
trated winds of maximum force sur- 
rounding the eye; there winds are al- 
most constant, their speeds frequently 
exceeding 240 kilometers per hour. In 
the high-energy core of the storm, 
wind speeds change but little in the 
vertical through the first 6100 meters 
above the ocean; higher, winds usually 
decrease, change direction, and may 
become anticyclonic. The decrease in 
speed and turning of the winds are 
caused by the warm core and by the 
tendency for the absolute angular mo- 
mentum to be conserved at higher 
levels. 

Air flows into the center at low 
levels, rises near the wall cloud, and 
then flows outward at some upper 
level, usually around 12,200 meters in 
a mature hurricane. The low-level in- 
flow is controlled largely by the fric- 
tional forces resulting from the shear- 
ing stresses exerted by the winds upon 
the ocean surface. 

The greatest temperature anomalies 
are found in the upper levels (10,675 
to 13,725 meters), where temperatures 
are frequently 10?C or more above 
normal. The greatest radial tempera- 
ture gradients occur in the region ex- 

trated winds of maximum force sur- 
rounding the eye; there winds are al- 
most constant, their speeds frequently 
exceeding 240 kilometers per hour. In 
the high-energy core of the storm, 
wind speeds change but little in the 
vertical through the first 6100 meters 
above the ocean; higher, winds usually 
decrease, change direction, and may 
become anticyclonic. The decrease in 
speed and turning of the winds are 
caused by the warm core and by the 
tendency for the absolute angular mo- 
mentum to be conserved at higher 
levels. 

Air flows into the center at low 
levels, rises near the wall cloud, and 
then flows outward at some upper 
level, usually around 12,200 meters in 
a mature hurricane. The low-level in- 
flow is controlled largely by the fric- 
tional forces resulting from the shear- 
ing stresses exerted by the winds upon 
the ocean surface. 

The greatest temperature anomalies 
are found in the upper levels (10,675 
to 13,725 meters), where temperatures 
are frequently 10?C or more above 
normal. The greatest radial tempera- 
ture gradients occur in the region ex- 

tending from the eye outward to the 
exterior of the wall cloud. The warm 
core of the hurricane, created along 
with development of the storm, results 
from warming of the surface air and 
the addition of moisture by the oceanic 
heat source. 

Many features of the tropical at- 
mosphere that favor formation of hur- 
ricanes such as increased low-level in- 
flow, above-normal warmth in the up- 
per troposphere, and the existence of 
an anticyclonic circulation at some up- 
per level over a low-level cyclonic dis- 
turbance, have been identified. Meteor- 
ologists know less, however, about the 
mechanics of formation of hurricanes 
than of any other phase of their 
existence. 

The possibilities of controlling hurri- 
canes are intriguing. Project Storm- 
fury, a joint undertaking by ESSA and 
the U.S. Navy, is designed to explore 
ways of modifying hurricanes. No 
fully satisfactory hyopthesis for the 
control of hurricanes yet exists, and 
formulation of such a hypothesis may 
have to await better understanding of 
the manner in which hurricanes 
form. 
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With the advent of very-high-energy 
accelerators and manned space flight, 
shielding against high-energy particles, 
of energy of the order of 100 million 
electron volts (1 Mev = 1.6 X 10-6 
erg) and greater, has become of in- 
creasing significance. While the cost 
of the shielding is only a small frac- 
tion of the cost of a large accelerator, 
it is high enough so that one cannot 
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afford the luxury of overshielding. 
Furthermore, the massive shields re- 
quired for large accelerators often in- 
terfere with other desirable design 
features, and this interference can be 
kept to a minimum only by careful 
shield design. In the case of manned 
space vehicles, weight limitations are 
very severe, and it is obvious that 
shielding must be kept to the minimum 
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consistent with adequate protection 
against radiation. 

In both accelerator and spacecraft 
shielding, the determination of the in- 
tensity, energy, and kind of radiation 
incident on the shield is an important 
part of the shielding problem, but us- 
ually this incident radiation is deter- 
mined by considerations which cannot 
easily be influenced. For instance, in 
the case of accelerators this radiation 
is determined by such things as the 
manner of acceleration and the frac- 
tion of the beam that strikes the walls 
of the accelerator during the accelera- 
tion cycle, whereas in the case of 
manned space flight the incident radia- 
tion is determined by such considera- 
tions as the duration of the flight and 
the orbit flown. 

