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FOREWORD

TheA}ealization in recent yéars that outer space is traversed by
high-energy radiations has caused man to reevaluate the feasibility of manned
or even instrumented e;ploration outside our atmosphere, Fortunately, it is
possible to determine fhe nature and intensities of these radiations and to
produce similar radiations on earth by means of accelerators. Thus we can
learn how to attemuate them and to design capsules which afford protection
against them, Of course this protection carries a weight penalty so that
there is a premium on optimizing the shield(design. Many gréups in the
United States are engaged in research to this end, and it wasvthe purpose
of this symposium to bring these groups‘together so that they could exchange
information., To make the meeting more comprehensive,  sessions on the nature
of the radiations and their effects on people and things were included, How=~
ever, the major part of the meetihg was devoted to discussions on shielding
research, comprising theoretical calculations and experiments carried out mainly
with high-energy acéelerators. The symposium committee feels that the aims
of the symposium were met and that progress in space research program was
greatly accelerated thereby.
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'THE MISSION OF MAN IN SPACE

Homer E. Newell
Director, Office of Space Sciences
National Aeronautics and Space Administration

Introduction

This meeting on Protection Against Radiation Hazards in Space is a
timely one. It comes at a time when world-wide attention has been drawn
to the subject by the striking effects of artificial radiation belts on
some unmanned satellites. It takes place against a background of grow-
ing programs and far-reaching plans for scientific research, practical
applications, and manned flight and exploration in space.

The first years of the Space Age have demonstrated clearly that un-
manned spacecraft can play a significant role in man's quest for knowl-
edge and human advancement. On the scientific side, Explorers, Pioneers,
Meriner, Ranger, Sputniks, and Luniks have already yielded a wealth of
knowledge, answering many important scientific questions. The future
is bright for these electromechanical extensions of man's presence be~
yond the earth, especially when increased payload capacity permits.us to
launch Surveyors to the moon and Voyagers to the planets. '

TIROS, Telstar, and Transit have shown how effective unmanned satel-
lites can be in weather surveillance, for long range commnications, and
as navigational aids. The outstanding success of the TIROS research
satellite gives full assurance that the Nimbus and Aeros operational
satellites to come will advance weather surveillance, forecasting, and
research far beyond their previous status. Telstar, a private venture
of AT&T, speaks for itself, and it, too, presages a bright future for
the application of satellite technology to human advancement.

All these, and other examples of the effectiveness and usefulness
of unmanned satellites and deep space probes, testify to their worth.
It follows as a corollary that the matter of providing these inanimate
servants of mankind with protection against radiation hazards of the
space in which they must operate is worthy of careful attention. Protec-

‘tion, through shielding, overdesign (or perhaps under the circumstances

one should say "adequate design"), modified demands on ccomponents or
systems, substitution of suitable components for unsuitable ones, or avoid-
ance of hazardous regions or times, must be worked out in theory and in
practice to make most effective use of the space opportunities that lie
before us. And this is a part of the subject of the present meeting.
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" But what about protection for man, himself? If he would just stay
at hame on earth where some people think he belongs, the problem would
be solved. You recall the o0ld chestnut about the man with the broken
leg. His pal, rushing into the doctor's office, in his excitement could
hardly tell the doctor what the trouble was. Finally, breathlessly, he
managed to get out with, "Doctor, what do you do about a man who has
broken his leg in two places?” To which the doctor replies, "Tell him to

[Ri]

stay out of those places!

Well, the easiest way to protect a man from the radiations in space
is to keep him out - of space. And, indeed, there are many who insist that
that would be the best all-arocund course of action. They say that we
don't need man in space; that everything we wish to accomplish out there
can be done with unmanned vehicles and equipments; and that in fact it
would be cheaper to do it without man..

I don't agree. No matter how you design and build, you won't be
able to put man's discernment, judgment, versatility, and adaptability
in space except by putting the man himself there. The more camplex the.
mission, and the farther from the earth it must be carried out, the
greater will be the need for that human versatility and insight and
adaptability. At some point in complexity and distance from the earth,
it will actually become cheaper to use the man than to build the mechan-
ical substitute. Some, who have studied the matter, assert that the
switchover occurs between the moon and the nearest planet.

At any rate, this is no longer an open question. Man has already
gone out into space. He is going to go out again, and then again. This
nation is committed in dead seriocusness to placing a man on the moon in
the present decade, and thousands of people are tackling this most diffi-
cult of all mankind's ventures with a determination to bring it about.

It is quite to the point, therefore, to ask what will he do out
there? What is there for him to do in space anyway? With your per-
mission I should like to explore with you now, this very question, and
to review the lengthy list of reasons why man should go out into space,
thereby requiring the protection that you are gathered here to discuss.

Scientific Exploration

First a few general statements. It is clear that the very first
thing that man will do in space, on the moon, and on the planets, will
be to explore. Whether systematized or not, whether planned or inci-
dental, every look he takes, every glance will be exploration. And if
he is an accurate observer, all of it will be science. BFach bit of
information, each observation, each new phenomenon or object noted, will
be listened to and seized upon avidly by the scientific commnity.
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Following this initial scientific exploration, based on the first-look
results, specific investigations will be designed and carried out.
Later, although right now many, indeed most, of them cannot be foreseen,
there will be many practical applications, both civilian and military,
of the new space knowledge and technology, and of the human ability to
move about in space.

Man in Orbit

Man in orbit acquires a perspective in which to view the earth that

.cannot be achieved on the ground or from the lower atmosphere. Already

small beginnings have been made by the Mercury pilots in the area of
scientific observations from orbit. In these early days when the prin-
cipal concern is with the struggle to fly at all in space and return
safely, the scientific exploration necessarily received little attentionm.
But as confidence and ability develops, the man in an earth-orbiting
satellite will be able to devote more and more attention to such matters
as observations of weather patterns, the airglow, the aurora, the zodiacal
light, the Gegenschein, the sun's corona, and other astronamical objects.

At some time in the development of the space program, it will be
important to send aloft scientists to do their own cbserving. It is
important, therefore, that the scientific community begin to give care-
ful thought not only to the scientific tasks to be done in orbit, but
also to how they are to be done, and by whom. If scientists themselves
are to go into orbit to do science there in person, these scientists
must receive appropriate training for survival, for performance of their
duties as members of the spacecraft crew, as well as in how to carry out
their scientific investigations under the unusual conditions of space
and space flight. At some appropriate time such scientists must be intro-
duced into the NASA astronaut training program. '

Actually more thought seems to have gone into the research that a
men might do in person on the moon, than in a satellite orbiting-about
the earth. This is due in part to President Kennedy's commitment of the

nation to the landing of & man on the moon within the present decade.

It is due also in part to the fact that the moon is clearly an explor-
able body in the same sense as the earth is. One can easily see in the
mind's eye men walking around, looking, poking here and there in search
of interesting and important finds, picking up specimens for later study
in the laboratory, taking pictures, making field tests, drilling holes,
implanting instruments and automatic observing stations, and in general
doing the many things that an exploration geophysicist might do on earth.
It is also due in part to the fact that meny of the guesticns of current
scientific interest concerning the earth, its atmosphere, the sun, and
astronomical problems are already being attacked with vigor and promise
by means of unmanned satellites and probes.

But there are enough valusble scientific observations for a scien-
tist in orbit to make, that are already apparent, that it behooves the
sceintific cammnity to pursue the subject further with vigor. We have
mentioned a little earlier same of the geophysical and astronomical




observations that a man in a satellite might make. In addition, man é'j B
himself, in orbit, is an important subject of scientific study. Indeed, N

when large orbiting laboratories can be put into operation there will be
opportunity to conduct, under the same conditions of careful control and
with same close personal attention that one gives in the laboratory on
the ground, biological experiments on the effects of weightlessness,
radiation; new periodicities, and other conditions strange to terrestrial
life. In such a laboratory, fundamental and applied research, and per-
haps even some of the development, of closed ecologzcal systems can be
carried out under the very conditions under which they will be required
to operate. For example, those systems to be used on manned planetary
missions, will have to operate for years without failure. In an orbiting
laboratory such a system could be given a life test that would be fully
meaningful and in which one could place some confidence.

When man has learned to move about freely in space, especially when
he is able to move arocund ocutside the spacecraft or space station that
serves as his home base in space, there will be many activities that he
can pursue. One of these will be engineering and construction in space.
At the present time, space engineering is carried out on the ground. The
engineered object, if it is a space vehicle or a spacecraft, is placed in
orbit after the engineering has been accomplished. In this approach, man
stays on the ground, and sends his engineered object out into space.
Much has been accomplished by this approach, in the form of scientific
satellites and space probes, weather satellites, commnications satel-
lites, navigation satellites, and military applications of space tech-
nology, and even manned satellltes.

But one day man will do some of his engineering and building right
out in space. A lot of this activity may perhaps be more properly re-
ferred to as construction and maintenance, but the novelty of the problems
and the environment to be faced will be such that for a long time to come
the constructors and the maintainers will actually have to be engineers
in the true sense of the word.

One can foresee the need to assemble in space large laboratories,
huge antenna systems, stations to serve as staging areas for interplane-
tary flight, and even space vehicles for making fllghts to the planets
and into deep space.

It may be necessary to form the reflecting surfaces for astronomical
telescopes under the conditions of weightlessness under which they are to
~Operate so as to eliminate distortions that would be introduced by form-
ing them on the ground under 1 g and then launching them into orbit.

Considering the tremendous expense that one must anticipate for the
construction of huge observatories and laboratories of the future, it
may well prove to be far cheaper to provide human maintenance and repair,
than to rebuild and launch a new satellite every time an old one has
ceased to function. In fact, in many cases it may not be just a matter
of maintenance and repair. By replacement of instruments in an orbiting
observatory it may be possible to update at relatively low cost a basi-
cally expensive facility.



This newly developed ability to engineer, inspect, build, maintain,
renovate, and carry out complex logistics operations in space, will also
have military value. In the matter of military applications of space,
informed thought appears to have gone full circle. At first, years ago,
although opinions varied, the general thought was that space provided an
overwhelming military potential, and that he who dominated space would
dominate the world. This was followed by a reaction periocd, during which
the general thought swung to the opinion that perhaps there was very
little of military value in space. At the present time, there are few
who would deny that space does offer possibilities for many important
military applications. I would venture to predict that in time engineer-
ing in space will form an important segment of the sum total of manned
operations in space for military purposes.

Man on the Moon

One of the most important reasons for placing a man on the moon 1is
to carry out a scientific investigation of that body. The moon is of
especial interest to the scientist for a number of reasouns.

We know that the solar system was formed about 4.5 billion years
ago, but we do not know how it was formed, and this problem has been
the subject of much speculation and thought for centuries. The investi-
gation of the origin of the solar system is a project of the greatest
scientific interest,one to which the exploration of the moon can con-
tribute significantly.

The moon will play a special role in this investigation because it
is a body whose surface has preserved the record of its history for a
much longer period than the earth, and probably much longer than Mars
and Venus as well. On the earth, the atmosphere and the oceans wear
away surface features in 10 to 50 million years. Mountain-building
activity turns over large areas of the surface in about the same time.
There is little left on the surface of the earth of the features that
existed several hundred million years ago. The same is probably true
of Mars and Venus. But on the moon there exist no oceans and very little
atmosphere to destroy the surface. Also, inspection of the moon's sur-
face in a telescope shows few signs of the mountain-building activity
which distorts and defaces the surface of the earth so rapidly.

Thus the moon's surface will carry us back very far into the early
history of the solar system, perhaps not back to the birth of the sun
and planets, but certainly billions of years back --- much longer than
the 10 tc 20 million yesars U0 which we are limited on the earth.

Not -only the lunar surface, but also the internal structure of the
moon may provide a clue to the early history of the solar system and
the birth of the planets.
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One of the theories for the creation of the planets, popular
until recent times, held that the solar system was created during a
near collision between our sun and another star, in which the gravi-
tational forces between these two massive bodies tore huge streams of
flaming gas out of each. As the intruding star receded, the masses of
gas which happened to be near the sun were captured by it into orbits
in which they eventually cooled and solidified to form the planets.

If such a collision was the manner of formation of the solar system,
then the moon and planets must have been molten at an earlier stage in
their histories. 1In that event, the iron in their interiors would melt
and run to the center to form a dense core.

Another theory holds that the planets were formed out of pockets
of condensation in the du t surrounding our sun during the early stages
of its lifetime. We know that stars themselves are almost certainly
formed in this way, by condensation of pockets of interstellar gas and
dust which happened to be somewhat denser than their surroundings. It
seems likely that additional subcondensations could have developed in
the tenuous matter surrounding the sun before the central condensation
had proceeded to its final stages; and that the moon and planets were
eventually formed from these subcondensations.

Large bodies like the earth have enough radioactive uranium inside
‘them to produce melting of iron simply through the heat generated in
nuclear decays. Therefore, the existence of a dense core of iron in the
interior of the earth does not prove the validity of the collision theory,
or disprove the theory of condensation. However, the moon is smaller and

colder, and will provide a much better indication than the earth, as to which

of the two theories on the origin of the solar system is correct.

The necessary observations and measurements obviously cannot all
be made just by man's standing on the moon and locking around. But a
giant step will have been taken when the first scientist on the moon
does look around and begins to-zero in on the most likely answers, and
more importantly, can determine the most promising courses to follow for
obtaining the answers. Before that time some data will have been obtained
by means of unmanned spacecrafit, Rangers and Surveyors, but the full power
of the lunar science effort will not be brought to bear until man and
instrument together tackle the problems to be solved.

This subject was discussed at length at the Space Science Summer
Study conducted at the State University of Iowa, under NASA sponsorship,
this past summer. Most of the participants felt that the first scientist-
astronaut to be landed on the moon should be a geologist. His first job
should be to look -- and think. There was considerable discussion about
the qualifications of this first scientist on the moon. The thought was
brought out that this man should be a top notch, first rate scientist.

As an illustration, it was pointed out that it took a Darwin to make the
voyage of the Beagle the historic success that it was. If one wants to be
quantitative about it, one might say that the difference between sending
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a run-of-the-mill scientist, or a non-scientist given special supplemen-
tary training in science, to the moon to look around, and sending a
Darwin there is a matter of many many orders of magnitude in what returns
are realized from the venture. Of course, the problem is to find a
Tarwin who can also become an astronaut, and is willing to.

The question of how man will do science on the moon is one that is
worthy of much thought. One approach is that already mentioned, namely,
to send scientists to the moon. Another is to train the astronauts to look
for anticipated objects and phenomena and to try to be alert to the un-
anticipated ones and report them accurately. Still a third might be to
have an astronaut-scientist team in which the astronaut on the moon is
linked with the scientist on the earth by means of radio and television.
In two-way conversation, the astronaut receives guidance from the scien-
tist who sees through the television what the astronaut sees. By question-
ing the astronaut, the scientist can get additional details from the man
on the moon about objects that appear to be of special significance.

At any rate, the scientific observer on the moon will have plenty
to keep him busy. As mentioned, the first thing he should do is look and
think. He should examine the surface, note the various geologic forma-
tions, select appropriate samples to bring back to earth, and take pic-
tures. Eventually, although very likely not on the first trip, he should
conduct measurements of surface properties, radiocactivity, temperature and
heat flow, seismic activity, etc., bringing with him the necessary in-
struments to accomplish these tasks. At some time, he will begin to use
the moon as a base for a variety of observations, scme of them not nec-
essarily of the moon itself. GStudies of the librations of the moon can
give a great deal of information about the internal construction of the
moon, but other astronomical investigations may well concern the sun and
stars. For example, the other side of the moon has been pointed to as
ideal for setting up a radio astronomy observatory. Also there may be
great value in observations of the earth, particularly atmospheric.
phenomena, from the moon.

At first this observing from the moon as a base may well be done
with automatic or semi-automatic equipment emplaced on the moon by the
men who go there, supplementing other such cbservatories that were
landed on the moon by unmanned spacecraft. Eventually, however, manned
bases, including scientific observatories, will probably be established.

We have already said that the first scientist to land on the moon
should probably be a geologist. Because of the construction work that
will in time take place on the moon, it is also desirable that among
the early lunar explorers there be a civil engineer. His Job also will
be to look and think, and collect data for the day when construction
of supply depots, radiation shelters, roads, landing areas, large bhases,

"and observatories will take place.

M ready it is certain that when man does do engineering and building
on the moon, he will do it under conditions far different fram those en-
countered on the earth. The gravity will be only one-sixth of that met
with on earth while the lack of an atmosphere, bombardment by meteoritic
particles, the constant presence of the interplanetary radiations, the
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tremendous range of temperatures, the possible presence of dust that
may be more than just a nuisance, unusual conditions of electrostatic
charging, etc., will confront him with problems that will tax his in-
genuity and skill to the utmost.

When manned lunar bases or observatories go into operation, it will
be necessary to have worked out a plan for maintaining the supply lines
to them. The required logistics and operatidnal support to the endeavor
will make an Antartic expedition look like a grade school exercise in
comparison.

All of this will require, of course, that an adequate scheme for
‘protecting the men involved from the radiations of space will have’beenv.
worked out, and put into use.

Man Around the Moon

Doubtless man will circumnavigate the moon, even go into orbit
around it, before making & landing. At any rate, this is the present
U. S. plan. During such maneuvers, prior to landing, man can make pre-
liminary observations. Such observations will be needed to support the
ultimate landing on the lunar surface, particularly those that reveal
the character of the surface and permit one to select suitable landing
sites. They will also be of scientific value. Of especial importance
will be pictures that can be taken from the circumnavigating or orbiting
spacecraft. ’

After man has landed and established a base on the moon, & lunar
orbiting space station carrying one or more human observers can be used
in conjunction with the observatory on the ground for further scientific
exploration of the moon. For some time to come, the lunar satellite ap-
proach may be easier than lunar surface transportation for a global sur-
wey of the moon. : :

Interplaﬁetary Spaée

On the way to the moon or the planets, man must traverse the space
between earth and them. Although much of the investigation of these
regions will doubtless best be done by intrumented space probes, never-

theless man will again have the opportunity to look about and search for

the unexpected. Most of his cobservational opportunities will be astronom-
ical in character. The zodiacal light, the Gegenschein, the sun's corona,
the atmospheres of the planets, new views of the bodies of the solar system,
can come under new scrutiny. In addition, man can continue observations

on himself, under conditions of isolation not producible in any other
fashion.
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Man on the Planets

The investigation of the moon and planets by satellites, deep space
probes, and manned exploration, serves to broaden the horizons of the
geophysicst tremendously. A little thought will show that the techniques
and experience that must be called upon in investigating these bodies
must be those of the geophysicist. Moreover, as one goes forward with
these lunar and planetary investigations, the student of the earth should
find the broadened perspective provided by increased knowledge about the
moon and planets a powerful lever to use in prying loose some of the
secrets of the earth itself. Indeed, it is in recognition of these facts
that the American Geophysical Union just recently voted to establish a
new Section on Planetary Science.

The experience gained in manned exploration of the moon will no
doubt serve as a basis for beginning the manned exploration of the planets.
There will be many similarities, and many differences. Among the latter
are the considerably greater distances that must be traversed, the longer
times that man must spend out in the lonely voids of space, and the ex-
istence of atmospheres on the. planets.

The ability to send measuring instruments to the moon and planets,
and eventually to visit them in person, permits man to study directly more
than one sample of the material of which the universe is composed, and
more than one sample of the bodies of the universe. It is possible that
the scientist may also have the opportunity to study more than one sample
of physical life in the universe.

Certainly one of the most exciting possibilities in space explora-

tion is that indigenocus life may be found there. The most likely candi-

date, as you know, is Mars, where balloon observations in the infrared
have detected emissions characteristic of the carbon-hydrogen bond. While
this does not prove the existence of life on Mars, it is most certainly -
highly provocative. For this reason, preparations are going forward with
various types of instruments to search for living forms on the Red Planet.
These will be carried in fly-bys and landers as soon as we are able to
provide the necessary transportation.

A1l the data available at present would indicate that there is little -
likelihood of life on Venus. Various radiocastronomical observations of
the planet indicate that the surface temperatures are in the viecinity of
6009K., well over the boiling point of water. These temperatures are in
themselves discouraging enough, but when taken in conjunction with proba-
bly very high pressures existing on Venus (exceeding 20 atmospheres at
the surface) it seems most likely that the entire planetary surface is
bathed in a searing atmosphere, and that there is no chance of life
there. The biologists insist, however, that there mey yet be life on
Venus, existing in the cooler upper atmosphere. Balloon samplings are
being made of the.earth's upper atmosphere to search for organisms that
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might be living there. Results from these investigations may shed addi-
tional light on how much of a point the biologists have in connection
with Venus.

It does not appear likely that there are living forms on the surface
of the moon, because of the lack of an atmosphere, the lack of any ob-
servable water, and the extreme temperature ranges to which the lunar
surface is subjected. .Some believe, however, that there might be living
forms existing at some distance below the hostile lunar surface. But
even if there are no living forms on the moon, other biologists point
out that the moon is still of interest in that it may carry the residue
of previously living forms or possibly material that is in the nature of
precursors to life. Controversy rages on this issue, with some scientists
categorizing this reasoning on the part of the biologists as absolute non-
sense. But the biologists can counter with the observation that if they
should be right, walking all over the moon with dirty feet, or plastering
it with dirty material, can destroy a once-in-forever opportunity to make
exobiological studies that may have great bearing on our understanding
of terrestrial life.

At any rate it seems clear that we must be careful about what we
do in the case of Mars. A suggestion was made at the SUI Space Science
Summer Study that Mars be made an ecological preserve, where steps are
taken to protect the planet from undesirable contamination. According
to the suggestion, Mars would be investigated in such a msnner as to
protect the interests and needs of the biologists who wish to search
for and study any living forms or traces of life that might exist there.
This proposal also included the suggestion that, although Venus and the
moon not be considered as ecological preserves, care be taken to minimize
their contamination.

Of course, if Mars is to be maintained as an ecological preserve,
this can be done only by international cooperation, specifically, at
the present time between the U. S. and the U.S.S.R.

One might mention in passing, that those who are concerned about
possible contamination of our neighbors in space through the introduction
of terrestrial organisms, also point to the possible danger of back con-
tamination of the earth by the introduction of extraterrestrial organisms.
Careful thought must be given to thlis problem, and in due time appropriate
steps taken to remove any risks that are judged unacceptable.

When man reaches out toward the planets, who can say where it will
all end? Your imaginations can explore this guestion as well as mine.
Manned bases, observatories, landings on the satellites of planets, such
as those of Jupiter or Saturn, artificial orbiting observatories about
the different planets, and many other such things are in the realm of
possibilities that the far distant future holds out to man. One even
hears mention of the possibility of modifying the atmosphere of Mars to
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make it less hostile or even almost habitable. This might be accomplished
by the introduction of suitable biological agents to the planet, after
the initial search for and investigations of indigenous life have been
made.

But these speculations can serve us no real good here except to
indicate that the field of space is wide open as far into the future as
we can now see, and that the path to the planets leads farther than man
can peer from his present position on the earth, at this point in time.

Conclusion

I am sure that I haven't made any startling revelations to you,
or carried our subject any further in thought than you could have
done, or perhaps have already done. But, hopefully, this little review
of the things that man can look forward to doing in space, will serve the
good purpose of showing clearly that it is indeed desirable to find ways
of protecting man against the radiation hazards of space, so that he may
go out into space in pursuit of his destiny.

xvii




Paper A-1
Brief Note on the Radlation
Belts of the Earth

by

J. A, Van Allen
State University of Iowa

There are many different aspects to the radiatiom belts of
the earth which may engage cme's interest. This note 1s intended
to present 'a brief graphicel summary of one of these aspects,
namely, the positicual dependence of the absalute intensity of
several selected canpcnents of the trapped particle p@atim.

One of the earliest findings wa.s that there are two distinct
"belts" of trapped particles in the geamagnetic field -- an inner
belt whose outer boundary is agpmdmteu the "magnetic shell”
which crosses the equaiar at 1.0 earth radii from the center of the
earth; and an outer belt which lies between this shell and one which
crosses the equator at appraximately 12 earth radil /Van Allen and

Frank, 1959a/. The properties of the radiation in the respective




belts were found to be guite differemt /Ven Allen and Prank, 19598/
[Yen Alen, Iudwig, and McIlwain, 1959/ . |

In subsequent work of a more camprehensive nature, using a
variety of instruments cerried by satellites, rockets, and space
probes, it has became clear that the structure of the trepping region
is quite complex and in fa.ct' that there are as many different structure
functions as they are camponents of the trapped radiation to be
considered, The concept of a two-belt structure has persisted,
though it has now assumed & rether different significance than the
original cne, The distinctive general ch#racteriatic 01’ the inner
belt is now regarded as its relative time-stability whereas the
distinctive general characteristic of the outer belt is its large
and rapid time-variebility. (Orders of magnitude change in intensity
of selected compoments within times of the order of days and even of
hours.) The magnetic shell which crosses the equator at 1.8 earth
radii continues to represent the approximate interface between inner
and outer zones. Despite the great time varisbility of.particle -
populations and energy spectra in the ocuter zone, there has been
observed during the past four years a remarkable tendency for it
to relax back to a.more or less standard state during prolonged
reriods of gecmagnetically quiet conditions. The accampanying
ffé&es represent an effart to depict four sample structure functims
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vhich are moderately well known and which give an abridged view of
present knowledge. Each of these fiéures i1s a geamagnetic-meridian
cross-section of the earth and of its near-astronamical enviromment.
The semicircle at the left is the cross~section of the solid earth
and the linear scale is in units of earth radii (6371 km). The

contours are labeled by the value of amnidirectional intensity of

" the camponent specified in the caption. The distribution of

particles in three dimensions is understood to be obtained by the
rotation of the structure function shown sbout the vertical axis.
Figure 1 is considered to have a good level of reliabllity.
It 1s based primarily on data fram Explorer IV and fram Pioneers III
and IV (see references cited sbove). The amidirectional intensity
of protons having E > 30 MeV has its peak value at 1.4 earth radii
on the equator and is about 3 x 101‘/ cm® sec ; beyond 2 earth radii
1t is less than 10/cr® sec and may be much less than this beyend
4 earth radii. |
Figure 2 1s based in large part on the data fram Ploneers III
and IV (cited above), from Explorer VI /Arnoldy, Hoffman, and Winckler,
1960/ [Fan, Meyer, and Simpson, 1961/ /Rosen and Farley, 1961/, and

- fran Explorer XII [O'Brien, Van Allen, laughlin, end Frank, 19€2/.

Values as high as 10° to 106/cm2 sec are sometimes found in the
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vicinity of L4 earth redii. On other occations, the intensity of
- electrons of E > 1.6 MeV drops below the plotted values by as much
as two orders of magnitude, The values shown in Figuré 2 are i;nteﬁded
%o be representative of quiet conditions. The maximum intensity
near 3.5 earth radii under such conditicms is of the order of
105/ en sec. A comprehensive survey is currently underway with
Boplorer XIV /[Yan Allen and Frank, 19657, whose apogee is at
16.4 earth redii and whose perigee is st an altitude of about 40O Jm.

' The structure function of Figure 3 for protons of energy
0.1 < E < 5 MeV is an attempt on the part of the present author
to represent the observations of Bame, Comner, Hill, and Holly /19617,
Feugle and Kniffen /I96/, and most importantly those of Davis
and Williemson [I962/, the latter with Explarer XII. Further exten-
sive surveys are currently underway with Explorer XIV and Explorer XV. -

Figure 4 synthesizes low altitude observations with Injun I

/[O'Brien, laughlin, Van Allen, and Frank, 19657 and extensive
observations with Explorer XII in a highly eccentric or‘bit [O'Brien,
Van Ailen, Iaughlin, and Frank, 19@ [Bosser, O'Brien, Van Allen,
Frank, and Laughlin, 1962/. Again there are marked time variations.
Current observations with Explarer XIV are canfiming the general

character of Figure L and are contributing definitive new knowledge
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on the amnidirecticnal intensity of electrmns having E > 40 kev
as well as those having E > 250 keV and those having E > 1.6 MeV
[Van Allen and Frank, 1962/.

For an earlier review of s more camprehensive character, the
reader is referred to & paper in the Proceedings of the Internatiomal

Astronamical Union /Van Allen, 1962/
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Paper A-2

An Bvaluation of the Radiation
Hazard Due to Solar Cosmic Rays

by
W, R, Webber and P, S, Freiers*

Introduction , _
Klthough the characteristics of the galactic cosmic radiation have been

recogniied and investigated in detail for many years, the ability of the sun
to produce large bursts of energetic particles was discovered only in 1946
(Reference 1) and the arrival of this solar cosmic radiation at the earth

has been studied in detail only since 1956, In the ten years preceding the
solar cosmic ray event of February 23, 1956, there were only four cases of

an increase of cosmic ray intensity at the éarth (as measured at ground-level
by ionization-type detectors) that could be related to solar activity, There-
fore thé. ;.dea became widespread that these events were quite rare,

The introduction of the neutron monitor in 1949 (Reference 2) somewhat
improved the sensitivity of the ground-level measurements; but the real breake
through came recently with particle counters and emulsions flowm in balloons,
satellites, and si)ace probes, In addition, it has been found that the soiar
particle bursts may be detected indirectly through their effects on the absorp-
tion of VHF cosmic noise in the ionospheric D-layer over the polar caps - |
called polar cap absorption (PCA),

From the studies of solar particle bursts over the last few years by this
wide variety of techniques, a reasonably complete picture of these events is
beginning to emerge (Reference 3), The cosmic ray particles ejected from the

sun are known to be primarily protons with typically steep energy spectra and

*University of Minnesota



in energy '
ranging/from less than 10 Mev to a few Bev, Such cosmic ray particles may

be present near the earth in detectable numbers a significant fraction of .
the time (5 - 10 percent), exceeding the normal galactic cosmic ray intensity

for a much smaller period of time (~ 1 percent) and occasionally for intervals

of one or two daysd reaching intens:!.ties many thousands of times greater than

the galactic cosmic ray intensity,

The intensity-time, directional, spectral, and charge characterisfics
of the solar cosmic rays differ considerably from event to event., For example,
some events may contain a relatively large fraction of high-energy particles,
thus producing a rare effect in a sea-level de;tector; but, on the other hand
contain few low energy particles, thus giving a small integrated particle
intensity., The latter characteristic causes the event to be classified as
a relativel& small one, Other important dissimilarities exist from event
to event, and for this reason we shall catalog some of the more important
onesindividually, However, we may define certain general characteristics =

cormon to all events - which may aid in understanding these events,

[

The Intensity-Time Profile

A typical event will have a set of intensity-time profiles, one for each
energy, such as those shown in Figure 1 . Certain times ch:;\racterize each
profile: -

1, The onset-delay time is defined as the time from the maximm of the
visual flare intensity to the arrival of the first particles at the earth.
This time is variable from event to event and is strongly energy-dependent,
the higher energies arriving first, Onset-delay times may vary from a few
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arrival of particles of energies that are
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minutes for high energy particles in some events to many hours fof low energy
particles in other events,

2, The rise time is defined as the time interval from the first arrival
at the earth of particles of a particular energy to the time at which maximum
intensity of these particles is attained, This time also varies from event
to event and is strongly energy-dependent, the higher enerzles reaching maxi-
mum intensity first, These times are usually related to the onset times
in a particular event, and may range from a few minutes for high energy
particles in some events to many hours for low energy particles in other
events,

3. A growing body of evidence indicates that the decay of the intensity
of the particles above a particul_ar energy is exponential at most times and
over a wide range of energles (Reference 3), Thus we may define a characteris-
tic decay time t, and write the following equation for the intensity of flare
particles with enérgies greater than some energy E at some time t after the
maximm intensity I,  (E) attained:

I =T, (E) o-t/tp,
The time tD itself is a function of 'en-ery being smaller for higher energies
and is variable from event to event, It may be changed during the course

by
‘of an event /the arrival at the earth of a changed interplanetary field con-

figuration, such as might be evidenced by a magnetic storm or other magnetic
activity, The decay time may range from 3-4 hours for high energy particles
in some events to 2.3 days for low energy particles in other events,

Anisotropies in the Flare Particles
For the most part the solar flare particles arrive at the earth very
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nearly isotropically (within.} 5-10 percent) and the aforementicned intenstty-
time characteristics refer to this isotropic radiation, Frequently, however,
significant anisotropies exist in the dipection of arrival of solar flare
particles in the earth's vicinity, In particular, rthe particles appear to
~arrive from a highly preferred and fairly narrow direction in space, Such
‘directional radiation is usually of short duration compared to the isotropic
‘part; however, umisually high intensities may occur in the preferred direction
for periods of a few minutés. It is also éossible to define onsetdelay, rise,
and decay times for this directional radiation,

~ The Energy Spectrum of the Flare Particles

It is obvious from the foregoing discussion on the inténsity-timé charac-
teristics of the flare particles and from the energy-depsndence of each of
the parameters iﬁvglved that there 'is no unique energy spectrum for any one
event, The spectrum measured in a single event will depend ﬁpon the spac-
ific time in the event at which the measurements are made, The problem of
determining a useful and meaningful represenﬁatiqn of the solar flare particle
"spectrum has been one of the most difficult connected with the study of the
flare particles, Usually the differential number spectrum of the flare particles

has been expressed either as a power law energy spectrum eg %El = ?1.1 or
as a power law rigidity spectrum eg dJ _ K2 (the rigidity of a particle

dP ~
ZP = iﬂe ‘where p is the particle momentumpt:ZC the velocity of 1light, e the
unit charge, and Z the charge number of the particle), When either of these
representations is used n; (or n,) is a function of both energy (or rigidity)
and time (eg n, or n, is usually smaller for lower energies or rigidities

causing a bending over of the spectrum - also n, or n, increase with time after
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the onset of an event thus resulting in a steepening of the particle spectrum
with time),

Because the energy or rigidity interval viewed in any one measurement is
usually quite narrow, it is possible to represent reasonably well the number
spectrum of solar flare particles as a power law energy or rigidity spectrum
wlth a constant n overithe interval of measurement, This does not prové
to be a useful representation over the entire range of rigidities involved.
in the solar outburst, however,

After a careful examination of the data from a large number of events

which were difficult to interpret if the solar particle spectrum were considered

to be pouer laws in either energy or rigidity we have reached the conclusion
that a one parameter system best defines the spectra of the solar flare par-
ticles (Reference 4), This one parameter system is an exponential rigidity

spectrum of the form %% = (%%)o e'P/P°(t). Po(t) is a characteristic rigid-

ity which in a single event is a function of time only - decreasing as the

event progresses, Its value and time dependence may vary from event to event,

however, - Such spect?a apply to all rigidities providing the time is a fiw
times the normal delay time for particles of a particular energy arriving
from the sun,

The above conclusion is reached only after a considerable modifigation
of our interpretation of solar particle spectra from measurements made during
balloon ascents and particularly aftér a considerable reinterpretation of the
measurements, The grounds for these modifications are discussed in detail
in referencé b,

With such spectra it is not necessary to "artificially" bend over the

power law spectra at lower energies - the effect of an exponential spectrum
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is the same as a "bent over” power law, A comparison of the time development
of a typical solar cosmic ray spectrum during an event using the two repre-
séntatipns is shown in Figure 2, Typical initial values of the "characteristic"
rigidity may range from ~;300 MV in events with very flat spectra containing
many high energy particles to ~ 50 MV in events with very steep spectra con-

taining many low energy particles and producing strong radiowave absorption,

Charge Composition of the Flare Particles

The particles emitted in a solar flare burst are predominantly protons, but
in e#ch event, to a greater or lesser degree, particles heavier than pfotons
appear to be present - predominantly alpha particles but including nuclei in
the CNO group at least (references S and 6). To date these heavier particles
have actually been observed during six solar cosmic ray eventé, by only one
or two spot measurements during each event, In addition these measurements
may represent intensity integrals of solar particles éver several hours,

It is useful, however, to define a characteristic ratio of the protons to the
heavier nuclei present in a particular event eg P/a = proton-alpha particle
ratio, This characteristic ratio apparently variés from event to event, The
P/a ratio may be from as high as 40 to as low as 1 in different events, and
the P/CNO ratio may vary from 102 to 103. This ratio appears to be constant
as a function of rigidity since both the alpha particles and heavier nuclei
seem to also be best represented by an exponential rigidity spectrum, As far
as total particle numbers are concerned, the heavier nuclel in solar flares
the heavier
are probably, on the average, relatively less abundant than/nuclei in the
galactic radiation,

Specific Features of Important Solar Cosmic Ray Events and Related Solar Flares

During the period 1956-1961 nearly 50 solar cosmic ray outbursts have been

" recorded at the earth by a wide variety of techniques, These events display
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an enormous variation (104 - 105) of integrated particle intensities for the
duration of the outbursts, Of these events, approximately 30 of the largest -

6 particles/cm2 at energies

those with minimum integrated intensity of 10~
greater than 30 Mev observed at the ear;h = have been selected for discussion
here, These events are comparable to the integrated intensity of galactic
radiation for one week; the smaller events obviously do nﬁt contribute appre-
ciably to the enhancement of the cosmic ray intensity near the earth, Prior
to 1956 it was not possible to make a size éstimate on any of the solar cosmic
ray events; therefore, these events are not included, although undoubtedly many
important ones occurred., The identification of a solar cosmic ray event by
radiowave absorption (riometer) data alone is not regarded as sufficient to

make a specific size estimate, In fact, size estimates based on the relative

radiowave absorption may be grossly misleading, since the absorption may in

‘many instances be produced by solar cosmic rays of much lower energy than the

30 Mev lower limit selected, or by auroral electron effects, (The>chosen
lowér energy limit represents a penetration of about 1 gm/cmz.)

" Rough size estimates have been made when direct measurements of solar
cosmic ray intensities at the top of the atmosphere or in space near the earth
were available at one time during the event, Detailed estimatés of intensity-
time characteristics, spectral distribution, and size have been made only when
a number of direct measurements of solar cosmic ray intensities and/or spectra
exist at the top of the atmosphere or in space near the earth for a particular

event,
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By referring to Table I, we may elaborate more ctitically on some features
of specific solar flares and related cosmic ray events, First we note that
although 30 separate events are cataloged over the six-year period, they occur
in only 16 different active centers, During the last three years (1959-1961)
this tendency is even more pronounced, for 18 separate events have been asso-
clated with only 5 different active centers., The active centers associated
with these flares were usually already well developed when-they appeared at
the east limb of the sun, Only once did the same active center continue to
| produce large cosmic ray events during its subsequent appearance on the visible
hemisphere of the sun, From four of these active centers (McMath Plage Numbers
3400, 5269, 5925 and 6171) have come over 90 percent of all of the solar cosmic
with energy >30 Mev
rays/observed at the earth in the last six years,

From Table 1, we note that, of the 30 events listed, 22 .ave been from
flares in the sun's western hemisphere and 8 from the eastern, Of the 10 largest
events, 6 have come from flares in the western hemispheré and 4 from flares in
the eastern, Finally, from the 5 active regions that have produced 18 of the
cosmic ray flares in the last three yéars,‘ll of the flares have occurred while
" the active center waé in the western hemisphere; and 7 in the eastern, 'Qf these
five active regions, the four major ones have been in the northern hemisphere
" and the remaining one in the southern,

From the above statistics we can say that for coémic-rayuproducing flares
as a whole, there is a greater likelihood of observing cosmic rays at the earth
‘when the flare is in the sun's western hemisphere. This situation suggests
. that on the average a greater fraction of the particles produced are received

at the earth when the flare is nearest the west 1limb of the sun, A large,

21




‘
|
}
i
N

G1°0

Lo

g2

Aoy
001l

L

(]9
M

ar

09

ot

o2l

AW
P 0¢ <
*x%dS0P UINS
pajoabajuy

L01%€°S 001t ‘1 (21) 6~
QoI L01%6 02 005 21-8 02 ¢ 21-0l
N.o_xm 002 8t ol
0002
ﬂwo_ﬁ. mo_xm 09~ -005{ 02-9I- ¢
0051
QOIX6  cone 06~ -o02l (og) (o)
wo.xm efqissod ajew)sa pafie4sp ON
N.o_x_ afqissod ajew! jsd pafje4ap oN
00§
oo.xm Ol~ =002
o1 a|qissod ajewi ys2 D3| 1@4ap ON
002 000°¢
No_ 01 X¢ =00t =000°2
8 .
J01%€ 8[qyssod ajout §sa pa(ie4ap ON
mo_xm.m mo_xm.w G2¢ 000°S 002‘9 9! 0¢ ¢
X1 Aoy (AW) Aay AdW  AdW Aay  AaW . ABW
00i< . 0f< od 20I< 0f< 00k 0¢< 00I<€ 0g<
A3isuagul o14s) 04 :
pajesbojul  -oeueyd sxdjisuajul sead (sanoy) (s4noy)
owit Ae@sag sul

sy pue Jasup
e4ed Ary dtwsod

1981 ~9G61 saeap ayy Bupang

6200

¢ 00L°'9 200
gt
2o
@ 0029 Ofio
2uo
i@ 0002 SGII0
00! 4%
0000l Soot
2me
291

omy Ajqissod
otilo
0211

]
11co

g-9 4@ 000°02 Of€0

suoiss|wl wnuw)xey (ssaubap)

EH| 1921 4do
wnwixey 40 swp

Buj 44290 $484nqin0 Aoy 2|wso) JefoS JolewW 3ay4
o4 Bu)jejay ejed Aey ojwso) pue o.4v|4 JB|OS

[ afquel

1GM 02N ¢ 92 bny
OfM BIN ¢ 22 bny
oM IS + 91 Bny
9561
goM G2N + lo inr
BL3 IS +¢ g aoW
e 2Is ® 60 934
Gt 928 ¢ 02 42
(s4uens 1€ o4
‘aug]j urejIedun) & bn
L1861
oM IN ¥ €0 Inp
ogZM 425 *° o2 vet
913 9IN ¢ i1¢ bny
6l
11iM 22N * ¢ qed
uol jisod e8duey}
s14desb ~sodw) ajeQ
=0} 3H

e4ed 8Je|d 40)OS

22



S0
20

£0°0
Lo

cl

119
90

lo°o

100°0

61

ol

5'0
62

g0l
60
]

o]

Lo
90

62l

Ll

g

oLt

e o

:ogxh.m

et

bo.xm.:
n\.o:@._
mo_xm

oo_ x3

xz*
mog {

mo_xm.m

oo_xu

mo-xh

mo_xh

mo_xm. |

wo.xm [

so.xm.o

x0*
mo_o_

ho_xm;.

(AW 9*1 jo sjiun Ul uojjeziuol oy s100ds sBarisae X Awsﬁ\mo_u_agnavso_ x 2
sojjisuajuy pajebajul x (uf) soeds oauy uj Eo\mo_o:‘_oa
Anaonev\r _0I Jo s4tun u1 oW 000 01 =000°

22
6
mb.xm

0
mo__m

x0*
mo_o_

x
,.wo— S

N.o. x9

o< s

Qo
wo_ xh
0l X5

9

oo_ xL

ho_xm.m

co_ 2

@o—xh.m

e
wo- 1°g
mo_x_.-

0
mo_ '8

B T o TT T,

042

oL

44 009
0§ ]
€

000 Y

s¢r oofi'2
St o00G°2
09

OOH O.J
o2

9
ot 0061
oL oozt
06 002°l
09  000°l

00¢ ¢
0062 2l
oct 2l
(v gl
0001 9%
000°9 2i-8
00021 8-
e 2
001 -05
002 Y
(1114 g
o1
05 9
000’89
=-000‘g of
00021

-000°‘01 21-6

000 o2
0008
-000‘9 i -0l

g-9 a1
e ¢-2
02-~91 9
9e-3e h
gi-ol 1~
o2-91  G-¢
tg-8l oi-g
g¢ 6-L
8 (B

e
ot ¢

2l
el n»
of 64
gl 31-2l
ot oe-gl
z gl

-1
01 =9
cl-g
ol-g

=g

9 =01

9t -el
91-at

£-2

ol-g

£€=2

hi-at

. 029l

of-0¢

-8l

£ = et |) pBs JO SLIUN Ulexe

0¢3 HIN
o6k Los
oM. 905
223 los
2¢3 908
€Lim ggN

298 O¢N

S0M I2N
993 8IN

aJelj ujejiesun

- geee
- 0062 (0091)
000‘G  olol
006°L  0%0!
0052 00l
0202
220
42 000‘t 1220
6251
° o000l &7l
8010
° 0002 ofI0
020l
ofio
€020
49 000°g~ 4RO
6480
0022
1?0059 aniI2
2660
i@ 00£°9 6420
o
2 000°61 20
000°‘0l~ g2

oén fiIN

g3 Gos

I9% OIN
OtM 2IN

92m BON

103 9IN

0L3 22N

I N

+

L a W Y

AR A & w A A

&

8l
4]

S0
10

(i

ol

o]

do (ses/ouo)/se|d1jsed JO SIUN Ulxk
¢ ofuga u| UOISSWI XeWs

Qmp
_an
10f 41961
1nn,

AON

AON

a
@
L]
=
23

ine

tor
€561
Inp

W

Aew




importagt'cosmic-ray event is almost equally likely to arise from a flare in
the western or eastern hemisphere, However, a distinct northern hemisphere
preference is noted, |
The correlation between the peak RF emission in the frequencyvrange between
3,000 and 10,000'Mb49uring the flares, and the size of the cosmic ray event
at the earth is sufficiently good that we can use the values of this peak
RF emission to make fairly useful statements regarding the integrated size
of the cosmic ray event, If the peak RF emission in this range exceeds

-22

l0,000 x 10 w/mz-cps, about 50 times normal, the integrated intensity of

solar cosmic rays at energies above 30 Mev at the earth will generally exceed
108 particles/cm2 (i.e,, exceed the average yearly integrated intensity of
galactic cosmic rays)., If the peak RF emission in this range exceeds

-2
22 w/mz-cps, the cosmic ray event will still be important and the

3,000 x 10
integrated intensity of particles at energies greater than 30 Mev at the earth
will usually exceed 10? particles/cmz. If the peak emission in this range

-2 ' . :
2 w/mz-cps, the cosmic ray event is usually

is less than 1;000 to 2,000 x 10
not a major one,

‘Turning now to the characteristic intensity-time profiles of the solar
cosmic rays as observed in the earth's vicinity, we see that the average
initial delay from the time of the peak optical (and radio) emission until
the first arrival of the isotropic component of solar particles at the earth
(for particle energies above 100 Mev) is about 1/2 hour for flares in the
western hemisphere and about 1-1/2 hours in the eastern, The average rise

times for the particles with energies)l00 Mev are 2-3 hours and 6-8 hours for

the western and eastern hemispheres respectively. The onset and rise times

2L



,

for the isotropic component of particles with energies above 30 Mev are longer
by a factor of 2 in each event, but otherwise show the same characteristics,

A detailed examination of the rise-time characteristics for particles
with energies above 100 Mev during a number of events reveals that this increase
in solar particle intensity may be closely approximated by

1=1Max(

E) e -t/tg

?
where tR is the characteristic rise time and t is measured from the time of
peak intensity IMAx(E) back to the time of the flare, In view of our previous
statements tR will be a function of the energy of the particles and also of
the position of the flare on the sun,

The decay of intensity of the solar flare particles near the earth, like
the onset characteristics, appears to be related in some lesser degree to the
position of the flare on the sun, Thus, the time scales of the decays will
be related to the time scales of the onsets jnst discussed, although there is
-not a strict one-to-one correspondence between these features, A detailed
examination of the decay characteristics of a number of events reveals that the
decay may be closely approximated by

I= IMax(E)e't/ tn’

where fD is the characteristic decay time which depends on the energy and prob-
ably to some ektent also on the flare's location; and t is measured from the
time of the peak intensity IMax(E) to later times in the event, For particle
energies greater than 100 Mev, tD ranges from 10 to 20 hours in 15 of the 18
events in which it was possible to determine a characteristic decay time,

There is some tendency for the 1pngest characteristic decays to be associated

with flares near the sun's east limb; and the three shortest decays, with
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characteristic times less than 10 hours, are all associated with flares occurring
near the west limb (and in active centers which had previously produced cosmic

rays). Consequently, there is the aforementioned relation between ty and tD.

