally, shielding in the 
outer zone imposes a much smaller 
weight penalty. The integral dose on 
a lunar trip is investigated for two 
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different trajectories, the t ransfer  el- 
lipse and the radial shot. I.t is shown 
that a vehicle on the latter enters t'b, 
first radiation zone ar twice the radial 
speed than the former  thereby receiv- 
ing a distinctly smaller integral dos('. 

The most radical solution of the 
radiation issue is the complete avoid- 
ance of the Van Allen belt by choosing 
a polar escape route. I f  is shown that 
a vehicle can be launched on this route 
from any latitude including the equa- 
tor and still clear both radiation z~),nes 
by a large .distance. The navigational 
disadvantages of the radial shot and 
the polar t ransfer  ellipse consist in 
higher fuel requirements because the 
rotation of the earth .cannot be utilized 
for propulsion and in smaller aiming 
accuracy ,because the moon is a smaller 
target for these .trajectories. 
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"This is Your Captain Speaking" 
What  the airline pilot cares to do in l'he way of comforting or cosseting 

the passengers--giving them flight news .over the public-address system, oi' 
making chitchat on visits up and 'down the aisle--is left pretty much up 
to him. No particular credit or discredit is attached to 'his conduct in 
this respect so long as he's .civil, and brings his plane in approximately on 
time. The captain pilot is invested with command authori ty:  if in his 
judgment the plane shouldn't be taken aloft, it doesn't go, and in flight 
he is responsible for more than $1 million of company property and the 
safety of  several score lives. But af ter  he climbs out of the cockpit nobody 
asks for ,his opinion a.bot~t anything mueh.--RoBERT SHEEHAN: What ' s  
Eating the Airline Pilots? Fortune, April, 1959. 
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