If the incident radiation is assumed 
to be known, the shielding problem is 
to determine the thickness of shield 
that will reduce this radiation to an ac- 
ceptable level-that is, to a level which 
is considered to be not detrimental to 
a mammalian system. In general, it is 
not feasible to solve all shielding prob- 
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lems by experimental means, and thus 
theoretical calculations must be em- 
ployed. Theoretical determination of 
the shield thickness requires a detailed 
treatment of the passage of high-energy 
particles through matter. When a high- 
energy particle passes through matter, 
it can interact with a nucleus in the 
medium and produce a variety of sec- 
ondary particles. Each of these sec- 
ondary particles may, in turn, interact 
with other nuclei to produce additional 
particles. This general process is usual- 

ly referred to as a nucleon-meson cas- 
cade, and such cascades are the major 
subject of this article (1). 

The radiation that is incident on 
an accelerator shield may be composed 
of a variety of particles-protons, neu- 
trons, pi mesons, electrons, and so 
on-depending on the application that 
is being considered. In general, any of 
these particles may give rise to a nu- 
cleon-meson cascade. In the case of 
incident high-energy electrons, an elec- 
tron-photon cascade develops, the cas- 
cade photons give rise to photonu- 
cleons and photopions, and these parti- 
cles produce a nucleon-meson cascade. 
While discussion of an electron-photon 
cascade and photoproduction is beyond 
the scope of this article, this nucleon- 
meson cascade, which is of importance 
in shielding high-energy electron ac- 
celerators, is in principle no different 
from the cascade induced by other in- 
cident particles. 

The radiation in space which must 
be shielded against is composed pri- 
marily of protons and electrons. The 
protons have energies of the order of 
1 Gev (1 Gev- 1000 Mev) and be- 
low, and are capable of producing a 
nucleon-meson cascade. The electrons 
in space, primarily the trapped elec- 
trons in the Van Allen belt, are of 
relatively low energy (less than 10 
Mev). Shielding against such low-ener- 
gy electrons requires physical consid- 
erations different from those discussed 
in this article, and therefore this part 
of the spacecraft shielding problem is 
not considered here. 

Under many circumstances in both 
accelerator and spacecraft shielding, 
the radiation that is incident on the 
shield may be considered to be com- 
posed of protons only, and, for sim- 

plicity, consideration here is restricted 
to this special case. Except for de- 
tails, most of the discussion can equal- 
ly well be applied to more general 
cases. 
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Interactions in Matter 

The development of a nucleon- 
meson cascade is intimately related to 
the elementary interactions between 
the protons, neutrons, and charged 
pions which make up the cascade and 
the atoms of the medium in which the 
cascade is taking place, and thus these 
interactions must be considered before 
the cascade itself can be discussed. 
The term nucleon is used when both 
protons and neutrons are included. 
Charged pions-that is, charged pi 
mesons-are particles which have a 
mass 273 times that of an electron. 
These pions may be charged either 
positively or negatively with a charge 
equal in magnitude to that of an elec- 
tron. There is a third species of pion 
which is uncharged, but, since this 
type of pion is of little significance in 
the cascade, it is not considered here. 

The charged cascade particles, pro- 
tons and pions, interact with both the 
atomic electrons and the atomic nuclei 
of the medium, while the cascade neu- 
trons interact only with the atomic 
nuclei. In interacting with an atomic 
electron, the charged particle loses en- 
ergy and suffers a deflection in its di- 
rection of travel, while the atom be- 
comes either excited or ionized. Be- 
cause of the large mass of the protons 
and pions relative to the mass of an 
electron, these particles lose only a 
small amount of energy and undergo 
only a small change in direction at 
each interaction. Consequently, many 
interactions are required before the 
particle loses a significant amount of 
its energy, and, to a good approxima- 
tion, the loss of energy may be treat- 
ed as a continuous process. Further- 
more, the angular deflections are small 
and random in direction and so, to a 
first approximation, may be assumed 
to cancel one another. Thus, insofar 
as its interactions with atomic elec- 
trons are concerned, a charged cas- 
cade particle may be thought of as 
traveling in a straight line and con- 
tinuously losing energy. 