The average for the 18 events, considering particle energies greater than
100 Mev, is tD/tR = 4 with extremes from 1.5 to 6., The characteristic decay
“times for particles with energies exceeding 30 Mev are about twice as long
as for particles with energies exceeding 100 Mev, A similar ratio for tD/tR

also exists for the lower energy particles, si;ce tR for the latter is also
twice tp for particles with energies greater than 100 Mev,

The utilization of the characteristically similar intenéity-time behavior
for events having widely differing peak intensities and occurring at different
locations on the sun permits a fairly dimple estimate of the total integrated
intensities of particles with energies greater than 30 Mev and those with
energies greater than 100 Mev in space near the earth, Thus for J, the total

integrated intensity in an event, we have

00 _
J (E) = % I, CE) e iR at + \\ I, GE) e¥/tpat _
=00 /b %

= (tg + tp) I, CE),
The appropriate JMaxC>E) is determined from the measured spectra in each event
and a study of the variation of Jo and the characteristic rigidity Po with
time during.the event,. This data may be found in reférence L4, We should
point out that the IMaxC>E) derived here are considerably lower than previous

estimates, particularly at the lower energies, This is due to a number of
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reasons - the main ones being - (1) the adaption of the exponential rigidity
spectrum for the solar particles (2) the use of ioncspheric parameters that
predict a larger radiowave absorption for a given solar particle intensity -
or conversely a lower solar particle intensity for a given (measured) radio-
wave absorption (reference 7) (3) the modification of the solar particle spectra
deduced from balloon ascent measurements,

The total skin or free-space doses evaluated for each event depend only on
the total integrated particle in.t.ensity/cm2 and the average speclfic ionization
(relative to the minimum ionization) of each particle, Meanwhile, the average
specific ionization per particle depends on the characteristic rigidity describe
ing the spectrum of the radiation, As we have noted, this characteristic rigidity
varies over the course of a single event, being largest at earlier times and
smallest at later times, However, an average value over the course of an event
has been deduced and we use this value to obtain the average specific ionization
per particle of the radiation, Fbr IMax¢>30Mev), this specific ionizatlon
ranges from about 8 times minimum for characteristic rigidity ~ 50 MV to
about 3 times minimum for characteristic rigidity ~ 300 MV, assuming the
incident radiation to be composed of protons only., For IMax (>100 Mev) these
values are ~ 4 times minimum and 2 times minimum respectively. (The minimum
ionization is 1,6 Miev/gm-cm2 in air or 2,6 x 10'6erg/gm-cm2. Since one
| roentgen equals 83,7 ergs/gm of air, an integrated intensity of 3.2 x 10Y
particles/cmzof minimum ionization produces a dose of one roentgen,)

evaluated for sach event are presented

The +otal sldn or free space doses
in Table I along the peak particle intensities >30 Mev and 100 Mev and the

total integrated particle intensities over the entire event above these energies,
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Summary of Solar Cosmic Ray Bvents in Relation to Dose Rates Obtained in Space
The main objective of this summary of solar cosmic ray events is, of course,
to attempt an evaluation in general term# of the radiation hazard in space
presénted by these events, It seems reasonable to evaluate the hazard in terms
of the integrated dose of galactic radiation, for this radiation-forms an almost
constant background in space - and one so penetrating that feasonable shielding
considerations have little effect on the intensity of the radiation, The free-

space galactic particle intensity varies from 1.5 particles/cmz-sec near sune

spot maximum to about 4 particles/cmz-sec near sunspot minimum, The integrated

weekly rates are thus roughly 1 x 106 and 2,5 x 106 particles/cm2 respectivelys;

the yearly rates range from 5 x 107 to 1l.2 x 108 particles/cmz. (Assuming an

average specific ionization about 3 times minimum for these galactic particles,
the integrated weekly dose ranges from 0,1 to 0.25 rad and yearly dose from
5 to 12 rad,) |

In Table 2 the yearly integrated intensities of solar»pa;ticles above 30
and 100 Mev are compared with the total integrated intensity of galactic par-
ticles for the years 1956-1961, Over this six~-year period the integrated inten-
sity'of solar cosmic rays with energies greater than 100 Mev and.greater than
30 Mev are respectively, about 2,5 and about 15 times the total integrated
galactic intensity. Most of the solar cosmic ray intensity occurs during the
three particular years 1956, 1959, and 1960. In fact, most of the solar cosmic
ray intensity comes from the solar events associated‘wiih only three active centers;
McMath Plage 3400 for the February, 1956 event; 5269 for July, 19593 and 5925 for
November, 1960, The remaining events during this six year period'Eontribute only

0.2 and 2 times the integrated galactic cosmic ray intensity above 100 Mev

8
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Table 2

Yearly Integrated Intensities of Solar Cosmic Rays
with Energies Above 30 and 100 Mev and of
Galactic Cosmic Rays

Solar Cosmic Rays Galactic Cosmic Rays
Year Number of Integrated Integsity Integrated Intensity
Events (particles/cm ) (particles/cm2)
30 Mev 100 Mev

8

1956 2 7 x 10 3.2 x 10° 1x10
1957  Mor5 b x10° 1.0 x 107 7 x 107
1958 6 7x 10° 1.0 x 107 6 x 107
7

1959 b 3.6 x 107 3.4 x 10° 6 x 10
1960° 8 2 x 107 5.0x108  8x10
‘ 8

1961 5 3.2 x 10° 6.0 x 107 1x10
» 8

TOTAL 30 7.2x10° 1.2 x 10° 4,7 x 10

and 30 Mev respectively., A study of the smaller events not individually
listed here reveals that, even if the frequency of these events is 20 to 30

a yeé.r, the integrated yearly intensity of solar cosmic rays with enmergies
greater than 30 Mev from these events is not likely to exceed that from galac-
tic cosmic rays. Thus we can state that during a time scale of one year -
neglecting the three largest events - the integrated intensities of solar cosmic
rays with energies above 30 Mev and of galactic cosmic rays are comparéble;

and with a reasonable minimum shielding of only 2 to 3 gm/ cmz the yearly

average dose from solar cosmic rays is less than that from galactic cosmic

" rays (i.e., less than 12 rad),
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Thus, the problem of radiation exposure from solar cosmic ray outbursts
would reduce to the problem of such exposure froﬁ the few largest events, The
total integrated dose from these events may present a problem, the seriousness -
of which depends on tﬁe amount of shielding - as can be seen from the doses

due to particles with energies above 30 and 100 Mev (Table 1), The two largest

sequence of events, those of July 1959 or November 1960 produced integrated skin IR S

doses from particles with energy -30 Mev of ~ 450 rad and 300 rad respectively.
Such would be the doses under slightly more than 1 g/cm2 of shielding, For
10 g/cm2 shielding corresponding to particles 100 Mev the doses would have
been ~ 40 rad and 45 rad respectively for these "most dangerous" events,
The- statistics relating to the frequency of occurrence of the largest
events are, of course, very limited - 6 events in 6 years, or an average of
one event every year producing a dose>100 rad (or 3 events produting a dose
7200 rad) during six years from particles >30 Mev, Only one of these events
- would have been observable by the techniques used prior to 1950, when four
events were recorded in about 10 years of observation, If we assume then that
the techniques in operation during this period could detect one out of three
events of fruly major importance, about 12 such evdnts may have occurred during
the 10 year period. These considerations are undoubtedly crude but they are the
best available at present, Combined with the recent, more definitive data, they
suggest that on the average of once every year an active region appears that
will ultimately emit one or more major cosmic ray bursts, Although dozens of
smaller events may occur during such a period, they are relatively unimportant

in consideration of the overall integrated solar cosmic ray intensity.
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It is quite certain that the appearance of active regions producing major
cosmic ray bursts is not strongly correlated with the maximum in the eleven-year
cycle of solar activity. During the recent maximum, 1957-58, no such major
cosmic ray bursts were recorded, and the yearly integrated solar cosmic ray
intensities at energies greater than 30 and 100 Mev were lower than for adjacent
years of lower solar activity., From the limited number of large events available
for study it appears that they are most frequent during periods of increasiné
and, partlcularly, decreasing solar activity, with the periods near maxirmum
and minimum relatively free from such events, In other words, in periods
of increasing or decreasing solar activity the frequency of potentially dané-
erous cosmic ray outbursté may be greater than one per yéar and, in periods

near maximum or minimum, less than one per year.
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Paper A-3
COMPOSITION OF SOLAR COSMIC RAYS
C. E. Fichtel

Goddard Space Flight Center
Greenbelt, Maryland

Introduction

Having Dr. Webber's ptevious paper as an excellent summary of the
general properties of solar cosmic rays, this report can begin at once
with the treatment of one particular aspect of these solar particles,
namely their composition,

| The energetic solar particles arriving at the earth after some
major disturbances on the sun are known to consist primarily of hydrogen
nuclei. There are, however,'smallet quantities of other nuclei which
appear to be present in every event, since every time an obgervation has
been'made in the appropriate energy range they have been seen when the
general intensity of the event was sufficiently high to expect to be able
to detect them on the basis of their abundances in other events. In
addition, there 18 also some relatively limited knowledgé on electrons .
and vy radiation. Within the scope of the present incomplete knowledge,
then, the relative abundances of these less plentifﬁl components, namely
helium nuclei, heavier nuclei, electrons, and'y-rgys, will.be given.
Helium Nuclei '

Beginning with helium, the second most abundanent nuclear speciles,
it 18 realized at once that care must be taken in how the helium to proton
ratio is defined. Firstly, since these two nuclear species have different

charge to mass ratioé, they will not have the same rigidity* 1if they have

<P .
lRigidity, R, is defined by the equation Z, where ¢ is the velocity of

light, P is the total momentum, and z 4
protoﬁ chapge. s z 18 the charge. in units of the
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the same velocity, For example, a helium nucleus with a total kinetic
energy of 200 MeV.‘has the same energy per nucleon as a proton of 50 MeV.,
but tbe same rigidity as a.pfoton of 187 MeV. Further, an examination
of the particle spectra as a function of energy per'nucleon, rigidity, or
possibly other variables must be made to determine whether or not they
‘have the same or different spectra.

Because pfptons and helium nuclei that are in the same energy per
chleon interval, or equivalently the same velocity interval, also are
in the same particle range interval, it seems worthwhile to look at the
energy per nucleon spectra first since for shielding purposes range is
the most significant parameter. In general, the helium nuclei spectrum
has a steeper slope than that of the protons. This feature has been seen
2,354

on several occasions , every time a measurement was possible. Typical

examples® are shown in figs. 1 and 2, On the other hand when the spectra
are plotted in terms of rigidity, R, they are always found to be similar.?: 3+ 48
A typical example of similar rigidity spectra® is shown in figure 3.

Webber and Freier® have shown that proton spectra can be represented very

“s. Biswas, P. S. Freler, and W. Stein, J. of GCeophys. Research €7,
13 (1962) ‘

35, Biswas, C. E. Fichtel, and D. E. Guss, "A Study of Hydrogen, Helium,
and Heavy Nuclei in the November 12, 1960 Solar Cosmic Ray Event", to be
published in the Physical Review.

4s. Biswas, C. E. Fichtel, D. E. Guss, and C. J. Waddington, private
communication.

SDrs. Biswas,Freler, Ney, and Stein have made many measurements which

are summarized in P. S. Freier and W. R, Webber, "Exponential Rigidity
Spectra for Solar Flare Cosmic Rays", submitted to J. of Geophys., Research
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well {n general by an expression of the form
dJ/dR = J, exp(~R/Ro) (1)

where dJ/dR is the differential rigidity flux end J, and R, are comstants.
Further, since‘the helium nuclei have the same shape this expansion will
also represent the helium nuclei with the same Ry, but a different Joe
When proton to-helium ratios are compared, however, it is found that,
although the helium and hydrogen nuclei seem to have the same rigidity
spectrum, the ratio of the two components in the same rigidity interval
varles greatly ifrom one event to another and at different times in one
event, For example, at>approximate1y MV rigidity, the proton to helium
ratio has Qaried from > 50:1 to 1:1. A list of some of the ratios that

have been observed by Biswas, Freier, Ney, Stein® ®

, Fichtel, Guss®, and
Waddington* is given in Table I, A more complete list cén be found in
the indicated references. It should perhaps be ﬁocad that not all of the
date in Table I correspond io the same rigidity interval; however, since
the rigidity spectra are the same, it seems justified-to compare all of
the ratios listed, especially since tﬁe rigidity intervals are not very
‘different.

On the other hand, there is now some evidence to indicate that for a
glven velocity interval the proton to helium ratio is similar in each
event, although oot exactly the same. In this case, however, the interval

sust be specified since the ratio of the hydrogen to helium nuclei varies

with energy per nucleon, The proton to helium ratio is typically bound
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to vary from aﬁout twenty at 40 MeV./nucleon to a few hundred at
120 MeV./nucleon. These ratios are not exactly the same from one
event to another or even with time in an event, but the limited data
available does seem to indicate that they are typical.
Heavy Nuclei

. Turning now to the heavy nuclei, that is thoge with a nuclear charge
greater than three, present evidence indicates that the energy per nucleon
spectra of the various multiply charged nuclei are the same®> %, Further,
since all of the multiply charged nuclel of interest have essentially
the same charge to mass ratio, if their energy per nucleon épectra are
the same their rigidity spectra will be also. These features are shown
for typical cases in figures 1, 2, and 3. The relative abundances among
the heavy nuclei taken in the same energy per nucleon intervals have been
found to be the same each time a measuremert was made, namely five times
in two events. The helium to medium nuclef (6 < Z < 9) ratio has been
measured in three events and found to be the same each time within un-

certainties®’?

. The composition for the same energy per nucleon intervals
is given in table II below with a base of ten having been chosen for
oxygen. It is seén that the medium nuclel are the most abundant among
the heavy group and are about oné-sixtieth as abpndant as helium. Notice
also in table II that the abundances are similas to those in the sun and
different from those of galactic cosmic rays. ‘

Althoﬁgh the heavy nuclei are easily stopped because they are of very

low energy and high charge,they should perhaps not be completely ignored
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TABLE I

PROTON TO HELIUM RATIOS IN THE SAME RIGIDITY INTERVALS

~ 1200 U.T., July 11, 1959° 1.4 + 0.2
~ 1800 U.T., July 12, 1959° ‘ 5.0 + 0.8 '
~ 2130 U.T., May 5, 1960° o A > 50 .
~ 1400 U.T., Sept. 3, 1960° . ' 31
~ 2000 U.T., Sept. &, 1960° 19
1840 U.T., Nov. 12, 1960° | 5+1
1603 U.T., Nov. 13, 1960° 1+ 0.2
1951 U.T., Nov. 16, 1960* 1.7 £ 0.5 )
0339 U.T., Nov. 18, 1960* 1.7 + 0.5
" 1630 U.T., July 18, 1961° 641
| TABLE II | , A |
RELATIVE AnuunAncis WITH A BASE OF 10 FOR OXYGEN o
Nuclei He Li,Be,B C N 0 F Ne 11<2z<18 &;_ '
Solar Cosmic Rays* 1100 < 0.2 6 : 2 10 <0.3 1.5 1.3
Sun + ? <0.01 6 1 10 <0.01 1? 1
Galactic Cosmic Rays¥* 360 u 18 <8 10 <1 3. 9

*The uncertainty in the values in this line varies from 10% to abou 30%

+The uncertainty in the values in this line is of the order of a factor
of 1.5 to 2.,
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1f relatively thin shields will be used. For example, the flux of
wedium nuclei that would penetrate 2 gm/cn® of aluminum was nearly 10°
particles/(uf .sr.sec.) for more than a day in the Nov. 12, 1960 event,
and all of them would be of the low energy, or "ending', variety.

At a few times for periods of the order of ten to twenty minutes,
Kurnosova et al®? have seen increases in the counting rate of the higher
‘dE/dx channels of their Cirenkov detectors flown on satellites which
they interpret as short term increases of relativistic heavy nuclei
associated with solar disturbances. These increases, however, represent

an integral particle flux which is quite small compared to the daily

.average of relativistic‘heavy nuclei in the same charge region, and,

therefore, they do not need to be considered as an additipna} hazard.
Electrons |

We come now to the next component, electrons. The abundance of very
energetic electrons is expected to be small due to the high rate of energy
loss by synchtrotron radiation at large felativistic energles; so, even
if there were large numbers of these energetic electrons initially, they
would soon lose their energy. .

Although thg flux of very energetic solar eléctrons is known to be

relatively small, appreciably less than the proton componenf, positive

€ Rurnosova, L. V., L. A. Razorenov, and M. I. Fradkin, "Short-Term
Increases of the Cosmic Ray Intensity Associated with the Solar Activity",
Journal of the Physical Soclety of Japan 17, Supplement A-II, 315 (1962);
Iskusstvennye Sputnik: Zeml: No. 6, 132 (1961); Iskusstvennye Sputnik:
Zeml: No. 12, 31 (1962)
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evidence for electrons does exist for at least one event.’ In this

-case, the flux of clectrons greater than 100 MeV. was .only 0.04 el./

(cnf sr secL or a few percent of the proton flux in the same kinetic
enerzy region.

Reletively large fluxes of low energy electrons, kinetic energy <
1 MeV., have also been seen on occasions. Hoffman et al® gaw 3x10° el/

(en® sr sec) between 10 and 35 KeV. for about ten minutes on Sept. 30,

1961, associated approximately with the arrival of the sudden commencement.

Except for that period the flux was less than the detectable limit of

2x10° el/(cenf sr secj.

y-Rays

At the present time, the information on high energy electromagnetic

radiation is very limited. There have been at least two events observed

in which the energy flux was estimated to be of the order of 10’ ev/
(en® sec) for less than five minutes; with the average kinetic energy in

the range of 20 to 500 KeV.?,3° sgeveral other events with a smaller total

7p. Meyer and R. Vogt, Phys. Rev. Letters 8, 387 (1962)

®R. A. Hoffman, L. R. Davis, and J. M. Williamson, "0.1 to 5 MeV. Protons
and 20 KeV. Electrons at 12 Earth Radii during Sudden Commencement on
30 September 1961," submitted to the J. of Geophys. Research.

®L. E. Peterson and J. R. Winckler, J. of Geophys. Research 64, €97 (1959)

1°J. R. Winckler, T. C. May, and A. J. Mosley, J. of Geopkys. Research,
66, 316 (1961)
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energy flux above 20 KeV have also been observed.}; 2  All of the
events seem to be of short duration, although in some cases the period
of observation was not long enough to permit a dete:mi.n'atio_n of the
length of the event. The shape of the energy spectrum seems to vary
appreciably from one event to the next. There have also been several
negative results, chht is cases where y-rays were not detected although

a rather large flare was seen on the sun.

11¥, A. Anderson and J. R. Winckler, J. of Geophys. Research 67, 4103 (1962)

137, A. Chubb, H. Friedman, and R. W. Kreplin, J. of Geophys. Research 65,
1831 (1960) :
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Paper A-L _
DETAILS OF INDIVIDUAL SOLAR PARTICLE EVENTS™

by ' E
Carl E. Fichtel, Donald E. Guss, and K. W. Ogilvie R

INTRODUCTION

This paper attempts to present a time history of the intensities and energies of solar
cosmic ray particles detected at or near the earth. Ideally it would be desirable to show
the complete energy spectrum of the proton component in these events as a function of A
time. Upon consideration of the incomplete information and uncertainties involved in the
measurements, however, we see that this can only be done approximately. Regions of time
and energy which have not been adequately surveyed can be described only by interpolation
and, to some extent, by extrapolation. The goal is to remain within a factor of 2 of the real
intensity at all times. Frequently the accuracy attained is very much better.

This survey begins with the event on February 23, 1956 — the first one for which there
is an estimate of both the low and high energy flux components. All of the largest events
from that date to the present and some of the smaller ones for which particularly complete
data are available have been selected for examination. All events for which there was a
riometer reading in excess of 10 db (indicating a particle flux greater than about 600 par-
ticles/cm?-ster-sec for particles with energies above 20 Mev) have been included. Also
any event with a high energy component sufficiently large to be detected on the neutron
monitor has been studied. Events for which less than 10 db of absorption was detected on
the riometer and no detectable neutron monitor increase was observed have, in general,
been included only if there were other data from detectors flown on balloons and satellites.

The description of the various detectors used to study the solar particles will be fol-
lowed by a discussion of.the individual events in order to emphasize the interesting features
and the variety of geophysical effects occurring from time to time. The descriptions will
be followed by diagrams giving the integral flux as a function of time above specified ener-
gies and energy spectra at various times during the event. Finally, an imaginary event will
be presented which is just large enough to include all the types of events observed.

* Reprinted from Goddard Space Flight Center External Document
Number X-611-62-122 :
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DETECTORS

The Riometer

The riometer measures the signal strength of extraterrestrial radio noise (References
15 and 16). During solar particle events the bombardment of the earth by energetic charged
particles increases the electron density in the upper atmosphere causing absorption of the
extraterrestrial noise and a consequent decrease in the signal measured at the ground (Ref-
erence 17). The particles primarily responsible for this absorption are protons in the 20-
200 Mev kinetic energy range. Owing to the earth's magnetic field these particles can enter
only at high latitudes; hence, this phenomenon is termed polar cap absorptidn (PCA). Thus
at high latitudes, a riometer permits continuous monitoring of the intensity of protons in
this energy range.

Magneto-ionic theory shows that, if the riometer observation frequency, », is much
greater than both the critical frequency of the ionosphere and the longitudinal component of
the magnetic gyrofrequency, the absorption for a vertically incident plane wave is found by
integrating the following equation over the height of the ionosphere:

_ Nv
A = 0.45L, T3 dh s (2-1)

where A is the absorption in décibels, N the electron density, v the electron collision fre-
quency, and h the altitude in centimeters. The electron density at any height is related to
the electron production rate q by the equation

N o= a2 [(1ene,] TV, (2-2)

where a, is the effective recombination rate for electrons and A is the negative-ion to elec-
tron ratio. By substitution of Equation2-2 into Equation 2-1, we then get the following equation,

A = 0.46 J‘qm[v(vz - w?)71(1 +)\)'V‘ae’”’]dh . (2-3)

During a PCA event, the electron production rate at any altitude is directly proportional
to the total rate of energy loss by ionization of solar protons at that altitude. Equation 2-3,
then, is a relation between the absorption measured by a riometer and the intensity and en-
ergy spectrum of the particles causing the PCA. For spectra of the same shape Equa-
tion 2-3 also predicts that the absorption in decibels is directly proportional to the square
root of the particle intensity, provided the quantity in the brackets is independent of q.
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During the daytime this is indeed the case to a high degree of accuracy, but there is a some-
what important dependence of A on q during times of darkness.

Because of the photo-detachment effect of sunlight on the ionosphere, the absorption
during 2 PCA is much stronger during the day than at night. A calculation by Reid (Refer-
ence 18), based on currently accepted values for the atmospheric parameters, yields a value
of about 3 for the ratio of day to night absorption at an observing frequency of 30 Mc for a
particular spectrum shape. Observations indicate that the average ratio is about 4, but that
it can vary considerably and is sometimes as large as 10 or 12. The riometer provides its
most useful information during the daylight hours and conversion of nighttime absorption
readings to effective daytime absorption readings must be approached with some caution.

By the nature of its response, the riometer absorption is a function of geomagnetic lati-

- tude. However, the riometer records from College, Alaska; Churchill, Canada; and Thule,
Greenland, generally show approximately the same absorption, though the cutoff energies for -
protons calculated by Quenby and Webber (Reference 19) are 113, 6.4, and approximately

0 Mev., respectively. Here it was assumed that the absorption from these stations was
equivalent, and absorption values from stations other than Churchill were used when needed.

In order to calculate the expected absorption during a PCA the particle spectrum, inten-
sity, and directionality must be known. The radiation causing the PCA is generally assumed
to be isotropic over the upper hemisphere; and this is a good approximation a few hours after
the flare causing the event. The electron production rate must be determined from the spec-
trum shape and intensity, and Equation 3 integrated. This has been done by a number of
authors (References 17, 18, and 20) for specific times in specific events where some spec-
tral details have been determined experimentally‘.

To find the spectral shape and intensities of solar particles from the observed absorp-
tion is a more ambiguous process, and several assumptions must be made. A calculation by
Brown and Weir (Reference 20) shows that for protons with energies greater than 100 Mev,
the predicted absorption is very insensitive to the shape of the energy spectrum and depends
primarily upon the particle intensity. A similar calculation by Bailey (Reference 17) indicates
that the same is true for particles in the energy range between 20 and 100 Mev. For protons
with energies at the top of the atmosphere less than about 20 Mev the effectiveness for pro-
ducing absorption is a rapidly decreasing function of energy, because protons of these ener-
gies ionize primarily at altitudes where the electron collision frequency is small.

~ From a series of rocket shots during PCA's in the fall of 1960 the energy spectra and
intensities of protons were obtained downto energies below 20 Mev for a variety of riometer
absorption intensities (References 21 and 22). The results indicated that for these events,
the shape of the energy spectrum does not remain constant to very low energies. If the shape
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of the energy spectrum is expressed by means of a power law
dM(E) = CE”dE , (2-9)

then the exponent v is a decreasing function of energy. Because of this and the fact that pro-
tons with energies below 20 Mev are less effective in producing absorption, it was assumed
that the absorption at the times of the rocket shots was determined by thé intensity of parti-
cles with energies greater than 20 Mev. The proton intensity at energies greater than 20 Mev-
is plotted against the observed absorption on the 30 Mc riometer at Churchill in Figure 2-1.
This curve was subsequently used to obtain the PCA-determined particle intensities for the
other events studied here. The extremum lines shown in Figure 2-1 indicate the uncertainty
in the riometer readings alone and do not reflect the uncertainty in the resulting particle in--
tensities, which is estimated to be about a factor of 2.

_ "The shape of the enérgy spectrum for most solar particle events shows that the primary
contribution to the absorption is from protons in the energy range below 100 Mev, since the

OBSERVED ABSORPTION (db)

0:1 1 1 l L L | 1 ] l
: 10 10* 10*
FLUX( protons

cm2.ster-sec

Figure 2-1—Proton flux versus riometer absorption
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particle intensity above this energy is negligible by comparison, except for times early in
the events, If the energy spectrum at higher energies is known, a knowledge of the absorp-
tion data makes it possible to show something of the nature of the spectrum as well as the
intensity below 100 Mev. For example, the proton flux was measured during the daylight
hours of July 13, 1961 by nuclear emulsions on a balloon flight at Churchill. The intensity
with energies above 78 Mev was 1.6 P/cm?-ster-sec, and between 78 and 230 Mevy =5.5+0.3.
Extrapolating this spectrum back to 20 Mev would result in an intensity 7.9 x 10*2P/cm? -
ster-sec which, from Figure 3, corresponds to an absorption of 11 db. However, the ob-
served absorption on the 30 Mc polar riometer at Churchill was equal to or greater than

15 db during the entire flight, while that on the 27.6 Mc riometer at College varied from 14,5
to 17.5 db. This indicates that the shape of the spectrum did not change appreciably down '
to energies below 20 Mev. It must be noted that, although particles below 20 Mev become
increasingly less effective at producing absorption, there would be 16 times as many par-
ticles between 20 and 10 Mev as there are above 20 Mev if ¥ did not decrease with energy.

The interpretation of riometer ai)sorption in terms of particle intensities is compli-
cated by two other problems: the superposition of auroral absorption upon the PCA; and the
occurence of anomalous but real changes in absorption. C

At stations within the auroral zone riometers show auroral absorption as well as the
PCA. College lies near the maximum of the auroral absorption zone, and Churchill at the
northern edge. Usually the auroral absorption can be at least partially eliminated since it
appears as absorption spikes superposed upon the generally smobthly varying PCA. Lein-
bach and Reid (Reference 23) suggested that the PCA is best represented by the minimum
absorption recorded over a period of several hours when auroral absorption is present.

During a number of PCA events anomalous decreases of absorption have been observed
immediately following a sudden commencement. These have been discussed by J. Ortner,
et al. (Reference 24). Leinbach (Reference 25) has also noted the occurrence, on some occa-
sions, of mid-day recoveries at College, and on at least one occasion this phenomenon was
observed at Churchill. These seem best attributed to local changes in the geomagnetic cutoff
or local changes of the characteristics of the absorption layer rather than to a change in
the intensity of the particles causing the event. A

Increases in absorption have also been observed near the time of a sudden commence-
ment (Reference 24), Recently, it was found that the sudden increase in absorption imme-
diately preceding a sudden commencement following the flare of September 28, 1961 was co-
incident with an increase in the intensity of very low energy particles as observed by the
satellites Explorer XII (Reference 27) and Injun I (Reference 3) (1961 v and 1961 o2,
respectively).

In general, it is assumed herein that the PCA is a smoothly varying function of time,
although a sustained increase in absorption following a sudden commencement is interpreted
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as an increase in particie ‘mtexisity. ""Spikes" are generally interpreted to be auroral ab-
sorption or due to local manipulation of the ionization causing the absorption rather than
actual fluctuations in particle intensity.

In calculating particle intensities, the daytime values of absorption from the 30 Mc
riometer at Churchill were used whenever possible. During periods of particular interest
a factor of 4 was used to convert nighttime absorption to effective daytime absorption unless
this procedure seemed unreasonable. At several periods of importance the absorption rec-
ords from College, Barrow, and Thule were used. These riometers record a higher absorp-
tion before saturating than does that at Churchill. In all cases it was assumed that there
was no effective cutoff opérating at any of these stations.

Webber (Reference 3) has also calculated particle intensities from riometer records
i for several events. The absorption for a 30 Mc riometer and for a differential rigidity*
spectrum of the form

dN(R) = CR™SdR (2-5)

: was calculated in a manner similar to that of Bailey (Reference 17) but with the more recent
N values for the atmospheric constants. He then used these curves to calculate the particle
intensities as a function of time for a number of PCA events. In Figure 2-1, the transformation
from db to particle intensities agreeé quite well with the values obtained by Webber and the
differences in particle intensity are results of differences in interpretation of the absorption.

i The most notable difference occurs for the event of February 23, 1956. Before the sudden
commencement Webber assumed a proton cutoff of 113 Mev at College, Alaska. In this paper,

i we assume that there is 'no effective cutoff at College and that the absorption increase follow-

i ing the sudden commencement is attributable to an increase in very low energy particles
similar to that observed on September 28, 1961.

The Neufron Monitor

The neutron monitor (Reference 28) consists of an extensive structure in which BF,

neutron proportional counters are surrounded by an arrangement of lead and paraffin blocks.
A high energy proton or neutron passing through this lead has a high probability of undergo-
ing an interaction similar to a sfar in a nuclear emulsion; and some of the reaction products
will be neutrons. These neutrons are slowed down in the paraffin by collisions with hydrogen
nuclei, which are then detected by the counters. Thus the detected particles are, for the most
part, secondaries to the nucleonic component of the cosmic radiation at sea level. Conse-

' quently, the neutron monitor is more sensitive to 'primary particles of rigidity in the range 1
I to 2 Bv than any other sea level monitor. The neutron method of detecting cosmic ray intensity

PO

*Rigidity is defined by the equation R = pc/z, where R is the particle rigidity, p its momentum, z its charge, and c the velocity
o of light. . :
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changes also has the advantage that the necessary corrections for meteorological effects
can be made accurately, as cannot be done, for instance, with a meson detector.

We can write (Reference 29), the following relation between the counting rate of a
monitor and the primary spectrum:

N(R.x,to) = J. Sip,x) %Q_ dr . (2-6)

Ry

‘Here the counting rate — a function of rigidity, time, and the depth of the detector in the
atmosphere’~ is obtained from the primary differential spectrum J by multiplying dj for a
rigidity interval dR by a function S(p,x), and integi-ating over a range of rigidity from R, to
infinity, The quantity S, called the specific yield function, gives the number of secondary
particles detected in a neutron monitor at any given atmospheric depth as a function of pri-
mary particle rigidity. It depends upon the composition of the primary radiation, and hence-
forth we shall assume that this remains constant. R,, the lowest primary rigidity incident
at the top of the atmosphere, is a function of the geomagnetic coordinates of the detector.
Atmospheric absorption causes S to go to zero for R less than about 1 Bv independently of
the influence of the earth's magnetic field. In Figure 2-2 S is plotted in terms of R.

Thus, if particles in the rigidity range 1.0
from about 1 Bv upwards are isotropically
incident upon the earth, a network of neutron
monitors set up at points with known R, per-
mits something to be learned about their

0.5
0.3

energy spectrum, since S is known. This ot
situation is complicated by at least two 0.05
effects. If the source of the particles is lo- o 0.03
calized in space in a region surrounding the @

sun, for example, we cannot assume in gen- Y o001
eral that the particles are incident isotropi- g 0.005

cally. Infact, anisotropic incidence usually
occurs early in the solar event; later

0.003

isotropy can usually be assumed. An in- 0,001
tense magnetic storm can change the mag- '
netic threshold rigidity R, and this must

also sometimes. be taken into account.

0.0005
0.0003

The motion of particles toward the

0.0001 S -
i 30 . 7 03 015
earth from the sunhas been studied by many 20 10 s 210" 05 2 0 o
authors (References 30 and 31), and we now R, RIGIDITY (Bv)
have a fair knowledge of the effects which
occur. These are discussed in detail in Figure 2-2—The specific yield function
Chapter 3.
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In Figure 2-3 the times of these events are superimposed upon a plot of smoothed sunspot
numbers (Reference 32). Even making allowance for the increase in the number of detecting
stations during the past solar cycle it seems, in contrast to the PCA, that there is a definite
tendency for flares producing a large flux of particles in the Bv rigidity range to occur dur-
ing the increase and decrease of sunspot activity rather than during the maximum. At pres-
ent there is no explanation for this tendency.

Using the neutron monitor record we can determine easily the percentage increase in
the rate at any time during an event. The background rate is caused by the galactic cosmic
rays which are always incident upon the earth. If we use the known spectrum of these parti-
cles and the specific yield functions*, we can obtain {rom Equation 2-6 a quantity proportional
to the rate due to particles having rigidities above R,. A similar calculation made with vari-
ous assumed or measured spectra for the flare particles gives a quantity proportional to the
additional rate due to flare particles. A difficulty arises in that the primary spectrum varies
with time over the solar activity cycle (References 33 and 34) but an approximate correction
can be made for this. Various relevant assumed spectra and threshold rigidities have been em-
ployed in Table 2-1 to show the intensity increase required above rigidity R, (in units of the
normal cosmic ray background above R,) to double the counting rate of a neutron monitor.
We shall use these figures and the primary spectrum variations to deduce intensities in the
rigidity range from the observed counting rate increases. By using the figures in the sec-
ond column for interpreting rate increases of neutron monitors situated at points where the
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Figure 2-3—Distribution of cosmic ray events detected at sea level as a function of the solar cycle

*Obtained by usiog the revised specific yield function s* so in Figure 2-2.

51




" Table 2-1

The Radiation Increase Required above Rigidity R, (in Units of Normal Cosmic
Ray Background above R, ) to Double the Counting Rate of the Neutron Monitor

Differential Intensity Increase
Spectral Exponent R, =1Bv R, =2 Bv 'Ro =3 Bv R, =5 Bv
4 10 17 24 : 40
) 5 : 12 31 - 62 160
6 13 45 130 -

cutoff rigidity is less than 1 Bv, we make the assumption that they are not affected by the
~additional particles present. Thus a 5 percent increase in the rate of a high latitude neu- g
tron monitor(R, = 1 Bv) indicates, if the incident spectrum is 1-p®, an incident flux of s o
0.05 X 13 x J, = 0.05x 13 X 0.23 (in February 1956) = 0.150/cm 2-ster-sec, in addition to the
background above 1 Bv. The minimum increase that can be detected with certainty is less
than 5 percent, and probably about 2 percent. This figure depends to some extent on the
monitor involved and upon geophysical conditions. For example a confusing situation might

arise if the increase in flux occurs during a Forbush decrease; At such times the diurnal o S " "
variation in rate becomes large and irregular in phase and might conceivably obscure a fon o ~

slow change due to solar emitted particles,

The procedure outlined above for determining the intensity of particles away from the _ Sl
earth, requires two approximations. First, there is the question of the primary spectrum ' L
referred to above; and second, the specific yield function has been extrapolated from 2 Bv
to 1 Bv- a region of critical importance with steep spectra. Indeducing the spectra the
assumption is made that the intensity of the radiation in the asymptotic cones of acceptance
is the same; this is difficult to check, but probably true. It seems likely that the inténsities
given here are accurate to at least a factor of 2. The largest contribution to the error arises
from the uncertainty in the knowledge of the spectral exponent.

Direct Primary Particle Detectors c

Some information on solar cosmic rays has been obtained directly from particle de-
tectors flown on balloons, sounding rockets, and satellites. Balloon borne experiments have
provided valuable information on the intermediate energy interval (between approximately
80 and 500 Mev) for protons. The lower limit of the energy interval is determined by the air
cutoff — usually of the order of 6 gm/cm?. The upper energy limit is set by the difficulty of
obtaining anything but an integral flux above that energy with the detectors used and the
fluxes observed. '
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The detectors used on these flights can be divided into three very broad groups:
nuclear emulsions; simple omnidirectional or wide-angle counters; and complex elec-
tronic systems including both a small solid angle and fine energy discrimination. Nuclear
emulsions have the advantage of yielding an excellent energy spectrum and permitting one
to determine the charge composition, but have the disadvantage of not providing time vari-
ation information throughout a flight. Simple counters do provide time resolution, when
other factors such as balloon altitude variations are not present; but it is difficult to de-
duce good quantitative flux values because of the absorber varidtion as a function of solid
angle and, in some cases, the lack of sufficient knowledge about the energy spectrum. How-

_ ever, an estimate of the energy spectrum can sometimes be obtained by observing the count-

ing rate as a function of altitude during ascent and by using atmospheric absorption informa-
tion. In addition, for some flights, nuclear emulsion data exist for a time interval included
in the counter record and may therefore be used as an absolute flux calibration for the
counting rates. Unfortunately, there have been only a few balloon flights with electronic
experiments capable of energy resolution, so information from this source is limited.

~ For balloons flown where the geomagnetic particle rigidity cutoff is normally greater
than that caused by the residual atmosphere, there is the additional problem of time de-
pendent magnetic field effects, which permit varying percentages of the total particle flux
to reach the detector. At the present, it is not possible to construct a model, based upon
existing data, which gives the actual percentages of transparency as a function of energy
and time in the event. In practice, fortunately, at Minneapolis, where many of the measure-
ments were made, the cutoff often seems either to be the same as during geomagnetically
quiet times or not to exist for energies greater than the air cutoff. However, this difficulty
has limited the degree to which the proton energy spectra of solar cosmic ray events can
be described in quantitative detail. ’ )

Sounding rockets with recoverable payloads provide a means of studying these events
above the earth's atmosphere with both electronic counters and nuclear emulsion techniques.
Data from these payloads provide information on the proton energy spectrum down to a frac-
tion of an Mev, and detailed charge composition measurements exist for three of the events
to be included in the present analysis. This method provides only a sampling of the radia-
tion at a few times during the event; however, it does help to calibrate those instruments
which do record time variations, such as the riometer.

Finally, electronic experiments in satellités outside the Van Allen belts can give a de-
tailed time history of the energy spectrum down to very low energies. However, not until
Explorer XII was launched on August 15, 1961 did such a system exist; and at present, data
giving the detailed history of the proton energy spectra are available only for the September
28, 1961 event. Previous satellites have provided integral fluxes above an energy cutoff, de-
termined from the counting rate of a single detector under a known amount of material. These
results have been used in developing the history of several of the events discussed in this
report, ’
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From several of the previously mentioned sburces, it has been determined that protons
are by far the most abundant nuclei in these events. In the same energy/nucleon interval
(and hence the same range interval), helium nuclei are less abundant than hydrogen nuclei
by a factor of 20 or more. Nuclei with a charge greater than 3 are more scarce than pro-
tons in the same energy/nucleon interval by a factor of a few thousand at low energies
(40-100 Mev) and probably by a larger factor at higher energies.

HISTORY AND ENERGY SPECTRA OF EVENTS

In the diagrams of spectra presented here a solid curve indicates that the detailed
energy spectrum has been obtained directly. A dashed curve indicates an interpolation
between these data and the-integral flux at 20 Mev deduced from PCA measurements*. In
the time variation curves a solid line represents the particle intensity greater than 20 Mev;
a dotted portion of the curve represents an extrapolation, and a blank space represents a
portion for which a reasonable interpolation could not be made. This time variation curve
normally was obtained from riometer results which were generally in agreement with sat-
ellite data at those times when a valid comparison could be made. The only exception is the
latter portion of the May 4, 1960 event, for which information from a satellite-borne counter
was available, but no riometer data. A dashed curve represents neutron monitor results,
and a dot-and-dash curve represents the variation of intensity above 100 Mev. The zero of
time represents the time of the beginning of the flare, and it should be noted that there is a
change of scale at 12 hours. '

0331 UT February 23, 1956

The February 23, 1956 flare produced the largest intensity of particles yet observed
in the Bv range. However, the riometer observations show that the intensity of low energy
particles was an order of magnitude smaller than in many other solar particle events
(Figure 2-4). There is only a single counter measurement (Reference 35) indicating an
intensity at Minneapolis (threshold 0.81 Bv) 4-5 times normal at 2030 UT on the 23rd.

A great deal of work has been done on the neutron monitor observations of this event,
and we shall summarize these with a view to finding the intensity, the spectrum, and their
variation with time. The spectrum of particles at various times has been derived by ex-
amination of the latitude effect (Table 2-2).

Pronounced impact zone effects were seen during the first 10 minutes of the event
(References 37 and 38) but isotropy may be safely assumed for much later times after
0400, at least in space close to the earth. The first spectrum refers to the direct radia-
tion; that is to say radiation received in the primary impact zone, which covered most of

#It must be remembered that a very high intensity of particles with energy
below 20 Mev can appreciably increase the riometer absorption, In such
cases the particle intensity as deduced from Figure 2-1, if interpreted as
an integral intensity above 20 Mev must be considered as an upper limit.
The events of April 29, 1960 and May 6, 1960 are probably examples of

this effect, 5 '




Table 2-2

February 23, 1956 High Energy Observations

Source Energy Threshold Time from Flare Dlégegtiﬁ%ty
Plotzer 1 Bv 20 min, p
i -6
Simpson 1.6 Bv 2 hr. 20 min. p
20 hr. p'7

*Reference 36
tReference 37

Europe at the time. The storage region was not filled up at that time, but the steeper
spectra observed later refer to radiation stored in that region. If we now apply our re--
sults to these observations, we arrive at the data given in Table 2-3. Thus an expression
for the integral rigidity spectrum containing the best available information for the period
from 0400 UT to 1000 UT is 150/ps t=* with R in Bv ébove 1 Bv, and t in hours from
0400 UT. Simpson (Reference 37) has established that the neutron monitor rate at Chicago
and other stations decayed according to a t73/? law between 0430 and 1000 UT (t = 0 at
0350 UT), and exponentially thereafter with a decay constant of about 8 hours.

Table 2-3
_ February 23, 1956 High Energy Intensities

Integral Intensity

Time from Threshold Diff. above Threshold
Flare (min.) ‘Station (Bv) Spectrum particles >
cm?-ster-sec
20 Leeds : 1.77 1/p* 150
40 Chicago 1.6 1/p*® 160
50 Ottawa 1.05 1/p¢ 90*
150 Chicago 1.6 1/p?7 34

*The iaconsistency betweea Ottawa and Chicago may be due to the late arcival of i)articles at low energies.

The peak intensity for particles with energies greater than 20 Mev, as deduced from
the riometer observations at College (Reference 15) by using the curve of Figure 2-1, is
radically different from the value at 30 Mev determined by Webber and Malitsont; the

tChapter 1.
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difference results from a difference in interpretation. Here it is assumed that the geo-
magnetic cutoff at College is not appreciably different from that at Churchill. This, indeed,
seems to be the case during all other events for which comparisons are available. The
interpretation here is that the event was large at high energy and small at low energy —
similar to that of September 3, 1960 or July 18, 1961.