The energy which a given type of 
particle loses in traveling a unit dis- 
tance in a medium is called the stop- 
ping power of the medium for this 
type of particle. For a given type of 
particle in a given medium, the stop- 
ping power is dependent only on the 
energy of the particle. Over the past 
several years, much work, both experi- 
mental and theoretical, has been done 

on determining the stopping powers of 
many media for the cascade charged 
particles, and these functions are very 
well known today. 

On the basis of the approximation 
that a particle travels in a straight line 
and continuously loses energy, the dis- 
tance that a particle of a given energy 
will go before coming to rest is fixed 
and is called the range. The range of a 
given type of particle in a medium is 
closely related to the stopping power 
and can be obtained from the stop- 
ping power by integration. The range 
of protons and charged pions of vari- 
ous energies in a typical material, 
aluminum, is shown in Table 1 (2). 
Aluminum is a material commonly 
used in spacecraft. Although it is not 
often used in accelerator shields, it has 

roughly the same properties as earth 
and concrete, which are usually used. 
The positively and negatively charged 
pions have the same stopping power 
and the same range in any material. 
One should note that the range in- 
creases as the particle energy increases, 
becoming quite large at the higher 
energies. 

A cascade particle's interaction with 
an atomic nucleus is in general a much 
more complex physical phenomenon 
than its interaction with an atomic elec- 
tron. When a nucleon or pion collides 
with an atomic nucleus, a nuclear re- 
action occurs and various particles are 
emitted. In addition to the neutrons, 
protons, and charged pions that are 
emitted from such a collision, many 
other particles, such as deuterons, alpha 
particles, and photons, may be emitted. 
These other particles are, however, 
emitted at such low energies or in 
such small numbers that they have little 
effect on the nucleon-meson cascade 
and, therefore, are of no interest here. 

The number of the various cascade 
particles that are emitted from a reac- 
tion is dependent on the type and 

energy of the particle that induces the 
reaction and on the type of nucleus 
involved. For example, a 400-Mev 
proton interacting with an aluminum 
nucleus produces, on the average, 2.7 
protons and 1.7 neutrons (3). Pions 
are emitted in appreciable numbers only 
by nucleons with energies somewhat 
higher than 400 Mev. In general, the 
number of particles emitted increases 
as the energy of the particle that in- 
duces the reaction increases. It is the 
fact that a single particle can, by nu- 
clear reaction, give rise to several par- 
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tides that makes the phenomenon of 
a cascade possible. 

In addition to knowing the number 
of particles emitted, it is necessary to 
know the energy and direction of emis- 
sion of each particle in order to de- 
termine the subsequent interactions of 
these particles as they pass through 
matter. Energy is conserved in each re- 
action, and thus the energy of the in- 
cident particle is shared by all the 
emitted particles. This means, of course, 
that the emitted particles will have less 
energy than the particle that induces 
the reaction. As a result of this lower 
energy, the emitted particles produce 
fewer particles when they subsequently 
interact with nuclei, and thus the cas- 
cade particles are prevented from con- 
tinually increasing in number. 

The cascade particles can collide 
with a nucleus at any point along their 
path. The average distance they will 
travel before colliding is called the 
mean free path for collision and, for 
energies greater than a few hundred 
million electron volts, is largely de- 
pendent only on the medium being con- 
sidered. In aluminum this mean free 
path is approximately 40 centimeters. 

At energies of the order of 1 Gev 
and greater, the range of the charged 
cascade particles is larger than their 
collision mean free path, and thus these 
particles will, on the average, interact 
with nuclei before they reach the end 
of their range. At energies of less than 
about 100 Mev the charged cascade 
particles will, on the average, slow down 
and stop before colliding with a nu- 
cleus, so their nuclear reactions be- 
come unimportant. This is not, how- 
ever, the case for neutrons, and their 
interactions with nuclei at the lower 
energies are very important to the 
question of shielding. At very low ener- 
gies (of the order of 10 Mev and less), 
the neutron-nucleus collisions become 
predominantly elastic collisions; that is, 
the neutron no longer induces a nu- 
clear reaction in the nucleus but trans- 
fers some of its energy to the nucleus 
and changes its direction of travel. Thus, 
at these relatively low energies, no par- 
ticles other than the recoiling nucleus 
are emitted but the incident neutron 
emerges. In each collision, the neutron 
transfers only a small fraction of its 
energy to the nucleus, so many col- 
lisions are required before the neutron 
loses essentially all of its energy. Con- 

sequently, as we see in the next section, 
the cascade at very great depths is 
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Table 1. Range of protons and charged 
pions in aluminum. 

Range (cm) 
Energy Positively and 
(Mev) Protons negatively 

charged pions 

26 0.338 1.45 
100 3.69 12.8 
300 24.2 56.8 
500 54.9 102.0 

1000 152.0 213.0 
5000 1053.0 1007.0 

10000 2140.0 1925.0 

composed 
neutrons. 

predominantly of low-energy 

From what has been stated, it should 
be clear that a very large amount of 
information about nuclear reactions is 
needed for studying the nucleon-meson 
cascade which develops when a high- 
energy particle passes through matter. 
Despite the fact that such reactions 
have been studied both theoretically 
and experimentally for many years, the 
complete information that is needed is 
not, in general, available. To a large 
extent the accuracy with which shields, 
particularly accelerator shields, can be 
designed is determined by the available 
information on nuclear reactions. 

There is one additional physical phe- 
nomenon which is significant in shield- 
ing. The charged pions decay into mu 
mesons (or muons) and neutrinos; that 
is, the positively charged pion decays 
into a positively charged muon and a 
neutrino, and the negatively charged 
pion decays into a negatively charged 
muon and a neutrino. Muons are par- 
ticles which have a mass approximately 
207 times that of an electron and may 
be charged either positively or nega- 
tively with a charge whose magnitude 
is the same as that of an electron. 
The neutrino is a particle that has 
neither mass nor charge. The average 
time that a pion exists before decaying, 
called the lifetime, is dependent on 
the pion energy because of relativistic 
effects. In general, the higher the energy 
of the pion, the longer its lifetime, and 
the greater the distance it will travel 
before decaying. Most higher-energy 
pions interact with nuclei instead of 
decaying. Nevertheless, the few very- 
high-energy pions that do decay are of 
significance for some shielding pur- 
poses. 

The neutrino, which is produced 
when a pion decays, interacts very 
weakly with matter and therefore is of 
no interest to us here. It is the proper- 

ties of the muons that make the pion 
decays significant in shielding. Muons, 
because of their charge, interact with 
atomic electrons but hardly at all with 
nuclei. Their interaction with electrons 
may be treated in the same approxi- 
mation that was used for the charged 
cascade particles; that is, a stopping 
power of any medium for muons may 
be obtained, and from this stopping 
power the range may be calculated. 
Furthermore, as with the cascade par- 
ticles, particularly the pions, the range 
increases as the energy of the muons 
increases. The charged cascade par- 
ticles, however, interact with nuclei, so, 
when their range becomes much larger 
than the mean free path for collision, 
they interact with nuclei and in this 
manner are prevented from reaching 
large depths. Since the muons, on the 
other hand, do not interact with nu- 
clei, once they are formed they travel 
(unless they decay) to the end of their 
range, and thus they may reach very 
great depths if they are formed at suf- 
ficiently high energy. The qualification 
in the statement is introduced because 
the muons are unstable and decay 
into electrons or positrons and 
neutrinos. The lifetime of a muon, 
however, is very long, and for most 
shielding purposes this decay may be 
neglected. 

Nucleon-Meson Cascade 

Having considered the various inter- 
actions that neutrons, protons, pions, 
and muons undergo in matter, we can 
now consider the development of the 
nucleon-meson cascade when a high- 
energy-proton beam enters matter. For 
simplicity, it will be assumed that the 
proton beam is very broad-that is, 
that the protons are incident over a 
wide area-so that only the develop- 
ment of the cascade as a function of 
depth in the matter need be considered. 
Considerations similar to those given 
below apply to the case of a very nar- 
row incident beam, but this case is 
more complicated because the lateral 
spread of the cascade, as well as its 
development as a function of depth, 
must be taken into account. 