A small increase in absorption preceded the sudden commencement on February 25th
and this was interpreted as an increase in particle intensity similar to that of the Explorer
XII observations (Reference 26). :

1030 UT August 29, 1957

In the August 29, 1957 event (Figure 2-5) a PCA lasted for 49 hours, reaching a maxi-
mum of 8 db at Churchill (Reference 39). There was no neutron monitor increase and also
no increase detected at balloon altitudes between 1400 UT (Reference 40) on the 29th, an
hour after the start of the PCA, and 0600 UT on the 30th. Such a detector could have found
an increase of 10 percent, and from this fact it can be shown that the exponent ¥ of a spec-
trum N = N,E™” must have been of the order of 6 or more and that this spectrum must have
persisted down to at least 20 Mev.

0947 UT March 23, 1958

The PCA began within a few hours after the flare (Reference 41). At the time of the
sudden commencement, 1540 UT on the 25th, there was a rapid increase in the PCA to about
12 db. This was probably a consequence of an intensity increase at low energies of the type
observed by Bryant et al. (Reference 26) with instruments flown in Explorer XII on Septem-
ber 28, 1961. There was no detectable neutron monitor increase, but at 0700 UT on March
26th a lower limit of 0.07 + 0.01 particle/cm?-ster-sec (between 120 and 180 Mev), was de-
termined by balloon measurements at Minneapolis (Reference 42). Probable variations of
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Figure 2-5—The time history for August 29, 1957 event
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the magnetic threshold during the flight prevent anything more than the determination of a
lower limit to the flux or an upper limit of 4 to the exponent of the integral energy spectrum
in the 20-200 Mev interval.

0020 UT July 7, 1958

The flare produced a PCA reaching as much as 17 db at Kiruna (Reference 43) at
0400 UT on July 8th. No neutron monitor increase was observed, but balloon measure-
ments were made by Russian workers at Kiruna (References 44 and 45). At an atmospheric
depth of 10 gm/cm? the intensity was 4 times normal at 1000 UT on July 8th, when the
riometer absorption was 18 db, and returned to normal by 1500 UT when the riometer ab-
sorption was 13 db (Figure 2-6). In this instance it is hard to reconcile the balloon and
riometer results, but it is evidence for a very steep spectrum. It is possible thét the energy
spectrum was so steep that, if the second balloon were under a few gm/cm? more atmosphere
than the first, the difference in counting rate could be caused by the differences in the cut-
off energy determined by the air above the balloon,

0433 UT August 16, 1958

For this event only riometer data, showing a maximum absorption greater than 15 db,
are available. Because an energy spectrum cannot be constructed from riometer data alone,
no figure is presented for this event,

1428 UT August 22, 1958

This event is characterized by a steep spectrum and no detectable neutron monitor in-
crease (Figure 2-7). The solar particles were observed by means of balloons (Reference 46)
and by the Explorer IV (1958¢) satellite (Reference 47). At Churchill, after only 1 hour, the
intensity of protons with kinetic energies above 100 Mev was 20 times normal; and the sub-
sequent rapid fluctuations until 1900 UT were probably due to fluctuations in particle emis-
sion. The spectra exhibited are derived from the balloon and satellite observations. A
direct determination at 0500 UT on August 23rd gives an approximate integral energy spec-
trum proportional to 1/E*-% above 100 Mev; and the satellite results support the validity of
extrapolating this energy spectrum to 30 Mev. Measurements made on Explorer IV (Ref-
erences 47 and 48) give integral fluxes, above 30 and 40 Mev, at three times during the
event, which are consistent wi'th the riometer observations (Reference 39).

0005 UT August 26, 1958

For this event only riometer data showing a maximum absorption greater than 15 db,
are available*, Because an energy spectrum cannot be constructed from riometer data
alone, no figure is presented for this event.

*Chapter 1.
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2101 UT May 10, 1959

Energy spectra were obtained at balloon altitudes during the period of 0400 to 1600 UT
on May 12, 1959 at Minneapolis, by the University of Minnesota (References 49, 51, and 51).

" However, balloon observations by Charakhch'yan, et al. (Reference 44) show that during the

latter portion of this time only a fraction of the total particle flux reached Minneapolis, so
that only the energy spectrum at 0640 UT has been shown (Figure 2-8). The PCA began
about 5 hours after the flare, reached an absorption maximum in excess of 12 db at Long-
yearbyen, and recovered over a period of several days (Reference 52).

The July 1959 Events

The complex series of events occurring during July 1959 are the subject of a mono-
graph published by UGGI (Reference 53). In brief, a series of three great solar flares,
occurring before 0210 UT July 10th, at 0319 UT July 14th, and at 2118 UT July 16th, caused
‘a series of three large solar cosmic ray events (Figures 2-9, 2-10 and 2-11). The last of
the flares also produced particles in a range of energies and in a quantity detectable by
neutron monitors. The absorption showed increases to greater than 20 db for all three of
the events, as recorded by the 27.6 Mc riometer at College (Reference 23); the riometers
at Barrow (Reference 23), Thule (Reference 23), and Churchill (Reference 54), are in gen-
eral agreement with these maximum values. ' ‘

The neutron monitor increase has been discussed by McCracken and Palmeira (Refer-
ence 14) who point out the very slow rate of rise, and the isotropic nature of the flux at the
energies detected by the neutron monitors. High latitude monitors detected an increase at
about 0300 UT on the 17th and, between 0800 UT and 1200 UT, recorded an increase of
about 6 percent for particles above 1 Bv. If we take a differential spectrum (Reference 53)
of the form 1/p%, a particle intensity of 0.06 x 13 x 0.09 = 0.07 particles/cm?2-ster-sec
(P > 1 Bv) is implied. This is consistent with the fact that stations with thresholds above
1.2 Bv did not see an increase. :

The neutron monitor records show no additional particles-even at the highest latitudes—
after about 1800 UT on the 17th. If we assume a steepening of the spectrum of 1/p¢, and that
a 1 percent increase would have been detected, the intensity above 1 Bv was less than
0.01 x 13 x 0.09 = 0.0012 particles/cm? -ster-sec. '

A number of balloon flights provided particle data in the intermediate energy range.
Information from Freier (Reference 49), Winckler, et al. (Reference 55), Webber (Refer-
ence 56), Brown and D' Arcy (Reference 57), and Anderson and Enemark (Reference 40),
have been combined to give energy spectra at four times during the July 10th event and
twice during each of the other two, as well as relatively complete histories of the integral
flux above 100 Mev.
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0138 UT April 29, 1960

The riometers at College (Reference 41), Thule (Reference 41), and Churchill (Refer-

- ence 54) were in essential agreement during this event and showed a maximum absorption
of about 13 db on April 30th at about 0600 UT (Figure 2-12). Several readings from the
Explorer VII (1959. 1) (Reference 58) counters during the period 1800 UT April 29th through
0100 UT April 30th at L values* where the full intensity was often seen in other events
indicated flux values more than an order of magnitude lower than those inferred from the

" riometer data, This shows that either the satellite was situated in a position where the
minimum energy observable due to geomagnetic effects was larger than the nominal thres-
hold energy of the detectors (18 and 30 Mev) or that there was a large component at ener-
gies below 18 Mev, '

1000 UT May 4, 1960

This event, observed at sea level by neutron monitors, falls into the category of rapid
risers and shows pronounced impact zone effects. The intensity in the impact zones started
to rise at 1030 +1 UT, and reached maximum at 1040 +2 UT, with a differential spectrum of
about p~* (Figure 2-13). Outside the impact zones the intensity began to rise at 1035 UT and
reached maximum at 1048 +2 UT, with a differential spectrum varying approximately as p~%,
The neutron monitor at Deep River detected particles arriving directly and observed an in-
crease of 3.5 times at maximum, which implies an intensity of 3.5x 12 x 0.1 = 4.5 particles/
cm?-ster-sec above 1 Bv. This quantity checks within a factor of 2 with the increase re-
corded at the Jungfraugoch where the threshold is 3.6 Bv; the agreement provides some con-
fidence in the spectrum. The decay above 1 Bv can be approximated by an expression of the
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Figure 2-12—The time history of the April 29, 1960 event

*The distance called the “L value” is the radius (in earth radii) at which the magnetic line of force to which it refers crosses

the equatorial plane.
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form N =N e t/t with ty =2 hours. J. R. Winckler et al. (Reference 59), at 1_630 UT on
May 4th, found a flux above 1 Bv with detectors flown on balloons, which is in excellent
agreement with the flux inferred by neutron monitor data. '

The riometer data from Thule (Reference 41) showed a rapid increase to a maximum
absorption of about 5 db two hours after the start of the flare. The riometers at College
(Reference 41) and Churchill (Reference 54) were in darkness at that time. Following the
maximum, thé three riometers were in agreement, and the inferred particle intensity
agreed with the State University oi Iowa (SUI) Explorer VIl data (Reference 58) obtained
from 10 to 32 hours after the flare. ' '

1404 UT May 6, 1960

The riometers at College (Reference 41), Churchill (Reference 54), and Thule (Refer-
erence 40) showed agreement for this event, with a maximum absorption of about 13 db,
forty hours after the flare {Figure 2-14). Again there is disagreement with the SUI Ex-
plorer VII data (Reference 54), probably for the same reasons discussed in connection
with the event of April 29, 1960.

0037 UT September 3, 1960

In this interesting event the solar emission, due to a class 3 flare at 17°N 87°E on the
sun, occurred during the transit to the earth of distrubances from two previous flares. A
slowly rising isotropic flux was detected, which caused an increase of about 2 percent in
the neutron monitor rate at Deep River at 0900 UT (Reference 32). Rockets launched from
Churchill at 1400 UT and 1700 UT measured a spectrum steepening towards high energies
(Reference 21), which could be approximated in differential form 1/p3 3 between 0.15 and
0.7 Bv (Figure 2-15). If we assume that 1/p® is appropriate above 1 Bv, then the intensity
at the time of maximum was about 0.05 particles/cm?-ster-sec. Winckler (References
55, 60, and>61) deduced an integral spectrum 2 x 107 E™*! (E in Mev) from balloon '
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Figure 2-14—The time history of the May 6, 1960 event
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measurements at Minneapolis and Churchill at about 1730 UT. This is in fair agreement
with the intensity value given above, as are the results of Biswas et al. (Reference 5). In
the energy region from 22 to 67 Mev the intensity remained the same between 1400 and
1700 UT. We know from the behavior of the low energy particles producing the cosmic
noise absorption that the decay of the event at these energies was very slow; and examina-
tion of the emulsion measurements at 1 Bv at Minneapolis showed that the high energy flux
decayed by a factor of almost 10 in about 30 hours. ‘

The PCA observations indicated a very flat spectrum, consistent with that found by the
rocket emulsion measurements. In addition the measurements of Explorer VII (Reference 58)
are in agreement with the intensities inferred from riometer absorption.

1322 UT November 12, 1960

This event was a complicated one in which two separate maxima are displayed at high
latitudes by the neutron monitor records. Figure 2-16 shows the records of the Deep River
neutron monitor for the month of November 1960 showing the coordinates of the important
flares. It has been postulated (References 62 and 63), that the flares occurring on the 10th :
and 11th produced plasma frohts, and these were in transit towards the earth when the flare
on the 12th produced an injection of high energy particles. Thus, detectors on the earth
sampled the intensity of solar particles for six hours before and several hours after the
passage of a front which generated a large magnetic storm and a very rapid Forbush de-
crease. In addition to the neutron monitor and riometer data, detailed energy spectra were
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Figure 2-16—November, 1960 neutron monitor data from Deep River
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obtained at three times during this event by the reduction of data from sounding rockets
fired from Churchill (References 63 and 64). These spectra for the November 12 event

are shown in Figure 2-17. The low energy component between 20 and 80 Mev was seen to
increase markedly between 1840 and 2330 UT in agreement with the riometer data. Between
2330 UT on November 12 and 1603 UT on November 13, the high energy component continued
to decline as indicated by the curve deduced from neutron monitor data between about 2000
UT on November 12 and 0400 UT on November 13.

For this event Lockwood and Shea (ReferenceVGS) have performed calculations similar
to those reported here; and this permits a check on our procedure for finding the flux above
the atmosphere corresponding to a given neutron excess. Lockwood and Shea find a spec-
trum of the form p~® between 1600 and 1630 UT on November 12, and deduce a differential
spectrum for protons which corresponds to 2.9 particles/cm?-ster-sec above 1.25 Bv. Our
calculation leads to 0.85 x 21x 0.11 = 2.0 particles/cm?-ster-sec above 1.25 Bv.

Further confirmation can be found from the results of the measurements made at 1840
UT by a NASA rocket launched from Churchill just before the earth entered the trapping re-
gion (Reference 65). From the emulsion measurements, Fichtel and Guss found an intensity

‘above 680 Mv of 24 particles/cm?’-ster-sec, and a slope of about -6 for the integral rigidity

spectrum. Assuming this slope to continue, the intensity above 1 Bv would be 3.5 particles/
cm?-ster-sec. It is difficult to obtain a rate of decrease with time which has much meaning
over a wide rigidity range. After 1900 UT Manzano et al. (Reference 66) found a decrease
proportional to t™%-3 and a sudden increase in the decay rate at 1000 on November 13th.

0200 UT November 15, 1960

After the first hour, during which particles were incident principally from a direction
about 50° west of the earth-sun line and the intensity rose rapidly, a regular decline set in at

. high energies. The maximum of the neutron monitor increase at high latitudes indicates an

intensity of approximately 3 particles/cm’-ster-sec above 1.25 Bv, assuming a 1/p°® differen-
tial rigidity spectrum. Lockwood and Shea deduced a differential rigidity spectrum of

102p~¢ for P in the range 1-7 Bv. This leads to an intensity above 1.25 Bv of 6.5 particles/
cm?-ster-sec at the time of the maximum, which is in fair agreement with the calculation
made here. '

The riometer data indicate that the maximum flux of particles above 20 Mev occurred

. about twenty hours after the flare (Reference 41), and was almost 10* particles/cm?-ster-sec

(Figure 2-18). Detailed energy spectra were available early in the event from balloon borne
equipment (Reference 6) and later.in the event from sounding rockets (References and ).
The Explorer VII (Reference 58) data agree with the other data obtained to within a factor

of 2. A relatively fast decline is observed late in the event, with the decay following a law -
of the form 1/T", with T = 0 at the time of the flare and n perhaps as large as 3 (Refer-
erence 67).
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November 20, 1960

On November 20th there was another solar event; the flare was from the same region
as the flares associated with the November 12th and 15th events which, by then, was just
around the western limb of the sun. The increase at neutron monitor energies was small
and took about one hour to reach its maximum value, 5 percent above background, at Deep
River (Reference 20). An increase of the order of 1/2 to 1 percent occurred at points with
a threshold rigidity of 3 Bv, indicating a very flat spectrum. The riometer increase was
also relatively small, indicating that the integral intensity of particles above 20 Mev did not
exceed 100 particles/cm?-ster-sec.

July 12, 1961

The integral flux of particles greater than 20 Mev, as determined by the absorption de-
tected on the riometer (References 41 and 54), increased relatively slowly early in the July
12, 1961 event and reached a maximum shortly after the sudden commencement ~ 24 hours
after the flare (Figure 2-19). From nuclear emulsions flown on a balloon near Churchill,
Guss and Waddington (Reference 68) obtained an energy spectrum averaged over a 10 hour
period centered about 26-1/2 hours after the flare*, when the intensity was greatest. From
Figure 2-19, we see that the integral proton energy spectrum is very steep at this time, of
the order of 1/E*'®, in the energy range from 78 to 140 Mev. Based on the riometer data,
we conclude that it must have remained approximately that steep to energies below 20 Mev.
From geiger counter observations on another balloon at a slightly lower altitude (Reference
'69) and the riometer data, it is known that the energy spectrum was at least this steep during
- the entire period around maximum intensity.

0930 UT July 18, 1961

This event is presumed to be associated with the 3+ flare at 0930 UT on July 18, 1961
because of the relatively rapid flux increase shortly thereafter as detected by neutron moni-
tors and the riometers at various northern stations. There were, however, two major flares
shortly before this time, a class 3 flare at 0505 UT and a class 2 flare at 0805 UT, which
may have contributed particles to the event, Unlike the previous event on July 12, the riome-
ter absorption for this event shows a rapid rise almost to the maximum value within about
two hours (Figure 2-20). In addition, there was a detectable particle flux in excess of about
450 Mev as shown by the neutron monitor increase. There was a balloon in the air from
1305 to 1918 UT on July 18th carrying nuclear emulsion (Reference 71). A combination of
this, the riometer, and the neutron monitor data permits the determination of an energy
spectrum early in the event. On the basis of the neutron monitor and riometer records, as
well as the behavior of other events, it is reasonable to assume that the energy spectrum

*Data obtained from the Injun satellite (Reference 70) is in general agreement with this interpretation.
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steepened with time for the first twelve or more hours of the event. The integral {lux above
20 Mev had already begun to decline six hours after the event began,

2115 UT September 28, 1961

The September 28, 1961 event is the first for which there is a detailed energy spectrum,
as a function of time from 10-1000 Mev, for a large fraction of the event (Figure 2-21). The
data was obtained from instruments flown on Explorer XII by D. A, Bryant et al. (Refer-
ence 26). The flare presumed to be associated with the event began at approximately 2215
‘UT, September 28 and reached its maximum intensity at about 2230 UT. The slope of the in- .
tegral energy spectrum progressively increased with time in the low energy region until it
was approximately as steep as that at high energies. Then there was a general decay with
relatively little change in spectral shape above about 30 Mev. In the energy region from
1.5-30 Mev the {lux was seen to increase markedly around the time of the sudden commence-
ment and remain at a high level for several hours (References 26 and 72). The fluxes ob-
tained by D. A. Bryant et al. (Reference 26) and O'Brien et al. (Reference 72) in the low
energy region are found to be in agreement, within expected uncertainties, with each other
and with the fluxes deduced from the riometer absorption curve.

Imaginary Envelope Event

In Figure 2-22 the curves of proton flux as a function of time were drawn so that the in-
tegral flux above the indicated energy level would be just slightly larger than in any event
ever observed at the corresponding time from the beginning of the flare. Although this im-
aginary event is based on the best available data, there is, of course, the strong possibility
that some past events have been bigger. Also, some future solar outbursts may very well
have larger effects.
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Paper A-5 =7

INFORMATION ON SOLAR PROTON EVENTS (PCA's) DEDUCED FROM RADIO
OBSERVATIONS '

‘ D. K. Bailey
National Bureau of Standards, Boulder

Solar proton events (SPE's) are generally described (parochislly)
by lonospheric workers as polar-cap absorption events (PCA's) and (pddly)
by cosmic-ray workers as solar cosmic-ray events. Ionospheric workers,
using their traditional tool, the probing radio wave, in quite untraditional
ways have been able to contribute in the last decade a considerable gquantity
of informst ion ebout the nature and occurrence of these events. Moreover,
the radio observations have been made continuously at fixed positions,
whereas observations with particle detectors in balloons, rockets, and
satellites are conspicuously lacking in continuity, either in space or
time. Groun8-based cosmic-ray monitors, while operating continuously,
detect less than one-fifth of the events that are of interest in connec-
tion with the problem of radiation hazards in space.

The radio techniques do not observe directly the incoming protons, but
rather observe the effects on the propagation of waves resulting from the
abnormel ionization produced by the incoming protons in. a height region
from sbout balloon ceiling (30 km) to the E layer (110-120 km). .This ab-
normal ionization is most important between about 45 and 85 km insofar as
its influence on radio waves passing through it is concerned. Radio ob-
servations are capable of yielding quantitative information, not only asbout
the onset and duration times of individual events but also, if carried on
simltaneously at several suitably placed locations and with more than a
single frequency, about departures fram isotropy of the arriving protons
and about the instantaneous spectrum and thus its time variation.

Until recently the radio techniques employed in the study of solar
proton events have involved equipment that was designed for other purposes,
and often only accidentally situated in favorable geographic positions.
Thus one of the potentially most sensitive radio techniques, that of meas-
uring phase and amplitude over short, high-latitude paths at low and very
low frequencies, has scarcely been employed. On the other hand, because of
great interest in the polar ionosphere and in auroral effects, there has
been for many years, but especimslly during and since the IGY, an excellent
network of high-latitude ionosondes and a fair network of fixed-frequency
riometers. Some of the most valuable and certainly the most extensive and
continuous observations have been obtained as a by-product of the desire
of the USAF to have a communications system in the North Atlantic and
Greenland region that would be immune to the aurorally associated polar
blackouts. This system employing ionospheric-scatter propagation consists
of five links, three of which have ionospheric midpoints inside the polar
cap. The two remaining have ionospheric midpoints well outside the auroral
zone but still in high latitudes.  Continuous date, beginning in January,
1954, from several or all of the links of this system have been made avail-
able and have been analyzed for PCA events. Prior to January, 1954, similar
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data exist from fewer links operating for the most part at higher and
somewhat less sensitive frequencies. These earlier data extend the con-
tinuous period of study back to late 1951. Thus an entire solar cycle
has been examined by the ionospheric-scatter technique.

The interpretation of this long series of ilonospheric-scatter ob-
servations is continuing. It has been clarified by the simultaneous
observations of certain of the more recent solar-proton events by riometers,
and especially by particle detectors operated at high latitude at both balloon
and rocket altltudes.

In order to assess and therefore to make sound decisions concerning
the radiation hazard posed by solar-proton events, it is necessary to
know theilr characteristics at the top of the polar atmosphere, or more
generally in space at a distance fram the earth such that the earth and
its magnetic field no longer significantly affect the flux. Thus it is
necessary to know:

1. The frequency of occurrence of solar proton events in relation
to the solar cycle,

2. The statistics of occurrence of SPE's of different magnitudes
described in terms of the evolution of their energy spectra from onset
to the end of the period of detectability,

. 3. The statistics of the significant departures from nearly pure
proton fluxes,

L, The statistics of departure from isotropy in space as indicated
(a) at and near sunspot maximum, by differences in onset characteristics
at different locations, and (b) at and near sunspot minimum, by evidence
of impact zones and by evidence of much reduced "storage,"

5. The predictability of dlscrete events, and
6. The limitations on predictability.

The PCA observations by the lonospheric-scatter technique provide
sound answers to (1) and partial answers to (2) and (4). They do not
at present contribute much toward an answer to (3). Taken together with
other solar observations they permit answers to (5) and (6). These latter
answers, however, will perhaps not be well received. The nature of these
various answers and partial answers will be described.
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Paper A-6

STATISTICAL PREDICTION OF SOLAR PROTON EVENTS

James B. Weddell
North American Aviation, Inc., Downey, Calif.

Abstract

A method of correlating solar flares in time with
several indices of activity of solar regioms is
described. The method determines the probability of
occurrence of a flare if each of two indices exceeded
given limits, and the average time between measure-
ment of these indices and the outbreak of the flare.
-8ignificant correlations are listed; the most impor-
tant is the tendency for major flares to occur in the
second passage across the solar disk of regions
exceeding 2000 millionths of the solar hemisphere in
area, and vhich gave rise to small flares during their
first passage. These criteria permit prediction of
69% of class 3 flares at least 1b days in advance.
Flare positions have been correlated with the magnetic

~ field in active regions. The field near the sites of
flares tends to be frozen into the solar atmosphere
to a greater extent than other portions of the field.

Introduction

The ability to predict the emission of energetic protons from the sun may
eliminate or reduce the shielding requirements of manned space vehicles. If
such prediction is to be useful, it must cover a time interval at least long
enough for the crew to terminate their mission and return to earth after a
warning of danger is made. The prediction method should seldom give false
alarms which prevent space flights during periods free from solar proton events.

One present techniquel uses sunspot penumbral areas to predict major solar
flares, with which proton events are scmetimes associated. This method permits
flare prediction for only three days at a time. Another methoda, based on the
areas and durations of calcium plage regions, gives five-day forecasts of "safe
periods during which no flares will occur. The areas and durations of many
plage regions are such that safe periods cannot be forecast, although no flare
actually occurs; the fraction of predicted safe time is thus greatly reduced
near maxima of solar activity. Both of these methods are concerned only with
observations made during a single rotation of the sun.

"

lK.A. Anderson, "Preliminary Study of Prediction Aspects of Solar Cosmic Ray
Events," NASA Technical Note D-700, (April 1961).
J.W. Evans, Private communication.
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correlation Method

We have developed a method of correlating the occurrence of flares with
combinations of several indices of solar activity measured by arbitrary times
before a flare. By simultaneously correlating several characteristics of a
solar active region, we can more nearly identify the necessary and sufficient
conditions for a major flare or proton event. By relating the times of occur-
rence of flares to the times of observation of the corresponding active regions
during previous rotations of the sun, we open the possibility of predicting
flares three weeks or more in advance.

Solar activity indices studied thus far include the area, central intensity,
and duration of calcium plages, the duration of 200-Mcs and 3300 - Mcs radio
noise emission from active regions3, and the longitudinal component of the
magnetic field in active regions. The area and duration of flares and their
accompaniment by proton events have been considered. Published sources of data
are listed as references™™

To illustrate the correlation method by a hypothetical example, let A and B
be two quantitative measures of active solar regions (e.g., the area of a plage
region and its brightness temperature in 3300 - Mcs radio emission). Let aj;
ag, ..+ , ap be the magnitudes of A measured at times tj, to, ..., ty; let
bp+l, bpt+2, ..., bop be the magnitudes of B measured at times tp+l, tp+2, ...,
ton . Some measurements of A and B may have been simultaneous. Let fopng),
fon4+2, +++, f3n be the magnitudes of some aspect of a flares (e.g., its area)

-measured at times ton+l, ton+2, ..., t3n. We require:

tontk > tnek 3 ko
o 1€K%n
The probabilities of the following events are calculated:

" P(A,F): A is followed by a flare (i.e., in the region at which
i phenomenon A was observed).

‘"u_ﬁ P(B,F): B is followed by a flare.

P(ANB,R): A is followed or accompanied by B, and B is then
followed by a flare.

5G. Swarup, “Stanford Microwave Spectroheliograms for 1960 July," Stanford
University, Stanford, Calif. (March 1962).

Y compilations of Solar -Geophysical Data," Central Radio Propagation Laboratory,
National Bureau of Standards, Boulder, Colo., (July 1957 to date, monthly).
H.W. Dodson and E.R. Hedeman, "IGY Working List of Solar Flares," Mc Math-
6Hulbert Observatory, Pontiac, Mich., (1962).

‘O'Quarterly Bulletin on Solar Act1v1tz,“ Eidgen8ssiche Sternwarte, Zifrich,
Switzerland, (1917 - 1956).

7"Cartes Synoptiques de la Chromosphere Solaire et Catalogue de la Couche
Sugerieure, Observatoire de Meudon, Paris, (1917 - 1956).
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Lower limits a', b', and f' may be placed on a, b, and f. For example, the
probability may be calculated that plageé at least as large as 2000 millionths
of the solar hemisphere have brightness temperatures at 3300 Mcs of at least
105 deg K, and that if so these regions are sites of flares at least as large
as 10 sq deg.

Considering the J sets of observations for which ais 8',bpnsi 5 b,
fonti s ', the r.m.s. average time differences
‘1

] | T
-+ _ [a -)2 | 2 . (2)
Tp= | = (ten+t - t1) ] ’ :
A [J Zi=:L N
! - 'j . =
Tp = [i 3 (e - tn+i)2]2 , (3)
J &i=1
and the respective standard deviations
_ J 1
1 - L
Ia = [ 3 Zi L (tonsi- ti - tA)a] 2 |, (%)
. 3 1
1 >
= | = -2
4 [J 2 (ton+i = tn+s - tB) ] (5)
el

are calculated. In our example, we find the r.m.s. average times between flares
and the measurement of plage areas, and between flares and the measurements of
1dio brightness temperature, as well as the standard deviations of these times.

If P(A N B, F) >1/2, t,>20,, and ty > 20p, we consider that a statis-
tically significant positive correlation exists, and that observations of A
and B permit prediction of flares at least for time in advance.

Results

The following results have been cbtained up to October 1962 on the basis
‘of about 350 flares of class 2 and greater during 1958 through 1961:

1. The fraction of flares of class 2 and greater occurring at plages
making at least the second passage across the disk was 0.67. The
average time of the flare was 27 + L days after the central meridian
passage of the plage on the rotation previous to the flare.

2. The fraction of class 3 and 3+ flares occurring at plages making
at least the second passage was 0.78.

3. The fraction of flares of class 2 and greater occuring at plages
larger than 2000 millionths of the solar hemisphere was 0.91.
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4. The fraction of flares of class 2 and greater occuring at plages which
~ had been the sites of flares of any class during the previous rotation
was 0.88.

If a plage region is the site of any flare during its first passage across
‘the disk, and has an area of at least 2000 millionths of the solar hemisphere
at its first central meridian passage, a warning of a major flare during the
next rotation may be issued. This warning will include about 60% of flares of
class 2 and greater, and 69% of class 3 and 3+ flares. Flares which occur by
coincidence at other regions will increase the apparent accuracy of the warning.

The "false alarm" frequency of this prediction method has not been evaluated.
The original warning covers the interval between the 2lst and the 35th day after
it is issued. When the active region reappears on the east limb of the sun on
the 21st day following its first central meridian passage, the warning may be
cancelled if either

(a) The plage area is smaller than 2000 millionths of the solar hemisphere,
or :

(b) the active region is free from sunspots.

Such cancellations reduce the effect of false alarms on the fraction of time
during which space flight may be undertaken.

Relationship of Flares to Magnetic Field

The prediction method just tentatively proposed fails to predict a signifi-
cant fraction — about 30% — of class 3 and 3+ flares. It may result in
frequent false alarms, since some large active regions which are sites of flares

: * during their first passage across the solar disk may not give rise to .major
! " flares during subsequent rotations. This method predicts flares rather than
: - proton events, but it is known that some major flares are not associated with
energetic protons near the earth. In order to overcome these limitations and
S to gain physical insight into the role of proton events in the total process of
o solar activity, we have begun a correlation of proton-event flares and other
B large flares with solar magnetic fields.

Solar magnetograms8 obtained at Mount Wilson“Observatory9 were reproduced.
The solar magnetograph measures the component of the magnetic field at the
reversing layer in the observer's line of sight. Isogauss curves, or lines of
constant magnetic field, were constructed from the magnetrograms. The position
of a major flare associated with a given active region was translated in helio-
graphic longitude to compensate for solar rotation between the time of occurrence
of the flare and the time of measurement of the magnetic field.

5 8H.W. Babcock and H.D. Babcock, Publ. Astron. Soc. Pacific. 71, 165 (1959).
i 9H.W. Babcock, Astrophys. J. 118, 387 (1953).




Figure 1 is a typical family of isogauss curves of a single active region. -
Two flares which occurred within a. few days of the date of the magnetogram are DL no L s
shown; the crosses indicate the translated points at which the flares broke out, ST
and the circles have areas equal to the maximum extent of the flares. It is not
surprising that the points of outbreak of the flares lie very nearly on the line
of zero longitudinal magnetic field. This is in accord with the observation of
SevernyilO that flares break out beneath the highest points of dark filaments and
loop prominences; these points correspond to zero radial magnetic field. Near
the center of the solar disk, the radial and longitudinal components of the field
are equivalent.

Figure 2 is the family of isogauss curves. Curves of the same region that
. was shown in Fig. 1, but measured during the previous solar rotation; this was
the first passage of the region across the disk. The translated flare positions
‘are also shown, and they again lie near the line of zero longitudinal magnetic
field. This shows that the line of zero field in the vicinity of the flare sites
is stationary relative to the material of the reversing layer. The other parts
of the line of zero field, as well as the isogauss curves of non-zero field,
exhibit marked displacement and distortion in the course of one solar rotation.

Let us list some alternative conditions which could cause parts of the line
of zero field to be stationary in the ionized gaseous medium containing the field.
An approximate conditior for_a magnetic field to be frozen into a plasma is 'that
the magnetic Reynolds numbe

Ry =paul>>1 | : (6)

vhere pu is the magnetic permeability, a is the electric charge density, u is
the transport velocity of the plasma, and L is the length such that

Fp _ JBL
tme =3 ‘
Fg pu (7)

In Eq. 7, F, is the magnetic force exerted on the plasma, Fg is the dynamic
force exerted on the plasma due to gravity, pressure gradients, and radiation
pressure; J is the electric current density, induced in the plasma by its motion
in the field, B is the magnetic field intensity, and P is the mass density of
the plasma. Now

J=Kauw , (8)

where K is a constant, so
R, = Fp P p 2112‘!( (9)

FaB

Since the plasma is in approximate dynamic equilibrium near the flare sites,
Fy and F3 are comparable in magnitude and their ratio varies slowly with position

107775 Severnyi, Soviet Astron. 1, 668 (1957).
115 E.Drummond, "Plasma Physics,” pp. 172-3 McGraw-Hill Book Co.,
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and time. If B is small, R, is obviously large. But the total magnetic field
is not necessarily small along lines where the longitudinal component of the
field is zero. The transport velocity of the plasma_is small, as evidenced by

its rather steady participation in the rotation of the sun. The remaining way
in which By can be large is for the plasma density @ to be large.

Measurement of the transverse component of the magnetic field, or of the
density in the reversing layer and lower chramosphere, would shed much light on
this problem. Magnetograms of regions near the limb measure the component of
the field tangential to the sun and in the line of sight. These magnetograms
can be compared to those of the same region near the central meridian. If it is
assumed that the field 1s essentially constant in magnitude and direction for 5
or 6 days, two of the three components of the field can be inferred.

It must be pointed out that the correlation of flare positions with magnetic
field patterns does not yet include a statistically significant number of cases.
The magnetic characteristics which are conducive to major flares or to proton
events remain to be identified. The further study of magnetism in active solar
regions is expected to improve the prediction of proton events and to increase
our understanding of the behavior of the sun.
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"Paper A-7

COMMENTS ON THE PRODUCTION OF SOLAR HIGH ENERGY PARTICLES

M. C. Chapman, R. E. Fortney, and M. R. Morrison
Northrop Space Laboratories

Abstract

A general qualitative model for the production of
solar high-energy particles (SHEP) which can explain sever-
al observed flare phenomena is used in the analysis of a
specific flare event. The model, incorporating the work .
of several Russians and Americans, explains the occurrence
of solar radio emission,the initial anisotropic and later
isotropic distribution of flare particles, Forbush de-
creases in cosmic ray intensity, decreases in cosmic radio
noise, and fluctuations in the earth's magnetic field due
to solar flare particles. Also qualitatively explained
are such phenomena as the occurrence of shock waves during
flare events, observed surges in the active region, and
movement of magnetic ''bumps" before the start of the flare.
The model may be briefly described as follows: magnetic
fields in active region contain "bumps" which move toward
nodal points in the field. A conversion of energy can
occur by the annihilation of magnetic fields and the con-
traction of the conducting medium. This contraction re-
sults in a shock wave which propagates opposite to the
flow of gas. High temperatures behind the shock wave allow
thermonuclear reactions to occur, producing particles which
are further accelerated by the moving magnetic walls. The
plasma between the magnetic walls is expelled perpendicu-
lar to the compression and carries "frozen-in" fields with
it into the upper chromosphere or corona. This extended
field-plasma-particle region constitutes the magnetic trap
above the region from which it was generated, and deter-
mines the spectra of particles leaking from it. Energetic
particles accelerated by the shock fronts fill the region
and cause it to expand with an increase of energy; however,
the high energy particles are not easily trapped and can
escape, decreasing the energy and causing the trap to con-
tract. This contraction will lead to further acceleration
of the remaining particles. The non-equilibrium fluctua-
tion will continue until particle diffusion does not change
the energy sufficiently to cause large scale variations in
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pressures. The initial-ejection of- the high- energy par- -
ticles could occur in fast bursts, after which the trapping
region would assume a quasi-equilibrium configuration; a
slower diffusion of less energetic particles will now
occur. The trap, situated in the magnetic fields of the
active region, is carried out into space by the solar cor-
puascular streams; as the region moves outward the volume
increases (perhaps eventually encompassing the earth) and
the field strength decreases, so that the trapping effec-
tiveness is reduced and the particles escape easily into
the stream.

Introduction

In commenting on the production of high energy particles from the
sun, one is led to a reverse analogy using the case of particle acceler-
ators here on earth. The accelerators were developed over a period of
years and are well understood, while the particles emerging from the
beam target are still being investigated. 1In the case of solar flares
we have information on the particles from the beam after it strikes
the target (the earth), however, the method of accelerating these par-
ticles is still not well understood.

This paper will present a model for the production of high energy
particles from flares on the sun, and using published experimental data,
will show the consistency of the model with observations.

Sections will be devoted to background information on solar phy-
sics, production of SHEP (solar high energy particles), and experi-
mental verification,

Background

A brief discussion of the sun is now presented as background in-
formation on the environment in which flares occur.

It is convenient to divide the sun into four concentric regions with
morTe or less well-defined properties (Figure 1); "these are the interior,
the photosphere, the chromosphere, and the corona. The interior may be

l. Goldberg, L., "™The Sun," Science in Space, Chap.VI, National
Academy of Sciences - National Research Council, Washington, D.C.,
1960.
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subdivided further into (a) a core, in which radiant energy is pro-
duced by thermonuclear reactions, predominantly near the center, and
through which it travels by radiative transfer toward the outside;
and (b) a convective layer which extends to just below the visible
exterior and is probably no more than 1/5 the radius thick. The
temperature, pressure, and density decline through the interior from
extremely high values at the center to relatively low values at the
visible surface. ‘

The photosphere is the apparent surface from which practically
all optical radiation comes. The radiation contains contributions
from many different layers, but its intensity is approximately edual

‘to that radiated by the gas at an optical depth of one. At one A.U.

a layer of unit optical depth seen edge-on subtends less than 1" of
arc, and therefore appears sharp. The continuous spectrum of this
radiation is a mean of near black-body radiation whose temperature
ranges from perhaps 4500°K to 7500°K; the resulting blended spec-
trum resembles that of a black body near 6000°K at the center of the
disk, while near the limb, along oblique lines of sight where the
contribution of the deeper, hotter layers is proportionately less,
the continuous spectrum corresponds to a lower temperature. The
effective temperature which most nearly matches the continuous spec-
trum of sunlight integrated over the whole visible disk is about
5750°K,

The photosphere appears tobemottled with small areas slightly
hotter and brighter than their surroundings and having a mean life-
time of several minutes. These granules appear to be regions where
currents emerge with upward velocities of the order of 1 km/sec.
The photosphere also is the region where sunspots and faculae are
located.

The chromosphere is a thin transition region lying between the
relatively cool outer layers of the photosphere and the million-
degree corona. It is extremely inhomogeneous, and small volumes are
far from being in a steady state. The normal structure of the chromo-
sphere consists of fairly closely packed spicules - small jet-like
prominences with lifetimes of the order of several minutes and up-
ward velocities of the order of 20 km/sec - whose tops reach a height
of roughly 10,000 km. The appearance of the chromosphere in the
light of H-@ has been compared to a prairie fire. There is little
uniformity of opinion for a model of the chromosphere except perhaps
on the following: the region below 6000 km is complex and inhomo-
geneous, probably comprising cells of high and low temperature, per-
haps as different as 30,000° and 4000°; in the upper chromosphere
the temperature rises steadily and rapidly to several hundred
thousand degrees at the base of the corona. There is no sharp di-
vision between the top of the chromosphere and the base of the corona

98




LU SRR UL S

TRAPPING

REGION

99-

'&i
EE RN,
Sy

s

VR A
“orin
AR
UL e B
R T s
o w2k o

S AR

G
0if i
& .

=
o555

Structure of the Sun

Figure 1.



since the tops of spicules sometimes project into the corona. Types
of activity associated most closely with the chromosphere are flares,
plages, and prominences.

{
:
.
t
;

The corona is the very tenuous outer atmosphere of the sun, which
can be traced out into space for a distance of several solar radii. The
intensity of coronal light is approximately 1076 of the total sunlight,
and most of this is continuous radiation from the photosphere scattered
by electrons of the corona. Most of the sun's x-radiation originates in
the corona and in certain active regions of the chromosphere. The kin-
etic temperature of the corona is of the order of 10°°K,

The corona exhibits a considerable amount of both regular and ir-
regular structure. The regular structure goes through a cycle in phase
with the 1l-year activity cycle, such that at sunspot minimum the
corona shows broad extensions above the equatorial region and fine stri-
ated streamers fanning out from each pole, while at sunspot maximum the
structure is more nearly the same over equator and pole, with polar
streamers less pronounced. The corona also shows localized inhomo-
geneities, such as regions of greater radio opacity, and "hot spots" over
regions of obvious activity in the chromosphere.

The sun's magnetic field can be approximated as an axisymmetric
dipole field with a mean intensity in the photosphere of the order of
1-2 gauss. The field is assumed to be generally radial at the orbit of
the earth, but at a distance somewhere between the orbits of Mars and
Jupiter, it is assumed to become disordered from spiralling due to the
sun's rotation. : :

All internal lines of force are assumed to lie in a relatively thin 5
submerged layer at a depth of the order of 0.1 R that stretches between '
+ 559 latitude. H. W. Babcock2 has shown how the magnetic lines of force
are twisted due to the sun's rotation and then are floated to the sur-
face of the photosphere and emerge as bipolar magnetic regions. These
regions are associated with sunspots and may exist in varying forms of
complexity. Therefore the sunspots themselves are classified according i
to these magnetic fields: & = unipolar, B = bipolar, Y = complex, and :
BY = semicomplex. The following is a qualitative description of the four
basic spot types.

@ : Unipolar groups are single spots or groups of spots
having the same magnetic polarity,

B : Bipolar groups in their simplest form consist of two
spots of opposite polarity. Often the bipolar group
is a stream of spots.

2. Babcock, H. W., "The Topology of the Sun's Magnetic Field and the
22-Year Cycle,'" Mount Wilson and Palomar Observatories, Carnegie
Institute of Washington, California Institute of Technology, 1960,
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By :,Semicomélex groups have bipolar characteristics,-but no. - .- -
clearly marked dividing line between the spots of opposite
polarity

Y : Complex groups have polarities so irregularly distributed
that they cannot be classified as bipolar; sharply bounded
regions of opposite polarity sometimes exist within the
same penumbra.

The sunspots and their associated magnetic fields furnish the environ-
ment for the catastrophic disturbances known as solar flares. The flare
occurs usually with a sudden onset near the neutral point (boundary) be-
tween two opposin§ spot-connected fields where the local field intensity
is close to zero.” The region occupied by the flare expands during the
lifetime of the flare (= 103 sec), with velocities of several km/sec, and
may attain linear dimensions of 10 cm8 and it is assumed that the depth
of the region is of the order of 5 x 10° cm. Thus, a flare volume may be
Vi 5 x 1028 em3,

The energy radiated by the flare may best be described in the follow-
ing breakdown: ‘

. The visible radiation has been observed to be
of the order of magnitude of 1027 . 1028 ergs.

. The energy of X-radiation has been observed to
be also ~ 1027 - 1028 ergs.

. The energg carried away by SHEP's is approxi-
mately 10 1 10 ergs.

. The energy release from decreases in magnetic
field gradients in the flare region is roughly
1027 . 1028 ergs.

. The thermal energy is of the order of 1027 - 1028
ergs., :

0

3. Chapman, M. C., and Morrison, M. R., A Summary of Natural Particu-
late Radiation in Space, ASD-TDR-62-606, p. 35 (1962),
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A short development of solar flare phenomena as seen from the earth,
would be as follows (Fig. 2).% The flare is observed usually at time 1
hour to emit light in the optical, ultraviolet, and X-ray regions of the
electromagnetic spectrum (Profile 1). These emissions rise rapidly to a
peak and then die off within a few hours. At the same time, bursts of high
frequency radio emission are observed (Profile 2), exhibiting approximately
the same rise and decay profile as the optical emissions. Low frequency
emissions (Profile 3) also occur in burst form and with a total intensity
rise time similar to the previous effects, but the maximum of the profile
is longer and the decay in time is slower, persisting for as long as 12
hours.

Solar high energy particles (SHEP) are observed to arrive over the
poles of the earth some time after the electromagnetic observations of the
flare event, this delay being due to propagation times greater than that
required for electromagnetic radiation., The SHEP intensity (Profile 4)
is observed to have a sharp rise time with irregular fluctuations near the
maximum, and then to decay slowly with time; the effects still being ob-
served for periods as long as days.

Profile 7 shows that the earth's magnetic field is undisturbed by the
previously discussed effects (Profiles 1 through 4). However, at some
time which may be 24 hours after the observed flare, the geomagnetic field
suffers violent fluctuations. This effect is due to a solar plasma of low -
energy charged particles (protons and electrons) colliding with the earth's
field, and causing it to contract, deform and spring back. The effect of
the perturbed geomagnetic field on SHEP arrival is indicated in Profile 4.-
The structure observed at times 30 through 38 hours depicts the arrival of
SHEP over regions on the earth at low latitudes, where they were previously
forbidden due to the geomagnetic cutoff of the particles.

The galactic cosmic ray intensity (Profile 5) follows the same general
form as does the earth's magnetic field. The decrease in cosmic ray in-
tensity is caused by the particles being deflected by magnetic fields
“"frozen" in the solar plasma. Thus, when the solar plasma has reached the
earth's field and perturbed it, many of the galactic cosmic rays in the
vicinity of the earth cannot penetrate both the plasma and the field, and
the previously observed intensity decreases. As the solar plasma passes
the earth, both the geomagnetic field and the cosmic ray intensity recover
and approach normal levels,

The cosmic radio noise (Profile 6) is affected by arrival of three
emissions from the sun, i.e., ultraviolet and X-rays, SHEP, and solar
plasma. Since these radio emissions must penetrate the ionosphere, the
conditions there greatly influence their propagation. Coincident with the

4. 1bid., p. 32-35.
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emission of X-rays from the sun (allowing for a time of flight to the
earth of 8 minutes), the reception of cosmic radio noise is decreased
(times 1 through 4 hours). This is due to the increase in ionization in ;
the ionosphere caused by the solar ultraviolet and X-rays, making it more ;
opaque to transmission of the radio signals. This opacity is further in-
creased by the arrival of the SHEP (times 4 through 24 hours) which pro-
duce: additional ionization. The fine structure fluctuations in the re-
covery of the radio noise reception (times 27 through 32 hours) is due to

the solar plasma disturbing the field and allowing additional particles fh_vfj}""”

to_be5dumped into the ionosphere, producing more ionization and thus in-
creased opacity.