In discussing the development of the 
cascade and shielding, it is convenient 
to distinguish between primary and 
secondary particles. The term primary 
is used here to denote those incident 
protons which have not undergone nu- 
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clear interaction, while the term sec- 
ondary is used to denote all particles 
that have been produced by nuclear 
interaction. 

If the incident protons are mono- 
energetic, the primary protons at any 
depth are monoenergetic. If the inci- 
dent protons have a spectrum of ener- 
gies, the primary protons have a spec- 
trum of energies that changes as a 
function of depth, because protons of 
different energies undergo different en- 
ergy losses per unit distance. At any 
point along its path a primary proton 
can collide with a nucleus and give 
rise to secondary particles. After emis- 
sion, the secondary cascade particles 
travel through the medium. If they are 
charged, they continually lose energy 
until they collide with a nucleus or 
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I at small depths. Even- when they interact. In fact, many of 

the charged secondary particles are 
produced at such low energies that they 

. come to rest before interacting. The 
- depth at which the number of sec- 

_. ~ _~ ondary particles ceases to increase and 

5.7 cm ------ begins to decrease is dependent on the 
energy of the incident protons, but is 
typically of the order of a few colli- 
sion mean free paths. 

This is illustrated in Fig. 1, where 
the current of all particles-primary 
protons, secondary protons, neutrons, 

FROM ALL charged pions, and muons-with ener- 
i ENERGY gy greater than 80 Mev and the current 
80 .Mev of primary protons are shown as a func- 

tion of depth in a steel shield irradiated 
by protons of 18.3-Gev energy (4). 

_ 

.. 
. =_...These curves were obtained theoretical- 

ly and must be considered to be very 
approximate. The particles of energy 

_ ______~ _ ~less than 80 Mev were not considered 
in the theoretical calculations and are 
therefore not included in the curves 
shown. The particle current in this case 

-_ _ increases very rapidly at the beginning 
..........of the shield and reaches a maximum 

at a depth of approximately 2 col- 
lision mean free paths. At sufficiently 
great depths the current decreases near- 
ly exponentially with distance. The pri- 
mary-proton current becomes negligible 

-- .?- - as compared to the secondary-particle 
xv1" -- -- ~~ ~ current at a depth of less than a colli- 

sion mean free path in the case of the 
- - - _ _ incident protons of relatively high ener- 

gy which are being considered. The 
.._ .... , ~maximum value reached by the particle 

current is, of course, dependent on the 

.. ..... . energy of the incident protons and will 

250 300 350 be smaller than that shown in Fig. 1 
when incident protons of lower energy 
are considered. 

rotons of 18.3-Gev energy The numbers of cascade particles of 
various kinds at a given depth are by 

SCIENCE, VOL. 157 

0*- 
oJ 

E 
o 

I 

cn 

UJ 

t- 

z 
0 

0a 
CL2 

0 

(f 
C) 

0 



no means the same. The continuous 
energy loss of the charged particles has 
a very significant influence on both the 
number and the energy of these par- 
ticles. This is illustrated in Fig. 2, 
where the current per unit energy 
range of secondary neutrons, protons, 
pions, and muons at two depths in a 
steel shield irradiated by protons of 
18.3-Gev energy is shown (4, 5). In 
Fig. 2, the scale at left pertains to 
the solid curves; the scale at right, to 
the dashed curves. The current of posi- 
tively charged pions was added to 
the current of negatively charged pions 
to obtain the curve labeled "pion," 
and the current of positively charged 
muons was added to the current of 
negatively charged muons to obtain the 
curve labeled "muon." The curves 
shown refer specifically to the case of a 
steel shield, but they are representative 
of cascade results in other materials. 
At energies of less than a few hundred 
million electron volts the current per 
unit energy range is considerably larger 
for neutrons than for the charged par- 
ticles. This means that there are many 
more low-energy neutrons than there 
are low-energy protons, pions, and 
muons. The curves shown in Fig. 2 do 
not extend below 80 Mev because the 
low-energy particles were not consid- 
ered in the calculation represented, but 

physically, of course, the currents ex- 
tend to very low energies. The dif- 
ference between the currents per unit 

energy range for neutrons and for 

charged particles becomes even more 
pronounced at energies lower than those 
shown, because the neutron current con- 
tinues to increase as the energy de- 
creases, while the charged-particle 
curves go through a maximum and be- 
gin to decrease with decreasing energy. 
At energies above a few billion elec- 
tron volts the neutron and charged- 
particle curves become roughly com- 
parable because, at these energies, the 

stopping power is small and has only 
a small effect. 