It can be seen that solar flare events produce varied geophysical
phenomena and greatly influence the space environment, and with the ad-
vent of space exploration, flares are being studied with increased inter-
est due to the radiation hazard they present to both manned and unmanned
space flight.

SHEP Production Model

A. Energy Conversion

The flare event has its "roots" deep in the photosphere, actually
occurs in the chromosphere, and extends into the corona. The flare pro-
cesses that occur in the photosphere are not well known; however, it is
thought that either ring currents are generated which rise into the chro-
mosphere, or mutual destruction of magnetic fields leads to the observed
chromospheric effects. The result of either of thése two processes is a
change in the configuration of chromospheric magnetic fields. Obviously,
emergence of ring currents will produce this effect. However, the self-
destruction of fields is a very attractive hypothesis, and could occur
in the following manner.® Two tubes of a magnetic field could combine
under favorable conditions, resulting in a destruction of a part of the
field. These conditions require that two tubes collide such that the
transverse components of the fields are parallel, and the longitudinal
components antiparallel. If the gas conditions are favorable for field
diffusion, i.e., low temperature and ionization, then the "inner" trans-
verse field would diffuse and result in a decrease of the magnetic pres-
sure in the gas, which would then contract due to the greater "external"
magnetic field pressure. If this process were to occur in the chromo-
sphere where the gas density is low and the internal field pressure is a
large part of the total internal pressure, the destruction of this field
would allow contraction and heating of the region. This heating would
increase the conductivity and thus inhibit the magnetic field diffusion.
This restriction does not occur in the photosphere, where the particle
density is high and thus the internal thermal energy is greater than the
internal field energy. These fields are relatively free to diffuse,
and large contractions of the region will not result. However, since
the chromospheric fields are rooted in this region, a relatively small

5. Shabanskii, V. P. "On the Origin and Evolution of Solar Flares
and the Generation of Cosmic Rays in Them," Soviet Astronomy -
AJ, Vol. 5, No. 5, March-April 1962.
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change in magnetic field in the photosphere will induce a change in the
chromospheric field, and due to lower gas densities, significant con-
traction of a region can be produced. :

The protrusion of the flux tubes into the chromosphere results in sun-
spot magnetic fields of different polarities. The complexity of these P
fields results in several maxima and neutral points in the region. The P
plasma near a neutral point is in an unstable condition, the gradient of
the magnetic pressure will tend to compress the region, and the region .
resists this compression by the gas pressure. P

If the field gradient is high initially, then the compression forces
increase mgre rapidly than the opposing gas pressure, and the pinch effect
can occur, However, before the compression proceeds very far, shock
waves can be produced on either side of the neutral plane. Pressure dis-
continuities behind the shock waves, which propagate toward each other,
tend to retard the compression, As the shock wave passes, the plasma
expands behind it, leading to an increase in the flare area. The shock
waves collide and are_reflected; in collision, impulsive heating results
in temperatures of 107 OK, which can sustain thermonuclear yeactions. The
chromospheric region normally exhibits temperatures of & 10" ©K, and den-
sities of~1013 cm'3, as opposed to the photosphere where temperatures are
lower and densities higher (~ 1017 cm™3). The flare may last > 103 seconds,
and have expansion velocities of 103 km sec -1, The initial magnetic
fields diffuse and are dispersed during this process, leading to different
distributions after a flare.

The heated region where thermonuclear reactions can occur supplies the
injection source for high energy particle accelerations. The reactions
produce helium nuclei and protons with energies of ~4 Mev and ~3 - 14 Mev,
respectively, It is necessary that the majority of the particles to be
accelerated be injected with some sufficiently high initial energy, since
the particle undergoing accelerations must gain energy in the face of re-
tarding, or loss, mechanisms. The plasma (or gases) in the chromosphere
and corona of the sun are sufficiently dense so that an accelerated parti-
cle loses energy through an "ionization"™ process in traversing them. Since
ionization loss is a decreasing function of increasing particle energy, a
low energy particle may suffer such great ionization losses that the acceler-
ation process may never dominate. The rate of energy gain of a particle
from acceleration processes rises approximately log linearly with parti-
cle energy, whereas the ionization loss decreases according to a power
law. Thus, if a particle is injected with an energy greater than the in-
tersection of these curves, it will always experience a net gain in energy.
Also, it is true that, for equal charge, a particle of sufficiently greater
mass can experience a net acceleration gain without injection, since the
energy loss curve will be shifted toward higher energies.

6. Severnyi, A, B., "Nonstationary Processes in Solar Flares as
a Manifestation of the Pinch Effect.”
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The accelerations occur when a particle is reflected between mag-
netohydrodynamic shock waves converging toward a neéutral point. The
particle will then be accelerated by successive reflections until it
escapes the system. This mechanism could lead to a 100% increase in the
energy of a relativistic particle in agprox1mate1y 50 collisions 1if the
front has a velocity of 103 km sec”

The plasma contained by the moving magnetic '"walls" is not only com-
pressed, but is also ejected from the region transverse to the motion
of the walls. The plasma is '"squeezed" both out of the region into the
corona, and into the deeper parts of the sun. The outward streaming
plasma carries with it energetic particles and frozen magnetic fields,
and rises into the magnetic field region above the seat of the flare
in the sunspot.

B. Trapping Region

The fields above sunspot groups during flares reach values of hun-
dreds of gauss; thus, the expelled plasma and energetic particles push
out into this field, forming a trapping region. Calculations of particle
radii of curvature show that this region has sufficient field strength
to trap Bev particles. The pressure of the expelled plasma causes the
region to swell and extend outward from the sun., However, the very high -
energy particles do not remain trapped, but leak out of the trap. This
then decreases the internal energy, and the region contracts. The con-
traction leads to additional acceleration of the remaining particles, of
which the higher energies readily escape. Thus the region experiences
a fluctuation until the energy of the remaining particles falls to a value
such that they do not escape readily. 1If a rough dipole form is assumed
for the trapping field, then the diffusion of particles out of this can
be shown to be of the form
& 3
w=YH B.c
H W

where W is the gyro frequency of the particles.

It has been shown that the energy spectrum of the particles can be
calculated frpom a method similar to that used in galactic cosmic ray in-
vestigations.” The differential energy spectrum of the escaped particles

: = -
iec of the form N(E) = CE™ where @ has been calculataed to be = 3.5 for

early stages of a flare, However, as the fluctuations cease, the lower
energy particles will show a different spectrum due to perturbations from
surrounding low strength fields. The trapping region now continues to
push out against the sunspot field, with particles leaking out, and thus

7. Ginzburg, V. L., "Cosmic Rays on the Earth and In the Universe,"
Soviet Physics Uspekhi, Vol. 4, No, 4, January-February, 1962.
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the internal energy decreases (assuming the source has ceased). However,
the volume contained by the fields (which are still rooted in the photo-
sphere) has increased, and thus the trapping effectiveness decreases as
the field strength decreases.

Particles in the Mev energy range could be trapped for significant
lengths of time, during which they lose energy through collision losses
in the plasma, The rate of change of velocity for fast protons in hydro-
gen plasma can be expressed as a function of the plasma density and tem-
perature, A lifetime for a high energy particle, defined as the time re-
quired for the particle to lose one-half of its energy, can be obtained
from this expression, and is given as 8

3 4 < %
ty = 0.64 vmMd12Te N In 2V (471;5 ) }
e e

where N,T are the plasma density, temperature; m and M are the electron
and proton masses, and v is the particle velocity. If the particle vel-
ocity is equal to, or less than, the average velocity of th; plgsma elec-
trons, then v should be replaced by vo. At a density of 10 cm™ , and tem-
perature of lO°K, the lifetime of a 10 Mev proton is approximately 41
hours. Thus the concept of a trapping region which contains energetic
particles and allows them to leak out in time is consistent with particle
energy lifetimes in the coronal regions.

The trap is expanded into the corona and space by the pressure of
the energetic particles within the region. This region continues to
propagate through space, loosely guided by the radial field of the sun,
- or perhaps flowing along a path swept out by a previous event, Thus,
. west limb flare particles usually reach the earth sooner than do those
from east limb flares; in fact, it is difficult for east limb flares to
produce significant radiation at the earth. Since the velocity of propa-
gation of the region is dependent upon the internal pressure (as well as
the field), the delay time of magnetic storm onset at the earth is related
to the number of high energy particles produced.

The early stages of the flare event, which produce the initial high
energy particles and "squeeze" out the plasma from between the moving
magnetic walls, could lead to an initial anisotropic distribution of high
energy particles. These particles, if of very high energy, .could pene-
trate the magnetic trap relatively easily, and escape into space to be
loosely guided by the general radial field. As the event progresses, the
higher energy particles are lost and the region expands, with the lower
energy particles escaping after many deflections. Thus the initial high
energy particle anisotropy should decay into low energy isotropy. The

8. Fireman, E. L., "Density of the Soilar Flare Plasma,” Smithsonian
Astrophysical Observatory, (Private Communication).
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balance of this anisotropic - isotropic stage should be a function of the
energy of particles produced, the configuration and strength of the mag-
netic trap and the frozen-in fields, and the perturbations due to ir-
regularities in the interplanetary field. The front of this extended trap-
ping region could eventually reach the earth, resulting in a Forbush de-
crease of galactic cosmic rays, and the onset of a magnetic storm. At

this time, due to the energy dependence of the diffusion of the particles
out of the region, the trap should contain a preponderance of low energy
particles,

Experimental Verification

Observations pertinent to verification of the model will be discussed
in this section. The model predicts that the delay in arrival of the
SHEP will differ from that of direct propagation due to trapping in the
region above the flare. Thus, the flux-energy spectrum should charge in
time as the particles escape from the trap. Evidence for this phenomenon
is presented in Figure 5, which shows the data of Bryant.9 The first par-
ticles to arrive are of high energy and low intensity; as the event

progresses the spectrum changes, becoming more intense and steeped to low

energies. Variations in the specific spectra can be expected for various
flare events; however, the general feature of a buildup in flux and steep-
ness of spectra should hold. It should be noted that portions of the
spectra might not be observed for an event, such as perhaps an east limb
flare, if propagation conditions are such that the particles are guided
past the earth at one time, whereas the earth might move into their path
at another time during the event, The shift of the intensity maxima to
lower energies is shown in Figure 6 for the flare of 28 September 1961, The
maxima are seen to shift to lower energies as time increases. The time
integrated differential flux-energy spectra, normalized to 1 proton/cm
steradian with energy greater than 100 Mev is.shown in Figure 7 for the
flare of 28 September 1961. This curve can be approximated by a power law
of the form

N(E) = CE™@

where o has been observed to change for various events. However, this is
of the form that one would expect from considerations of the flare acceler-
ations and trapping region,

9. Bryant, D. A., et al;, "Solar Cosmic Rays Following the Flare of
September 28, 1961," Paper at American Geophysical Union Meeting,
Washington, D.C., (April 1962). :
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Much work has been done with radio astronomy and the radio noise
from the sun has been classified into types. Some of these types have
been found to correspond to radiations from particles in the chromosphere
and corona can be correlated with flare events,

The following table lists the types of radio noise and the particle
radiations that are believed to cause the noise,l0

Type

Centimeter

Type 11

Type III

Type 1V

Type V

Radio Storms

Solar Radio Noise

Characteristic
Duration

Minutes

Minutes

Seconds

Hqurs

Minutes

Days

Probable Cause

Synchrotron radiation from rela-
tivistic electrons. :

Excitation of coronal plasma os-
cillations by high energy particles
that are probably trapped in a mag-
neto-dynamic wave.

Excitation of coronal plasma oscil-

lations by high energy particles that-

pass through the corona freely.

Synchrotron radiation from rela-
tivistic electrons.,

Excitation of coronal plasma oscil-
lations by particles ejected during
a flare. The particles rapidly dif-
fuse from trapping region.,

Excitation of coronal plasma oscil-
lations by particles ejected during
a flare. The particles slowly dif-
fuse from trapping region.

As can be seen from the table, the kinds of particles causing the specific
types of radio emission can be determined. Thus, Types 1I, II, V and
Radio Storms agree well with a model which predicts a trapping region

following a flare event,

Types II and III correspond to the high energy

particles that are not trapped in the region while type V and radio storms
can be correlated to the diffusion of medium and low energy particles from

the trap.

10, Denisse, J. F., '"Solar Radio Phenomena and Their Physical Interpre-
tation," NASA TT F-72, September 1961,
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The change in magnetic field configuration of a sunspot group during
a flare event has been observed by Gopasyuk, in which he was able to
distinguish "humps" of magnetic field intensity, Assignments of isogauss
contours and magnitude of displacement have been made, which show, in
general, that the displacement is in the direction of flare nodes (neutral
points), and that these displacements do not occur in the absence of flare
events. These field changes are consistent with the early stages of the
flare event when compression and gas movements are in evidence. It has
also been observed 12 that strong magnetic fields (hundreds of gauss) are
carried thousands of kilometers above the edge of the solar disk. These
fields correspond to the trapping region fields which are carried outward
by the expelled plasma and energetic particles.

The observation of polar cap absorption verified another feature of
the model, which discusses propagation from the sun to the earth, It has
been observed 13 that SHEP stream into the polar cap regions some time
after the flare occurs, At some later time, after the onset of the mag-
netic storm, the flare region produced another flare, and these new pro-
tons arrived much faster at the poles than did the initial protons from
the first flare. This corresponds to the second flare particles following
the path "carved out" by the preceding flare's trapping region, which
remains rooted in the sun, but extended out and encompassing the earth.
The presence of the plasma cloud near the earth results in a Forbush de-
crease in galactic cosmic rays, which became more severe when the plasma
cloud was preceded by SHEP, than when no SHEP were observed. It is the
presence of these SHEP in a flare event which makes possible the carrying-
out of large magnetic fields from the sun, resulting in a strong Forbush
decrease, To sum up, a SHEP flare will exhibit shorter storm delay time,
lower SC amplitude, and stronger Forbush decrease than will a non-SHEP
flare.

11. Gopasyuk, S. I., Variations of the Magnetic Field and Sunspot Con-
figurations During Solar Flares - A Determination of the Total Energy
of Flares, Soviet Astronomy - AJ, Vol, 5, No. 2, September-October
1961, .

12, Severnyi, A. B., "Generation of Flares by Varying Magnetic Fields
on the Sun,” Soviet Astronomy - AJ, Vol. 5, No. 3, November-December
1961,

13. Dvoryashin, A.A., et al., "Active Solar Regions and Their Corpuscu-

lar Emission," Soviet Astronomy - AJ, Vol. 5, No. 3, November-
December 1961,
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The shock waves produced by the change in field gradient and subse-
quent compression of the flare region have been photographed.l4 The
photographs clearly show the shock waves moving through the active region,
and the region expanding. Also, through an ingeneous technique, a wave-
length shift is used to show plasma ejected toward the earth in a color
different than that for plasma falling back into the region. Thus the
ejection of a plasma during the bright phase of a flare event has been
directly photographed.

The anisotropy of the }nitial radiation arriving at the earth from-
a flare has been observed. > This early anisotropy seemed to come. from
a source located approximately 50° to the west of the earth sun line,
(Figure 8), which corresponds to the initial high energy particles es-
caping immediately from the flare trap,and being loosely guided to the
earth by the spiralled field of the sun. It was observed for one event
that the anisotropic SHEP arrived in bursts, which would correspond to
the early fluctuations of the non-equilibrium trapping region above the
flare site. The anisotropic phase of SHEP arrival is observed to vary
in time, which is consistent with varying production and trapping con-
ditions on the sun; the anisotropy decays into isotropy in a matter of
minutes to a few hours,

Spectroscopic observations of flare phenomena12 lends evidence for
emission of a stream of radiating plasma having a velocity of the order
of 10° km sec™. These observations are of wings of hydrogen emission
lines, upon which asymmetric "whiskers" are imposed. The investigations
of these profiles yield good first approximations due to doppler broaden-
ing, but better agreement is obtained if velocity gradient broadening is
used. Thus direct observations consistent with fast particle stream
motion, both in and out of a flare region, have been made.

14, Ramsey, H. E., Lockheed California Company (Private Communication)

15. McCracken, K.G., "The Cosmic Ray Flare Effect;" Jour.of Geophys.Res.,
Vol. 67, No. 2, February 1962.
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Paper B-1

RADIATION DAMAGE TO SOLAR CELLS

J. A. Baicker and P. Rappaport
RCA Laboratories
Princeton, N. J.

Abstract

" The construction, operation, and performance characteristics
of solar cells are described. The radiation damage process is
discussed, and details of proton and electron damage to silicon
cells presented. The degradation of the photovoltaic current- -
voltage characteristics and the spectral response is shown, and
a comparison made of various types of solar cells, including silicon,
gallium arsenide and cadmium sulfide. Differences between p/n
and n/p silicon cells are discussed and explained in terms of basic
properties of the radiation defects.

I. Introduction

When solar cells were first suggested as space power supplies
it was expected, based on cosmic ray intensities, that their operat-
ing lives would extend for thousands of years. However, with the
discovery in 1958 of the Van Allen radiation belts it was recognized
that solar cell lifetimes would be reduced to months or even less
in the most intense regions. For many of the low energy electrons
and protons in these belts simple quartz or sapphire shielding
over the solar cells could be quite effective. Now, with the crea-
tion of the artificial radiation belt, the solar cell damage problem
is quite serious and under some conditions the conventional solar
cell may last for only days. This is a result of the large number
of relatively high energy electrons that were produced by the high
altitude bomb blast, and against which solar cells cannot be easily
shielded. 1In this paper we will discuss solar cell radiation damage,
and discuss how some of the deleterious effects may be counteracted.

First, we will describe the operation of solar cells and
discuss the physical phenomena that occur when they are subjected to
high energy particle radiation. The latest damage data for electrons
and protons will be presented, with the general conclusion that solar
cells will continue to be quite useful as space power supplies.
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It is well-known that solar cells are among the most vulnerable
components used in space vehicles. This is true for two reasons:
(1) solar cells require long minority carrier lifetimes for efficient
operation, and the lifetime is the most sensitive to radiation of all
semiconductor properties, and (2) they are mounted on the exterior of
the satellite in an exposed position with at most a minor amount of
transparent shielding.

II. Description of Solaf Cells

Several papers such as Chapin et. al.l, Princez, and Rappaport3
describe the solar cell. The basic operation is illustrated in Fig. 1.
A wafer of n-type silicon is fired so as to produce a shallow-diffused
surface layer of p-tyge silicon, and ohmic contacts are applied to
both n and p regions. When the cell is illuminated, photons with energy
greater than the energy gap of the silicon generate electron-hole pairs
both in the surface and base regions of the cell. These pairs are free
to diffuse through the material, and those minority carriers that reach
the vicinity of the space charge region. near the junction are swept
across the junction by the electric field. The collected carriers
constitute an electric current, and can generate a voltage across an
external load., Fig. 2 illustrates the typical junction i-V characteristics
in the dark and under illumination. The shaded area is the region in
which power is delivered to a load; notice that the cell operates with the
junction biased in the forward direction, while the current flows in the
reverse direction,

The spectral response of a solar cell having a 1 micron junction
depth is shown in Fig. 3. The base response characteristically goes to
zero at both long and short wavelength limits, This can be understood as
follows: at long wavelengths the light photons have insufficient energy
to produce pairs, and at the short wavelength extreme the optical absorp-
tion constant is so large that the light is totally absorbed in the 1
micron surface layer, and cannot penetrate into the base region. The
surface response goes to zero at long wavelengths and approaches a
constant value in the short wavelength limit, when the light is all
absorbed at the surface of the cell in a layer that is thin compared with
both the junction depth and the minority carrier diffusion length in the
surface layer.
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base material and p-type surface layers, and n/p for the reverse.

1. D. M. Chapin, C. S, Fuller and G. L. Pearson, J. Applled Phys.
25 676 (1954).

2. M. B. Prince, J. Applied Phys. 26 534 (1955).
3. P. Rappaport, RCA Review 20 373 (1959).
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FIG. 1 Schematic diagram of a solar cell.
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FIG. 2

Current-voltage characteristic of a solar cell.
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Figure 4 shows a typical spectral response curve, showing how
it can be resolved into base and surface contributions. Note that
the surface response is much smaller than the base response, a
characteristic of practically all silicon cells. This ig caused
by two circumstances; (1) the optical absorption spectrum of silicon
is such that for both sunlight and tungsten light over 75% of the
radiant energy is absorbed in the base of the cell, and (2) the
minority carrier diffusion length in the highly-doped surface layer
is less than 1 micron, compared with 100 microns or more in the base,

This feature does not occur in solar cells made of other materials,
such as gallium arsenide, for example.

The possibility of increasing the surface response by reducing
the junction depth has been explored by several workers in the field.
In addition to increasing the overall conversion efficiency the added
surface response has the effect of shifting the peak of the spectral
response towards the blue, and hence these cells
are sometimes called ''blue-shifted" cells,

Cells with 1/4 micron junction depths have been made; their
surface response is considerably greater than the standard 1 micron
junction depth cells, but the thin surface layer adds to the series
resistance of the cells, and the overall efficiency is reduced.

The series resistance loss can be minimized by providing a conducting
grid on the surface.’

Some of the performaﬁéé'characteristics of silicon solar cells

are:
Efficiency in sunlight 10-11%
Efficiency in tungsten light 13-147
Open-Circuit voltage 0.55 volt Illuminated with
Short-circuit current 25-30 ma/cm 100 mv/cm?

IITI. Damage Process

It is evident that a solar cell requires a long minority carrier
diffusion length for its efficient operation. With care in manufacture
the diffusion length in the base is approximately 100u. Upon bombard-
ment with high energy particles silicon atoms are displaced from their
normal lattice positions. The resulting lattice defects may act as
recombination centers for electrons in the conduction band or holes in
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the valence band, depending on whether the silicon is p-type or
n-type. The recombination process occurs as the center first captures
a minority carrier and subsequently captures a majority carrier. One
electron-hole pair is annihilated in the process, and the center is
left in its original charge state. The lifetime of excess carriers,

T, 1s reduced by the introduction of recombination centers according to
the equation

1 _ L1
T°+Nrc';vf (L)

where T is the lifetime before irradiation, g~ 1is the recombination
cross sgction, v is’ the thermal velocity of therminority carriers, N
is the recombination center density and f is a statistical occupanc§
factor that is near unity in most practical cases, The diffusion

length L = (br)1/2 s, where D is the diffusion constant, is reduced
accordingly.

The first sign of damage to a cell is a reduction of the diffusion .
length in the base material. The diffusion length being very short in
the surface region, it requires a much heavier irradiation before
surface damage can be seen. As Fig. 3 shows, the red response will
be the first to be affected; red light generates carriers deep in the
cell, and a long diffusion length is required for collection.

IV. Results

Figure 5 shows a typical family of i-V curves before and after
a number of successive irradiations. The principal loss is to the
cell current; the voltage decrease is much smaller. Fig, 6 shows a
typical spectral response before and after irradiation; as expected,
the degradation is greatest at long wavelengths. The shallow-junction
("blue-shifted") cells are more radiation resistant than the standard
cells because of their greater base response in the blue as well as
their greater surface response.

The output is shown as a function of total irradiation in Fig. 7,
for standard p/n and n/p silicon cells under electron and proton bombard-
ment. The electron fluxes required for a 25% degradation in the conversion
efficiency are shown as a function of electron energy in Fig. 8, for
standard one-micron junction depth p/n and n/p cells. (4-8)

4. W. L. Brown and G, L. Pearson, BTL Technical Memornadum, April 1960
(unpublished).

5. P. Berman, Transitron Electronic Corp. Report. Oct 1960 (unpublished).

6. R. G. Downing Space Technology Labs Report, TR 60-0000-04057
Feb. 1960 (unpublished).

7. J. A. Baicker and B. W. Faughnan, J. Applied Phys 33 3271 (1962).
8. J. J. Wysocki and J. Scott-Monck, Personal Communication.
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p/n and n/p silicon solar cells vs. bombarding energy.
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There has been considerable conjecture regarding the large
difference between p/n and n/p silicon cells. This phenomenon is
a result of the basic character of the recombination centers which
are produced by bombardment.. The simplest type of recombination
center has two different charge states, one neutral and the other
charge state either positive if the center is a net donor or negative
if the charge state is a net acceptor. As a result of the coulomb
‘forces a donor-like center will have a large electron-capture cross
section when it is in its positive charge state, and it will have a
relatively much smaller hole capture cross section when in its neutral
charge state. If both donor-like and acceptor-like centers are present,
the recombination process in n-type silicon will tend to be dominated
by the net acceptors and in p-type by the net donors, barring enormous
differences in the concentrations of the two different species. There
is now substantial evidence that a multiplicity of different defects
are produced in silicon by irradiation and the dominant recombination
centers are indeed different in n~type and p-type silicon. They are
produced in different concentrations, and have different minority
capture cross sections, and it would in fact be purely coincidence if
the radiation damage rates were the same in both types of silicon.

The energy dependence of the damage rate under proton bombardment
is shown in Fig. 9. There should really be two curves, one for p/n
and the other for n/p cells, with about a factor of 3 or 4 separating
them, but the fluctuations within any given group of apparently
identical cells in nearly a factor of 10, and so only an average
curve is shown. '

Shielding Effectiveness

Since the July 9th nuclear explosion which is generally conceded
to have injected large numbers of energetic electrons into trapped
orbits there has been a rapid deterioration of power on satellites
traveling in the radiation region with one notable exception, the Bell
Telstar, The Telstar system was different from the others on two
accounts: it utilized n/p silicon cells for the first time and each
cell was protected by a moderate amount of transparent shielding
(30 mils of sapphire). The question of just how effective the 30-mil
shield is, is rather difficult to answer, for either proton or electron
fluxes, (for different reasonms). In the proton case it isn't too
difficult to calculate what will happen to a monoenergetic beam passing
through a relatively thin layer of shielding. The difficulty occurs
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because the proton spectrum has not been measured down to sufficiently
low energies to account for the entire damage-producing flux. The
energy spectrum increases very rapidly at low energies, and as Fig., 9
indicates the low-energy protons are at least as important to an
unprotected cell as the high-energy protons. If we make the arbitrary
assumption that the intensity is constant from zero to 10 Mev, and then
drops off in a manner as reported by Freden and White and Naugle and
Kniffen at higher energies, then we would conclude that 10 mils of
sapphire would reduce the proton damage by roughly a factor of 10,

A 30-mil sapphire shield would reduce the proton damage by a factor

of 200, on the same assumption regarding the low energy spectrum. If,
as one would suspect, the intensity continues to increase below 10 Mev
the improvement due to shielding will be even greater than these figures.

In the electron case the shielding question is more difficult to
answer. Electrons are not slowed down in as uniform a fashion as
protons are, and there is even more diversity among the reported
electron fluxes than among the proton fluxes. For a '"fission-electron'
spectrum such as was trapped after the Johnston Island explosion the
shielding effectiveness will not be nearly as great as the approximate
figures given above for the proton case. It has been estimated that
the shielding geduces the damage by only a factor of two in the
electron flux, The principal advantage of the Telstar over the
earlier satellites has come about through the use of n/p solar cells.

V. Gallium Arsenide

Photovoltaic effects are seen in practically all semiconductors,
and many have been considered for energy conversion purposes. Of
these, gallium arsenide and cadmium sulfide are the nearest to being
practical (i.e., competitive with silicon).

Gallium arsenide photovoltaic cells are similar to silicon cells
in construction. A wafer of n-type material has a p-type surface layer
roughly 1 deep. The principal difference between silicon and gallium
arsenide is a consequence of the optical absorption spectra of the two
materials. In GaAs the absorption constant rises very steeply above the
fundamental edge, and as a result all of the carriers are generated in
a very shallow layer (/1 micron) in the p-type surface. This is in
constrast with silicon where the optical absorption rises more slowly
and light can penetrate deeply into the base region. Solar cells with
10% solar conversion efficiency have been made using gallium arsenide,

9. W. L. Brown, Personal Communication
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and since the active region of the cells is confined to the shallow
surface layer a higher flux of damaging radiation is required to
affect the output of these cells than is required for comparable
silicon cells. The difference between the spectral response before
and after irradiation for gallium arsenide and silicon is shown in
Fig. 10. :

Cadmium sulfide photovoltaic cells are the latest addition to
the family, and since the exact mechanism for their operation isn't
understood the present discussion will be qualitative. Cadmium sulfide
cells are quite different from either gallium arsenide or silicon cells;
a thin evaporated polycrystalline layer of n-type cadmium sulfide is
deposited on a conducting backing, either metal or glass with a trans-
parent conducting film, the materials being chosen to effect an ohmic
contact. A surface layer of copper is deposited on top of the cadmium
sulfide, and produces a surface barrier type junction.
In addition to the obvious difference in construction, the method of
operation is different from silicon and GaAs. Light which is below
the fundamental absorption edge can pass through the cadmium sulfide
and strike the copper interface, where it is absorbed and produces
carriers by a process which may be similar to photoemission. In
contrast with silicon and GaAs little or no carrier diffusion is
required, and hence the device is extremely difficult to damage.
The maximum efficiency obtained up to now is in the neighborhood of
4-5%.

A comparison of the damage susceptibility of the various types of
solar cell is given in Table I. The figures are all related to
standard silicon p/n cells. The actual flux required for a given degra-
dation can be obtained from Figures 8 and 9. Fig. 7 gives detailed

numbers for 1 MeV electrons and 19 MeV protons.
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TABLE 1

Comparison of Solar Cell Damage Rates
Relative Fluxes Required for Equivalent Degradation

Each Line Has Been Separately Normalized

SILICON
Standard Shallow Junction GaAs
(p/n) (n/p) _ (p/m) (n/p)

.5 MeV electrons 1 40

1 MeV " 1 40 1.3 50 50

6 MeV " X ' 1 10 100
1.8 MeV protons 1 4 60

8 MeV " 1 3

19 MeV " 1 4 20 80
95 MeV " 1 10 60
VI. Summary

It is obvious from this discussion that there are still a
number of gaps in our understanding of the radiation damage problem
as it applies to semiconductor devices in general. We know very
little about the physical identify of the radiation defects in
silicon, and nothing about the defect centers in GaAs. There is
a continuing effort at RCA and elsewhere to provide some of the
answers, which we hope will be the first step in developlng more
damage=resistant devices,
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Paper B-2

SURFACE EFFECTS OF RADIATION ON TRANSISTORS #*

by

D. S. Peck, R, R. Blair, W. L. Brown, and F. M. Smits
Bell Telephone Laboratorles, Incorporated
Murray H1ll, New Jersey

I. Introduction

_ A wide variety of effects of high energy radiation on
sehiconductor_materials and devices have beeg.recognized and
studlied for & number of years. The ﬁajor emphasis in this field
has been on effects that involve the bulk propertles of semi-
conductors., A great deal of progress has been made in under-
standing the‘processes that contfol bulk radiation phenomenal
and in understanding the implications of these phenomena for

semiconductor devices.2

Radlation effects on semiconductor
surfaces also have been observed3, and thils paper is concerned
with some speclal aspects of surface phenomena that have re-
cently come to light. In contrast to bulk effects, the surface
radiation effects are very poorly understood and in general
even poorly characterized. This paper will attempt to shed a
little 1light on these complexities and 1ndicate a type of
measurement program that has been found appropriate for dealing
with devices intended for use 1n a radiation environment such
as that of the Van Allen Belts in space. It will fall short

of providihg a satisfactory understanding of the processes

involved.

¥This paper was published in the January 1963 issue of the Bell System
Technical Journal; included here with the permission of the American Tele-
phone and Telegraph Co.

1Part1y supported by contract with Electron Technology Laboratories,
Aeronautical Systems Division of the United States Alr Force Systems Command.
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The paper 1s arranged as follows: in Section II for

perspective, a brief discussion of the two broad classes of

bulk radiation effects. Section III, description of the early
observations that provoked the present work. Section IV,»a
proposed model of the basic process. Section V, results of

a number of experiments carried out to test the mechanisms of
the process. Section VI, characterization of effects with
significant numbers of devices. Sectilon VII,lthe process of
testing and selection undertaken for Telstar devices. Sec-
tion VIII,‘Summary.

ITI. Bulk Radiation Effects

Bulk radiation effects can be placed in two broad
classes that arise from (a) hole-electron pairs produced in
the crystal by ionizing radiation and (b) defects in the semi-
conductor lattice produced by high energy particles. These
phenomena often occur together but they result from quite
different interactions of radiation with the solid and they
have very different consequences in semiconductors.

IT.1 Hole-electron pair formation

Filgure la illustrates the first case. Any charged
particle passing through a solid produces ionizatlon through
collisions with the bound electrons. These collisions excite
eléctrons to the conduction band and leave holes in the valenée
band, producing electron-hole pairs in exact analogy with the
production of pairs by light. Neutrons and gamma rays also

cause ionization effects through intermediate reactions that
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Fig. 1
'produce charged particles. As far as effects which depend
on lonization are concerned, the particular particle involved

is incidental; all that matters 1s how much energy 1s lost in
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the solid. The number of hole-dlectron pairs produced is
proportional to thils energy loss.

The generated pairs tend to recombine with a time
constant that 1s the conventional lifetime. Hence, all effects
in this class are transient and persist only for the order of a
lifetime after the excitation is removed. The palrs produced
alter the conductlivity of semiconducting materials. They also
-contribute currents in p-n Junctlon diodes and transistors.
Under pulsed 1lonlzing radlation these effects can alter con-
ductivities and currents by many orders of magnitude. On the
other hand these effects can be very small in response to a
single energetlc particle and speciai p-n Junction diodes may

be required even to detect them.4 -A case of Intermediate

5

magnitude has been considered by Rosenzwelg~” who has used
-811icon solar cells to measure the intensity of moderate
radiation-fields._

‘II.2 Lattice damage

Flgure 1b 1llustrates the other type of bulk radiation

- effect in semicondcutors that arises . from collisions of energetic

particles with the nucleil of the lattice. If such a collision
transfers sufficient energy to the struck atom, it 1is capable of
moving the atom from its normal lattice site to some 1nterstitial
position 1In the crystal. These events are rare by comparilson

with the_ionization events of Flg. la, but they create permanent

or at least semipermanent defects In the structure of the lattice.

The most important consequence of these defects 1s reduction in
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the carrier lifetime of the material. Increases in dilode

reverse

current and decreases in transistor current gain are

‘produced as functions of the time integral of the flux of

particles. In contrast to the palr production of the para-

graph above, thls radiation damage 1s extremely dependent

on the particular particle involved. Energetlc protons, for

example,

are much more effective in producing damage than

energetic electrons. This type of radiation effect 1is of

major ilmportance to the long term power conversion effilciency

of solar cells in space. Detailed consideration of this

problem

6

can be found elsewhere~.

I1I. The Surface Problem

Surface effects on semiconductor devices have an

1llustrious history of subtlety and perversity and it is no

surprise to learn that radiation 1s an environmental factor

that must be considered. Several years ago, before the present

sophistication in surface processing, experiments were carried

out in an attempt to characterize radiation surface effects

-~

3

(changes in junction current, breakdown voltage, current gain,

ete.).

No systematic picture emerged, although surface cleanli-

ness seemed certain to play some role,

Transistors that have evolved}frem refinements in

Junction formation and surface treatment techniques have, in

the last few years, been examined in a varlety of high energy

.neutron

and gamma-ray environments. Particular attention has

been given to bulk radiatlon damage effects on current gain
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since these effects turned out to be serious (particularly for

silicon) at the flux levels of current interest in the vicinity

of'nuclear reactors. Very substantial improvements in radiation

tolerance have been found; however, no recent comprehensive work
on the surface effects has been reported.

The relative stabllify of the characteristics of a
particular type of diffused silicon transistor under radiation
1s illustrated in Fig. 2. The collector reverse current is
displayed because it 1s a particularly senéitive indication of
surface stabllity . at the very low currenté that are conventional
in present silicon devices. The gamma ray radiation* used in
this case 1s representative of lonlzlng radlation in general.
The figure shows that after one hour tests with neither pias
nor radlation or with either alone, tﬁe current 1is essentialiy
unchangéd. (Actually much longer tests under bilas are con-

ventionally made 1in checking device reliability with the same

results as shown here.) However, when blas and gamma radiation

are simultaneously applled two effects appear: there is a
gudden rise in current and then an upward drift of current over
mahy minutes. The sudden rise of about 0.02pa is largely due
to ionization of the gas in the device can. The current drifts

upward by another decade in the 45-minute exposure following

*Radiation dose is frequently expressed in "rads" which are
a measure of the energy absorbed per unit mass of material. One
rad is equivalent to absorption of 100 erg/gm. Such a dose would
produce approximately 2x109 ion-electron pairs/cm3 in atmospheric
air or about 4x1013 electron-hole pairs/cm3 in silicon.

141




102 :
- NO > NO r NO
RADIATION | RADIATION | RADIATION |RADIATION|. RADIATION
‘o BIAS NO BIAS BIAS BIAS BIAS
« 9 /
S §
z
S ot
1072
10”3 L
o] 1 2 3 4
’ TIME IN HOURS
Fig. 2.

The response of ICBO of a diffused silicon translistor to

either radiation or bias alone or to both together. Radi-

ation dose rate 8.5x10° rads/hr.
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its rapld rise. 'When the gamma radiation is removed the
current does not lmmedlately drop back to 1ts prelrradiation
value, but gradually declines and even after an hour is more
than a decade too high. A drop of about 0.02pa must still
oceur at gamma ray turnoff, but this 1is so small compared
wilith the level to which the current has drifted, that the
drop 1is not visible.*

The drift up and the slow decay of the collector
currents are surface effects produced by the radiation only
when the collector Junction is reverse-blased. This aspect
of radiation sensitivity had not previously been reported.

It represents a factor that must be considered for reliability
of devlces that must operate in any radiation environment
including the high energy el ectron and proton belts found in
outer space. The conclusion that these effects arlse at the
semiconductor surface can be reached in a number of ways. If
they were bulk effects the marked influence of applied bias 1s
qulte unreasonable. Radlation defects created in a solid have
been influenced by extremely high electric fields, but only to

the extent of causing them to migrate very short distances in

*Ion currents to the electrical leads elther in the device
encapsulation or in the gamma radiation chamber pose a serilous
problem to measurements on devicgs at very low leakage currents
in high radiation fields (105-10° rad/hr). It has often proved
necessary to remove the device from the radiation environment
momentarily for measurement. Because of recovery effects care
must be taken to obtaln measurements quickly and at uniform
times after removal.
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long times.7 Furthermore, the decay of the effect occurs in
a time that 1is very short for defect annealing'in silicbn.
But more convincing is the sensitivity of fhe effect to the
surface environment of the device inside its encapsulating
can, _

Figure 3 shows four typical n-p-n diffused silicon
transistors of two types, each with two kinds of amblent at-
mosphere.  Increases in collectof current are observed in
all four; but at quite different integrated gamma-ray doses.
In both device tyﬁes early current increases are assoclated

' with gas filling. In type B the evacuated device shows no
measureable change until the integrated dose 1s in a range
expected to cause substantial decreases in bulk lifetime.
In this case, the influence of bias, although not shown in
the figure, 1s practically nonexistent.

Not only 1s there a variation in the response de-
pending on the gas filling of.transistor cans, but there is
also great variability among devices with a single type of
filling. All evacuated units are slow to respond, but in
the type B transistof only about half of the gas-filled units
respond quickly, The other half are almost as stable as the
evacuated units. This points again to a surface effect and
to a broad spread in response arising from rather subtle
differences in the surface chemistry. Thls lack of repro-
ducibility complicates the study of the process involved and
negessitates the use of statlistical experiments, some of which

wlll be reported in later sections.
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Before continuing to discuss the experimental observa-
tions we will introduce a simple model which describes some,
but not all, of the effects, and provides a framework for the

later discussion.
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IV. A Model of the Process

Radiation, gas encapsulation, and device blas that
seem to be essential to the effects shown in Section III can
be combined 1n a simple model of the process. Fig. 4 1llus-
trates the ingredients: the fringing fleld of a reverse
biased collector Jjunction on an n-p-n. transistor and ions and
electrons produced by gamma radiation in the gas of the |
encapsulation. The fringing fleld separates the electron-ion
palrs, depositing electrons on the collector side of the
Junction and positive ions on the surface of the base. On
both regions tﬁese charges tend to produce inversion layers
at the surface, the effects belng analogous for p-n-p and
n-p-n devices. For simplicity only the 1lnversion layer on
the p-type base of an n-p-n traﬁsistor will be considered.
A magnifiled view of the edge of the device might be as shown
in Fig. 5. The positive ions induce an electron-rich inversion
layer or '"channel" on the base and in effect extend the col-
'lector reglon out ovef thg base. The channel represents a
grossly different surface than exlisted before. Since the
Junction between the electron-rich channel and the base material
constitutes an extension of the collector-base Jjunction, 1t
contributes to the collector saturation current. In part this
is simply because of the extra Junctioh area. More importantly,
because thé channel Junction 1s very close to thé surface, the
surfaée generation process can yield much more current per unit

area than for the Junction in the bulk. PFurthermore, 1i1f the
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Formation of a channel on the base of a transistor by

+ ion collection on the surface.
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channel extends to the emitter it can add additional current
to the collector by serving as a conducting path between the
two. Channel effects on transistors and diodes have been
studied previously 1n considerable detail8 entirely unrelated
to the presence of radiation. The basic channel characteristics
of emitter-to-collector conductance, high emitter floating
potential, and channél Rinchoff have all been observed in
connection with the present surface radlation effects on
diffused silicon transistors.
» We have so far considered only formation of a channel

by‘charse collection in the collector fringing field, but
a second possibility is shown in Fig. 6. In all the n-p-n
diffused silicon transistors used in these experiments the
.collector is electrically tied to the encapsulating can of
the device, Under colleétor reverse bias a field then exlsts
thfoughout the whole can and of such a sign as to drift posi-
tive ions toward the surface of the device base. This feature
can be expected to increase the lon-collection efficiency.

One may ask if there are enough ions produced in
the gas of the can, by the radlation doses that have been
used, to provide large channel effects. At an integrated dose

4 rads (at which these effects may be substantial) and at

of 10
atmospheric gas pressure (the normal device filling) a total
of about 2x10%3 ions per cc will have been produced. With

a device enclosure of about 3x10-3 cc and a base layer area
of about 1073 cm2, if all the ions were collected on the base,

their concentration would be about lolu/cmz.' On typical base
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11 surface charges/cm2 will he required

material only about 10
to produce a channel. These several orders of magnitude mar-
gin are probably Quite important because the efficlency of the
surface charging_proceés seems likely to be quite low. Further-
more, the process 1s far from a perfect charge integrator as

we shall have occasion to observe 1n connection with réciprocity
‘experiments in Section V.2.

The lack of reproducibility noted in Section III in
connection with devices of the same type and same gés filling
seems to necessitate an elaboration on the model. If iéns of
the gas are sufficlent to produce a channel, why are there
some devipes with gas that are as stable as devices without?
The gas ions themselves must not be the tenacious charge on
the surface that forms the channel. The gas ions probably
exchange their charge with residual contaminants on the device
surface. Ionization of the surface contaminants directly 1s
apparently too rare to be observed, since vacuum encapsulated
devices show uniformly high surface stability. This is roughly
reasonable since the probabllity of ionization of any single
atom is estimated to be only about 10"5 at 10)4 rads. Even with
a monolayer of residual surface contamination, the surface lon
concentration would then be only about 109/Cm2. Of course,
if the gas ions are to do thé Job, they must be reasonably
effective in finding and exchanging charge with the residual

impurities. There seems to be marglin for inefficilencies in

these very rough numbers,
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This model predicts a number of effects that can be
tested:

l. The effect depends only on ionization, not on
incident particle type.

2. The simplest form of the model sgggests that the
effect 1s cumulative aﬁd depends on total dose,
not on dose rate.

3. The effect should be more pronounced at higher

| collector bilas.

4., The electric field between the can and the semi-
conductor may influence ion collection.

5. The decaylof the éffect should be faster if the
device 1s not under continuous bias and should be
accelerated in the presence of radlation without
bias.

.The results of the experimental tests of these predictions

are contained in the following section.
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V. Tests of the Model

V.1l Ionlzation
If the lonizatlion 1n the gas of the device encapsula-
tion 1s essential, then Just as in the case of the ionization
effect in a semiconductor discussed 1n Section II.1l, the type
of enérgetic particle should not matter. The‘experiments in

60 gammé rays which lonize

Sectlion III were carried out with Co
through photo or Compton electrons that they produce. We have
tested the model by comparing the results of 18 Mev proton ir-
radlation with the Co60 gamma rays. The individual device
response scatters so widely that the behavior of a number of
similar devices is examined in eaéh case. Figure 7 shows the
collector reverse current versus radlation dose, for gamma rays
in dashed lines and protons 1in solid lines. .The dose 1s calcu-
lated simply from.the amount of energy aeposited in a gas (the
gas of the encapsulation) by gémma rays and protons. The radila-
tion intensity (dose per unit time) was approximately 106 rads/hr
for the protons as well as for the gamma rays.

Within the spread of response observed, there is no
significant difference between protons and gamma rays. If bulk
damage in silicon were involved, one could expect a factor of
10 to 100 greater effect for the protons than for the gamma
rays. (The bulk damage effect per particle comparing 18 Mev
protons and 1.25 Mev gamma rays would be a factor of loh to 105,

but the scale in Fig. 7 1s not particles but lonization, or

energy loss, and the protons lose energy at a much higher rate
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than gamma rays.) We conclude that 1onization is essential
to the mechanlism of this surface radiation effect.
V.2 Reclprocity

The surface lonization effects ﬁay depend only on
the total radlation dose or they may also depend on the dose
rate. In the first case there 1is reciproclty between dose
rate and time. Information on this point is relevant to
understanding the process and 1s of immediate practical im-
portance as well. The experiments are most easlly performed
at high dose_rates, but the device reliability 1s also of
concern in modest radlation filelds.

In Filg. 2 recovery of the collector current fol-
Jlowing radiation was 1llustrated.. The fact that recovery
occurs at all when a device 1s removed from radiation but
kept on blas proves that the observed result does not depend
solely on the total dose. The ionized state of'the surface
at any time 1is not simply related to the total number .of lons
that have reached that surface.

Figure 8 shows the change of collector current vs.
dose at two different high dose rate levels. The experiment
was started at 8.5x10° rads/hr. After five minutes, when a
dose of 7xlOLL rads had been dellvered, the transistor was
placed inslde a lead shileld that attenuated the gamma radia-
tion by a factor of six. When a dose totaling 2.5}(10)'1 rads
had been given the device, the attenuator was removed and the

higher level radlation contlnued. After each attenuator change,
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the collector current continues to fise in a smooth extension
7 of the earlier portions of the curve. If the dose rate were
1mportént, the middle segment of the curve would be expected
to have a different slope than the two ends. During the
attenuator changes the device was out of the radlation for
approximately a minute and the current had started to recover,
as indicated by the flirst point taken at the lower dose rate.
A comparable drop would have appeared at the second attenuator
change, but the earliest measurement aftér'reinsertion in the
radlation fleld was not obtained soon enough for it to show,

The rapid re-establishment of a previous high response
to radiation after éome recovery from it, represents a memory
in the process. Thls kind of memory has been seen repeatediy.
Devices that were lirradlated and have apparently completely
recovered theilr original collector characteristics by standing
out of radiétion and even off bilas, will stlll tend to re—
establish their former response on a second radiaﬁion exposure.
Even after several weeks, a device seems to retaln a sensitivity
to subsequent radiation as a result of an éarlier exposure.
There 1s some evidence that the memory can be removed by baking
at approximately 100°C for a few hours.

The lonlzation produced by the radiation appérently
has two functions: first, to produce some chemical specles
that are capable of ionization aﬁd second, to keep these
specles 1n an ionized state. The number of these centers
would reflect the total radiation dose, but some minimun. level

of radiation would be required to keep them actlve.
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We can draw the conclusion from Fig. 8 that, in
the hlgh-intensity reglon, dose 1s the important variable.
Fig. 9 1llustrates quite a different range. Here a device
started 1ts radiation history at only 10 rads/hr and estab~-
lished a pattern of current increase that 1s already determined
at a dose less than 10Ll rads. Putting the device 1into the
attenuated high-intensify source does not produce a slmple
contlnuation of the earlier curve, but rather produces a
curve two and one-half orders of magnlitude higher in current.
This 1llustration 1s extreme and not many devices show thils
large a digcontinuity, but essentially none give results that
could be interpreted as simple reciprocity. Apparently over
a dose-rate range this great, using the concept of the preceed-
ing paragraph, the ionization-sensitive chemical entities are
not fully ionized in the low radiation fileld.
5.3 Surface Effect vs. Collector Bias

Since the surface effects we have been considefing
are absent except under the simultaneous application of
radiation and coilector reverse bilas, we expect to find that
changing the bias will alter the effect. This can occur
because of increases in efficiency of charge collection,
but also because the increased junction field tends to bind
the ions more tightly to the surface or distribute them to
form a more extensive inversion reglion.

Figure 10 shows the effect of a sudden change in

bias from 5 to 15 volts. One gailns the impression that the
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current suddenly adjusts to a level ahd to a rate of change>
that are what they would have been 1f the entire dose had

been given the device at the higher bias. If this 1mpfession o
is valid it would indicate that the effect at higher bilas

had not been retarded by the initial dose at low bias, and
hence that‘ion collecfion was no different. In a plot like
Fig. 10 it must be realized that the significance of the first
dose rapldly diminishes in comparison with the total as one
moves out along the second branch of the curve. It does seem
possible to infer that a given/humber of ions on the surface
glve a larger current contribution at higher bias. Rearrange—
ment in the new field and éffective extension of the length

of a surface channel can occur,

Figure 11 shows the résponse of transistors under

radiation at different biases. Up to a dose of about 104'rads

the current increase depends strongly on blas. Between lO4 and
105 rads the slopes of the ¢urves on this log-log plot are quite
similar. Although only 4 units are illustrated in Fig. 11, the
total group in the experiment was 80 and this pattern of be--
havior was qulte consistent. Even beyond lO5 rads where the
slopes 1ncrease there 1s considerable uniformity between in-
dividﬁals and aéross the voltage range. This point 1s 11-
lustrated in a different way in Fig. 12 where the median
behavior of a group of 10 to 12 devices at each bias 1is

plotted at 6x103 rads and 6x10u rads. The pattern of bias
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depehdence i1s already established at the lower dose and is
Vsmodthly malntained after the further order-of-magnitude
change in dose. The lump at 10 volts appears to be signifi-
cant. If 1t 1s real, its explanation will require a clever
refinement in the model.

We do indeed observe the anticipated increase in
device degradation at higher bilas., The consistency of the
shapé of the voltage dependence at doses greater than lolL rads
stfongly suggests that the dependence does not arise only from
a difference in the numbers of avallable surface ions, but also
from varlation 1n the arrangement of lons and the influence of
thls arrangement on the current characterlstics of the channel.
The collection of charge does not seem to be the dominant vari-
able over‘the voltage range examined.

Another indication that Jjunction bias effects the
arrangement of charge on é device surface 1is shown in Fig. 13.

7

The charécteristics observed after a total dose of about 10' rads
and at a high dose rate may show conslderable structure, de-
 pending onAthe rate at which the characteristic is swept out.
Furthermore, the differences between the characteristics with
slow and fast sweep show that rearrangeﬁents are not instan-
taneous. Note that here also a peak of ICBO occurs in the |
viecinity of 10 volts.
5.4 Influence of Can Potential

It has been suggested that the electric fleld existing
between the can and the transistor base by virtue of the bias
on the collector junction may alter the collection of ions at
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the semiconduptof surface. This possibility has been examined
using diffused silicon diodes, encapsulated in the same gaseous
atmosphere as the diffused silicon transistors. Devices with
the p-fegion common to the can and others with the n-region
common were studlied. There was no substantial difference in
sensitivity to fonization in these cases. On the other hand

i1t was found that by alteration of the device proéessing,
devices of elther polarity were insensitive. It 1s clear

that in this case the chemicai surface condition 1is of more
vital 1ﬁportance than the can-to-diode blas.

No silicon transistor with reversible polarity to
the can has been available, but a germanium transistor with
all leads insulated from the caﬁ has been 1irradiated with
reversal of the sign of can bilas. The results are shown in
Fig. 14. The device was irradiated at 8x10° rads/hr for one
minute with the cﬁn negative with respect to the transistor
base (the collector of which was continuously reverse biased)
and then one minute with the can positive and so on for longér
times as the irradlation proceeded. The leakage current is
very clearly much more. sensitive to positive potential on the
can than to negative, a result consistent with the original
picture of the role of positive ions in a channel on the
transistor base. Thils experiment has been repeated several
times with some lack of reproducibility. In some cases can

bias makes much less difference than as shown in Fig. 14
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and 1n two cases where the whole radiatlion effect was smaller,
the dependence on can blas polarlty was reversed.

There seems to be no‘question that the can-to-
device potentlal can be Important, but clear-cut evidence
that posifive-ions rather than electréns (or negative ions)
are always the important particle 1n transistor surface
ionization effects has not been demonstrated;

5.5 Recovery - .

- Recovery of the surface effects after an exposure
to radiatlon has already been mentioned iIn connection with
Figs. 2 and 8. The'recovery is not exponential. In many
cases, recovery under blas 1s well represented by a stralght
line on a log.ICBO vs log t plot, although the points at
less than 0.5 min tend to fall beléw such a curve. The re-
covery represents a loss of charge at the surface, perhaps
by neutrallzation from the interior in the absence of a
radiation flux, but the memory effects suggest the active
specles do not actually leave the surfacef

The comparlson between recovery with and without
blas 1s shown in Fig.~15.' A transistor glven a dose of
4.6x103 rads at 5 volts 18 shown, first recovering at this
same bilas and then recovering with the collector circult
open except momentarily for measurement. The decay is
substantially accelerated in the zero blas condition._ This
18 consistent with the 1idea that the lons are bound 1n'p1ace

by the fleld but in 1its absence are free to diffuse on the
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surface and will no longer be concentrated to produce an
inversion layer. It has also been observed that with re-
establishment of the blas the current rises before continuing
its decay,; suggesting that the lons are subjJect to recapturé
by the field. There 1s a loss in thils process however, that
may arise from the enhanced neutralization of the 1ohs by
electrons from the inversion layer when they are more numerous
in the ébsence of reverse blas,

Figure 16 illustrates the effect of radiation on
recovery. The upper curve was taken first and is a normal
recovefy with blas. The lower curve shows recovery from
the same starting value 1n the 8x105 rads/hr gamma field
wlthout bilas. The-device is momentarily removed from radiation
for measurement at 15 volts reverse blas. The recovery is
substantlally enhanced by the lonlzatlon in the absence of
bias. This seems to be explalned through neutralization of
the charges on the semiconductor surface by the newly formed
ions. Under bias the gas ions are directed by the junction
field to strike the surface in places where they add to an
inverslion layer. In the absence of a field from applied bilas,
‘-these lons tend to go wherever they can reduce filelds produced

by surface charges.
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VI. Characterization of Effects with Significant Numbers

of Devices

With the above background concerning the surface
effects of lonizing radiation, and with recognition of the
limited knowledge ofAthe range of exact surface conditions
exlsting in semiconductor devices, further tests were planned
to establish the extent of the ilonization effect in larger
samples of devices. For the purpose of such a test program,

a transistor type was selected which showed particular sensi-
tivity to the combined effects of electrical blas and lonizing
radiation. These transistors normally have quite low coilector

-10 amperes). They

- reverse currents, ICBO (in the order of 10
are therefore good subjects for study at relétively low gémma
dose levels since small increases in ICBo can readlly be rec-
ognized. A large number of devices were available with suf-
ficlent power aging to indicate stability of characteristics,

so that changes could clearly be attributed to the radiaf&on
exposure,

Although the measurements of gain of these‘transistors
under gamma radiation indicate some change with dose, the
changes are relatively smaller than those in the Junction re-
verse current and are hence less subject to recognition of
a specific pattern of change. The data presented here, there-
fore, relate specifically to the changes in ICBO'

VI.1 Typical Pattern of Degrédation with Dose
In order to determine the proper conditions for
large scale evaluation, and to have some estimate of changes
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to be expected, it is desirable to establish the pattern
of chénge in characteristics, From the data présented in
‘Section V on the various factors affécting degradation, there
develops a. typical patiern of degradatidn; at least for the

typre of diffused silicon transistor used, as shown in Fig. 17.

In this log-log plot of I vs. Integrated dose, four recog-

CBO
nizable reéions are indicated, an initial region of stabiiity
followed by three regions of change. The boundaries Qf the
reglons as indicated in Fig. 17 only depict representative
variations and do not indicate actual limits of the device
type.

As discussed in Section 5.3, the slopes of the de-

grading I 's become quite uniform among all units of this

CBO
type beyond a total dose of about 104 rad, or beyond the
variable Region 2. In Region 3 all units show slopes of ap-

proximately 1/2, and at about 105

rads there is a failrly
distinct increase in slope, which distinguishes Region 4.
Although these two regilons are recognizable, they are of
lesser importance in Judging comparative usefulness of the
devices in radiation than are the region of stabillty and
.the slope in Region 2.

The region of stablility 1s indicated even. in the
early tests (see Fig. 3) and continues to show up, even at

the lowest initial current levels, when the dose rate 1s low

enough to allow measurements at sufficiently low total dose.
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The extent of Region 1, or the dose Value at which an indivi-
dual unit starts to degrade, 1s quite variable among units of
a type, as well as between types, and is a significant point
for further consideration of devices.

The transition into Reglon 2, where the units show
a typlcal linear increase in log ICBO with log of dose, 1is
quite distinct in all observed cases. For this reason, data
which show only the degradiné slope in Region 2 (perhaps be-
cause a high dose rate causes the first measurement to be
beyond Hegton 1) can be extrapolated with some confidence
back to the preradiation value to achieve an esfimate of the
transltion dose. MaJjor features of Reglon 2 are extreme
varlations bet&een individual devices of a type and considerable
dependence on collector voltage. This dependence 1s shown in

Fig. 11 by the variations in I values achieved at about

CBO
104 rad, apparently about the end of Reglon 2 for this type.

In general, there appears to be a conslstency be-
tween Regions 1 and 2 in that those units which show the
greatest change.in Region 2 also tend to 1lndicate the shortest
perioq of stability 1n Region 1; and conversely, those showingv
smaller changes in Regioh 2 appear to have the longer period
of initial stability. Within the range of actual initial values

11 to 2x10'9 amperes) however, there appears to be

(from 8x10~
no correlation between the 1initial value and the subsequent

severlty of degradation.
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V1.2 Distributions of Dose at Initiation of Degradation

With the recognition of the typical response of
this transistor type to radiation, a question can first be
asked regarding the variability in the extent of the region
of stability, Region 1.

Figure 18 shows several plots of the distribution,
on a normal probabllity scale, of the lntegrated dose at
which degradation is initiated (the end of Region'l). The
three lowest curves show the results obtained from exposure
to gamma radiation at-8;5x105 rads/hr., 10 rads/hr., and 1
rad/hr., all with a collector bias of 15 volts and with no
connection to the emitters. There appears to be only about
a factor of 2 difference between the 8.5x105 rad/hr. and
the 10 rad/hr. results. This evidence of reciprocity be-
tween the 8.5x105 rad/hr. dose and the 10 rad/hr. dose at
the end of Region 1 is in contrast to the lack of reciprocity
indicateda in Fig. 9 whioh compares reverse currents in
Region 2. On the other hand, the difference between the
1 rad/hr. and 10 rad/hr. distributions seems to indicate
a breakdown of reciprocity, at this level, in the dose re-
quired to inltliate degradation.

The two upper curves of Fig. 18 are obtained at
5 réd/hr. and with a forward bias on the emitters during
radiation in addition to the reverse collector blas. One of
these curves is on the same type (F-54273) as that of the
lower distributions. The other distribution at 5 rad/hr. 1s
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on another type (F-54647) which is basically the same but
with a somewhat higher distribution of initial current gain.
It would appear that the application of forward emitter bilas
causes an increase of roughly two orders of magnitude in the
dose required for the onset of ICBO degradation. This could
result from the neutralization of positive charges on the sur-
face of the base region by electrons injected into the base-
by the forward bilased emitter.
VI.3 Distributions of I-po Increase

Figure 19 shows the distribution of the 1increase
in collector reverse current resulting after 1,ux10“ rads,
which dose 1s past the completion of the variable Regidn 2.
Here the ICBO’ on a log scale, 1is plotted on the normal proba
bility scale. These data are on the same types of units
represented in Fig. 18 and are obtailned from radiation with
the emitters forward biased. As in Fig. 18, the higher-
gain type evidences a lesser degradation, having a longer
reglon of stabllity as well as a smaller lncrease in ICBO
during Reglon 2. The excellent match to a log-normal
distribution (except at very low currents where the data
reflects the lnaccuracy of measuring the difference betweeh
two nearly equal numbers) lends confidence to the inter-
pretation that the break at the upper end of the distribu-
tion 1s caused by the transition into Region 3 of those

units which have changed the most 1n the variable Region 2.

179




45
: F-54257 /
2 A NORMAL GAIN UNITS
- N=150
106 — /-'
o
-]
10~7

W

: [ F-54647
j/ HIGH GAIN UNITS
2
| [/ /

[/
A

f—tef
VA
10710 Z

A

U

N

INCREASE IN Icgo AT 20V
6
|
®

o
1
©

Tomdl
(OR | 1 - {10 50 90 89 99.9
PERCENT EQUAL TO OR LESS THAN INDICATED VALUE

Fig. 19
‘Distribution of current degradation after a dose of

1.4x20% raq at 8.5x10° rads/hr.

180



The broad distributions of Figs. 5, 18, and 19
poiﬁt up the necessity for relatively large-scale experi-
ments in order to make valld comparisons between different
test conditions or device types.

VI.4 Tests of Other Semiconductor Devices

Similar kinds of distributions and general responses
to the various conditions affecting degradation under radla-
tion have been found in other codes of diffused silicon tran-
sistors and silicon dilodes which have been encapsulated with
a gas filling.

Figure 20 shows, for example, the distribution of
reverse current increase of a 1/4-watt diffused silicon diode
af‘ter3.7xlou rads at 7.4x105 rads/hr. The broken shape of
the distribution may simply indicate that the devices did not
come from a'single product run. The lack of the distinct
break in the distribution at high currents suggests that the
transition to Région 3 may not exist, or exists at a different
dose. It would appear that each type must be examined in
detall for a good understanding, even embirical, of its per-
- formance under radiation.

One interesting variation to the kind of response
indicated above is that of a type of silicon alloy transistor
which contains a sllicone grease. 1In thls case a relatively
minor degradatlion is observed during short periods at a high

gamma dose rate, but more severe degradatidn occurs during
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the period subsequent to completion of the exposure. This
1s indicated in Fig. 21, a plot of collector reverse current
vs. time after repeated exposures on an individual device.
The device was exposed for several consecutive perliods at
1.4x105 rad/hr, with current measurements subsequent to

each exposure. The procedure was then continued at 8.5xlO5
rad/hr. Here each curve represents the ICBO measurements
subsequent to radiation for the total time indicated on the
curve, ICBO increases subsequent to the exposure, but may
actually be decreased during the next exposure. After
sufficlent exposure, the devices evidencé a saturation of
the subsequent ICBO’ and also a saturation of the effect
with continued exposure.

This saturafion effect 1s confirmed at the 5 rad/hr.
dose rate in Fig. 22, showing the ICBO curves vs. integrated
dose for two typical transistors of this type. Both shpw an
eventual saturation of the curve and one shows an ultimate
reduction which appears also to be typical of this type of
transistor.

Several types of diffused germanium transistors
have also been examined, with the general result that in-
creases 1n I,n, are relatively small (of the order of a
factor of 3 or 4), and relatively consistent, uﬁtil the dose
reaches about lO6 rads, where more drastic increases may be

expected. The dependence on VCB was relatively insignificant.
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The effect of processing is evident in these types, however,
with one group showing marked changes at about 104 rads, and

another group having essentlially no changes at 107 rads.
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VII. Testing and Selection for Telstar'Devices

The process of selecting the semiconductor Qomponents
for use in the Telstar experimental communicatlion satellite
consisted of:

1. Qualification of design for reliability and per-
formance as required in each application,

2. PFabrication,

3. Screening and preaging to assure satisfactory
operation in the system environment,

4, 1Life testing;

5. Selection of the most stable devices.

At the time of recognition of surface effects from
ionizing radiation (about October 1961), much ot the life
testing was already in process. Since the Telstar satellite
was to orbit through the Van Allen radiation belt, the addition
of radlation as an environmental factor was essential. Steps
were therefore taken to determine the qualification of all types
in the program and to study the screening and éelection tech-
nigues that would be useful.

| Figure 23 shows a plot of the eétimated ionizing radi-
ation intensity for components 1lnside a satellite, as a function
of the shielding of the components from the external environment.
These curves refer to the loniization produced by protons only
and were developed from existing estimates of the Van Allen belt
particle fluxes. The'uppef and lower 1limlt curves reflect the

uncertainties in this estimate. For shielding thicknesses of

187




RADS PER HR

103
A

ANEAN

TR

2 \ \ N\
102 \\ \ AN
: AVER NEEN
) | \ _\QPPER LIMIT
| LOWER LlMlk \ |
2 N \\\

2 N
\\

1.0 N

j0-2 2 4 6 310_, 2 4 6 8 o 2

AL ABSORBER THICKNESS IN INCHES
Fig. 23
The maximum radlation intensity anticipated 1n space
due to high energy protons, Aas a function of the thick-

ness of aluminum shielding.

188



‘less thén 0.1 inch fhe electron contribution to lonlzation

should be considered as well, but for Telstar, typical com-
ponents are shielded by the equivalent éf 0.5 to 1.0 inch ofl
aluminum and only high energy protons are significant. The
curves of Fig. 23 1Indicate that at this typical shielding,
the radiation intensity would be a maximum of 10-20 rads/hr

in the heart of the Van Allen belt. This results in a maximum

average of 3-5 réds/hr over an entire orbit, considering Telstar's

approximate 25% effective exposure to Van Allen radiation.
With this estimate of the maximum radiation environ-
ment, all device types were glven a gamma exposure at 8;5 x'lO5

rads/hr for one minute (the equivalent of at least three months

in orbit), followed by at least one week at 3 rads/hr. "Any

device type showing evidence of change in either conditlon was
replaced or subJected to individual selection or screening.
Device types showing no change were considered satisfactory. _

All of these devices were subject to a 15v reverse blas on the

collector and an emitter current corresponding to the application.

The diffused silicon transistors F-54273 and F-54647
were used for experimental studles of screening and selection
procedures. It is noted that the one minute dose of 1.4 x lOu
rads (at 8.5 x 105-rads/hr) is not much beyond the variable
Regiqn'2 of Fig. 17 and should be very effective in providing
a comparison between individuals. The study of the effectiveness

of such a dose as a screening procedure was carried out through

the following program:

189




2 e e L SR [, - - e

1. Preradiation of a number of these transistors to : {Q:_

screening exposures between 10 seconds and 6 minutes E:
at 8.5 x 10° rad/hr and -
2. Subsequent exposure at 5 rad/hr.

This permits an evaluation of the effect of the low dose rate
after a screening dose.

Figure 24 shows the collector reverse current measure-
ments of two units from this program, these beiﬁg generally
typical of the results of all of the devices. 1In this case,

the measuring equipment was limited in sensitivity to about

10 © amperes and the initial values prior to radiation are shown

at this value although they may have been somewhat lower. Unit
No. 762 is representacive of those units which suffered a rela-
tively minor increase in reverse current during the preradiation
dose. During the subsequent radiation at 5 rad/hr, this unit
returned quite rapidly to its original value remaining there
until the dose became somewhat greater than 103 rads at which EeV
time 1t began to degrade in a fashion very similar to that
expected from earller tests. Unlt No. 722 sﬁffered a much
greater change durlng the preradiation and took an appreciably
longer time recovering toward 1ts initial value; Before it
fully recovered it reached the point of onset of final degra-
dation and began to change quite rapidly. (A third type of
response was seen in an occaslonal unit which degraded so
severely during the preradiation that the subsequent low dose
resulted in further increase 1n current and no recovery was

evident at all.)
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The influence of the screening dose on the distribution

of onset of the final I degradation (at 5 rad/hr) 1s shown in

CBO
Fig. 25 for four similar groups of 12 units each. One of these
groups was irradiated at 5 rad/hr with no initlal radiation at
the high dose level. The other three groups were given an ilnitial
radiation at 8.5 x 105 rad/hr for different lengths of time to

‘ achieve the initial radiation dose indicated in the figure. It
is seen that all of these diStributioﬁs are essentlally the same,
indicating that the 5 rad/nr dose will cause a modification of
the surface condition established by the high initial dose,
causing the units to look eventually as if they had not received
the initial dose. This 1s evidence of a contradiction to the
principle of reciprocity of dose rate and time, in that the
édditional dose added at the 5 rad/hr rate does not normally
cause a continuation in the degradation produced in the initial
dose.

Another point of interest in Fig. 24 is the comparison

of the I value resulting from the preradlation dose with that

CBO
subsequently occurring after an equal dose at 5 rad/hr. Inspection
of the two curves on Fig. 24 reveals that the currents at 7 x 1-03
rad are approaching those fesulting from the preradiation dose.
Flg. 26 shows a plot of the results of all the units so treated.
The dashed line 1Indicates the one-to-one correlation between the
two current values, those points to the right of the line repre-

senting the units which during the 5 rad/hr exposure did not

develop reverse currents as high as those obtained in the initial
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dose. Thils line was not extended below about 4 x 10"9 amperes
because this was approaching the l1imit of sensitivity of equip-
ment which was then in use. It 15 noted that all but two of
the significant readings fall on the side of the one-to-one
correlation line corresponding to larger changes after the
preradiation dose than after the subsequent low dose rate
exposure.

In some cases the lack of correlatlion 1s quite sig-

nificant, the currents after the low dose rate exposure re-

maining below lO'8

amperes although quite large changes were
obsefved after the screening dose. In these unlts, however,

the changes in current gain after the low dose rate exposure

. were found to be appreciably greater than in those units which

were more stable in the initial screening dose. Consequently,
it is found that selecting of those units with ICBO less than
8

10" amperes after the screening dose, would have eliminated

9 ot the 10 units which subsequently degraded to either ICBO

8 amperes or gains less than 50% of

values greater than 10~
the initial gain. Of the 12 units good in these respects after
the low dqse rate exposure, only two would have been eliminated

by selection following the screening dose. It is thus shown

effective for this device type.
An indication of the effect of this screening on the

distribution in degradation of Igpy under low-level radiatian

exposure 1s given in Fig. 27. Both distributions are of ICBO
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after exposure, first to 30 seconds at 8.5x105 rad/hr and
then to lO4 rad at 5 rad/hr. One distributlon is of the
entire sample of devices and the other 1s of only those

8

which were selected for ICBO less than 10 -~ amperes after
the 1initial dose. It is seen that an appreciable improve-
ment is achieved by the screening procedure,

VIII. Summary

It has been found that changes can occur in seml-
conductor characteristics, because of surface effects of
lonizing radiation in a device under electrical bilas, at
much lower doses than those required to produce surface
effects ih the absence of blas or to produce changes in the
bdlk of the semiconductor. These effects apparently arise
from 1onization>1n the gas of a device encapsulation and
collection of ions on the device surface. The gas ilons
probably serve to produce and activate chemical species on
the semicdnductér whlch induce surface inversion layers that
alter the Junction characteristics. The chemical condition
of~the surface previous to irradiation 1s apparently involved
in the process 1n a sensltive way. The effects observed de-
pend on Juhction bilas, envelope potential, and in many respects
on total radlaticn dose
features of these observations and of observations of the

characteristics recovery of the surface effecﬁs after radiation

under blas can be described by the ion-1induced invewsion layer

- model of the process.
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In the time since the first direct observation of
this effect, a comprehensive study of all types of semicon-
ductor devices has not been attempted. Observations of several
types, however, indicate that ditferent types may respond
quite differently to radiatidn, that the resﬁonse may be qulte
dependent upon processing (and therefore upon production
periods or batches), and that within a type the response may
be quite variable between individual units,

One type of transistor was used for much of the ex-
perimental work of defining thé radlation effect, and the ICBO
response was studied because the large changes facilitated
comparative measurements. It 1s recognized that current gain
and other surface-dependent characteristics can also be affected
by rédiation, and they should be observed in any evaluétion of |
types, if critical in speciflc applications. It is hoped that
the studies presented here will be a guide in formulating
such evaluations.

It has also been found that at least some devices
can be screened for sensitivity to radiation by means of a
shortQtime, high-level dose, with correlation to subsequent
low-level exposure results. Here, too, 1t 1s recognized
that variations exlst among types, and the usefulness of such
screening operations should be evaluated for each type of

interest.
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It is ﬁoped that further work will serve to provide
more definitive results relating the radiation effects to a
physical model and also to the surface conditions or procésses
contributing to the effect. These preliminary results can
at least serve to expose the problem and to suggest the lines
~of further:study and action. |
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Paper B-3

NASA SPACE RADIATION EFFECTS LABORATORY

Dr. John Duberg* and Emanuel Rind**
NASA Langley Research Center

Abstract

Space particulate radiation from the Van Allen belts, and .
from cosmic and manmade sources have energies and fluxes which
have produced and are capable of producing damage in matter and
living organisms which comprise space mission payloads. Labora-
tories in space for the study of radiation effects are not avail-
able. NASA, Langley Research Center, Virginia has proposed a
ground based Space Radiation Effects Laboratory which simulates
most of the particulate energy spectrum found in space and can be
used in an effective, accelerated, radiation research program by
means of which deleterious radiation effects can be minimized or
eliminated. .To achieve these results in a minimum time, a
600-Mev, proton, synchrocyclotron of proven design with variable
energy and variable external beam size, as well as a 1 to 30 Mev
electron accelerator with the same capabilities have been incor-
poratéd into the proposed facility. Although these devices will
be used as engineering tools, provision has been made to maintain
the basic research capabilities of these accelerators. This will
provide three Virginia institutions of higher learning, who will
operate the laboratory jointly with the Langley Research Center,
with the instruments necessary to conduct a basic research pro-
gram. The plan of the proposed test areas reflect the latest
advances in the state of the art as it pertains to both the
engineering and basic experimental requirements in flexibility,
radiation background levels, shielding, and isolation. NASA,
Langley Research Center, Virginia, has been engaged in partic-
ulate radiation effects research in materials, components,
dosimetry, devices, and instrumentation used in space missions.
These efforts have been handicapped by the limited availability
of time in existing accelerators which are being used for basic
physics experiments. The proposed Space Radiation Effects
Laboratory will provide the necessary facilities for conducting

radiation which simulates the space spectrum.

*Pechnical Assistant to the Associate Director.
**perospace Technologist.
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Introduction

The Langley Research Center of NASA has had a special interest in
the space environment insofar as it influences the design of space vehi~ -
cle systems. Scientific exploration of space has revealed a number of
hostile aspects of the environment. Perhaps the most significant of these
is the particulate radiation associated with cosmic rays, solar flares,
and that magnetically trapped in the radiation belts. The Langley Research
Center has proposed a Space Radiation Effects Laboratory in which the par-
ticulate space radiation can be simulated, accelerated testing performed,
and fundamental studies made in this problem area.

Particulate Radiation in Space

A brief review of our knowledge of the particulate radiations in
space is appropriaste and, as cosmic rays are familiar, they are used as
a basis of comparison in figure 1.1 The cosmic ray flux is comprised of o
approximately 85 percent protons, 13 percent helium nucleii and the :
remainder, heavy ions.2 Only the proton spectrum is shown. Although
the flux is low, protons from this source attain extreme energies in the
Bevs. The upper energy limit has not been determined but there is
reason to believe that it is much in excess of 106 Bev.

The proton spectra of three solar events are shown with an indica-
tion of their time variation. The dotted portions of the curves are
extrapolations. Energies of 10 Bev may be attained but flux values for
these high energies are very low. Integrated, instantaneous, omnidirec-
tional fluxes down to a few Mev may exceed lO6 protons/cm2/sec. The
solar event of February 23, 1956 would indicate that both flux and
energy decrease with time. It is more commonly believed, however, that
the event of November 12, 1960 is the more likely occurrence.’ For !
this event, the flux values of the lower energies increase, as those of .
the higher energies decrease with time. f

lTrutz Foelsche, Current Estimates of Radiation Doses in Space,
NASA TN D-1267, 1962. ,

2p, B. McDonald, ed., contributed by G. E. Fichtel, D. E. Guss,
H. H. Malitson, K. G. McCracken, K. W. Ogilvie, and W. R. Weber,
Solar Proton Manual, NASA TR R.

3George J. Jacobs, ed. (With Appendix A by J. R. Winckler),
Proceedings of Conference on Radiation Problems in Manned Space

Flight, NASA TN D-588, 1960.
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. The protons trapped in the inner radiation belt have omnidirec-
tional fluxes ranging from over 10% protons/cm?/sec at energies areater

than 40 Mev to fluxes of the order of 100 protons/cm?/sec at energies
greater than 550 Mev.

It is assumed that the electron fission energy spectrum shown in
figure 2 would be obtained for manmade detonations of nuclear devices.

The spectrum” is expressed in relative differential values. If the
spectrum is integrated and normalized it yields the following results:
55 percent, of the electrons have energles <1 Mev and 91 percent of the
electrons have energies 33 Mev. The maximum electron energy is about
T Mev.

The recent explosion of a nuclear device produced the electron
spectrum of figure 2 and these electrons have been geographically

located5 in the position shown in figure 3. The naturally trapped
protons and electrons of the radiation belts as previously reported
are also shown and may be used as a basis of comparison. It can be
seen that the new manmade belt contributes much of its intensity in
the region previously referred to as the inner belt and thus increases
the radiation damage problems of low-altitude space missions. The
peak intensities of the electrons of this artificial belt equal if not
exceed the maxima of the natural outer region when the latter's
intensities are increased by magnetic storms.

The outer region is seen to be of a transient character and has

- variations in flux and energy due to solar activity. By far the

greatest number of these electrons have energles below 1 Mev. As
indicated previously, however, the manmade belt has about 45 percent
of 1ts electrons with energies between 1 and 7 Mev. The addition of
any manmade trapped electron radiation may pose an even greater
hazard than that which is already present from the natural belt
electrons.

YR. E. Carter, F. Reines, J. J. Wagner, and M. E. Wyman. Free
Antineutrinos Absorption Cross Section. II. Expected Cross Section
From Measurements of Fission Fragment Electron Spectrum. Phys. Rev.,
Vol. 1i3, No. 1, p. 280-6, January 1, 1959.

5Artificial Radiation Belt Discussed in Sjmpos1um at Goddard
Space Center, W. N. Hess, P. Nakada, Science, Vol. 138, No. 3536,
October 5, 1962, pp. 53-54.

6B. J. O'Brien, J.- A. Van Allen, C. D. Laughlin, and L. A.
Frank, Absolute Electron Intensities in the Heart of the Earth's
Outer Rediation Zone. Jour. Geophys. Res. (Letter to the Editor),
Vol. 67, No. 1, January 1962, pp. 397-403.
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A brief summary of our knowledge of particulate radiation in space
is given in table I.

TABLE I.- SUMMARY OF THE PROTON AND ELECTRON SPECTRA IN SPACE

PROTON SPECTRA

Low Energy High Energy
‘Energy spectra $22 Mev as Energy spectra from 22 Mev to
- obtained from Explorer XII T00 Mev
data: 120 Kev < E < 4.5 Mev Total flux >2 x 104 p/em2/sec
Flux (p/em@/sec) = 107 to 109 Intensity can vary by a factor of

2 to 3 with solar activity

ELECTRON SPECTRA

Low Energy High Energy
Energy spectra <1.6 Mev Energy spectra 1.6 < E < 6 Mev

E > 40 Kev, Flux < 109 e/cm2/sec  Flux = 2 X 107 e/cm2/sec

E > 600 Kev, ‘ Intensity can vary by a factor of
Flux 2 5 x 106 e/cm2/sec 50 to 100 with solar activity
Electron data obtained from Explorer XII.

SOLAR FLARES

Proton energy approaches 10 Bev. Fluxes vary with maximum values
between 105 to 106 p/cm2/sec. The greatest intensities occur at the
low-energy values. :

The proton data are divided into low energy, high energy, and solar
flares. The low-energy data were reported at the symposium on the
scientific results of Explorer XII, January 1962, by L. R. Davis and

J. M, Williamson of the NASA, Goddard Space Flight Center. The low-
energy range given was from 120 Kev to 4.5 Mev. This has been extended
arbitrarily to 22 Mev, the upper limit for fixed frequency cyclotrons.
'The integral flux in this range is between 107 and 109 protons/cm2/sec.
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The high-energy-range data were obtained with Pioneer III and
Explorer VII.7T The low end has been taken from 22 Mev and extends to

. 700 Mev, the integral flux being greater than 2 X th protons/cme/sec.

The maximum integral energy flux of the solar flares vary between

lO5 to 106 protons/cm?/sec with energies ranging from Kevs to about
10 Bev. The natural belt electrons have their highest intensities

(between 108 to 109 e/cm?/sec) at about 2% to 4 earth radii as measured
from the earth’s center. The manmade belt electrons have peak inten-

sities greater than 109 e/cme/sec occurring at about 1.6 earth radii.
The energies of both the manmaede and naturally occurring electrons
extend from a few Kev to 7 Mev.

Concept of the Space Radiation Effects Laboratory

Threshold doses for functional radiation damage8 are shown for
various materials and devices in figure 4. Unfortunately, most of
this data 1s obtained from fission radiation which neither simulates
space radiation as regards energy or type of radiation. This infor-
mation is still useful in that it gives relative orders of magnitude
of damaging doses and provides some means for determining the fluxes
needed for accelerated space radiation damage studies.

The Langley Research Center in pursuing its research program for
the experimental investigation of the effects of particulate radiation

"on items used in space missions, found, as have other investigators,

that very limited beam time is available for engineering research
using high-energy proton accelerators. The existing ones are being
used almost full time for basic physics research experiments. To
overcome this shortcoming without interference with the high-energy
physics research effort, IRC, NASA, proposed construction of a Space
Radiatlon Effects Laboratory which would encompass most of the space
particulate radiation and which would utilize proton and electron
accelerators as engineering tools as well as physies instruments.

TGuido Pizzela, C. E. McIlwain, and J. A. Van Allen, Time
Variation of Intensity in the BEarth's Inner Radiation Zone, October
1959 through December 1960, Jour. Geophys. Res., Vol. 67, No. 4,
April 1962, pp. 1235-1253.

83 N. Lehr, V. J. Tronolone, and P. V. Horton, Equipment
Design Considerations for Space Environment, STL/TR-60-0000-0922h
Space Tech. Lab, Inc., Sept. 1960.
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Since over 90 percent of the space spectrum is below 1 Bev with

fluxes less than 106 particles/cm?/sec, and as the needs for the
facility are immediate, a survey was made of existing accelerstors
having energies of this range and external beams which would permit
accelerated space simulation for components with volumes of at least

g cubic foot. The desire was to duplicate an existing, proven, design
having the necessary features for accelerated space simulation, thus
saving years of development time. The choice, based on availability,
was narrowed to frequency modulated cyclotrons and alternating gradient
synchrotrons. The synchrocyclotron design was chosen because its-
external flux was adequate for our purposes, whereas the external

flux of the synchrotron machine was lower by about two orders of magni-
“tude. Considerations of down time, beam extraction and overall proven
reliability were additional factors in favor of the synchrocyclotron.

Particle Accelerators

There are four synchrocyclotrons in the world with energies of
about 0.6 Bev or greater. The two behind the iron curtain were not
considered. The other two are the machine at Berkeley, California
(0.76 Bev) and the machine at CERN, Geneva, Switzerland (0.6 Bev).
The CERN machine was designed for its stated energy and incorporated
the most modern concepts of the day. The Berkeley machine has been
redesigned and altered to bring it up from its initial lower energies
to its present level and any design improvements of it and other
existing accelerators were considered in the design of the CERN

machine.? Since the CERN machine was the most modern, met our energy
and flux requirements, and had a very good operational history, it was
our final choice. '

CERN Synchrocyclotron

Figure 5 is a photograph of the 600-Mev proton synchrocyclotron at
CERN, Geneva, Switzerland. The overall size of the magnet is 36 feet
wide by 21.3 feet deep by 20 feet high. It weighs 2500 tons, and is
made up of 54 blocks weighing approximately 46 tons each. The height
of the beam above the floor level is 4.1 feet and the magnet gap varies
between 45 and 35 cm. The coils, which are water cooled, and made of
aluminum, are about 25 feet in diameter, weigh about 60 tons, and
produce O.75 megawatt of heat at 1,750 amperes. The maximum radius R
of proton path (n = 0.2) = 2.27 meters. The magnetic induction at

R = 2.27 meters is 1.79 webers/meters®; and at R = O, the magnetic

v

9Bengt Hedin, Design of CERN Synchro-Cyclotron Magnet, CERN
55-3, Synchro-Cyclotron Division, January 1%, 1955.
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induction is 1.88 webers/meter2. The vacuum chamber and connections

are made of welded stainless steel and have a volume of 23 cubic meters.
This is pumped down to about lO'6 torr using two oil diffusion and three
roughing pumps.lo

The radio frequency system uses a water-cooled tuning fork modu-
lator which modulates the r-f frequency between 29 and 16.5 megacycles
at 55 cps.lo

The target systems shown in figure 6, although designed basically
for high-energy physics research, lend themselves readily to engi-
neering. There are eight internal flip targets to produce neutrons at
radii corresponding to energies from 110 to 600 Mev. Negative mesons’
are obtained by use of a suitable target on a Fermi trolley. The exter-
nal proton beam is obtained by means of a magnetic channel with suit-
able extraction devices and is brought to focus in a beam area of

15 cm®. The external current is about 0.3 microamp
(=1011-1012 protons/cn?/sec).

For the SREL, the CERN accelerator and external beam will be modi-
fied to produce varliable energy and beam area. -As proposed, the proton
energy variation will be from 600 Mev down to as low as 100 Mev and
capabilities will exist for spreading the beam from 15 cm@ to 300 cme
at the target area. With the existing external beam, a year in the belt
could be simulated in minutes to weeks over these target areas.

Electron Linac

Capability will also exist for accelerating electrons from 1 Mev
to 30 Mev with beam current in the range of 150 microamp. These param-
eters will simulate the electron space environment as well as being
useful for basic physics research. The beam area and energy will be
variable and the linear accelerator design will be used to attain the
requisite energy. Pigure 7 1is the accelerator section of a 10-Mev
electron linac. The 30-Mev linac requires one or two additional
accelerator sections.

The layout shown in figure 8 has been proposed for the SREL elec-
tron linac. The beam could be used in the linac cave or with the beam
handling equipment shown, piped into the adjacent test area.

. 104, Genter, K. E Schmitter, S. Kortleven, B. Bollée, and
F. Krienen, The CERN 600 Mev Synchrocyclotron at Geneva, Phillips
Technical Review, Vol. 22, 1960/61, No. 5, March 1961.
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Plan of the Space Radiation Effects laboratory

The floor plan of the proposed Space Radiation Effects Laboratory
is divided into three major areas as shown in figure 9. These are the
test and beam handling area, the test setup area, and the support
building. The test and beam handling area consists of two independent
target areas, the electron accelerator cave, the proton accelerator
cave, and the magnet hall which will contain the beam transport and
handling for the proton accelerator. The two target areas are asbout
30 by 30 feet and these dimensions may be changed by moving the walls.
One target area is arranged for receiving a combined electron and pro-
ton beam. Sufficient area has been allowed around both accelerators
which permits ready asccess and normsl maintenance without the incon-
venience of moving shielding. Very large targets may be irradiated by
piping the beam directly down the magnet hall. The shielding walls are
about 18 feet thick. Overhead shielding is provided to reduce sky-
shine. In addition the proposed arrangement of the physics test areas
will isolate them in a manner to give low radiation background, thus
permitting the performance of very refined experiments. The setup
area allows test setups and measurements to be made without disturbance
prior to installation into the target areas. ILarge vertical 1lift
doors separate the target area from the setup area. The combined test
and setup areas occupy approximately 37,000 square feet.

The support building is conveniently located next to the setup
areas. "It consists of two floors and a basement which will contain the
control room and monitoring system for the accelerators, laboratory
space, shop facilities, office space, counting areas, etc. The two
floors have an area of about 17,000 sguare feet,

The section view, figure 10, is taken through the synchrocylotron
cave, and shows the relationship of the test setup area with the sup-
port building and test areas. Also shown are the head room for the
overhead crane and the support and pilings needed around the
accelerator.

Research Program

In accord with the objectives of minimizing or eliminating the
effects of -space radiation on all items which comprise space missions
we have outlined & research program part of which is already underway
in the following areas: materials, these will include seals, cements,
plastics, lubricants, solder, damping materials, phosphors, insulators,
etc.; external surfaces such as coatings, transparent materials; and
optical components; devices such as magnetic, electronic, and solid
state; shielding will cover magnetic as well as various bulk configu-
rations; detection encompasses design, development, testing and
calibration of new detecting devices; dosimetry will include experi-
mental studies of radiation levels and doses delivered to different
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areas and constituents of space vehicles; environmental contamination
will deal with the ability of radiation to produce corrosive, noxious,
atmospheres, for example, ozone and nitrous oxides in closed ecological
systems; sputtering phenomena; activation resulting from radiation;
chemistry of elastomers and polymers; spectroscopy for the study of
radiation induced changes will include nuclear magnetic resonance,
electron paramagnetic resonance, infra-red and visible light, electron
microscopy, X-ray techniques, and mass spectroscopy; thin films; experi-
mental validation of theoretical studies; biological research including
synergistic effects; health physics; and basic physics research.

Operation of Laboratory

The tentative operational plan for the SREL provides for William
and Mary, the University of Virginia, and Virginia Polytechnical Insti-
tute organized as the Virginia Associates Research Center (VARC), to
supply the operational personnel for SREL. The participating universi-
ties of VARC will slso establish a basic physics research program
sponsored by government grant, industry grants, or self-initiated.
Other institutions requiring a facility with high-energy capability for
basic research can cooperate with VARC. Programs for accelerator
improvement and development may also be undertaken by VARC. The
Langley Research Center will conduct the engineering, applications, and
basic research phases associated with the space environment. Other
NASA laboratories, government agencies, and industry under NASA con-
tract will operate through the Langley Research Center.

Concluding Remarks

An architect's rendering of the Space Radiations Effects Laboratory
is shown in figure 11. This will be located in the city of
Newport News, Virginia within 15 miles of the Langley Research Center,
and will lie in & site occupying approximately 100 acres. The princi-
pal intent of the Space Radiation Effects Laboratory was to provide a
facility in which investigations simulating the space environment could
be performed and the results used to increase the reliability and
safety of spacecraft and space missions. As the project has now
evolved, the Laboratory will serve a dual function. 1In one capacity,
it will support an engineering program aimed at increasing the reli-
ability and safety of spacecraft and missions. In the other, it will
provide our universities and colleges with the instruments by which
they can conduct basic research in high-energy physics as well as
expanding their graduate program in this field. Thus, by providing a
facility whereby both these endeavors can be conducted concurrently,
two vital needs are simultaneously fulfilled.
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Paper B-L

THE EFFECTS OF PROTONS ON SEMICONDUCTOR DEVICES

William C. Honaker®
NASA Langley Research Center

Abstract

Experimental results are presented covering the data
obtained from the bombardment of several transistors with 40
and 440 Mev protons. The data indicated a proton energy
as well as a transistor frequency dependence on degrada-
tion. Figures are presented showing relative degradation
of transistors with integrated flux.