At greater depths the cascade reaches 
a kind of equilibrium in which the ener- 
gy dependence of the current per unit 
energy range for the cascade particles, 
but not for the muons, changes only 
very slowly with depth; that is, each 
of the individual cascade-particle curves 
shown in Fig. 2 has a shape that is 
approximately independent of depth. At 
any given depth the currents per unit 
energy range of the various cascade 
particles have markedly different energy 
dependences, but for a given type of 
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particle this energy dependence is ap- 
proximately independent of depth. It 
should be noted that, in this equi- 
librium region, the currents still de- 
crease with increasing depth, as shown 
in Fig. 1. The equilibrium merely 
means that this decrease is approxi- 
mately independent of the particle 
energy. 

The muon component of the cas- 
cade remains to be considered. Since 
the muons do not produce cascade 
particles by interacting with nuclei, they 
do not, once they are formed, contribute 
to the cascade. They are therefore not 
important to the development of the 
cascade, but in some cases they are 
important to a consideration of shield- 
ing. The muons are formed from the 
decay of the pions throughout the 
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shield. However, since the pions formed 
in the first few mean free paths of the 
medium have, on the average, higher 
energies than those at great depths, 
muons of relatively high energy are 
formed predominantly in these first few 
mean free paths. These high-energy 
muons, because of their large range, 
reach very great depths in the medium 
and tend to be more numerous at great 
depths than the muons that are pro- 
duced at great depths. This is, of course, 
in contrast to the situation for the cas- 
cade particles, which travel only a 
mean free path or so before interacting. 
The fact that the muons are ultimately 
lost only when they come to rest has 
a pronounced effect on the muon cur- 
rent per unit energy range as a function 
of depth. This is illustrated by the 

10-8 

I0-9 

ENERGY (Mev) 

Fig. 2. Secondary-particle current per unit energy range plotted against energy for 
protons of 18.3-Gev energy incident on steel. 
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muon current shown in Fig. 2. Be- 
tween a depth of 126 centimeters (scale 
at left) and a depth of 252 centimeters 
(scale at right) the muon current de- 
creases much less than the cascade- 

particle currents. At a depth of 126 
centimeters there are fewer high-energy 
muons than there are high-energy cas- 
cade particles, but at a depth of 252 
centimeters this is not the case. At the 
greatest depth shown in Figs. 1 and 2, 
the total number of muons is still small 
enough, as compared to the total num- 
ber of neutrons, so that the neutrons 
constitute the major radiation hazard, 
but the current per unit energy range 
is decreasing with depth much more 
rapidly for neutrons than for muons. 
Thus, at sufficiently great depths the 
muons will become important. 

Dose 

Having obtained a measure of the 
secondary-particle currents per unit 
energy range emerging from a shield, 
one needs to obtain from these cur- 
rents a measure of the radiation hazard 
associated with them. A discussion of 
the biological effects of radiation is 
far beyond the scope of this article. 
There is, however, a somewhat standard 
method by which the radiation hazard 
behind a shield is obtained from the 
particle currents; I describe this method 
briefly. 

The physical dose may be defined as 
the energy deposited by charged par- 
ticles per gram of tissue when the 
radiation which emerges from a shield 
impinges on a man. The fundamental 
assumption is that the energy deposited 
by the ionization and excitation of the 
atoms of tissue by charged particles is 
a measure of the damage to the tissue 
caused by the radiation. Tissue is a 
special kind of medium and, in prin- 
ciple, all the interactions discussed in 
the section on interactions in matter 
take place in tissue. Therefore, to ac- 
tually determine the dose which a man 
will receive from the radiation emerg- 
ing from a shield, it is necessary to 
consider the secondary particles pro- 
duced in the man by nuclear inter- 
actions. This is particularly important in 
the case of the neutrons which emerge 
from the shield, because, by definition, 
they contribute to the dose only by pro- 
ducing secondary charged particles. In 
principle, we might talk of the cascade 
which develops in the tissue, but this 
cascade is considerably simplified in the 
present instance because few high- 
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energy particles emerge from the shield 
and because a man is sufficiently thin 
that the cascade does not develop ap- 
preciably. Once measures of the 
charged-particle currents in the man 
have been obtained, the physical dose 
can easily be obtained from a knowl- 
edge of the stopping power of tissue 
for the various charged particles. For 
the real case of a man behind the 
shield of an accelerator or inside a 
spacecraft, there are very significant 
geometric complications. For example, 
the dose, as it has been defined, will 
vary at different points in the body and 
will depend on such things as the orien- 
tation of the body with respect to the 
shield. In practice these geometric com- 
plications are ignored and drastic 
simplifications are used. 

The physical dose is obtainable di- 
rectly from physical consideration and 
does not depend on biological con- 
sideration. A biological dose, which at- 
tempts to take into account the fact 
that some particles are more damaging 
than others, may also be defined. To 
obtain the biological dose, one multiplies 
(i) the energy deposited per gram of 
tissue by each individual particle by 
(ii) a quality factor which is dependent 
on the stopping power of tissue for the 
particle, and then sums the contribu- 
tions of all of the particles. The quality 
factor is a function of the stopping 
power but is not dependent on the type 
of particle; that is, different kinds of 
particles with the same stopping power 
have the same quality factor. The quali- 
ty factor is always greater than unity, 
so the biological dose is numerically 
greater than the physical dose. In gen- 
eral, the quality factor is large for low- 
energy particles and small for high- 
energy particles; consequently, in ob- 
taining the biological dose, the low- 
energy particles are emphasized. If the 
quality factor as a function of stop- 
ping power is known, the biological 
dose may, in principle, be calculated 
from the charged-particle currents in 
the tissue almost as easily as the physi- 
cal dose is calculated. There is, how- 
ever, a very important proviso. As was 

previously pointed out, when a nuclear 
reaction occurs, various low-energy par- 
ticles, alpha particles, recoiling nuclei, 
and so on are emitted. These particles 
have little influence on the cascade and 
were not considered extensively above. 
Also, because of their low energy, they 
do not contribute appreciably to the 
physical dose. They do, however, be- 
cause of the large quality factor as- 
sociated with low-energy particles, con- 

tribute appreciably to the biological 
dose. Thus, considerably more informa- 
tion about nuclear reactions is needed 
to obtain the biological dose than is 
needed to obtain the physical dose. 

Once the dose is calculated, the ade- 
quacy of a shield is determined by com- 
parison of this dose with the maximum 
permissible dose consistent with safety. 
The quality factor as a function of stop- 
ping power and the maximum permis- 
sible dose must be determined from 
biological experiments. These experi- 
ments are very complicated and do not 
by any means yield unambiguous an- 
swers. For accelerator-shield design the 
quality factor and dose limits recom- 
mended by the National Committee on 
Radiation Protection (6) and by the 
International Commission on Radiologi- 
cal Protection (7) are usually used. 
The allowed dose for manned space- 
craft is specified by the National Aero- 
nautics and Space Administration and 
is of necessity different from that for 
accelerators, since the radiation hazard 
must be considered in conjunction with 
the many other hazards of space travel. 

Shielding of Manned Space Vehicles 

and High-Energy Accelerators 

There are two sources of protons in 
space, solar cosmic rays and trapped 
protons in the earth's magnetic field, 
which are sufficiently intense to pose a 
radiation hazard for manned space 
travel. The familiar galactic cosmic 
rays are also present in space, but their 
intensity is sufficiently low that they 
will not constitute a hazard unless very 
long missions, of the order of a year 
or more, are undertaken. 

Solar cosmic rays are energetic pro- 
tons which are emitted when a solar- 
flare event-a disturbance of poorly 
understood origin-takes place on the 
surface of the sun. These particles pre- 
sent the major radiation hazard for 
space travel outside the earth's mag- 
netic field. Solar-flare events are inter- 
mittent, and both the energies and the 
intensities of the protons associated 
with different events vary over wide 
limits. Determination of the radiation 
that will be incident on the spacecraft 
during a particular mission is, there- 
fore, very difficult. 