Introduction

The presence of high-energy protons in the earth's radiation belts
and in solar flares poses a problem in the design of circuits utilizing
transistors. for space application. The flux above an energy of 25 Mev
in the inner belt is approximately 2.5 X 104 protons/cmg/sec with the

differential energy spectrum varying as E'B-h. The proton energy
ranges up to approximately 600 Mev (refs. 1 and 2). The proton flux in
an extreme solar flare may be as high as 106 protons/cme/sec. In some
high-energy events the proton energies extend into the billion electron
volt (Bev) range (ref. 3).

Damage produced in solids by charged-particle bombardment has been
considered theoretically in references 4 and 5.  Most of the theory for
such damage has been arrived at by using pure-element models with no
definite correlation existing with a transistor junction; thus, a def-
inite need for experimental data exists. This report presents data
obtained during experimental testing of several types of transistors.
If transient damage effects such as ionization are neglected, the pri-
mary damage produced in pure silicon and germanium is the creation of
Frenkel defects (vacancy-interstitual pairs). This is the vacancy cre-
ated by knocking an atom from its normal lattice site and having it
come to rest at an interstitual position within a lattice structure.
The defects that are formed affect the electrical characteristics of a
semiconductor by providing recombination and trapping sites which can
reduce the number of carriers and result in.a decrease in carrier life-
time (refs. 6 and 7).

*Aerospace Technologist.
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Only a limited amount of work has been accomplished with protons
in the study of radiation damage on semiconductors (ref. 8). Results
of bombardment with 40 and 44O protons presented in the present report
show the extent to which transistors are damaged when they are subjected

to a total proton flux in the order of 1012 protons/cm2., With a knowl-
edge of the proton spectrum in the radiation belts and in solar flares,
an estimate can be made of the lifetime of the various transistors sub-
Jected to these environments.

Apparatus and Procedure

University of Minnesota Test

A total of 75 transistors were irradiasted with 40 Mev protons by
utilizing the linac accelerator at the University of Minnesota. The
accelerator is capable of producing a time-average beam current of
: 10‘8 amperes (approximately 6 X 1010 protons/sec). The cross-sectional
area of the proton beam is approximately 1.25 square centimeters.

The experimental setup used during irradiation tests at the
University of Minnesota is shown in figure 1. The transistors were
mounted in individual ports on an aluminum disk and were remotely posi-
tioned in the proton beam. A cam-controlled electric motor automati-
cally positioned each transistor in the proton beam for 10 minutes at
a beam flux rate of 3 X 109 protons/cme/sec or a total flux of
1.8 x 1012, A zinc sulfide phosphor (silver activated) was placed on
the aluminum disk in a position corresponding to that of the transistors
and was alined with the proton-beam pipe exit. The center of the pro-
ton beam was visually located by using a closed-circult television sys-
tem to determine the location of the beam-excited portion of the
phosphor. By marking the excited portion on the television monitoring
screen, each transistor could be properly positioned within the marked
area corresponding to the proton beam. During the experiments, the
beam flux was monitored by means of a Faraday cup mounted behind the
transistors. Perlodic checks were made on the beam f£lux level through
a vacant space in the aluminum disk.

During irradiation the transistors were operated in an active
circuit. The transistor parameters which were monitored and recorded
on a direct-writing oscillograph recorder included collector current,
Ic; small-signal current gain, hee; and leakage current, Igpg. The

base current Ig was held constant during the irradiation. Pretest and

post-test measurements on each type of transistor were made both at the
Langley Research Center (LRC) as well as by the manufacturer, with the
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exception of the 2N146 and 2N537 transistors for which no manufacturers'
data were obtained.

Carnegie Institute of Technology Test

A total of 20 transistors were irradiated by utilizing the 4LO Mev
proton synchrocyclotron at the Carnegie Institute of Technology. The
synchrocyclotron is capable of producing & time-average beam current of

2 x 107 protons/cme/sec. The cross-sectional area of the proton beam at
the external port is approximately 25 square centimeters.

The method used for exposing the transistors to the beam in this
experiment differed from the method used at the University of Minnesota
in that the largér cross-sectional area of the beam permitted the irra-
diation of several transistors at the same time with each bombardment
lasting approximately 6 hours. Due to the nonuniformity of the cross-
sectional area of the proton beam, a profile survey was made with a
scintillation counter. The positions of the various transistors .in the
beam were carefully determined, and total dosages were arrived at by
using the beam-profile plots. The beam current was measured before and
during irradiation by using a helium-filled ionization chamber mounted
between the beam exit port and the specimen and operated at 2 lb/sq in.
above atmospheric pressure. The transistors exposed to the beam were
mounted on a bracket supported by a Junction box attached to a tripod.
The transistor parameters measured before, during, and after irradia-
tion were the same as those of the University of Mimnesota experiments
except that no manufacturer's data were obtained. Also, the number of
transistors irradiated was fewer because of the lower beam flux and the
longer irradiation time.

Discussion and Results

Figure 2 shows seven 2N1L46 (NPN) germanium, low-frequency transis-
tors which were irradiated with 40 Mev protons. The average change in
gain was a decrease of T0 percent at a total flux of 1.8 x 1012 p/cm2
which was found to be typical for low-frequency germenium devices.
Figure 3 is a plot of six, 2NT43, NPN, high-frequency silicon transis-
tors with small signal current gain plotted against integrated proton
flux. The change was about a 12-percent decrease at a total flux of
1.8 x 1012 p/cm2 or approximately one-sixth the damage sustained by the
low-frequency transistor in figure 2. In figure 4 a plot is shown of

a 2N337, NPN, silicon low-frequency transistor. This device was dam-
aged by about 85 percent of its original value after a dose of

1.8 x 1012 /cm The extent of damage was about the same as for the
.low-frequency germanium device.
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To give an idea of the frequency dependence on transistor damage
figure 5 shows a 2N1302 transistor having an alpha cutoff frequency
of 0.5 megacycle and a 2N224 transistor with an alpha cutoff frequency
of 4.5 megacycles. The difference in frequencies here is approximately
an order of magnitude and the difference in change in gain is 20 percent.
The change would be approximately the same for other orders of magnitude
change in frequency but this can also vary with materials and type of
Junction.

The 2N1302 shown in figure 5 was one of the devices irradiated at
both 40 and 440 Mev. TFigure 6 shows the relative damage at these two
energies for a medium frequency transistor. The relative change at the

two energles at 3 X 1011 p/cm2 was approximately a factor of 3 for this
transistor. A comparison can be made between this NPN germanium device
"and a PNP germanium device shown in figure 7. Figure T is basically
the same type of plot as figure 6 except that a 2N224, PNP, germanium
transistor is irradiated in figure 7. The relative change in the 40
and 440 Mev bombardment again is approximately a factor of 3 at identi-
cal fluxes. Note the initial increase in gain and then a decrease.
This phenomenon is noticed in PNP germanium Jjunctions but not in NPN
germanium Jjunctions. '

Table I gives a complete list of transistors bombarded with 40 Mev
protons and shows the type junction, material, alpha cutoff frequency
and the average change in each transistor gain at a total flux of

©1.82 x 1012 protons/cme. The averages were arrived at using six or
seven transistors at the same proton dose and the changes noted ranged
from an increase of 10 percent for the 2N128 PNP germanium transistor
to a decrease of 85 percent for the 2N337 NPN silicon device.

For a good comparison between NPN and PNP junction, the second
transistor the 2N1302 which changes by 65 percent and the sixth a
2N1303 which changed by 23 percent are nearly the same device except
for the type Junction; here it is evident that the PNP junction is more
resistant to proton irradiation.

In table II, if one can assume a tolerable operating level of 0.7,
the original gain of a transistor and a flux of 5 X 10* p/cm</sec in
the space environment, then the lifetime of the various transistors
irgadiated is given in the right-hand column which extends from 30 to

10 days. i ’
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TABLE T

RELATIVE DAMAGE TO Si AND Ge TYPE TRANSISTORS
40 MEV PROTONS - TOTAL FLUX 1.82x10!2 cm-2 |

Ahf
TRANSISTOR | TYPE DESCRIPTION |fyp MC pchgN‘r
2 N859 PNP Si | ALLOY JUNCTION | 17 78

2N1302 NPN Ge | ALLOY JUNCTION 4.5 65
2N 224 PNP Ge { ALLOY JUNCTION 0.5 85

2NI305 |PNPGe|ALLOY JUNCTION | 8 65
2NI303 |PNPGe|ALLOYJUNCTION | 45 23
2N526 PNP Ge [ALLOY JUNCTION [ 3 65
2N 337 NPN Si [GROWN JUNCTION| 30 85
2N 146 NPN Ge | GROWN JUNCTION | 13 70
2N169A | NPN Ge | RATE GROWN 9 50
2N743 NPN Si | DIFFUSED MESA |500 12

2N 128 PNP Ge | SURFACE BARRIER| 60 +10

TABLE II
FLUX TOLERANGE = 0.7
hfe(O)
MAXIMUM SIMULATED TIME
TRANSE OR | PROTON FLUX | EROTON |y pAYS IN A PROTON FLUX
(10/cm2) OF 5x10%P/cm2/SEC
2N 337 1.3 |40Mev | 30
2N 224 1.5 | 35
2N 146 2 | 46.5
2N 859 2.5 ~ ss.l
2N 1305 5 1163
2N 1302 5 116.3
2N 526 5 151.2
2N 169A 7 A 162.8
2N 1303 18 | 418.6
2N 743 >18 Y >418.6
2 N 128 >i8 >418.6
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Paper B-5

PROTON RADIATION DAMAGE IN SEMICONDUCTOR DEVICES

D. A. Gandolfo®, D, M. Armold", J. A. Baicker ™,
H. Flicker*®, J. R. Parker¥, J. Vilms*®, J, Vollmer¥®,
' Radio Corporation of America

Abstract

The objective of the present study is to interpret ob-
served changes in transistor electrical characteristics in
terms of fundamental damage in the semiconductor crystal -
structure and, in so doing, to predict the effects of proton
bombardment. Proton and neutron displacement production
rates are calculated, These are used in conjunction with
neutron irradiation data and an assumed similarity of defect
clusters to determine the effects of protons on trancistors.
"Reasonable agreement with experiment is obtalned. The ex-
pected lives of transistors in satellites orbiting in the
inner Van Allen belt are given,

Introduction

It has become important to understand and be able to predict the
extent of proton damage to semiconductor devices. Accordingly, the
objective of the study reported here is to interpret the observed
changes in electrical characteristics of transistors in terms of fun-
damental damage to the semiconductor crystal structure and in so doing,
to predict the effects of proton bombardment.

The method is as follows., First, the rate of production of lattice
displacements is calculated at various proton energies. Next the rate
of production of lattice displacements for neutron bombardment is cal-
culated, Finally damage constants for neutron irradiation, determined
from existing data, are comverted into damage constants for proton ir-
radiation by means of the calculated displacement rates., With these,
the effect of proton bombardment on transistors is computed.

“w#Applied Research, Camden, New Jersey
##David Sarnoff Research Center, Princeton, New Jersey
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Displacement Calculations

According to the theory discussed, for example, by Séitz and
Koehlerl, Dienes and Vineyard?2 and Billington and Crawford3 the dis-
placement production rate is given by

T
Rp = J " ngy &(1) §Z (1) ar | )

where: Rg 1is the displécement density per unit flux of incident
particles.

ngy is the number of.térget silicon atoms per unit volums.

g(T) is the defect cascade function, i.e. the expected total
number of displacements produced by a primary recoil of energy
T.

%ggT) is the differential elastic scattering cross section.

Eq is the displacement threshold, i.e. the energy which must be
imparted to a target atom to displace it from its equilibrium
site,

Tp 1s the maximum recoil energy which may be imparted to a
target atom by an incident particle with a given energy.

The variable of integration in this expression is T, the energy of
the primary recoil. T is related to the energy of the incident particle,
Ejncs and the C.M. angle, @, through which it is deflected by :

Y- -
R e

where m is the proton mass and M is the silicon mass,
First, the proton displacement rate will be considered. At low

bombarding energies one would expect coulomb forces to dominate the
proton-silicon interaction, and as will be pointed out later, the

1, F. Seitz ond J. S. Koehler, Solid State Physics, (Ed. by F. Seitz
and D, Turnbull) Academic Press, N. Y. 1956, Vol. 2, P, 305.

2. Ge. J. Dienes and G. H. Vineyard, Radiation Effects in Solids, Inter-
scisnce, N. Y, 1957. '

3. D. S. Billington and J, H. Crawford, Radiation Damage in Solids,
Princeton University press, Princeton, 1961.
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radiation damage data for protons below 10 MeV is consistent with
Rutherford scattering calculations. Above 10 MeV, however, the proton-
silicon interaction must be modified to include nuclear forces. The SIS
principal result is a slight, though important, enhancement of the S
elastic cross section mainly at large scattering angles. This en- : ]
hancement does not produce an observable increase in the number of
primary proton-silicon collisions, but the few extra collisions that
result generally involve a large momentum transfer, on the average,
and consequently a large number of secondary lattice displacements.
At very high energies (above 100 MeV) a complete account of the dis-
placement production rate requires the inclusion of a number of in-
elastic processess as well as elastic scattering.

In the absence of data on the scattering of protons by silicon,
the proton-aluminmum cross sections have been used for these calculae
tions. The Justification for this is a logical consequence of the
nuclear optical model, which fits the elastic proton scattering data
with considerable accuracy over the energy range from 10 to 100 MeV,
and for nuclei throvghout practically the entire periodic table., Since
the optical model parameters are slowly varying functions of atomic
" weight, going from A=27 to A=28 requires practically no correction.

The proton displacement rate is shown as a function of proton en-
ergy in Fig. 1.

The solid curve shown in this figure is a compilation of silicon
solar cell damage data from several sources. The two lowest-energy
points shown, at 1.5 and L.5 MeV were calculated from Rutherford scat-
tering, and the upper five points from p+Al elastic scattering data.
The solid curve has been normalized to the computed displacement rate
at Ep = 10 MeV, ‘

There are two interesting features about this figure. The first
is that at proton energies as low as 10 MeV there 1s a perceptible
contribution to the total lattice displacement rate caused by nuclear-
elastic scattering. The second interesting point is that elastic scat-
tering is sufficient to give a fairly good account of the total dis=
placement rate for proton energies as high as 100 MeV., At 180 MeV
the solar cell damage rate is 2.5 times what one would expect from
elastic scattering alone.

Next, the displacement production rate for neutrons is calculated
using Eq. 1, and making the same assumptions that were made in the pro-
ton displacement calculation regarding the applicability of n + Al data
to silicon. The results of the calculation are given in Fig., 2 which
shows the displacement rate over the erergy interval, 0 to 10 MeV, The
weighted average of the displacement rate for a fission spectrum is
shown as Rpy. The fission spectrum is the energy spectrum of prompt
fission neutrons and is a good approximation to the energy spectrum
of neutrons produced by pulsed reactors such as the Godiva and Kukla
facilities,
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Lifetime Damage Constant

Next attention will be turned to the electrical property of semi=
conductors which is most affected by radiation, namely the minority
carrier lifetime. In semiconductors like germanium and silicon where
direct band to band recombination is forbidden, the recombination rate
is directly proportional to the number of traps or centers at which
recombination can take place. The minority carrier lifetime is of
course inversely related to the recombination rate; therefore, to the
number of traps. According to these considerations the lifetime may
be written as

z=CN @ (3)

where C is related to the capture cross section of the centers for
minority carriers, the energy levels of the centers, the Fermi level
of the material and the thermal velocities of the carriers. C is
assumed to be independent of the flux,P. N¢ is the number, of traps
and is, of course, a function of P. Loferski and Rappaporth deter=-
mined experimentally that the lifetime is related to the flux by

lol.xp | X
7 = ? (L)

vhere 7; is the pre-irradiation lifetime and k is the lifetime damage

constant, Taking the derivative of 1 with respect to @ one finds that

r

99 99

Thus, k is simply the product of C and the rate of introduction
of traps. At this point, it is assumed that the rate of introduction
of traps is directly proportional to the displacement production rate.
Further, it is assumed that the damage constants for protons and neutrons
are related to the particle type only through the respective displace-
ment rates., Therefore the damage constants for protons and neutrons may
now be written ' :

kp = C'Rpp; ky = C'Rpy . (6)

L. P. Rappaport, Phys. Rev, 9k, 1L09(A) (1954).
5S¢ Je J. Loferski and P. Rappaport, Phys. Rev. 98, 1861 (1955).
6. P. Rappaport and J. J. Loferski, Phys, Rev. 100, 126(A) (1955)
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When C' is eliminated from Eq. 6, k_ is obtained in terms of ky and
the displacement rates P
=k FDP
kp =y — (7
Rpy

ky is determined from neutron irradiation experiments and Rpp and Ry
are calculated quantities.

The assumption that the damage constants are functions only of the

total displacement production rates, independent of the type of particle
producing the damage is an essential part of this study. However, it
has been seen that for proton energies above 10 MeV nuclear-elastic
scattering contributes significantly to the total displacement rate,
The good agreement between the proton energy dependences of the damage
rate and the displacement rate may be accounted for by assuming that
all displacements are equally effective in producing electrical damage,
regardless of whether they are produced in high concentration, as in
the displacement spikes characteristic of nuclear-elastic scattering,
or in very low concentration, as in the point defects generally char-
acteristic of coulomb scattering.

Effects of Proton Bombardment on Transistors

Transistors and the effect of radiation induced lifetime changes
on their performance will now be considered, Webster's' equation shows
the dependence of the common emitter current gain, 8 , on the minority
carrier lifetime

1 . SAW ,gqW | 1 2 (8)
B a1 ole 3 b7 o |

where S is the surface recombination velocity, Ag is the effective

area for surface recombination, W is the bace width, A is the area of
the conduction path, O, and Oe are the conductivities of the base and -
emitter regions, Lg is the diffusion length in the emitter, D is the
diffusion constant and 7 is the minority carrier lifetime.

The first term on the right is the surface recombination term,
the second is the injection efficiency term and the third is the volume
recombination term., Terms one and two are assumed to be independent
of the flux. Eguation 8 may be rewritten, using Equation L, to
show explicitly the dependence on radiation induced lifetime changes

= ‘1—*“?"— L w2 cp-l + —2 k@ (9)

/3 foa

7 W. M. Webster, Proc. IRE L2, 91k (195L)
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where f.o 13 the alpha cutoff frequency of the device. This relation-
ship has been checked experimentally by Messenger and Spratt8 and
Loferski’. In a neutron irradiation experiment where the flux is@y,
the lifetime damage constant for neutrons, ky, is measured. If the
effect of a proton bombardment is to be calculated, kpPp must be sub-
stituted for kyPy. Equation 7 shows how kp is determined from ky and
the calculated displacement rates Rpy and Rpp. Several sample cal-
culations have been made to check the validity of the method outlined
here. Fron the data of Puttcampl® of the Diamond Ordance Fuze Labs
and Hicks™, et. al., at Boeing, lifetime damage constants describing
the degradation of A with neutron flux have been obtained., These

have been used in conjunction with the method discussed above to conm-
pute lifetime damage constants for monoenergetic proton bombardment.

Using the damage constants thus obtained one may calculate the
proton flux necessary to reduce the current gain of selected silicon
transistors to a specified fraction of its initial value, The results
of the calculation may be compared with the experimental results which
Hulten and Honakerl? obtained with LO MeV protons,

Example 1:  2N7L43, npn mesa, fon & LOO Mc.

. The data of Hulten and Honakerl?s l3(average of 6 units) showed
that a flux of 1.8 x 1012 protons/em? at LO MeV reduced 4 to .854,.

From Puttcamp's neutron irradiation of the 2N697, npn mesa, foo 3 150 Mc,

one finds

Ay (average of L units) = 1.8 x 10-15 pvt-1
and |

a,P - %.—8 x lgog Ay = 1.8 x 10-15 per unit proton flux.

B. G. C. Messenger and J. P, Spratt, Proc. IRE, 46, 1038 (1958)
90 J.o Je Lo-ferski, Je Applo Phys. 29’ 35 (1958)

10. Robert Puttcamp, Diamond Ordance Fuze Laboratories TR-975 (AD 27026L)
27 November 1961.

11, Do A. HiCks, D. V. Keller’ Jo B. RObi.SOﬁ’ Ro Ko 3&?‘:\‘66, J. R. C?T"
B. M. Clarke, Boeing Airplane Company, Report D5-2880, 1 Decem-
ber 1958, '

12, W, C. Hulten, "Radiation Effects of 4O and LLO MeV Protons on Tran-
- sistors," Society of Aerospace Material and Process Engineers Sympo-
sium, St, Louis, May 7-9, 1962.

13. W. C. Honaker, "The Effects of Protons on Semiconductor Devices,"
Protection against Radiation Hazards in Space, Gatlinburg, Novem-
ber 5 - 7, 1962, ‘
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Using this dp to calculate the proton flux necessary to reduce/8 to
.858, one finds

?calc = 2.2 x 1012 protons/cm®

and

%;%%g - 1,2

Example 2: 2 N859, pnp alloy, fon & 1l Mc.

The data of Hulten and Honaker (average of 6 units) showed that
a flux of .7 x 1012 protons/cm? at LO MeV reduced A to .54,. From
- the neutron irradiation by Hicks et. al. of the 2NL95, also a pnp
alloy, with f,, % 35 Mc one finds

ky = 3.2 x 10"'7 nvt,"l sec

and
%p = I ;2156 x 10008 xky =123 x 10'11‘ per unit proton flux

Using this &, to calculate the proton flux required to reduce 8 to
¢58o one finds

?ca_lc -1,5 x 1012 prot:ons/cm2
and

calc

oxp 2.2

The agreement in the case of the 2N7L3 is quite good. For the 2N859
it is less good but still satisfactory in light of the scatter in the
proton irradiation data,

Transistore in Satellites

Having checked the method in two cases where comparable neutron
and proton data exist, one may proceed to the calculation of the ex-
pected 1life of selected groups of transistors in a hypothetical proton
flux, The flux is an idealized representation of that which might be
experienced by a device aboard a satellite whose orbit is in the most
intense region of the Imner Van Allen Belt, This idealized proton
spectrum has been constructed from the data of Heckman and Armstrong
and is shown in Figure 3. The expected life of the devices has been
calculated frem

1lj, Harry H. Heckman and Alice H. Armstrong, J. Geophys. Research 67,

1255 (1962). 236
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T(OSﬁo) "W * ky * RDP?P (10)

vwhere ky 1s the average lifetime damage constant for p or n type silicon
as given by Messenger and Spratt and @p is the proton flux rate in par-
ticles/cmz-sec. Results of this calculation are shown in Figure L. Ta-
ble 1 lists the type numbers and some properties of the transistors in
the groups indicated by the mumbers in Figure L.

Table 1., Satellite Transistors

Group Mumber W(em.) £ (Me) -~ Transistor Types

1 5.1 x 10~5 > 500 2N709
2n917

2 1,02 x 1074 200< £, < 500 28916
2N91L

2N708

3 1.9 x 107 50<f£,,< 200 2N718A
2N1613

2N1893

28910

L 3 x 107% 20< £ <. 50 2M1675

A 2N930
5 1.27 x 103 2<£,,<10 2N560
2N657

6 2.3 x 10-3 5< £o <15 . 2N1485
2N2016

PNP 1.2 x 1074 ~100 = . - 2N995
1.2 x 10°b 2N869

1.5 x 1074 a3

To be noted in Figure L is the superiority of transistors with
thin bases (corresponding to high alpha cutoff frequency) and low
initial current gain.

Summary and Conclusion#

The displacement production rates for protons and neutrons have
been calculated and used with neutron irradiation data to predict pro-
ton damage.
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The lattice displacement rate produced by elastic scattering of
protons has been calculated as a function of energy and compared with
the observed proton damage rate for silicon solar cells, For energies
up to nearly 100 MeV the agreement is quite good. As might be expected,
at higher energies where nuclear reactions assume increasing importance
the damage rate exceeds the displacement rate calculated from elastic
scattering alone, }

The effect of protons on transistors has been calculated with the
- use of a lifetime damage constant measured under neutron irradiation
and the ratio of the calculated displacement rates., The good agreement
with available data indicates that the assumptions made earlier are
reasonable, and a very useful consequence follows, namely that the large
~ amount of existing neutron damage data may be converted to proton damage
information in a rather simple manner.
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track of an incident proton of energy, Ep. Ionization effects by the
primary recoiling silicon atom have been neglected.
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Paper B-6

' Vf’.: | SOLAR CELL DEGRADATION BY PROTONS IN SPACE

Richard Madey
Republic Aviation Corporation

Abstract

An analytic expression for the decrease in efficiency
of a solar cell behind a protective cover glass exposed to a
spectral distribution of protons is formulated on the basis
that the time rate of decrease in output power is propor-
tional to the proton dose rate absorbed at the surface of the
solar cell. The decrease in the maximum power output A P
of a solar cell exposed to protons in space is found to be

: ; ' . AP = 12 PO In(1 + EL? D), @

i where D is the absorbed dose of protons at the surface of
R ' the solar cell behind a protective cover glass, and L; is
s : the initial value of the diffusion length of the minority
L carriers of the solar cell corresponding to the initial maxi-
o mum power output P;. The dependence of L on P,
- found from the data of Smits, Smith, and Brown' to 1be
R represented by
IR P,/P,
I L L e (10 mW<Pi<20 mw) (2)
Ly For an n-on-p cell, Ly = 0.234 micron and P_ =3.13
RN milliwatts. The quantity € is a radiation damage factor
averaged over the absorbed dose rate from a spectral

1. F.M. Smits, K.D. Smith, and W.L. Brown, "Solar Cells for
Commumcatmns Satelhtes in the Van Allen Belt," J. Brit. IRE
22 (2), 161 (August 1961)
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distribution of protons. The energy dependence of € is
obtained from experimental data®? on the change in the
reciprocal squared diffusion length per unit integrated
proton flux, I, versus proton energy E. Actually, €is
defined by

2 :
) (o]

where dE/dR_ is the specific ionization energy loss in the
material of th€ solar cell.

The decrease in the maximum power output of an
n-on-p silicon solar cell exposed to the solar flare of
12 November 1960 is calculated as a function of the thick-
ness of protective cover glass for a power-law representation
of the differential flux spectrum of the incident protons.

Introduction

Energetic protons in space bombard the active material of solar
cells which supply power for satellites and space probes. Radiation
damage to a solar cell results in a decrease in its power output. This
degradation in the efficiency of a solar cell must be taken into account
in the design of a solar cell power supply. The number of solar cells
required to furnish a specified power output throughout a given mission
will depend upon the decrease in power output expected during the
mission. Some degradation can be prevented at the expense of
additional weightby increasing the thickness of the protective cover
glass. In order to be able to optimize the design of solar cell power
supplies exposed to protons in space, it is useful to obtain an analytic
representation for the decrease in power output of a solar cell behind
a cover glass of arbitrary thickness.

2. W.L. Brown, "Damage to Semiconductors from Space Radiation,"
Presented at the American Rocket Society Space Nuclear Conference
on May 3, 1961, at Gatlinburg, Tennessee.

3. W. Rosenzweig, F.M. Smits, and W.L. Brown, "Energy Depend-
: ence of Proton Irradiation Damage in Silicon," Bull. Am. Phys.
Soc. I 7 (7), 437 (August 27, 1962).
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: Theory

Basic Assumption

In order to derive a formula for the decrease in the power output
of a solar cell exposed to protons in space, we have made the assump-
tion that dP/dt, the time rate of decrease in the output power of the
solar cell, is proportmnal to the proton dose rate W absorbed at the
front surface of the solar cell. Formally, we write

dP
-5 =F@EW (4)

where F(P) is a factor of proportionality which depends upon the
instantaneous power level P of the solar cell. F(P) represents the
differential decrease in power of the solar cell per unit of absorbed dose.
If dP/dt is expressed in units of milliwatts/hour and W is in rads/hour,
then F(P) is in units of milliwatts/rad.

Evaluation of Proportionality Factor F(P)

The proton dose rate absorbed at the surface of the solar cell
behind a protective cover glass is given by the following integral:

W(Mev/sec gm Si) f ) den'(R,Q) dQ , | (5)

“where dE/dR_ is the specific ionization energy loss in Mev per gram
; per cm“ of the material of the solar cell for protons of energy E,
corresponding to the residual range R in the material of the cover
" glass. The zero subscript of dE/ dR, refers to the material of the
.; solar cell (e.g., silicon). The differential quantity n'(R,) dR dQ
- represents the number of protons emerging from the cover glass in a
| direction Qin dQ with a residual range (in the material of the cover
glass) between R and R + dR.

For a spectrum of protons incident on the solar cell, the time
rate of decrease in the output power is given by

f den (R, Q) dQ, -~ (6)

where dP/dI is the change in output power per unit time-integrated
proton flux, and dR [n'(R, Q)dS2 represents the number of protons
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incident on the solar cell with residual ranges between R and

R + dR crossing a unit area per unit time from all directions. The
primed notation is used to denote that the unidirectional differential
range spectrum, n'(R, f), at the solar cell is a degraded spectrum,
the incident spectrum in space being degraded by a cover glass
protecting the solar cell.

In the integrand of Eq. 6, the quantity dP/dl may be rewritten
as a product of two factors:

4P _ 4P di1/1?) -1 (P) &(E) -
T 7 qu/idy 91 gl5) (7)

where L is the diffusion length of the minority carriers in the
material of the solar cell. The right-hand member of Eq. 7 is
written in recognition of the fact that the first factor, £(P), will depend
only on the power output of the solar cell and the second factor, g(E),
will depend only on the proton energy.

The sensitive thickness of the solar cell is equal to the diffusion
length of the minority carriers in the bulk material. The diffusion
length is the average distance traveled by an excess minority carrier
before recombining with a majority carrier. Values of the diffusion
length range from 200 4 down to a few microns, depending upon the
conduct1v1ty type, re51st1V1ty, and irradiation h1story of a cell.

From the data of Smits, Smith and Brown® , the dependence of the
maximum power output on diffusion length of an n-on-p solar cell may
be represented by an exponential function as follows:

P/P

L (microns) = L0 e ° (10 mw<P < 20 mw) (8)

where L_ =0.234 micron and P, = 3.13 milliwatts. In Fig. 1,

this analﬁlcal representation is compared with the data of Smits et al.
They measured output characteristics of 92 solar cells under electron
bombardment. From their measurements, they constructed curves of
median power output versus voltage under outer space illumination with
the integrated electron flux and the diffusion length as parameters.

The dependence of the maximum power output on diffusion length is
obtained from this data.

Thus, from Eq. 8, we find that

2P/P
1 2
f(p)s_d_?_—=—é-pL§e. °- > P L )

d(l/Lz) o] o)
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Now, let us write the energy-dependent factor as a product of
two factors:

2
g(E) = ———d%L ) e g—g
o]

where dE/dR is the specific ionization energy loss in the material of
the solar cell and € is a radiation damage coefficient. The value of
€ will be determmed from experiment. After substituting Eqs. 7, 9,
and 10 in Eq. 6, we obtain

%f -f(P)f( )de_'(R,a)dn. (11)

We may rewrite Eq. 11 as follows:

(10)

-ETP =f(P)EW=TF (P)W (12)
where - 1 - 9
F(P)= € f(P) = ¢ P L (13)
and ‘f;(ﬂ-) dR fn'(R, Q) 4o
(14;

f den' (R, ©)dQ

The dependence of the diffusion length on proton energy has been
measured by Bell Telephone Laboratory workers®® at variai s proton
accelerators These workers have reported their data in a plot of
d(1/L2)/d I vs. proton energy. The first data of this type, reported by
W.L. Brown?, are shown in Fig. 2. Later, Rosenzweig, Smits, and
Brown?® reported similar data, shown in Fig. 3. We have shown ‘both
sets of data in a slightly different form in Fig. 4, where we have plottec
€ vs. proton energy.

Decrease in Maximum Power Qutput

In order to obtain an expression for the decrease in fhe maximw
power output of a solar cell, we integrate Eq. 12:

Pf dp
Absorbed dose D = Wdt = - = I(P)
F(P
t
ah7
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where the subscripts i and { on the limits of the integrals denote
initial and final values of the power and time. The result of integration
is 4

AP=P P = P In(l+¢ Li2 D) (16)

\f 2
vwhere from Eq. 8, L; designates the value of the diffusion length P
of the mmonty carr1ers of the solar cell corresponding to the initial - SRS
power P.. : R

Upon subst1tutm<r the values P, =3.13 milliwatts, L = 2.34x10-5cm,
€ =7.48x10 gm/cm -Mev = 4.67 Rad 1-cm.z, Eq. 16 becomes

_g 0.639 P, -
AP (mw) = 1.565 In [1+0.25x10 e lD(rads)].

In Fig. 5, we plot the decrease in the maxi mum power output as a
function of the absorbed dose of protons at the surface of the solar cell.

Absorbed Surface Dose Rate as a Function of Cover Glass Thickness

In order to determine the dependence of W, the proton dose
rate absorbed at the surface of the solar cell, upon the thickness x
in gm/ cm? of a protective cover glass, it is necessary to integrate
Eq. 5 for the dose rate. We have obtained an analytic expression
relating the dose rate to the cover glass thickness on the following SRR
basis: A

(a) An isotropic differential spectrum of protons is incident
on a protective cover glass in plane geometry from the
upper hemisphere. We represent the incident flux
spectrum by a power law of the form ~

i (p/cmz-sec-Mev) =27CE”’, @

(b) The range-energy relation for protons in matter is
representable by a power law of the form

R(gm/cm ) = KE® . (18)

where the constants K (gm/cm2-Mev®)and a depend
on the material.

The result of integration, written in terms of the incident flux, is

W (rads/hr) = 5.76x10 2 2L éz-a°'(E§ (19)
rads/hr) = 9.10X Iipae K “x Wox
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where E. is the proton energy required to just penetrate a cover glass
thickness (gm/cmz) a,and K, denote values {or the material of
the solar cell (e.g., silicon); @ and K represent values for the

material of the cover glass (e.g., sapphire); B(p,q) is the beta
function; and :

p=(r+a, -2)/a (20)
q=Q1+a-a)a (21)

Alternatively, by making use of the range-energy relationship,
we may rewrite Eq. 19 directly in terms of the cover glass thickness:

p
W(t,x) =5.76x10°° %%2 oz(pK‘I) ) (22)

Application to the Solar Flare Qg 12 November 1960

Characteristics of the Proton Spectrum

The integral proton spectrum has been measured* at energies as
low as 2 Mev at 5 hours and 27 minutes after the peak of the optical
flare on 12 November 1960. From the reported values of the spectral
parameters (viz., y-1 =1.7 + 0.2 in the energy interval from 2 Mev
to 100 Mev and N(> 2 Mev) = 3 x 104 protons/ cm?-sec- steradian),
the spectral exponent y = 2.7 in the energy interval from 2 Mev to
100 Mev and the spec tral coefficient C(t ) =1.66 x 105 protons/cm2-
sec-steradian-Mev?¥"* at t, = 5.5 hours after the flare peak.

Absorbed Dose Rate at Time o

If we substitute numerical values in Eq. 22, the proton dose rate
absorbed at time to at the surface of a silicon solar cell becomes

W(t,x)-11x14 (23)

4. K.W. Ogilvie, D.A. Bryant, and L.R. Davis, "Rocket
Observations of Solar Protons During the November 12, 1960
Event," NASA Goddard Space Flight Center Contributions to the
1961 Kyoto Conference on Cosmic Rays and the Earth Storm.
Also, K.W. Ogilvie, and L.R. Davis, "Rocket Observations of
Solar Protons, " presented at Forty-Second Annual Meeting,
American Geophysical Union, Washington, D.C. (April 18-21, 1961).
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Equation 53 is plotted in Fig. 6.

Absorbed Dose

We may estimate the integral for the absorbed dose in the
approximation that the spectral exponent y and hence the parameter
p in Eq. 22 for the absorbed dose rate is independent of time t.

In this approximation, the absorbed dose may be written

D - Wit , x) Bt | (24)

-where At is the effective duration of the flare. We have found

At = 2.36 x 109 seconds = 65.6 hours from the data of Fichtel, Guss,
and Ogilvie® on the time dependence of the integral proton flux above
20 Mev. '

tis the absorbed dose as a function of cover glass thickness
) for the solar flare of 12 November 1960 is

-1.4
X .

x(gm/ cm

D (rads) = 71 - (25)

Equation 25 is plotted in Fig. 7.

Decrease in Maximum Power Output vs. Thickness of Protectlve Cover
Glass

Finally, the percentage decrease in maximum power output of an
n-on-p silicon solar cell exposed to protons from the solar flare of
12 November 1960 is given by
7 0.639P x'1‘4)

AP - 1.565
P = P1
where the %owers P, and P, are expressed in milliwatts, and x is

in gms/cm¢“ of cover glassf Equation (26) is plotted in F1g 8.

In\l. +1.82x10

(26)

5. C.E. Fichtel, D.E. Guss, and K.W. Ogilvie, Private Communi-
cation.
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Behind a Protective Cover Glass with the Initial Value of the

Maximum Power Output as a Parameter.
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» Paper B-7 '
EFFECT OF ELECTRON IRRADIATION ON THE MECHANICAL PROPERTIES

OF A COMPOSITE FOIL FOR INFLATABLE SATELLITES

Thomas G. James®
NASA Langley Research Center

Abstract

The primary effect of electron irradiation on the Echo IT
skin material is an increased brittleness which leads to an
early and brittle failure in both the burst strength and ulti-
mate strength tests. Severe surface damage, which occurs at
doses on the order of 1017 e/cm?, causes mechanical damage to
the aluminum foil portion of the skin and may lead to changes
in the temperature control characteristics of the surface.

Introduction

Some months after the 100-foot-diameter Echo I balloon was put into
orbit, it became apparent from both optical and radar observations that
the balloon was no longer & smooth sphere. Presumably the inflation
gases had leaked out by this time leaving the balloon somewhat wrinkled
because the 1/2-mil aluminized mylar of which it was made had no inher-
ent stiffness. The next passive communication satellite, the 135-foot-
diameter Echo II balloon, will have a much stiffer skin so that it is
hoped the balloon will remain smooth and spherical after the initial
inflation pressure is 1lost. The Echo II skin is made of 0.35-mil-thick
mylar with 0.2-mil-thick aluminum glued on either side. Both outer
aluminum surfaces are given an alodine coating for temperature-control
purposes. (See fig. 1.)

This satellite and subsequent similar satellites will have to
remain for many years in the space environment, which in this case
includes the magnetically trapped radiation, both the naturael Van Allen

. belt and the new artificial electron belt. As a result of the high-

altitude nuclear explosion of July 9, 1962, Echo II, which will orbit at
an altitude of about 1,000 km, will be exposed to a flux of between 10
and 109 e/cm2/sec. The study presented herein was made in order to
determine the extent to which the electron radiation part of this envi-
ronment will damage the Echo II type composite foil in the course of
many years in orbit. GSamples of the Echo II foil were irradiated with
electrons of energies up to 1.2 Mev, with total doses representing those
incurred during many years in orbit. '

¥Aerospace Technologist.
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Symbols

e electron

‘B modulus of elasticity, used herein as the secant modulus at

1-percent elongation, 1b/in.2
Kev thousand electron volts
Mev million electron volts
Syt ultimate tensile stress

ua microamperes

Tests And Equipment

Test Setup

The accelerator used in these tests was a constant-voltage cascaded-
rectifier type - a Radiation Dynamics Model No. PEA-1.0 Dynamitron. This
accelerator is capable of producing fluxes of electrons with intensities
as great as 10 milliamperes and with kinetic energles varying from )
50 Kev to 1.20 Mev. The experimental test setup is shown in figure 2.
The beam enters from the accelerator at the left-hand side and passes .
down the beam tube through a scanning magnet which scans it vertically:
in the scan horn at approximately 10 cycles per second. The beam then
passes into the air through a blower-cooled, 2-mil-thick titanium window.
The foil sample is suspended in the beam at a distance of approximately
6 inches from the titanium window. The clamps that hold the foil are

mounted approximately L% inches in front of a solid aluminum support

plate. The current density was measured by means of a 1l- by 2-cm alumi-
num plate mounted on, and insulated from, the foil itself. The current
captured by this small plate was measured by passing it to ground through
an electrometer. The current captured by the support plate was also
passed to ground through an electrometer in order to monitor the total
output of the accelerator. The foil itself was grounded in order to
avoid any charge-buildup effects. The kinetic energy of the electrons
at the location of the foil was determined by measuring the extreme
range of electrons in aluminum at this location. The uniformity of the
beam intensity was determined through the use of cobalt glass dosimetry.
An area of approximately 2 by 15 inches was found to be uniform to
within 5 percent. .

261



Mechanical Tests.- All data were obtained by means of post-irradiation
tests. Six mechanical properties were studied. From the stress-strain
curves measured on a Thwing-Albert Model 30LT tensile tester, the
modulus of elasticity, ultimate strength, and percent elongation were
determined. A standard Mullen tester was used to determine the burst
strength of the skin. A Sheffield Micro-Hardness tester was used to
measure the Vickers hardness of the surface of the foil. Several
1/3 cm? pieces of foil were weighed on a Cahn Electrobalance to deter-
mine the weight per square centimeter.

Results And Discussion

Effect of Dose Rate

Since the dose rate in these tests is necessarily bigher than that
in space, the initial portion of this investigation was a study of pos-
sible dose rate effects on the foils. A portion of the results of this
study can be seen in figure 3. Each of the samples was given the same
total dose of 3.156 x 1016 e/cm2. This total dose, at 108 e/cm2/sec,

represents about 10 years in orbit; at 109 e/cm2/sec, the corresponding
~ time would be 1 year. 1In all cases the energy used was 1.20 Mev.

Figure 3 shows the percent change in these mechanical properties as
a function of the dose rate in microamperes per square centimeter. It
is apparent that dose rate has no significant effect for dose rates less
than 1.12 ya/cm?. There are, however, significant effects of dose rates
much above 1.12 pa/cm@. A dose rate of 1.12 pa/cm? is two or three
orders of magnitude greater than the maximum dose rates in space. In
general, it is seen that the damage is less for the higher dose rates.
The lessened damage at high dose rates may be a result of severe heating
at these dose rates; however, previously published workl indicates a
similar trend with respect to the electrical properties of mylar. Since
no significant dose rate effects are observed at a dose rate of
1.12 pa/em2, this value was selected for use in all subsequent tests.

Effect of Total Dose

The most significant date from the viewpoint of lifetime in the
space environment is that showing the effect of total dose. Figure k4
shows the effects of total dose on the mechanical properties for an

1. The Effect of Nuclear Radiation on Elastomeric and Plastic Materials.
Radiation Effects Information Center (Battelle Memorial Institute),
Report No. 3, First Addendum, May 31, 1959, p. 27.

262



grgy of 1.2 Mev. The doses shown here, at a flux level of

e cm2 sec, §orrespond to times in orbit ranging from 6 months to
50 years; at 107 e/ cm2/sec, the corresponding times are 18 days to
5 years. The most notable effect is a rapid degradation of the percent
elongation, which is reduced by about 25 percent even at the lowest dose.
This is reflected at somewhat higher doses in the early and brittie
fajilure of both the burst strength and ultimate strength tests. The
modulus of elasticity, hardness, and cot/cm? are essentially unchanged
at least to such doses as it was possible to measure these quantitles.

It will be observed that the last two points are missing for both
the modulus of elasticity and hardness. The modulus of elasticity as
used throughout this paper is the secant modulus at l-percent elongation.
For the two highest doses the percent elongation was less than 1 percent
and, consequently, the modulus could not be measured. The degree of sur-
face damage at these doses was such that. a clean indentation could not be
obtained with the microhardness tester. These surface effects will be
discussed more fully in a later part of this paper.

The fact that these properties fall into two groups, one of which
shows major changes and the other essentially none, is of interest since
it indicates which portion of the foil has sustained the major portion
of damage. It is to be noted that, in the tests of the unirradiated and
lightly irradiated foils the aluminum fails long before the mylar in

both the burst and tensile tests. Thus, except perhaps for the highest

doses, these properties indicate almost solely the condition of the

‘mylar. At the highest doses, there must be some damage to the aluminum,

since the aluminum by itself should be able to carry about 15 percent
of the initial ultimate tensile strength, whereas at the highest doses,
the irradiated specimen retained only 5 percent of its tensile strength.
The additional loss, however, is probably not a direct radiation effect.
This point will be discussed later in this paper. On the other hand,
the modulus of elasticity, which is measured in the initial portion of
the stress-strain curve, and hardness, which is measured by indenting
the aluminum surface, are primarily indicative of the condition of the
aluminum. It will further be noticed that the aluminum surface protects
the mylar from either weight loss due to outgassing or weight gain from
oxidation reactions. Thus this property is primarily an indication of
the integrity of the aluminum foll rather than of the mylar substrate.
The conclusion, therefore, is that the mylar has sustained essentially
all of the radiation damage and that the aluminum was essentially
unaffected by radiation.

Surface Effects

A notable feature of the tests involving very high doses is the

' severe damage to the surface. A photograph of the surface after a dose
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of 1.578 x 1017 e/cm2 is shown in figure 5. This photograph is typical
of the test results at all energles. The surface is seen to be markedly
distorted and bubbled as a result of the internal pressure resulting
from outgassing of the material in the foil. This is a radiation effect
rather than a heating effect, since heating in an oven for several days
at similar temperatures does not produce the same effect.

No proof has been obtained as yet as to whether the gas originated
in the glue, the mylar, or both: The initial suspicion, however, points
to the glue as a major factor since many of the bubbles are sharply
defined on one side of the foil but only more softly defined on the other
side., This asymmetry would indicate that the bubbles are not within the
mylar but are rather at the interface between the mylar and the aluminum,
Further tests are planned of samples prepared by vapor depositing the
aluminum on the mylar without any glue as well as of samples with two
sheets of aluminum foil glued together without the intermediate mylar.

A comparison of the results of these tests with the present results
should indicate the extent to which each portion of the foll is respon-
sible for the outgassing.

The temperature of the balloon is determined by the optical char-
acteristics of its surface. Thus, any change in the ratio of absorptance
to emittance of the surface will affect the equilibrium temperature and
could be more dangerous than the mechanical damage previously shown.

The surface change shown here will doubtless produce some changes in the
absorptance and the emittance. Tests are now in progress to determine
the extent of these changes.

As was mentioned previously, there is some damage to the ultimste
strength of the aluminum foil itself. The effect is somewhat unexpected
since radiation doses of this type and magnitude do not generally affect
metals. It would appear that the mechanical damage due to outgassing,
rather than irradiation itself, is probably responsible for the damage
to the aluminum. '

Effect of Kinetic Energy

So far all of the results given herein have been for electron
energies of 1.2 Mev. The electrons in space, however, encompass a
broad spectrum of energies ranging from almost zero to several Mev.

It is necessary to investigate all energies in this spectrum in order

to obtain a reasonable picture of the effect of the space environment.
Figure 6 shows the effect of kinetic energy on the results for a fixed
total dose. In this case all of the samples were given the same total
dose of approximately 6.31 x 1019 e/cm2. At a dose rate of 108 e/cm2/sec
this total dose represents 2 years in orbit; and at 109 e/cm?/sec, a
little over 2 months., It will be observed that, for those properties
which are affected, the degree of damage increases as the energy
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decreases, except for the very lowest energy, where the electrons do not
completely penetrate the foll. In studying the energy spectrum in space
it is apparent that there are many more electrons with energies below
1.2 Mev than above 1.2 Mev. Thus, in assessing the damage to the
material in space, it may be concluded that the increased damage poten-
tial of the lower energy electrons will probably lead to somewhat more
severe damage than that demonstrated at 1.2 Mev in figure k.

The increase in damage with lower energles is a reasonable result.
It 1is observed that the foil is very thin so that at all energies except
the lowest the electrons pass completely through the foil and thus have
essentially 'a constant path length. In traversing this constant path
the lower energy electrons, with their higher rate of linear energy
transfer, deposit more energy in the foll and consequently do more
damage.

Concluding Remarks

The results of this study on the effects of electron radiation on
the mechanical properties of the Echo II material indicated that:

1. The primary effect of electron irradiation is an increased
brittleness of the foil, resulting at higher doses in the early and
brittle failure of the foil in tensile-strength and burst-strength tests.

2. Severe surface damage occurs at the highest doses used in this
study. This damage results in mechanical damage to the aluminum foil.

5. The damage due to electron irradiation increases as the energy
of the electrons decreases, at least until the point when electrons no
longer completely penetrate the foil.

4. Dose rate effects in the material are negligible until rates at

least two or three orders of magnitude higher than those in space are
used.
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Figure 5.- Surface after 1.578 x 1037 e/cm@.
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Paper C-1

ACUTE EFFECTS OF RADIATION EXPOSURE IN MAN

- JeJoNicKkson,M, 0D,
MeMmortaL HospiITAL & SLOAN KETTERING INSTITUTE
New York CiTy,N,Y,

ABSTRACT

THE DATA TO BE DISCUSSED TODAY WILL BE DERIVED PRIMARILY
FROM OBSERVATIONS IN MAN, FOR THE MOST PART, THE EVENTS To BE
DESCRIBED WILL TAKE PLACE LESS THAN THREE MONTHS AFTER THE
ONSET OF THE EXPOSURE. THE DATA AR{ISES FROM THREE SORTS OF
OBSERVATION; FIRST, THOSE ON PATIENTS WHO RECEIVE TOTAL BODY
RADIATION IN AN ATTEMPT TO AMELIORATE SOME AILMENT; SECOND,
ACCOUNTS OF NUCLEAR ACCIDENTS INVOLVING REACTORS; AND THIRO,
THE CONSEQUENCES OF EXPOSURE TO THE EVENTS AFTER THE USE OR
TESTING OF NUCLEAR WEAPONS,

HISTORICALLY, TOTAL BODY RADIATION AS A MEDICAL TOOL WAS
FIRST SUGGESTED IN 1907, ITS USE, HOWEVER, MAY BE SAIO TO
HAVE BEGUN IN 1923, AND 1T HAS BEEN USED INTERMITTENTLY SINCE,
MEDICALLY, POWEVER, USE OF TOTAL BODY RADIATION MAY BE DIVIDED
INTO TWO BROAD COMPONENTSS FIRST, WHEN ITS USE DERIVES FROM
THE INTENT TO MODIFY A DISEASE PROCESS ITSELF; SECOND, WHEN
IT 1S USED IN AN ATTEMPT TO SUPPRESS IMMUNE MECHANISMS SOME= -
TIMES ALSO ASSOCIATED WITH AN ATTEMPT TO SUPPRESS A DISEASE -
PROCESS,

AN ACUTE SYNDROME MAY BE DIVIDED INTO EVENTS ASSOCIATED WITH
EFFECTS UPON THE FUNCTION OF THE MARROW, UPON THE EPITHELIUM
OR THE GASTROINTESTINAL TRACT, UPON THE SKIN, AND UPON THE
CENTRAL NERVOUS SYSTEM. THE NUMBER OF OBSERVATIONS RELATING
TO BIOCHEMCIAL ALTERATIONS IS INCREASING,

THESE CHANGES WILL BE DESCRIBED AND DISCUSSED, MaJyor
EMPHASIS WILL BE GIVEN TO THOSE ABNORMALITIES FROM WHICH
RECOVERY MAY OCCUR,

FINALLY, AN ATTEMPT WILL BE MADE TO RELATE DOSE TIME
CONS IDERATIONS TO THE XINOS OF EFFECTS SEEN,
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INTRODUCTION.

THIS 1S CLEARLY A LARGE AND DIFFUSE SUBJECT, SINCE IT 1S MY
IMPRESSION THAT OUR MAJOR INTEREST TODAY RELATES TO THE EFFECTS NOTED
AFTER EITHER TOTAL BODY EXPOSURE OR AFTER EXPOSURE OF SUBSTANTIAL
SEGMENTS OF THE BODY, INFORMATION ABOUT THE AFTER~EFFECTS OF RADIATION
WILL BE LIMITED TO THOSE AFTER EXPOSURE, THE TERM '"ACUTE'" IS DEFINED
AS THOSE EFFECTS OCCURRING WITHIN 30 DAYS, IT 1S RECOGNIZED THAT THE
DEFINITION 1S SOMEWHAT ARBITRARY, BUT AGAIN, [N THE TI{ME ALLOTTED SOME
NARROWING OF THE AREA UNDER DISCUSSION MUST BE ACCEPTED,

AREAS OF INFORMATION

THE INFORMATION WITH REGARD TO HUMANS COMES FROM THREE BROAD
CATEGORIES: PATIENTS; OCCUPATIONAL EXPOSURE; AND MILITARY USAGE., DATA
HAS BEEN DERIVEG FROM DELIBERATE EXPOSURE OF PATIENTS, USUALLY THOSE '
SUFFERING WITH MALIGNANT DISEASE, TO WHOM TOTAL 50DY JRRADIAT ION WAS
GIVEN AS A MEANS OF ATTEMPTING TO MODIFY FAVORABLY THE COURSE OF THE
DISEASE., INFORMATION OF T11S SORT BEGINS TO APPEAR IN THE LITERATURE
IN THE 1920's AND PERHAPS 50 PAPERS HAVE BEEN WRITTEN ON THE CONSEQUEN=
CES OF EXPOSURE OF SUCH PATIENTS, EXCEPT FOR THE FEW PAPERS SINCE THE
LAST WAR, EXPOSURE WAS TO LOW DOSES, OR TO LOW DOSE-~TIME LEVELS, AND
TO X-RAYS OF QUITE LOW ENERGIES, FrRoM 180 To 250 KvP, AS A CONSEQUENCE, "
THE DISTRIBUTION OF ENERGY WITHIN THE PATIENT IS INHOMOGENOUS, IN THE
ABSENCE OF DETAILED DOSIMETRY, THE TOTAL ENERGY DEPOSITED VARIES
CONS IDERABLY AND IS SUBJECT TG UNCERTAINTY WHEN ONE ATTEMPTS TO THINK
ABOUT IT TODAY,

A SECOND CATEGORY IS THAT FOLLOWING IRRADIATION OF PATIENTS TO
HIGH DOSE LEVELS, SEVERAL HUNDRED OF ROENTGENS IN A SINGLE EXPOSURE,
THE RADIATION 1S GIVEN WITH TWO OBJECTIVES IN MINDS FIRST, TO SUPPRESS
THE ACTIVITY OF THE NEOPLASTIC CELLS, AND SECOND, TO MODIFY THE (MMUNE
RESPONSE OF THE PATIENT BY SUPPRESSION OF THE HEMATOPOETIC SYSTEM, WITH
SUBSEQUENT BONE MARROW GRAFTING TO SUPPORT LIFE, A THIRD CATEGORY,
WITH RELATIVELY FEW REPRESENTATIVES AS YET, CONSISTS OF PATIENTS WITH
NON=NEOPLASTIC DISEASE WHO ARE GIVEN RADIATION WITH THE SOLE OBJECTIVE
OF SUPPRESSING THE JMMUNE MECHAN(ISM, TO BE FOLLOWED BY AN ORGAN
TRANSPLANT, :

IN GENERAL, PATIENT EXPOSURE HAS BEEN TO PHOTONS ONLY,
DOSIHETRY, AS NOTED ABOVE, 1S SUBJECT TO SOME UNCERTAINTY. THE DATA
HAS THE MERIT THAT THE TIME OF EXPOSURE 1S KNOWN WITH CERTAINTY,
FURTHER, IN MOST CASES AND CERTAINLY IN ALMOST ALL RECENT CASES, BASE-
LINE LABORATORY VALUES HAVE BEEN DETERMINED, :
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~ OCCUPATIONAL EXPOSURE OF SUFFICIENT MAGNITUDE TO BE RELEVANT
HERE COMMONLY HAS FOLLOWED ACCIDENTS WITH NUCLEAR REACTORS, WALD AND
Thoma ! HAVE SUMMARIZED THESE DATA, HERE, THE EXPOSURE TO 1ONIZING
RADIATION IS COMMONLY A MIXED ONE, THE EXACT VALUES ARE SUBJECT ToO
SEVERAL KINDS OF UNCERTAINTY. FIRST, THE ABSOLUTE AMOUNT OF ENERGY
ABSORBED 1S OPEN TO QUESTION., SECOND, THE KNOWLEDGE OF THE MIXTURE OF
PARTICULATE ANO ELECTROMAGNETIC RADIATION IS UNCERTAIN. THIRD, THE
ESTIMATION OF DOSAGE DEPENDS, AT LEAST (N SOME OF THE (NCIDENTS, UPON
ASSUMPTION AS TO THE RELATIVE BIOLOGICAL EFFECTIVENESS OF THE VARIOUS
COMPONENTS. NATURALLY, THESE STUDIES COMMONLY ARE NOT PRECEDED BY
DETAILED BASELINE OBSERVATIONS OF HEMATOLOGIC OR BIO-CHEMICAL VALUES,
THE INDIVIOUALS INVOLVED ARE NORMALLY HEALTHY, OR AT LEAST CAPABLE OF
PERFORMING A DAY'S WORK '

FINALLY, THERE IS SOME INFORMATION FROM MILITARY USAGE OF
NUCLEAR WEAPONS EITHER IN COMBAT OR IN TESTING SITUATIONS, [NFORMATION
EXISTS FROM HIROSHIMA AND NAGASAKI (NCIDENTS, FROM THE EXPOSURE OF THE
POLYNES1ANS, AND FROM TME .JAPANESE ON THE FORTUNATE ODRAGON, SuCH
INFORMATION 1S DERIVED FROM MORE OR LESS RANDOM SELECTION OF THE
AVAILABLE POPULATION., NO BASELINE STUDIES EXIST, THE INTERPRETATION
OF DATA MAY BE FURTHER CLOUDED BY THE PRESENCE OF OTHER KINDS OF
TRAUMA, FREQUENTLY OF SUFFICIENT MAGNITUDE BY ITSELF TO CAUSE SEVERE
ILLNESS OR DEATH OF THE INDIVIDUAL,

DESCRIPTION OF SYNDROME

THREE MODES OF DEATH FOLLOWING EXPOSURE TO IONIZING RADIATION
HAVE BEEN 10ENTIFIED IN THE LABORATORY MAMMAL AND IN MAN.

THE FIRST MODE INVOLVES OR APPEARS TO RESULT FROM DAMAGE OF THE
CENTRAL NERVOUS SYSTEM AND IS CALLED THE ''CNS" pPATTERN, ON wHICH DR,
LANGHAM 2 AND M1S GROUP HAVE WORKED EXTENSIVELY. THIS OCCURS IN
MAMMALS AT DOSE LEVELS OF THE ORDER OF TENS OF THOUSANDS OF ROENTGENS,
IN LABORATORY MAMMALS, DEATH OCCURS IN A FEW MOURS, CONVULSIONS ARE
A PERMANENT FEATURE AND ARE ASSOCIATED WITH PROFOUND ELECTROLYTE AND
FLUID BALANCE ABNORMALITIESe IT SEEMS REASONABLE TO ASSUME THAT SOME
OF THE EXPOSURES AT NAGASAX! AND HIROSHIMA WERE SUFFICIENT TO INDUCE
THIS PATTERN OF DEATHe DEATH WOULD HAVE OCCURRED BEFORE HOSPITALIZATION

LY WALD AND G.E, THOMA,JR.,RADIATION ACCIDENTS: MEDICAL ASPECTS
OF NEUTRON AND GAHHA-RAY ExposuRres, 0RNL-2758,AEC Oax Ri1ogE
NATTONAL LABORATORY, OAK RIDGE TENNe,2/21/61,pp,1-177,

2y oLANGHAM, K, T W000WARD,S JM.ROTHERMEL, P.S.Hann|s, C.C.LusHaaucH,
AND J,B,.STORER, STUDIES OF THE EFFECT oF RAPIOLY DELIVERED, MASSIVE
DosEs oF GAMMA-RAYS ON MAMMALS, RAD.RES. 5,404,(1956),
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IN MOST CASES IF NOT ALL INSTANCES, ONE LABORATORY ACCIDENT WAS
FOLLOWED BY A PATTERN OF DEATH OF THIS SORT. DOSAGE ESTIMATIONS
FOR THE UPPER HALF OF THE 80DY WERE OF THE RIGHT ORDER, -

THE SECOND OR GASTROINTESTINAL PATTERN OF DEATH OCCURS iN
LARGE MAMMALS WITH DOSES OF THE ORDER OF A FEW THOUSAND ROENTGENS
(1500+ R), HERE, DEATH INTERVENES AS A RESULT OF ELECTROLYTE AND

FLUID LOSSES DUE TO DENUDATION OF THE GASTROINTESTINAL TRACT EPITHE~

LIuM, DEATH USUALLY OCCURS BETWEEN FIVE TO EIGHT DAYS,

THEVTHIRD AND THE COMMONLY OBSERVED PATTERN OF DEATH |§ A

CONSEQUENCE OF INJURY TO THE HEMATOPOETIC SYSTEM. THE USUALLY GIVEN
LD-50 ESTIMATES FOR MAN RELATE TO THIS PATTERN OF DEATHe AN ACCURATE
LD-50/30 DAY FOR MAN IS NOT KNOWN, VALUES FOR LABORATORY PRIMATES ARE
IN THE RANGE OF 450 To 550 R, THE LD-50/30 DAY DOSE GUESSES FOR MAN
USUALLY CENTER AROUND 500 R, [N EXAMINING THE EVIDENCE PREPARING FOR
THE DISCUSSION TODAY, AND GIVING CONSIDERABLE WEIGHT TO RECENT STUDIES
IN PATIENTS RECEIVING ABOUT 400 RADS WITH AND WITHOUT BONE MARROW GRAFT,

AND ALSO TO SOME INDIRECT EVIDENCE, | HAVE COME TO FEEL THAT THE

LD-50/30 DAY FOR MAN MAY WELL BY HIGHER THAN %500 Ry AND MAY BE IN THE

RANGE oF 650 to 700 R,

THE CONSEQUENCE OF EXPOSURE TO DOSES OF APPROXIMATELY 500 Rr

MAY BE SUMMARIZED AS FOLLOWS:

NAUSEA AND VOMITING, USUALLY OF SHORT DURATION, BEGINNING

MINUTES OR HOURS AFTER EXPOSURE AND LASTING ABOUT 24 HOURS., FOLLOWING
THIS, THE PATJENT MAY FEEL WEAK AND LETHARGIC, BUT HAS NOT SPECIFIC
SYMPTOMS OR SIGNS UNTIL ABOUT THE FOURTH DAY WHEN DIARRHEA COMMONLY

APPEARS o DIARRHEA MAY PERSIST FOR THREE OR FOUR DAYS AND MAY BE
ASSOCIATED WITH ANOREXIA, WEIGHT LOSS, AND SIGNS OF DEHYDRATION,
SEVERE,

FEVER RESULTING FROM INFECTION MAY DEVELOP BY THE NINTH DAY,

COHHONLY, THIS IS THE RESULT OF INVASION OF THE LYMPHATIC SYSTEM

AND BLOOD STREAM BY ORGANISMS NORMALLY RESIDING WITHIN THE LUMEN OF THE

GASTROINTESTINAL TRACT, INFECTION DEVELOPS BECAUSE OF THE POST

RADIATION SUPPRESSION OF THE (MMUNE SYSTEM, THE DECREASE OF THE WBC,
AND BECAUSE OF THE LOSS OF THE EPITHELIAL BARRIER NORMALLY PRESENT,

AROUND THE TWELFTH TO FOURTEENTH DAY, IF INFECTION HAS NOT
BEEN A FATAL COMPLICATION, EVIDENCES OF DISTURBANCES IN THE BLOOD'S

ABILITY TO CLOT MAY APPEAR AS EVI]IDENCED BY PETECHIAE IN THE SKIN,
NOSEBLEEDS, BLEEDING OF GUNS, AND BLOOD IN STOOL. IF BLOOD LOSS

ALONE OR N COMBINATION WITH INFECTIOUS COMPLICATIONS 1S SUFFICIENT
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DEATH MAY OCCUR DURING TME THIRD WEEK AFTER RADIATION, PATIENTS
WHO SURVIVE THIS PERIOD USUALLY RECOVER SLOWLY, THE PERIOD OF
RECOVERY LASTING SEVERAL MONTHS.

SusLETHAL DoSaGes

PERHAPS THE BEST AND MOST ORDERLY STUDY RELATING TO THE
CONSEQUENCES OF LOWER DOSES 1S THAT REPORTED 8Y MILLER AND FLETCHER >
IN 1961, IN THIS REPORT THE PERIODS OF OBSERVATION WERE LIMITED
USUALLY To T4 DAYS AND INVOLVED IN ALL 263 PATIENTS. THIRTY PATIENTS
RECEIVED 200 R, NAUSEA AND VOMITING OCCURRED IN 17 oF THE 30 PATIENTS
AND WAS SEVERE AND PERSISTENT IN ONE PATIENT ONLY, THE TYPICAL
EPISODE OCCURRED ABOUT TWO HOURS AFTER IRRADIATION WAS COMPLETED,
NAUSEA WAS NOTED FOR 10 To 15 MINUTES, FOLLOWED BY VOMITING OF BRIEF
DURATION, THEREAFTER THE PATIENT FELT NO FURTHER NAUSEA, AND NO MORE
VOMITING OCCURRED, THE MAJORITY OF THESE PATIENTS CONTINUED THEIR
NORMAL ACTIVITIES; IN A FEW INSTANCES THIS INCLUDED MANUAL LABOR,

SEVENTEEN PATIENTS RECEIVED DOSES RANGING FRom 125 10 200 R;
SEVEN OF THESE SHOWED NAUSEA AND VOMITINGs EIGHTEEN PATIENTS RECEIVED
100 R; NONE SHOWED NAUSEA AND VOMITING, NONE OF THE PATIENTS RECEIVING
DOSES LESS THAN 100 R SHOWED NAUSEA AND VOMITING, NONE SHOWED ANY OF
THE EVIDENCES OF INFECTION OR OF HEMORRHAGIC DIFFICULTIES NOTED ABOVE,

WEAKNESS AND LETHARGY WAS NOTED IN ONLY THREE PATIENTS, ALL
WERE FROM THE GROUP EXPOSED TOo 200 R,

OUR EXPERIENCE WITH ABOUT 50 PATIENTS IS CONSISTENT WITH THE
MiLLER AND FLETCHER DATA, NAUSEA AND VOMITING HAS BEEN SEVERE N
ONLY ONE OF OUR PATIENTS; THIS WAS A PATIENT OF A VERY NERYVOUS
.TEMPERAMENT, AND IT IS OUR BELIEF THAT THE NAUSEA AND VOMITING, WHILE
IT MAY HAVE BEEN INDUCEO BY THE 175 R GIVEN HER, WAS ALMOST CERTAINLY
INTENSIFIED BY HER APPREHENS |ONS,

HEMATOLOGIC DATA HAS BEEN OVERWHELMINGLY THE LABORATORY INDEX
OF RADIATION DAMAGE TO DATE, AGAIN REFERRING TO MiLLER'S AND FLETCHER'S
DATA IN THE 200 R GRoOUP, THE “BC HAD OROPPED TO ALEVEL WITH A SIGNIFi=
CANCE oF 0,01 8Y THE SEVENTH POST~-TREATMENT DAY, RED BLOOD CELL AND
HEMAQOGLOBIN VALUES SHOWED NO SIGNFICIANT CHANGES DURING THE PERIOD OF
0BSERVATION, |N VIEW OF OUR OWN STUDIES, WHICH WiILL BE COMMENTED UPON
LATER, THIS IS NOT SURPRISING, LITTLE CHANGE IN THE PLATELET COUNTS
WAS SEEN IN THE FIRST TEN OAYS AFTER TOTAL BOOY TREATHERT.

FOR THE FOUR PATIENTS FOLLOWED LONGER THAN TEN DAYS THE
PLATELET COUNTS REACHED A MINIMUM AT SEVEN WEEKXS, FIVE WEEKS, FOUR
WEEKS AND THREE WEEKS,

3 L.S.MiLLER AND G, H,FLETCHER AND H.B,GERSTNER, RAD!OLOGICAL
O8SERVATIONS ON CANCER PATIENTS TREATED WiTH WHOLE-Booy X-
IRRADIATION, RAD.RES, 8,150,(1961),
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Doses ofF 125 to 175 R WERE FOLLOWED BY A DEPRESSION IN THE
WHITE COUNT WITH A SIGNIFICANCE OF 0,01 oN THE SEVENTH DAY, FOR THE
LYMPHOCYTE COUNT THERE WAS A DEPRESSION SIGNIFICANCE AT THE SAME
LEVEL ON THE FOURTH DAY, THE 100 R DOSES WERE FOLLOWED BY A FALL IN_
THE LYMPHOCYTE COUNT SEGNIFUCANT BY THE SECOND DAY, BUT HO S{GNIFICANT
EFFECTS WAS NOTED ON THE TOTAL WHITE BLOOD CELL COUNT, THE AUTHORS
CONCLUDED THAT DOSES oF 100 R COULD BE DETECTED BY THE DROP IN THE
LYMPHOCYTE COUNT3 BUT DOSES BELOW THAT LEVEL COULD NOT BE SO
DETECTED,

IN ourR SERIES oF 11 PATIENTS, WITHOUT DISEASE OF THE BLOOD
FORMING ORGANS, WriO RECEJVED DOSES 1IN EXCESS OF V20 R, THE MEAN TIME
oF 50 PER CENT OF THE PRE=-IRRADIATION WHITE COUNT WAS 24 DAYS, THE
MEAN TIME To TEN TO 15 PER CENT OF THE PRE-JRRADIATION VALUE WAS 31
DAYS. ABNORMAL BLEEDING AS A CLINICAL PROBLEM IS NOT COMMENTED UPON
IN DR.FLETCHER'S AND DR. MILLER'S PAPER, IN OUR SERIES ABNORMAL
BLEEDING OCCURRED IN SEVERAL PATIENTS DURING THE FOURTH WEEK AFTER
EXPOSURE, BUT WAS A SERIOUS CLINICAL PROBLEM IN ONE PATIENT ONLY,
MAX IMAL DEPRESSION OF THE PLATELET COUNT AFTER 100 to 175 R OCCURS
AT 20 T0 30 oAvS, : '

SuMMARY AND CONCLUSION

RADIATION IN SUFFICIENTLY LARGE AMOUNTS CAN WITHOUT QUESTION
PRODUCE SIGNS AND SYMPTOMS IN MAN, PRIMARILY RELATING TO INJURY TO
THE GASTROINTESTINAL TRACT, AND IMMUNE MECHANISMS, AND TO OTHER
EVIDENCES OF SUPPRESSION OF HEMATOLOGIC FUNCTION, WITH DoSES oF 200 R
OR LESS IN A SINGLE EXPOSURE, NAUSEA AND VOMITING OF RELATIVELY SHORT
DURATION 1S THE ONLY SYMPTOM WHICH HAS BEEN DESCRIBED. WITH DOSES
ofF 100 R OR LESS THE PROBABILITY OF EVEN NAUSEA OCCURRING IS SMALL
AND PERHAPS ABSENT.
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Paper C-2
TATE EFFECTS IN MAN FOLIOWING EXPOSURE TO IONIZING RADIATIONS

Douglas Grahn
Division of Biological and Medical Research, Argonne National Laboratory

The problems before the National Aeronautics and Space Administration

' concerning the potential biological hazards of radiation exposure are familiar
ones to other agencies, such as the Atomic Energy Commission. The "late effects"
or manifestations of chronic radiation injury have been of particular concern

to the AEC and for the same reasons they concern the NASA; chronic injury is
cumulative, though subtle and often ﬁndetected, and can be the limiting factor
for individual exposure histories. .

Although a considerable amount of experimental effort has been expended
or late-effects problems, completely satisfactory answers are not yet available
for man. This is largely due to the necessity of projecting expectations for
man on the basis of experience in laboratory animals. Available direct human
experience can be drawn upon, but even this can only serve to '"spot check"
certain predictions. At present the most thorough examination of man's response
to radiation involves the Hiroshima-Nagasaki survivorship study under the
jurisdiction of the Atomic Bomb Casualty COmmission.1 Other studies include the
follow-up of criticality accident cases, All things considered, our information
is best for doses that induce acute injury and it becomes progressively more
uncertain as dose declines., Statements regarding the chronic effects of fallout
radiation, for example, are almost entirely conjectural ~ lacking experimental
validation. By and large, the same can be said for any projected effects of
exposure to space radiation, with the exception that here we can be dealing
with bursts of exposure to higher doses in the range of present experience.

The late effects of radiation exposure have to be examined in two broad
categories; somatic and genetic., The somatic effects are those found in the
irradiated individual; the genetic effects are those transmittad sr tranemissable
to the offspring as a result of radiation-induced change in the reproductive
tissues. Before discussing the biological expectations however, some comments

are required concerning the physical exposure parameters,

1A research agency of the U. S. National Academy of Sciences - National Research
Council supported by a contract with the U. S. Atomic Energy Commission.
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Temporal and geometric aspects of exposure to space radiation

'The ambient radiations in space are characterized by their heterogeneity,
not only in the variety of both particulate and electromagnetic radiations but
also in the energy levels of these radfations (Newell and Naugle, 1960). Since
these factors are discussed eisewhere in the proceedihgs, my comments will be
restricted to the general consequences of this'heterogenéity for the hazards
evaluation problem.

A heterogeneous energy speﬁtrum of the incident radiation will produce a
very non-uniform distribution of dosage in depth, if the spectrum includes a
large low energy component. For photons, this would involve energies below
120-135 kvp (Grahn et al. 1956). For protons, energies generally below
100 Mev would have an inadequate range in water (Rich and Madey, 195L4), and
consequently wet tissue, to assure uniform depth dosage. It becomes extremely
difficult to define the level of injury when the exposure dose in air may vary
from two to twenty times greater than the midline tissue dose. The use of the
midline dose, or other measures, such as exit dose or gram-roentgen dose, is
not recommended for the definition of exposure level. There is evidence,
however, to support the hypothesis that the biologically effective dose is best
defined as the average dose to the bone marrow for both acute and chronic
~ measures of injury (Grahn et al., 1956; Grahn and Sacher, 1958; Alpen et al., 1958).
This problem is especially difficult when dealing with heterochromatic x or ¥ o
radiation, since absorption in bone exaggerates the hon-uniformity by preferentially
shielding the bone marrow. Any bremsstrahlung or secondary x or y radiation
produced by shielding or capsule materials may be in this low energy range.
Protons, on the other hand, are not more effectively stopped by bone than by
soft tissue, but the wide energy range for galactic and solar flare protons causes
the depth dose curve to be very steep (Pigure 1). As seen in Figure 1, this
would lead to an extremely heterogeneous marrow dosage. In comparison to the
flare proton, the geomagnetically trapped proton belt has a more uniform energy
spectrum and consequently a flatter depth-dose distribution.

The actual dose in depth for any circumstance would have to be calculated
from the observed differential energy épectrum; and each event is going to

differ from every other event. Thus, complete monitoring of all radiation
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events to which an astronaut may be exposed will be required if any sensible
statements on radiation exposure stacus are to be made.

In addition to the problem of non-uniform depth dosage, there is the
question of "non-random" exposure due to the extremely high local doses that

will occur in cells and tissues from the passage of high energy heavy particles.

In this situation, small groups of cells may be severely injured while surrounding

tissue will remain unscathed. The acute and chronic effects of this type of
exposure are not reall& understood but some comments will be made on the basig
of experience with fission neutrons.

Lastly, the time pattern of exposure will be unpredictable and irregular.
For example, there would be a pulse or brief period of exposure during transit
of the Van Allen belts. The random occurrence of solar events would give rise
to additional pulses. All of these could vary in total dose, dose rate and
depth dose. Throughout a mission, there would also be a continuous low level
exposure to the galactic cosmic radiation. The ultimate biological effect is
known to vary with the pattern of exposure (see Figure 2 below) but because of
the pulse-like nature of the exposure under discussion, it would be difficult
to "assign" an individual to either a predominantly single dose exposure of
continuous exposure. If the total dose remains below 50 r, it will make little
‘difference, but it is obvious from Figure 2 that brief, single-dose, high-
intensity exposures to total doses of 100 r or more can be followed by a more
exaggerated chronic syndrome.

The above remarks and these below concerning somatic hazards are all based
on the assumption that whole-body exposure pertains. If partial-body exposure
occurs, or is deliberately planned as a protective measure, prediction of late
effects becomes essentially impossible for man. The value of bone-marrow
shielding as protection against both acute and chronic radiation injury is well

________ 2 4 dosumentad far axnerimental animals (Thomson, 1962)’ but is

.
icluguiaca ana aocumentec exn

quantitatively unevaluated for humans.

Somatic hazards
There is a variety of ways of evaluating the long term biological hazards,

but the most readily quantitated measure of chronic injury is simply survival
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time or life shortening. The general relationship between dose and the reduction
of life expectancy is shown in Figure 2 for the mouse; the species from which
we gain most of our knowledge of mammalian radiobiology. The figure indicates
what might be called the limiting conditions ~ the exposure situations that

give the maximum and minimum late effect. As indicated above, any exposure

to the radiations in space during an extended mission will lie somewhere between
the two extremes. If shielding is adequate so that total doses per mission are
less than 50 r, late somatic effects can probably be predicted on the assumption
of a continuous exposure. The expectations for man are suggested in Figure 3,
according to the date and calculations of Sacher (1960) and Sacher and Grahn
(1963).

The curve is described by the equation: Y = h5e-1°o5nwhere Y is the
predicted after-expectation of life under exposure of D roentgens per day. This
relationship is exceptionﬁlly accurate for mouse fopulations and it is applied
to man on the assumption that responses to radiation will be in proportion to
the ratio of life expectancies (Sacher, 1960). 1In simplest terms, it states
that the life shortening effect in man is about one day per roentgen, when this
is accumulated in a reasonably protracted manner. )

One should hasten to add that at doses probably below 0.3 r/day (for man)
the actual effects are still quite unpredictable. 1In the mouse, for example,
at comparable doses (below 10 r/day), where life shortening amounts to 15% and
less, there is a great deal of variability in the response. There is extensive
dependence upon environmental factors such &s disease pressure, and the innate
viability of the individual, (Grahn and Sacher, unpublished data).

In general, the mouse strains with shorter life expectancies tend to
demonstrate little or no life shortening at doses below 10 r/day and occasionally
a small increase in life expectancy over the control. Longer lived strains
generally tend to show some degree of life shortening at even the lowest doses.
Shorter~lived animals have the higher mortality from infectious disease and
independent control samples show a wide variance of mean life expectation. The
irradiated mice that are from the short-lived group may have their mortality rate

from infectious disease depressed below this age-specific control, thus they
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may show some over-survival. Longer=-lived mice are more invariant in their
normal survival times and appear to be subjected to a minimum of infectious
disease pressure, whether or not they are irradiated.

It is very likely that the astronaut populations will be analogous to

those mouse populations that have a better than average life expectancy and

a low infectious disease incidence. In other words, they undoubtedly have a
low background noise level and even at very low radiation doses, a significant
signal-to-noise ratio will exist and thus some degree of chronic injury could
be manifested.

The next question asked is - why does an irradiated population die sooner?
Generally, chronic radiation injury is expressed by an increase in the age -
specific death rates over those seen in unirradiated populations, The causes
of death normally found in a population are also found in the irradiated group,

There is no unique pathology associated with chronic radiation injury.

Certain causes of death are increased in incidence more than others -

leukemia, for example, is readily induced by radiation. Although radiation-induced

leukemia has been the subject of extensive research, the most pertinent data are
still those Leing obtained in the Japanese survivors, A recent summary by Brill
et al. (1962) substantiates earlier interpretations that above 50-100 r, the
increase is linear with dose at a rate of 1 to 2 x 10-6/r/year during the first
15 years post-exposﬁre. This is an average figure for all age groups and would
be slightly less for a group of adults between 30 and 4O years of age, at least
for acute leukemias. The data are uncertain at doses below 50 r but tend to
demonstrate a positive effect.

Radiation-induced leukemia has a phasic response pattern in time. The
peak year of incidence in Japan was 1952 - seven years post-exposure = and it
has been dropping steadily since then. Undoubtedly some life shortening effect
ecifically attributed toAleukemia when the study is complete. Such
an effect has been statistically isolated in mouse populations (Grahn, 1960).

Other neoplastic diseases are also increased folloﬁing irradiation and

' again, early reports from the Japanese studies indicate a positive dose-response
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relation for all age groups. Specifically, carcinoma of the stomach, lungs
and ovaries was shown to be increased during a 20-month survey period in
1958-1959 (Hollingsworth et al., 1962). '

The incidence of cataracts in the Japanese is very low (<1%) but this
could be a more common sequel of exposure to space radiation due to their
high LET component and high surface dose.

Earlier, it was noted that the high LET radiations may have a somewhat
modified pattern of chronic injury as a result of the greater localization of
energy deposition. Experience with fission neutrons indicates what can occur
when geometric factors are appropriate. Nowell et al. (1958) reported that
neutron exposure induces a four-fold greater incidence of stomach cancer in
the mouse than does x-ray exposure (36% vs 9%). This is attributed to the
fact that the mouse is small enough for the deep tissues to be largely
irradiated by the high LET recoil protons from the neutron interaction. Thus,
the glandular epithelium is subjected to extensive local damage along the proton
track while comparable doses of x-irradiation produce a more diffuse level of:
injurys The cellular and local physiologic sequelae are such as to produce a
higher incidence of gastric carcinoma from the neutron exposure.

This interpretation is supported by the observation that neutron induction
of cell damage in the mouse's intestinal wall has an RBE of 6-8 while the
concurrent acute lethal response has an RBE of 2-3 (Lesher and Vogel, 1958).

In contrast, larger mammals, from the rat to the dog, do not evince the acute
gastro-intestinal syndrome after fission neutron irradiation that characterizes
the response of mice (Bond et al., 1956). Man would undoubtedly respond like
other large mammals, since the deeper tissues would be irradiated almost entirely
by thermal neutron capture gamma rays rather than by recoil protons. A more
penetrating particulate radiation, such as high energy protons and heavy
primaries, could produce a situation in man similar to that in the mouse exposed
to fission neutrons.

The above noted case for gastric cancer induction is a clear example of a
late effect that appeafs to be modified by the local geometric details of the
energy transfer. Other cases more pertinent to space radiation exposure may be

brought out if deep tissues were experimentally subjected to high LET radiations;
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for example, if portions of the liver or intestine were exteriorized and exposed

to charged particle beams from a HILAC.

Genetic hazards

One of the first questions that arises concerns the possibility of
radiation-induced sterility. Unfortunately, good data on this point do not
exist for man. What is known, along with animal experience, suggests that
permanent sterility will not be induced at doses below acute lethal levels;
unless a high local exposure of the gonads should occur. There may be a period
of temporary sterility or reduced fertility following exposure to doses as
low as 20 v, but present data from accident cases are incompleﬁe or contradictory.
One indiv1dual exposed to 12 r demonstrated a sharp reduction in sperm count
(from 5 x 10 /ml to 1 x 10 /ml) over a period of seven months followed by an
equal period of slow recovery (Hasterlik and Marinelli; 1956).

The Y-12 accident cases involved doses between 200 rad and 400 rad and
some sperm counts were done (Andrews et al., 1961). Within 3 weeks, counts
were low and sperm were generally non-motile. Absence of sperm, azoospermia,
was noted in most of the cases for at least 9 months and reduced counts were
noted at 22 months. The Vinca, Yugoslavia, accident cases, reported by Pendic
(1961) and Jammet (1961) involved slightly higher doses; between 300 rad and
600 rad, Sperm counts began to decline by day 10 and within 3 months, 2 of
the 4 surviving males showed azoospermia. Curiously, one individual who received
a dose of 350 rad had nearly a normal sperm count 7-8 months after exposure
while the other three males were azoospermic. Doses to the latter were between
400 and 600 rad. At 18 months post-exposure, one was normal, two were hypospermic
and one still remained azocospermic.

While the above data are somewhat crude, the general course of events is
typical of that seen in laboratory mammals; there is a pre-sterile period
following irradiation, a sterile period, and a post-sterile period. The
pre-sterile period in man probably lasts about 30 days. The sterile period
may last months to years followed by a slow return to normal, but in some, this
temporary sterility may not occur at all,

The importance of distinguishing between a pre-sterile and a post-sterile

period lies in the type and frequency of mutations observed from matings in
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these periods. Offspring produced in pre-sterile matings largely come from f;:'

irradiated mature germ cells or spermatozoa. The mutation rate for recessive
genes in these cells may be twice that observed in the spermatogonia or stem
cells (Russell et al., 1958). In addition, the irradiated mature germ cells
carry a high incidence of a mutationailtype rarely found in the immature cells -
the dominant lethal, A recent survey of experimental data on dominant lethals
in mice (Grahn, 1962) indicates that most act early in gestation, that the lethal
effect is due to aberrant cell division and chromosome fragmentation, that the
neutron: x-ray RBE is about 7, and that neutron dose-response data are linear
with arithmetic dose compared to x-ray data which are more nearly linear to
dose-squared, Thus, the particulate radiations of space may present an extra

. threat because of their dense ionization tracks and greater probability of
inducing genetically lethal effects. This period of increased genetic hazard
may only be of two months duration, however, according to recently reported data

on the cycle of spermatogenesis in man (Heller, 1962).

Mutations observed in the post-sterile period are predominantly recessive,
and about three-fourths of these may be lethal in mice (Russell and Russell, 1959)
The mutation rate is lower for those mutations induced in gonia and lower still
if the dose rate is less than 1 r/minute (Russell et al., 1958). Table 1
summarizes the mutation rate data in mice for the two sexes. These figures’
can be generally accepted as indicative of the radiation=-induced mutation rate
in maﬁ, at least within a factor of two. Again it can be seen that closg
monitoring of the exposure pattern will be required in order to assign a
given exposure to the 'acute' or 'chronic' mutation rate categories.

What is the probability that a given germ cell will carry a recessive
mutation? From the mouse data, this can be calculated as lying between 1 :
chance in 20 and 1 chance in 5, for immature germ cells following an exposure
of 100 r and assuming there are 10 genes. Obviously, exact figures cannot be
given, but the probability is certainly small for doses appreciably below 100 r.
In addition, the chance of expression in the immediate offspring is probably
only 1 in 25 or less (Morton et al., 1956).

Thus, there may be>1ess than one chance in a hundred of a radiation-induced

recessive mutation appearing in the first generation when the parent has
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received a dose of 100 r. This seemingly low probability should not allow
us to relinquish our obligation to minimize the genetic hazard.

Detrimental genes may express themselves in the population in a number
of ways. These include:

a. Increase in frequency of stillbirths.

b. Shifts in sex ratio attributable to sex-linked lethal mutations.

¢. Increase in mortality rate from birth to 10 years of age.

- d. Increase in incidence of congenital abnormalities.

e. 'Decrease in life expectancy.

f. Decrease in birth weight,

g. Increase in variance of metrical traits.
" The reader is referred for further detail to other reviews and reports by
Grahn (1962), Neel and Schull (1956), and Stern (1960).

The major point to be made is that genetic damage can linger in the
population for many generations. The probability of expression in the first
generation offspring is usually low enough to produce a misleading confidence
that no damage has been done. The issue will not be pressed here since the
genetic hazard is probably not a major one. Most of the astronauts may be beyond
‘median reproductive age - about 30 years - and therefore will not transmit any
induced mutations. Also, this 1is a very small group whose genetic impact on
the population will be equally small. g

Assessment of hazards

The above remarks introduce the most difficult judgments of all - the value
judgments on the rationalization of all of the risks involved in extended
space flight missions., It is the writer's opinion that presenﬁly accepted
standards of operational radiation safety for occupational and emergency
situations have little meaning for these flight missions. Final judgments will
depend not anly on biological and medical considerations of radiation safety but
also on the total complex of engineering and bioastronautics capabilities.
However, it would be a pity to lose an otherwise successful mission, with all
of its complications of launch, guidance and instrumentation, because of inadequate

consideration of an old-fashioned hazard like radiation.
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Undoubtedly, the shielding considerations should concern themselves
primarily with the avoidance of acute radiation symptomatology. Any plan-
for the continued utilization of experienced personnel, however, will have
to take chronic injury parameters into account.

In this regard, somatic endpoints are in part medically manageable so
that valuable personnel need not be subjected to any maximum calculable risk;
the risk based upon total absorbed dose. Genetic endpoints, in a sense,

are not biologically controllable, but the hazard here is statistically

manageable in that only a tiny fraction of the total reproductive population‘

is involved, .
Thus, a8 indicated, the judgments become almost wholly value judgments,
but, fortunately, the data for establishing realistic probability statements

of radiation hazards are becoming available. With these, the radiation hazards

can be quantitatively evaluated along with all other risks in terms of the

precautions required to insure mission success.
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TABLE 1
RADIATION-INDUCED MUTATION RATE IN MICE
(Adapted from data of W. L. Russell, ORNL)

Observed Radiation
mutation rate Sex Cell stage exposure
45 x lo;syflgene _ Male Postgonial Acute or chronic
21 X 10-8/r/gene | Male Gonial Acute

5X 10-8/r/gene Male Gonial Chronic
31 X'10-8/t/gene _ Female Qocyte Acute

h'x 10-8/r/gene Female Oocyte Chronic

0.7 X 10-5/gene Male and female Unirradia ted

All stages
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; Paper C-3
SCME SPECIFIC CONSIDERATIONS OF THE POTENTTIAL HAZARDS OF

HEAVY PRIMARY COSMIC RAYS

Howard J. Curtis

Biology Department, Brookhaven Nationasl Laboratory, Upton, N. Y.

INTRODUCTION

The radiations of the Van Allen belts and the sclar flares con-
sist primarily of electrons and protons, the biologicel effects of which
are reasongbly well known. However, there is a very small component.of
the galactic cosmic rays which consists of stripped atomic nuclel of atoms
as heavy as iron. The biological effects of such particles have not been |
extensively investigated because it is impossible to produce them in the
laboratory with an energy high enough to use for mammalian experiments.
Conseqnentlybit has been necessary to approach the problem by indiréct
methods. - |

The distribution of these particles is shown in Fig. 1, as
estimated by Deinton et al. (1). It will be seén thet most of the particles
are of the very light elements and only & few heavy ones. 'For the elements
lighter than carbon it seems safe to assume that the radicbiological effects
are qnité.similar to those of protons or alpﬂé particles and consequently
the dose éan be calculatea in the usual way. Schaefer (2) has calculeted
this dose to be of the order of 4UOm rep/day.A This by itself, vhile it
should not be ignored, would not seem to pose é very serious hazard for

space travel.

Research carried out at Brookhaven National Laeboratory under

the auspices of the U. S. Atomic Energy Commission.
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But the particles heavier than carbon ;:onstitute a special hazard.
Schaefer (2) has pointed this out & mmber of years ago and at that time
. performed much of the necessary calculation. He showed that when these
heavy particles enter tissue one of two things msy happen. Especially at
very high energies & nuclear reaction may take place vwhich results in a |

nuclear disintegration and star formation. In this the energy of the

particle is widely spread tﬁmughout the'tissue, and does not concentrate
enough &t any one spot to constitute a new type of »effect. However, some
of the particles, especially at low energies, slow down by interaction
with the electrons of the tissue and this produces very energetic delte
rays, especially near the end of the track. | This leads to a very dense
ionization track, and Schaefer (2) haes computed that within thie track,
known &s & "thindown," the radiation dose may be as high as 10,000 rads
at the center, and decreases to low values at the edges. The track may
be as much as 0.025 mm in diameter and sbout 1.5 mm long. Schaefer (2)
has computed that there might be as many as 100 such hits per hour in an
average man in 1nterétellar space and there would be several thousand
cells irradiated in each "hit." It thus appears there would be "hot
spots" in the tissue in which the dose might be quite high, even though
the over-all dose is quite low,

The proportion of particles which would be stopped in tissue
’b}" nuclear reactions as compared to those stopped a&s thindowns has been
estimated by Schaefer {2) and is shown in Fig. 2 as a function of energy.
It is seen that practically ell particles having energles greater than
109 e.v./nucleon will be stopped by nuclear reactions and so need not

be considered here.
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The megnetic field of the earth forms an effective shield for
the eq.latorial region of the earth for everything except a few of the
most energetic of these particles. At higher latitudes more of the low
energy particles will be present. Schaefer (2) has also estimated the
energy spectrum of these particles at various latitudes and this spectrum
is shown in Fig. 3 for 55° latitude. The extrapolation of the spectrum
shown in Fig. 3 to lower energies is the spectrum for the polar region
and this is 'also presumably the spectrum which would exist in ocuter space.
The shaded portion of the figure shows the particles at 55° which would
probably form thindowns in tissue,ad at the polar regions practically
all particles below 1 BEV per nucleon would form thindowns. Thus in
outer space more than half of all the heavy particles would be in the
energy range f.o produce thindown hits.