The protons that are trapped in the 
earth's magnetic field are always pres- 
ent but are localized in space. The 
radiation that is incident on a space- 
craft during a given mission is deter- 
mined by the amount of time the space- 
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craft spends in the magnetic field-or, 
more precisely, by the orbit which is 

flown, since the energies and intensities 
of the protons vary with position in the 

magnetic field. 
From the point of view of shielding, 

the most significant feature of both the 
solar protons and the trapped protons 
is the fact that they have intensities and 

energies requiring, at least for missions 

contemplated in the near future, shield 
thickness of much less than 1 collision 
mean free path-a relatively thin shield. 
This means that the cascade does not 
develop appreciably either in the shield 
or in the man behind the shield, and 
thus is composed predominantly of pri- 
mary particles. A large fraction of the 
dose that a man will receive in a typical 
spacecraft is due to the primary par- 
ticles, and only a small fraction is due 
to the secondary particles. This is 

important because the uncertainty in 
calculating the dose from secondary 
particles is much larger than the un- 
certainty in calculating the dose from 
primary particles. Thus, for the case of 
spacecraft in which weight is a very 
important factor, relatively accurate cal- 
culations can be made. 

In contrast to the shielding of space- 
craft, the incident-particle energies of 
interest in accelerator shielding may 
extend into the multi-billion-electron- 
volt region, depending on the energy of 
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culations can be made. 

In contrast to the shielding of space- 
craft, the incident-particle energies of 
interest in accelerator shielding may 
extend into the multi-billion-electron- 
volt region, depending on the energy of 

the accelerator being considered. In 
general, whether we are dealing with an 
accelerator of modest energy of a few 
hundred million electron volts or with 
one of energy in the multi-billion-elec- 
tron-volt region, the shield thickness 

required is such that the nucleon- 
meson cascade goes through its com- 

plete development and is well into the 

equilibrium region before the end of 
the shield is reached. Consequently, 
adequate design of an accelerator shield 

requires a very extensive treatment of 
the cascade. 

Summary 

The designing of radiation shields for 
manned space vehicles and for high- 
energy accelerators requires a knowl- 

edge of the nucleon-meson cascade 
that develops when a high-energy par- 
ticle enters matter. The accuracy with 
which calculations of the nucleon-meson 
cascade can be made is to a large ex- 
tent determined by the available infor- 
mation on particle production from nu- 
clear reactions. The accuracy with 
which an effective shield can be de- 

signed is also determined by the avail- 
able information on the biological 
effects of radiation. 

In the case of present manned space 
vehicles and those contemplated in the 
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which calculations of the nucleon-meson 
cascade can be made is to a large ex- 
tent determined by the available infor- 
mation on particle production from nu- 
clear reactions. The accuracy with 
which an effective shield can be de- 

signed is also determined by the avail- 
able information on the biological 
effects of radiation. 

In the case of present manned space 
vehicles and those contemplated in the 

near future, the secondary particles 
from nuclear reactions contribute only 
a fraction of the total radiation hazard, 
and relatively accurate design calcula- 
tions for radiation shields can be made. 
In the case of high-energy accelerators, 
the secondary particles from nuclear 
reactions contribute the entire radia- 
tion hazard, and only very approxi- 
mate design calculations for shields are 
at present possible. 
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John Platt (1) and Max Ways (2) re- 
cently have called attention to the ex- 
ponential nature of change endemic in 
the world today. In this paper I raise 
the issue of whether the approach of 
agricultural scientists to research di- 
rected toward most problems of the 
future is consonant with the accelerat- 
ed pace of growth and change. The 

question is: can research remain arith- 
metical and confined to the present 
when all else is geometrical and di- 
rected toward the future? 

The development of hybrid corn by 
geneticists and plant breeders stands as 

perhaps the best-known success story 
attributable to agricultural science, but 
it is generally forgotten that about 40 
years elapsed from the time when the 

cer- first critical papers were published un- 

serves til hybrid corn began to "move" as a 

luses) commercial product. Some say this 
and span was necessary to absorb and inte- 
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