‘A complete discussion of shielding problems in conmnection with
these particles is out of place here. Suffice it to say there are two
facets to the shielding problem; that for the relatively low energy
particles (< 1 BEV/mucleon) and that for the high energy ones. For the
former, a reasonabig mo@t of shielding, for example & g/cm2 of a law
molecular weight material, would only serve to make the situation worse

because it would slow down the particles enough to cause more thindown

tracks in a man. It would be necessary to increase the shielding to more

than 20 g/cm2 before the numbers of these thindowns would be substantially

----- -

reduced. It would be equally difficult to shield agaimst the high energy
partiéles. Here one would rely on star formation within the material,
and the cross section is independent of the energy of the particle and
depends oniy on the muclear cross section. Since the nuclear cross sec-

tions are relatively greater for the light elements, on a g/cm2 basis,
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light elements would be preferable for shielding here. Again it would
teke more than 20 g/c:n2 for effective shielding. |

In order to approach the problem of the radiobiological effect

of these particles from an experimental point of view it is necessary
either to send biological materials- to very high altitudes in the polar

region, or to generate such particles in an accelerator. The latter has

been accomplished only for energies up to 10 mev/nucleon and this is

energetic enough only for work with single cells and tells us almost
nothing ebout the effect in mammals. Chase (3) hes sent black mice in
balloons to the top of the atmosphere to observe greying of the hair in
these mice. If the heavy particles are as destructive as expécted, these
mice should have grown & grey hair from each of the hair follicles hit
by a thindown. In the 1954 series there was & very impressive increase

in greying in mice flown in the polar region as compared to mice flown

‘at lower latitudes. Fig. & shows a photograph of one such mouse. It

is easy to see that if all the organs of the body -were affected like the
hair on the mouse in Fig. 4 after an exposure of only one day, space
flight might be gquite hazardous. However, the experiment was repeeted
in 1955, presumably under more ﬂgidly controlled conditions, and no in-
crease in greying was observed. The experiments were stopped at this point’
in a very inconclusive state, but with the impression that the thindowns
might be quite destructive. |

Other attempts have been made to measure the radiobiological
effect of these particles by sending animals, including monkeys, to the
top of the atmosphere wiﬁh nucleer emulsions attached to them in an attempt

to relate cellular damage, usuvally in the dbrain, to the thindown hits re-
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corded in the emulsions. However, there are so few hits,.and the geometri-
cal considerations are so difficult, that nothing bas been observed.

In order to try to get at the problem an indirect experimental
approach has been developed (4). The biological effect from these parti-

cles must be due almost entirely fo the delta rays vhich are generated

. by the passage of the particle, and it is these rays which cause almost

all of the dense ionization of the track. From a radicbiological point

of view the effect sﬁould be the same if the same ionization pattern were
produced in snother way. The approach used was to confine the deuteron
beam from the 60" Brookhaven cyclotron in & beam which could be as small
as 0.025 mm in diameter which is about the same maximum diameter for a
heavy particle track. Tﬁe difference would be that the particle track

has maximum ionization at the center and decreases nearly to zero at the
edge, while the microbeam presents a uniform ionization over the whole
beam profile. By adjusting the exposure in this beem any desired ioniza-
tion density could be achieved and thus any desired dosage. The experi-
mental a.rrangemenﬁ was such that the beam could be directed to any desired
point within an accuracy of about 0.056 mm, so the part of the animal
irradisted eould be marked for later exemination. The experiméntal arrange-
ment 18 shown in Filg. 5 and a photograph of & mouse in posifion for irra-

diation shown in Fig. 6.

RESULTS

Irradiation of hair follicles

Since the only direct biological effect ever recorded for the
heavy. particles was that of greying of hair, it was felt to be important

to use the greying response as one of the test objects for the microbeanm
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studies since this should give a direct ccmfarison (s).
It was found to be not possible to locate an irradiated hair .

follicle some three months later, so the microbeam had to be modified for

‘the study on hair. Two apertures were used. Both were formed as crossed AR

‘'slits, one witil the slits 0.025 mm and the other 0.25 mm widg. In one
of the quadrants of. each aperture there was & hole 1 mm in diameter. The
resulting 1 mm beam was large enough to hit many- heir follicles and if
the dose was more than about 500 rads, a small spot of grey hairs , the
marker spot, would be visible 5 to 10 weeks later. Knowing the relationship
between the spot and the slits, one can look for grey hairs along the slits.

It was found that whenever grey hairs appeared in the spot,
they also appeared in the 0.25 mm slits. Further, the grey hairs were
strictly confined to the region of the slits, and there was no spread of
the influence of the irradiation beyond the irradisted volume. Two expo-
sﬁres are shown on one mouse in Fig. 7.

For the 0.025 mm slits, the resuits were not quite so definite
because the hair follicles themselves are more than 0.025 mm in diameter
go it would take & direct hit on the center to cause greying. Further,
the follicles are &s much as 0.2 mm' apart so one would expect only & very -
few of them to be exactly in line. Nevertheless, whenever the spot was
grey there were at least a few grey hairs along the line of the slit.

These experiments esteblished that the threshold dose for grey-
ing is sbout 500 rads, and this is independent of the volume of tissue
irradisted as long as the follicle is hit. This result supports Chase's

" results and gives & strong indication that the microbeam does simulate the
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biological effect of a heavy particle.

Brain irradiation 4

| One would expect that desmage to the brain would be the greétest
hazard from these particles since there are very small volumes of the brain
which control very vital processes such as temperature regulation.

The microbeam was directed at the cerebral cortex of mice, and
after varying periods of time up to 240 days, the mice were sacrificed and
the brains examined histologically for damage (6, 7). First a wide beam
]l mm in diameter was used 15 order to make sure the dosage méasurement was
correct, since resuits should be predictable from x-ray experience on this
broad & beam. Here it was found that at about 14,000 rads there was com-
plete destruction of the cortex in the beam path, as predicted from x-ray
work. The same dose was then administered through the 0.025 rm beam and
absolutely no effect was observed at any interval. Since -;l'.he maximum dose
expected at the center of a heavy particle track 1s sbout 10,000 rads, it
would seem that these pﬁrticies wouldlhave very little effect on the brain.

It was felt to be important to f£ind the "factor of safety” 1;or A
this effect, and consequently tﬁe doée in the mic}obeam was increased f.o
the point where an effect was observed. It was found necessary to go to
400,000 rads before the neurcus of the brain were destroyed. These effects
are 11lustrated in Fig. 8. |

The explanation for this extreme insensitivity of the brain to
a very narrow beam probably lies in the facts (a) that blood capillaries
are moderately sensitive to radiation and so most radiation damege to the

brain is through capillary damage, Since the capillaries are about 0.065 mm

o e T e T —— - P [




apart in the mouse braiﬁ; the microbeam would largely miss them, and even
1f 1t 4id hit en occasional ome, the factor of safety should be great
enough to sustain this loss without damage to the neurons. (b) The neurons
never undergo cell division, and it is well known that cells'can withstand
enormdus doses of radiation if they are not required to divide. It has
not yet been determined that these cells are functionel, but it seems quite
likely that after a dose of 10,000 rads yhey would be, since it takes such
an enormous dose to cause destruction. 7

It thus appears that in this most critical argan_these particles

vill not present a serious problem.

Irradiation of the eye

The organ next most vulnerable for the particles would be the
eye. Radiation cataracts are well ﬁnown, and the.high IET radiations are
especially effective in causing these cataracts. It could be reasoned that
& thindown hit in the lens epithelium wbuld cause & minute disruption of
the lens fiders which would grow to & full cataract. Further, there is
no capillary circulation in this tissue and the epithelial'cells undergo
celi division at a rather rapid rate. Thus the situation is quite different
from that of the brain and one might expect damage at a low dose.

The microbeam was directed to the generative zone of the lens
in the mouse eye and the animals were examined periodically with a slit
lamp and some were sacrificed for histologicel exeminstion (8). When the
1 mm beam was used cataracts were formed with doses as low as 1000 rads
as expected. With the 0.025 mm beam cells which were in the beam path

haed a high probability of turning into a bazar cell which might lead to
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a cataract. However, the beam was so small that only one or two cells

were hit at a time., As these cells migrated toward the posterior pole

they were sloughed off and absorbed, presumably by pressure of the surround-
ing normal cells. They never formed even & small cataract, so it apparently
takes a cluster of abnormal cells to be stable enough to cause a persisting
cataract. The dose necessary to cause aebnormal cell férmation by the micro-
beam is about the same as for the 1 mm beam.

The fact that the damage produced is independent of beam size is
in accord with expectations and is in agreement with the explanation given
for the action of these beams in the brain,

Here again it seems that the heavy particles will not be a serious

hazard for space flight.

DISCUSSION

From these results one can estimate the effect of these heavy
particles on the other organs of the body and on the body as a whole. The
occasional loss of individual cells or small groups of cells in organs such
as the skin which are continually undergoing cell division should be of no

concern since the damaged or dead cells will be quickly replaced. The loss

of individual cells in the brain or musculature is in progress continually

as é, normal part of the aging process. It would take a very long exposure
poervicles in Suler space TO cause & 1088 significantly greater
than occurs spontaneocusly. Other organs such aé tﬁe liver or kidnmey would
likewise cause no concern. Greying of the hair seems to be the one real

possibilify but fortunately this is not serious. There would be some genetic
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effect but this would be very minor.
It would thus seem safe to conclude that this hazard will not
be very great, but the subject is important enough so it would be well to

check one or two of these points by biological experiments in satellites.

SUMMARY

The ionization préduced by the heavy cosmic ray particles is
almost entirely highly concentrated along. single tracks, and the micro-
scopic dose in tiséﬁe within these tracks may be quite high but the over-
all dose rate from these particles in outer space would be very low. These
particles cannot be produced in the laboratory so a microbemﬁ of deuterons
has been developed which simulstes the ionization pattern of these parti-
cles. Using this microbeam on mice it is found that this type of radiati'ﬁn
causes very little effect in either the brain or the' 'e'ye , and presumsbly
also in other vitsl organs. However, it will cause greying of the heir.

It is concluded that this type of radiation will not cause a serious hazard

for space flight.
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Fig. 7. Two exposures of the skin of a mouse through the 0.25 mm crossed
,"l . slits with a dose of €00 rads. The marker spot 1s also visible (from

IR . Curtis (5)).
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(A) 1 mm beam,
14,000 rads,
24 day survival.

(c) 0.025 beeam,
400,000 rads,
6 day survival.

(B) 1 mm beanm,
30,000 rads,
24 day survival.

(D) 0.025 beam,
400,000 rads,
24 day survival.

Fig. 8.
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BIOIOGICAL EFFECTS OF HIGH ENERGY PROTONS

C. A. Sondhaus
Donner Laboratory
University of California
Berkeley, California

November 1962
ABSTRACT*

Proton fluxes of solar origin appear to constitute the main radiation
ha.éa.rd in space. Several seml-empirical experssions have been proposed to
describe solar proton spectrasl energy distribution, and extensive dose. cal-

culations have been made on the basis of these estima.‘l;,es. Some uncertaintiés

exist with regard to physical exposure factors, especilally the variation of

| ﬁbroton energy with time and the dependence of depth dose pattern on energy ‘
and exposure geometry. Similar uncertainties exist as to the degree of
additivity of protpn radiation doses both in time and with other stresses
and as to differential effects between irradiated organ systems. -

Since few ténesj:fial sources of proton radiation exist, radiobio-
logical studies, especially on effects of high energy protons, have been
rare. Existing data, which will ﬁe sumerized, appear to indic_ate that pro-
tons of energiés above about 50 Mev have an RBE close to 1, as would be ex-
pected on the basis of average LET distributions.A Depth ciose distribution
may thus be a cruclal factor determining degree of bilological effect. Passage

. T L of the primary proton flux through shielding materisl or tissue also results in the
production of secondary particles, including electrons, mesons, neutrons and

recoil nuclei, as well as altering the proton energy distribution. Although it

~ *Presented by invitation at the Symposium on Protection Against Radiation
Hazards in Space, Getlinburg, Tennessee, November, 1962.
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is to some extent possible to duplicate proton LET end depth dose geometry
with gamma radiation, the secondary reactions comprise one of several reasons
why biological studies with high energy proton beams are needed.

Totel body'irradiation of mice with T3OMEV protons has yielded an REBE

of 0.75 relative to 200 XKVP X-rays and an LD50(30) dose of T75 rad for acute

lethality, under conditions in which creation of secondaries was minimal and
depth dose was uniform to about 5 per cent. The corresponding RBE found for
splenic atrophy was sabout 1. In othe; experiments wifh primates, total body
proton irradiastion eppeared to have an RBE of about'l compared to 0060 gamma
radiation, |

Recent experimental data indicate that a peak of ionization, presumsbly
due to secondary particles, occurs at a depth of about 30-40 gm/cm2 when T30
Mev protons penetrate matter. Mouse studies are in progress at Berkeley to
assess the radiological significance of this component. In addition, experi-
ments with mice are under way té detect possible differences in organ mode of
injury between pr;tons and X-rays. Ilater series will include studies on the
additivit& of radiation dose and other stresses. All this work will be des-
cribed. '

At present, laboratory whole body exposure to a proton flux is impracti-
cal for large animals. Since exposures in space flight are almost certain to
occur under omnidirectional conditions, and since a high but variable ratio
of superficial to midline dose is expected to result from soler flare proton
energy distributions, a means of irradiating large animals with the proton
beam of the 18h-inch cyclotrun at Berkeley is being developed in such & way
as to permit simulation of solar flare energy and geometry. Degradstion of

energy is brough about by a multiple Coulomb scattering target, with second-
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otation of the animal around one axis normal to the beem and uniform rota-
ion around the other, the angular dispersion p:fodnced in the emergent flux
y the energy degradation process appears su:ficienﬁ to generate isotropy
rdithout recourse to megnetic scanning or deflection technieues. Apparatus
iow under construction, which wil]l be described, should thus permit direct
xperimental studies of blological effects, depth dose patterns and shielding

:onfiguretions under approximately isotroplc flux conditions.
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BIOIOGICAL EFFECTS OF HIGH ENERGY PROTONSB
C. A. Sondhaus
Donner Laboratory
University of California
Berkeley, California
Noveamber 1962

1. INTRODUCTION 3

It now seems quite probable that by the end of the present deéade,
menned luner and deep-space flights will be aAreality. These will certainly
involve enorous difficulties and masnifold hazérds. The task which the biologist
and the radistion physicist have to perform 1s that of developing an adequate
understanding of the blologic effects of highly penetrating radiaetion, for it
is evident that it is present everywhere in the vast reaches of space and must
be reckoned with as soon as man leaves the protection of the terrestrial bilo-
sphere. Although it 1s not yet possible to define categoricelly the extent
of the radiation problem in interplanetary travel, 1t is clesr that the main
component of the various space radiations is high-energy protons, particuiarly
the intense proton fluxes which accompany visible outbursts from the sun.
Because of the severe limitations in our ability to predict these phenomens
or fo carry enough shielding to eliminate their hazard, a basic iInquiry into
the bilologlc effects of high-energy protons is now of great practical importance,

In the relstively short time since this hazard has been known to exist,
considerable effort has been expended in attempts to estimate the total dose
that might be expected from proton irradistion in space. These efforts are
hampered not only by the uncertaintles in our physical knowledge of the energy-
intensity~time relationships, but perhaps also equally by our uncertainty with
regard to basic radiobiological parameters of éroton exposure., It is not known,

for example, whether dose rate, dose fractionation in time, combination of
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irradiation with other physiological stresses, or mode of radiation injury

to different organ systems in the mammal will modify biological_fesponse in

the same way or to the same degree as has been found for other radiations. Such
estimates as have been made are largely by calculation and extrapoclation from
other data, since there hass been little opportunity to carry on controlled
animal experiments 1n space and few sources of proton radiation are available
for laboratory studies. It is thevpurpose of this paper to review some of the
rather sparse experimental data which are already at hand, to summarize some
experiments now in progress, and to report on some of our own work planned for
the near future.

2. PHYSICAL DATA

On the basis of ﬁalloon and satellite data, Freden & White (1), Winckler
(2), Bailey (3), Chupp et al (%) and others have proposed semi-empirical math-
ematical expressions to describe the energy and time distributions of solar flare
protons. Evans (5) has presented the physical basis for a method of calculat-
ing the depth dose produced in a large volume of tissue irradiated omnidirect-
ionally by an isotropic flux of protons of any energy or combination of energles.
Schaefer, (6) using the assumed solar flare proton spectral energy. distribution
iaws, has calculated the dose distribution in a spherical volume of tissue with
and without a shield surrounding it.

Figure 1, from Schaefer, shows two of these energy distribution curves,
illustrating the range of proton energy to be expected. Figure 2 shows the
depth dose curves which he has calculated from these assumptions. It can be
with dspth,

seen that great difPerencas may exwlst in the Adstributicon of deose
and further that the vehicle shield or wall produces a marked hardening of the
beam which penetrates it. The ratio of surface to midline dose can vary by a

factor of 10 or more, depending on shield thickness and proton energy distribu-
tion. In Figure 3, an'idealized set of curves of integral ihtensity vs time is

shown, taken from the paper of Chupp, et al. It is seen that the high-energy
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particles arrive earlier and persist for the _shorteat time; there is thus a
shift of intensity ﬂth time for particles of & gilven energy and for the overall
spectrum shape, making the net result rather complicated,

The importance of ionization density in relation to the biological effect
of different radiations on mammaelian tissue wes reélized in studies on whole mice
and transpia.nta.‘ble mouse tumors by Lawrence end others as early as 1935 (7). i‘b
was found at that time that the RBE of fast neutrons, will average linear energy
transfer of sbout 20 Kev/u, compared to 200 kv x-rays (average IET about 3 Kev/u)
was sbout 2. Since that time a number of studies have been made on the RBE of
radiation with widely differing LET (8-10) s and a rough pattern 61’ the variastion
of RBE with LET has become evident. This is schematically indicated in the
Figure k. A few representative radiation types are marked along the abscissa
at positons corresponding to their calculated average ILET values. The work A « '
of a numberof investigators 1s summarized here, mainly froxﬂ heavy par§1c1e .studies :
on the Berkeley and Yale Hilacs together with some data on alphs particles.

The curve of RBE vs LET can gpparently follow one of four different
1 types with regerd to the existence and height of a meximm, and the shepe of
the curve. The four rough categories are as follows: In curve I the RBE never .
exceeds one and decreases with increesing LET. This has been found to be the
case with dry mdlecules, such as enzymes, and some phages and viruses for exemple.
In the curve of type II, the RBE is found to peak at a value of sbout 2 for & |
LET between 100 and 200 keV per micron, and 1t falls below one thereafter. This
behavior has been observed with smell microbial and plant cells as well as with
chromosome effects and mutetlions. The curve of type III shows a higher RBE than
1 for LET's of ebout 20 keV or higher, and again exhibits a pesk in REE in the
LET renge of 100 to 200 keV per micron, but this pesk is now at a value of

ebout 5. It then falls to 2 or 3 for higher LET radiation. Mammalian cells
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appesr to fall into this category, as do plant cells ‘with large chromosomes, and
the process of catacrasct formation for exsmple. Dose rate dependence 18 cbserved
here. In the type -IV curve, the RBE reaches values beyond 10 at LET values of
100 or 200 keV per micron, but there are insufflclent data &t higher LET values
to conelude even around LET values of ebout 10 keV per micron. This type of
curve is seen with dried seeds end spores, also grasshopper heuroblests, and the
behavior seems to be related to special effects usually connected with a phase

change or other physicel variable.

In general, the curve of type ITII seems to be most pertinent to the case
of human exposure to high LET radiation. Unfortunately, these dste are not yet
sufficient ar sccurate enough to draw clear-cut coneiusions. It 1s to be expected,
howevér, that not only dose distribution, but the distributlon of IET will vary
with depth in proton irradiation. Figure 5 1llustrates Scheefer's calculation

of the variation in specific ionization with depth in tissue for a proton beam

~of the ‘energy spectrum prevailing in the inner Ven Allen Belt. It 1s seen that

the mumber of ion pairs produced per micron of tissue, which is related to LET,
mey be 5 or 10 times as high at the surface of the tissue as at the mid:}ine » depend-

ing on the thickness of the shield between the proton besm and the tissue surface.

It has been shown experimentally by J. Lymen and J. Howerd in this Lebora-
tory that Aionization density b-uilds up to a maximm value at some depth during the
passage of a narrow beem of monoenergetic high-energy protons through an sbsorbing
medium. This incréase is probably due to the production of secondary protons as
well as obher charged particles lncluding electrons, mesons, and recoil nuelei.

At shallow depths, the ionization due to these secondary events more then compen-

gates for the loss of ionization from reduction in primary beam intensity, the
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lé,tter caused by the inelastic collisions which produce the secondary events.

Figure 6 illustrates the effect of sbsorber thickness on beem ionization
for lucite, leed and copper. It cen be seen that the initiel buildup of ionize-
tion in copper is higher than it is for lead, even though the lonization eventuelly

falls off more rapidly. The converse 1s true for lucite vs leed and lucite vs

copper.

VThese curves were o'bta.ineci by plecing successive layers of absorbér between
two ionization chembers sligned in the T30 meV proton beem of the 18L-inech Cyelotron
at Berkeley. They are plots of the ratio of the fownstreem chamber reading to the
upstresm chamber reading vs ebsorber th:l_.chess. In Figure T, the full renge of the

T30 meV protons in lead is covered. A Bragg peek cen be seen at the end of the

range.

The predictl on of seqondary neutron spectrs &8 well as other secondery
particle fluxes produced by primery protons is described in the paper presented by
Wallace in snother session of this symposiwm. Of importance to the preseﬁt discussion
is the epparent contribution made by such secondary particle events to a dose com-
ponent which is probebly of high IEY. This 1s present in addition to the calculated
IET distribution of the primary prokon beem whenever & thick shield or target is
bombarded, and the influence of the higher LET component on blologicel effect needs

to be evaluated under these conditions.

3. BIOLOGICAL STUDIES WITH HIGH-ENERGY PROTONS

8. Past Studiles
A few studies on the bilological effects of high-energy protous have
been carried out in the past seversl years. I2 1952 Toblas, et al, (11) exposed

albino mice to 340 meV protons at the 184-inch Cyelotron in Berkeley, end made a
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pa:eliminary estimate of RBE, as ha'v‘ing a value of "about b for LDSO(?,O).

, In 1960 et the Joliot-Curie Laboratory of the Institut du Redium

in Paris, Bonet-Maury end colleborators (12) irradtated mice with 15T meV
protons from theilr synchrocyclotron and determined an LD50 dose in eleven
experiments on more then 500 snimels. The proton beam was of circular cross
sction with a 90% isodose curve of radius 6 cm, determined photometrically
by density measurement of photographic film exposed to the beam. Four mice
could thus be irradiated simulteneously in thin perforated plastic tubes.

It was estimated that the LET of the proton beem varied by sbout 10% during
1ta passage through the animal in en anteroposterior direction. Dose rate

was sbout 250 rad/min.

Litter<-mate animals were used in the experiments. Following irradiation,
the enimals were weighsd dally snd the number of dead animals recorded. An

eight-day LD50 dose was determined by log probit analysis.

Dosimetry of the heam wes by both physical and chemical methods. An ion
chamber with thiﬁ aluminum walls was used, contalning ailr at atmospheric pressure.

r ' The total proton flux treversing the chamber during emn experiment was caleulated

from saturation current measurement, and the isodose curves obtained photographi-
cally were then used to calculate the average flux through an individuel enimal
and the corresponding sbsorbed dose. Aluminmum snd polyethylene mosalcs were

4 ' activated in the beem and the aétivity induced in each element wes counted to

| check the photogrepiic measuremenis. Discs of grapiaige were also placed with
each animal and the ¢! activity induced also served as a supplementary indica-

tion of dose. Ferrous sulphate dosimetry was also used; plastic tubes of the

Bame éize as the animalg were filled with solutign and irredtated in the same




way as the animels; dose measurement of optical demsity at 580 mp was then mede.

Uniformity of dose smong 2 group of enimels was found to be within 5%.

The blological effects observed after proton exposure did not differ from . S

those observed after exposure to x or gamma radistiont weight loss, anorexis,
bloody diarrhea, ete., and reduction in general activity preceding desth which

occurred efter the fourth dey post-lrradistion.

The I‘DSO(S dzy) dose was found to be = 80 rsd. In order to determine |
an RBE, mice of the seme lineage were exposed to 250 kv x-rays filtered by 0.3 mm
Cu plus 2 m Al, at a dose rate of 80 red/min and a TSD of 46 cm. The LD50(8 dey)
dose determined with 1% enimels was 605 * 30 red. RBE of 157 meV protons compared
to 250 kv x-reys was thus 0.77 % 0.1l. This value is close to the value of 0.7

cbserved for chromosome observations on vegetel cells of Allium and Vicisa by

Lersson end Kihlman, who used the 170 meV proton beam of the Uppsala spnchrocyclotron

in Sweden.

Zellmer and collaborastors of the USAF School of Aercspace Medlicine in

San Antonlo 1rradlated the eyes of forty-eight rhesus monkeys, macaca mulatta,

with the T30 meV proton beam of the 184-inch Cyclotron at Berkeley, and found
that the threshold dose necessary to produce elinical signs of injury was between
500 and 1000 rad. in comparison with Cosogamma redletion an REE of between 1 and

2 was estimated. (13).

In further experiments with primetes this year, the same Air Force group,
in collsboretion with the Berkeley group, has studled total body radiation effects
with 730 meV protons. Analysis of the deta is not yet complete, but preliminary estimates

indicste a LD of 395 rad for the T30 meV proton beam under essentislly uniform

50(30)
exposure conditions. The dose reste was gbout 10 rad/min due to the scanning process
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required for total body exposure of animals of this size. Flgure 8 1llustrates
the pneumstic device which was developed by P. Bean and N. Yannl of UCIRL to

eneble the animsl to be scanred by the smell dlameter beam.

60

Irradiation of this species with Co”~ gemma radiation at a dose rate of

the order of 100 rad/min indicated a LD velue of 500 rad. The RBE thus

50(30)
appears to be around 1.4 for this end point, with most deaths occurring between
seven and fifteen days post lrredlation, suggesting an early bone merrow or

late gut death. There is some evidence for a 20% dose buildup due to secondary

particles.

These USAF primate studles are contimuing with protons of other energles.
40 meV protons have been used at the University of Minnesota, 185 meV at the

University of Uppsalas, and 100 meV at Harvard thus far.

In s recent é:cperiment with the T30 meV proton beam of the lSllr-inch
Cyclotron at Berkeley, Wang, Lyman and Tobias (14%) studied the RBE of T30 meV
protons as compared with 200 kvp x-rsys on mice following whole-body irradietion.
. The end points observed as indiées of radiation lethality effects were a) ‘the

whole-body LD b) changes in spleen weight with dose following irradiation;

50(30)’ .
and c) change in body weight with time after irrediation. Reproducibility of
lethél;ty experiments has been shown to be much enhenced with proper adherence

to strictly controlled physical and biologlcal experimental procedures and proper
éare of anlmals; the mice were therefore caged individually in lsebelled one-pint

magon ders which were clasned weelly and supplied with sterile wood shavings.

Figure 9 1llustretes the animal caging system. Namru strein Swiss mice white

nice, random bred at the Lsboratory were used--all five to seven weeks old, male
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weighing 24 £ 5 gram. The mice were fed on Simomsen Lsboratory white diet and
water ad 1ibitum.

>

Puysicel factors for the Phillips 200 kvp x-ray wnit which was used were

200 kv, 15 ma, 0.25 cu + 1.0 mm Al ﬁlter, far which the resul’ting HVL of the

besm was 1.0 mm Cpu. A rotating positioning wheel was used; this is shown in

Fgure 10. The wheel rotated at 2.5 rpm and the dose rete delivered was. 30

red/min, es measured with a Victoreen condenser r-meter.

The proton beem was deflected from the Cyclotron, megnetically scrted and . \ _
ecollimated by the quedrupole focussing method. After emergence from the vacuum .
system into the eir, the protons form & nearly parallel hoﬁogeneous beam almost h
two inches in diemeter, Slide 10 illustrates the exposure setup) & parallel plate
ionizetion chember of thin elumimum foils provided the dosimetry. As much as
possible, the creation of secondary particles by passage of the beam through thick
sbsorbers, &s discussed earller, wes avolded in this experiment, and the ionization
in the whole-mouse body was found by phantom measurements to be uwniform within .5%. z |
Dose rate was from 500 to 1000 red/min, and each mouse was irrediated in en
individual cylinder positiomed in the beem by setting a wheel. In both x-ray
and proton experiments twenty mlce were exposed at each dose levei; pre-end posbte~
irradiation care was identical in both groups. The mice were followed for thirty
deys, dead enimels were sutopsied, and five of easch group of survivors were sscrl-

ficed and the orgens studied st the end of the experiment.

The resulting LD 50(30). for T30 meV protons wes TT75 red, while that after
200 kvp x radiation waes 580 red (580 roentgens measured in phantom). Figure 11
shows the survival curves which were cbtained. RBE of the protons relative to

200 kvp x-reys was found to be about 0.75. Since Upton et &gl (15) found ebout
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the seme RBE for C06° gemma rediation in producing scute lethality in mice, this
experiment suggests that the RBE of T30 meV protons is sbout the same as 0060
gaums, rays, which is consistent with the findings that the respectlve LET

distributions of the two radiations are quite similar.

Figure 12 shows the reduction in spleep weight observed at autopsy of those
mice dead of radlation. More than 50% decrease in spleen welght occurred follow.
ing similar doses of elther x or proton radiation. RBE of T30 meV protons is
sbout 1 compared to 200 kvp x-rays for splenlc atrophy. More than 30-day sur-

vivors showed nearly normel spleens in both groups.

Figure 13 shows weight loss In the different dose groups with both radiations.
Those mice which dled always showed welght loss, in contrast to survivors. Rg.pidity
of weight loss was directly proportional to the dose delivered. Both x and proton
irradisted mice dylng after irradiation showed & 25% weight loss during 13-16 days
.aiter 650-T00 reds. The rapidity and degree of welght loss are an approximate

index of RBE, which thus appears to be around 1 for this end point.

These results agree with the previous wurk cited earlier, using heavy particles
with IET similer to T30 meV protons, a.s. well es with earlier observastions on high-
energy deuterons. An RBE of less than 1 for T30 meV protons suggests that in spite
of similer LET, the greater absorption in bone of 200 kvp x-rays msy account for the

Lower proton RBE.

In order to study this question further, we are now beginning a series of
experiments. In this study the time course of deaths 1s being followed in order
to cheracterize the dominant mode of damagé, with a view to distingulshing between

"gut deaths" and "bone marrow deaths".
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In the present study, in collsboration with J. Aéhika.wa, Sﬁnonsen Leboratory
'v}hite Swiss mice have been used, all males 6-T weeks old st in'e.diation end
weighing 25 % 4 grem. The enimels were dipped on arrival and had been inocculated
for ectomells, a common problem in mouse colonies. .Since dipping has been
observed to produce a significent degree of spleen involution, the mice were placed
in individual cages as described before end allowed to "come to equilibriwm”
physiologically for at lesst fifteen dsys. Dlet and care were as previously
described. At the time of irradistion, only those mice were selected which hed

gained welght or remained constant in weight.

Three dose rates were employed in the T30 meV proton irradiations: sa)
1000 red/min; b) 300 red/min; end e) 100 rad/min. Exposure techulque wes
as previously described. In the first two dose rate groups, totel doses of T0O,
800 and 900 rad were administered; in the 100.red/min group, total doses were
given of 600, 700, and 800 rad. The x-ray irrsdistion will be performed in two
weeks. Both 100 kvp and 200 kvp irradistions are plenned, at dose rates of 100
and 300 rad/min. We thus expect to allow for eny dose rete effects which might
appear.

Only preliminery lmpressions can be gliven here, as dsta is incomplete as yet.
A1l mice irradiasted in the first two dose rate groups have died within six dsys
post irradia'f.ion. This strongly lwmplies & predominently gut death in these
enimals, with LD50 below TQO rad. This 18 to be compared with other experiments
in which 250 kvp x-rays produced early gut death in mice' only at total doses of
1200 rad wholefbody; in the latter experiments, however, dose rate was presumsbly
gbout 30 rad/min. An RBE for gut deeth somewhat higher than 1 for 730 meV protons
is therefore suggested, but this may not necessarily be the case if dose rate

differences are a factor. No definite conclusion cen yet be drawn.
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A series of additional mouse experiments is planned for the immediate

future.

In addition, several experiments with primaetes are planned In col-

lsboration with Teketa et el of the Ames Leboratary bilology group at Moffett

Field.

8.

The deaign yewtion of th

These studles will be aimed at answerlng seversal questions:

The transition curves for T30 meV protons indlcate that a buildup of
secondaries will oeccurr behind a shield. These are expected to have
higher LET distributions then the primery beam , end hence to have
higher RBE values,'as previously mentioned. This effect can be studied
with mouse exposures, and the first experiments will follow the present
study. Tt should thus be possible to verify experimentally some of the

effects predicted 5y calculation.

The additivity of two doses as a function of their separastion in time
will be studled in a further experiment, with the aim of estima‘l;ing

a recovery factor for high-energy protons in mice.

More detalled evaluation of hematopoetic eriteria will alsc be mede
in future experiments. In addition, skin effects of both alpha and
proton ré.dia.tion will be studieﬁ as well as the degree of protection
afforded by known agents. Finally, addition of other stressgs such as
temperature extremes or g-forces to that of rediation exposure will be
studled.

4. MEDICAL CAVE MODIFICATIONS AT THE 184-INCH CYCLOTRON

he madifications to he made on the Madleel Jave st the

18k-inch Cyclotron at Berkeley, California was started in Februsry 1962. The aim

of these changes was to permit high intensity proton irradistion of large animals.

In order Ato perform whole-body radiation experiments with animals simulating

solar flare radiation, two basic problems must be resolved.
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The first is how to increase the beam intensity enough to give a reasonsble

exposure time. This can be sccomplished only by the reduction of the smount of
beam lost after 1t leaves the steering magnet. We propose to reduce the beem
divergence by the use of & quadrupole megnet of large aperture (8-inch dismeter)
along with & lerger aperture (8-inch diemeter) beam tube. This will meke it
poseible to focus the meximm number of protons on the target. This quadrupole
magnet is on order. The design of the beem tube complex--including vecuum pipe,
safety i:lug and a scattering terget--is about 90% camplete and sbout 50% of it

is on order.

The second problem is one of protection of opersting pérsonnel from over-
doses of radiatiop when such intense beems of protons are being directed into
the Medicsal Cave. From our experience with such beams in the Physics Cave, we
know that the present Medical Cave side walls must be increassed to 12 feet equivalent
of ordinary concrete, the back wall increased tc 20 feet equivalent of ordinar& -
conecrete,. the roof increased to 8 feet equivelent of ordinary concrete, ard a
solid shielding door provided. These increases amount to 140% for the side walls,
300% for the back wall, and 300% for the roof. Since the building is not lerge
enough to accommodate a cave of adequate size with walls this thick of ordinery
concrete, more massive material must be used so that & given amount of shielding
mey be obtained with thinner walls. This is being alccompiished by using a U. S.
Navy surplus steel and high-density aggregete concrete. The design, as shown in
Figure 14, is complete, the required steel has been procured, the heavy aggregate
1s on order, and febrication jobs far the required shielding blocks are out for

bigd.
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The massiveness of the required shielding wells and the resulting increased

floor loads necessitate reinforeing the floor in the Cyclotron building &t the

vieinity of the Medlceal Cave. A hydraulic-actuated door 1s avaeileble from the

Physics Group; 1t requires a plt which can be provided when the floor is strengthened,
and & slight mcdification to adjust it to the Medical Cave pletform height.
Designs on these modlfications are complete, as are the designs of the platforms

themselves, and both have been ordered.

The current schedule iIs to have all of the egqulpment availeble for instal-
lation by January 1963. This is based on the eerliest possible shutdown, and
depending on the Cyclotron schedule and overall modifications. It 1s estimated

that a period of apmroximately three weeks will be required for installation.

Upon completion of the sbove modifications, it will be possible to irradiate
up to a 300-pound enimal with an alpha or proton beam under conditions simulating

solar flare radiation. A whole body exposure of a large animal to an ommidirec-

tionel proton flux by use of the Cyclotron beam requires that certaln criteria be

met by sulteble modificetions in the beam characteristies. Among these are the
following:

1. Beam Energy Variation

Of several possible methods of producing varieble energy proton beams,
energy degradation by multiple coulomb scé.ttering in passege through
material sppears to be most practical. Although intensity is lost end
angular and energy dispersibns are increased iﬁ a degraded beam, no
modification of the accelerator magnetic Tield, or magnetic shielding-beem

extrection techniq_ues 18 required. Beam degradation thus does not
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disturb the operation or comstruction of the cyclotron itself emd

experimental use can be achieved within s short time. :

As scattering materiale, lead, copper, alumimm, and carbon have been
considered. Design celeulstions (1€’ show that degradation in
graphite of the T30 meV beam to an energy of 100 meV, introduces an
additional ywm energy sprgad of less than + 15 meV in the emergent
beam, end less spread at higher degraded emergies. Figure 15 shows’
- that the rms angular dlspersion bf the emergent beam st this energy
varies from 0.10 radian half angle for grephite to 0.36 radien for
lead. Remanent intensity of’the emergent beem after degredation to
100 meV is T.5% for graphite end 16% for lead, as 1llustrated in |

Figure 16,

2. Broad Beam Geometry

- In order to simulete & 4 x or omnidirectional exposure, the ususl narrow
well-collimated beem emerging from the accelerator must be defocused or
otherwise ceused to dlverge, or alternmatively, must be mede to scan the
target by mag.ﬁetic deflection. Here the angulsr dispersl on introduced in
the beam by scattering and energy degredation cen be utilized. When
combined with sinusoidal rotation of the target around one axis normal to k

the beam and uniform rotation eround the other, the angulsr dispersion

produced in the process of energy degradstion appears sufficlent to

generate an isotrople exposux;e geowetry, without recourse to megnetlec

aeenning or deflection techniques. Figure 17 illustrates the animal

rotator now under construction to serve this purpcse.

It 1s concluded that sufficlent sngular dispersion is introduced by scattering

in graphite to permit whole-body irrsdistion with target diemeters up to three feet.
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A hollow lucite sphere of this diameter containing an animal mounted in a

frame can thus be rotated on the apparatus; Figure 18 illustrates the animal
holder. The angulsr dispersion in graphite is low enocugh to compensate for {its
increased absorption lpss at a given degraded energy, making graphite the scatter-
ing material of choice. The same conclusion is reached on the basis of the rela-
tive nﬁmber of secondary neutrons produced in the scatterer, which is lowest for
carbon.

The resulting proton energles and geometry of the exposure should simulate fairly
adequately the soler flare condition by stepwise irradiation at several energies,
thus pérmitting direct experimental study of biological effects, depth dose
patterns, secondary production and shielding configurations.

This information will be of value not only in itself, but also in simulating

60

space radiation exposure with Co” or other radiation sources. The time avail-
sble for biological research for the 184-inch Cyclotron is limited, but 1t is
believed, nevertheless, that some important questions can be answered experi-

mentally in regard to solar radiation problems with a relatively modest expendi-

ture'of time.

This study was supported by the National Aeronautics and Space Administration
through the Atomic Energy Commission and lawrence Radiation laboratory, University
of California.
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Paper C-5
EFFECTS OF ACUTE RADIATION EXPOSURE ON HUMAN PERFORMANCE
R. B. Payne
USAF School of Aerospace Medicine

A literal and parsimonious interpretation of the assigned Vtopic
would allow the speaker to fulfill his obligation quite honestly in
- approximately four seconds, or about as long as one might require to
say, "There are no effects as far as we know." But this response would
leave us far fram satisfied, and it would create the false impression
that the problem had been studied exhaustively throughout all the criti-
cal. categories of behavior under various kinds, rates, and amounts of
ionizing radiation. The distressing fact is, of course, that only two
systematic human studies on this subject have been reported in the
Western literature, and these can scarcely be said to provide a useful
grasp of the total problem.

Under the circumstances, therefore, it has seemed appropriate to
broaden the empirical base of this discus‘sion by reference to studies .of
lower animals. As many of you know, the Radiobiology Laboratory at
Austin, Texas, operated jointly by the USAF School of Aerospace Medicine
and the University of Texas., has devoted a prominent share of its energies
over the past ten years to systematic studies of radiation effects on
the behavior of M. mulata; and laboratories elsewhere have fed the bur-
geoning literature with behavioral studies of mice, rats, and dogs.
Perhaps there are conditions and assumptions under which we should be

willing to consider at léast the infrahuman primate studies for whatever
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i:rxglications they may have for the behavior of man.

First, however, there is a sense of obligation to explain the
rationale for the study of behavior in a radiocactive enviromment. What
can such studies tell us that we cannot learn merely by observing the

impact of ionizing radiation on the cells, tissues, and organs of the

body?
Why Study Behavior?

The principal reason for sending man into the aerospace enviromment
is to take advantage of his abilities and skills as an equipment opera-
tor, a trouble-shooter and maintenance specialist, an observer and
interpreter of dynamic situations, and a maker of decisions. Mercury
flights have already shown the operational flexibility which can be
realized by including man as a system component, and the operational _
plans for such systems as Gemini and Apollo have already been modified
to take advantage of this versatility. In other words, man's cababili—
ties are operationally important and without substitute, and we must
therefore be concerned about their preservation.

Man's capabilities are joint functions of many determinants,
including, but not limited to, the functional properties of biological
camponents and systems. Since biological components and systems
constitute the targets of ionizing radiation, one might be tempted to
argue, as indeed many have argued, that their study would provide a
sufficient basis for inferences about the fate of behavior. Unfortunately,

even after nearly a century of serious effort on the part of many scien-
34k




should start with the human studies.
Human Studies
The Houston Studies

Background. The two experimental human studies were initiated in
1951 at the M.D. Anderson Hospital and Tumor Clinic of Houston, Texas,
for the purpose of charting the effects of low-level ionizing radiation
on same of the psychanotor éapabilities relevant to the operation of
aircraft. The director and staff of the hospital had long been interested
in the comparative value of radiotherapy and chemotherapy for the treat-
ment of generalized neoplastic disease, and they foresaw no valid
criticism of coilta'teral studies of biological and behavioral changes
subsequent to the routine application of radiotherapy. All realiied,
of course, that ethical and moral considerations would necessitate com-
promises with same of the principles of experimental design. For
example, medical considerations required that patients be assigned fo
treatment levels in accordance with professional judgment as to the
severity of disease. Thus, the inability to employ randam or stratified
assigmment methods virtually guaranteed some likelihood of confounding.

disease effects and treatment effects on the dependent variables.

" Further, language barrmiers, both of degree and kind; precluded the study
of cognitive functions with available materials in which verbal compre-
hension occupied a central role. Despite such limitations, all agreed
that the studies were feasible and desirable, and that negative results

could be meaningfully interpreted and practically significant, even if
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tific disciplines, we have not yet acquired more than a few of the
concrete details about the way in which somatic events participate in
behavior, although perhaps we have learned a great deal about the
explanatory sterility of certain viewpoints. One consequence of our
continued ignorance of these matters is that we are unable to forecast
changes in behavior from observed changes in somatic functions with
sufficient accuracy to predict the operational impact of biological
damage, except, of course, under conditions of extreme insult. It is
necessary, therefore, to ol;serve and measure behavior directly in order
to be able to say what is going to héppen- to it under specified exposure
conditions. An ancillary product of such efforts may well turn out to
be a better understanding: of 'relationships between behavior and those
events which occur inside fhe skin.

| The foregoing premises have served as the foundation for modest but
aggressive research efforts concentrated primarily at the USAF School of
Aerospace Medicine. Such efforts have not been widespread among univer-
sities and other scientific institutions, for the resource requirements
are formidable, and the nbnotonous occurrence of negative results soon
blunts the enthusiasm of all but the most operationally minded inves-
tigators. Consequently, progress toward the ach_ievemeﬁt vof a thorough-
going research program has been slow. Many gaps are painfully evideﬁt,
particularly with reference to dose dependency functions, relative
behavioral effectiveness of different kinds of radiatioh, adequate
coverage of the behavior spectrum, and the interactions of radiation
effects with those of other stressors. Nevertheless a substantial amount

of work has in fact been accomplished, and our review of it perhaps
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the converse were not necessarily true. ‘-

Within the foregoing circumstances, two studies became possible
throughout the next five years by virtue of close collaboration between
the hospital and the USAF School of Aviation Medicine (Payne, 13959).

The first study was concerned with the question whether a given air dose
would have a greater effect when delivered in a single -exposure than
when delivered in a series of fractional exposures. The second study was
organized as a straightforward dose;r'esponse study extending to rela-
tively high exposure levels.

First Study. The first study was organized about the therapeutic
circumstance that certain patients were treated with whole-body doses
delivered in single exposures, while others were given equivalent total
exposures in five equal increments separated by intervals on one hour.
Psychamotor perfomance data obtained fram both types of patients made
it possible to test the prediction that performance level would be an
inverse function of total dose, moreso with concentrated dosage than
with temporally distributed dosage.

Subjects were male adults, usually in advanced stages of neoplastic
disease not correctibie by surgical intervention or localized radiation
therapy. Ages ranged from 19 to 76 years.

Three well-known perceptual-motor tasks served as criteria of treat-
ment effects. The USAF SAM Complex Coordination Test, shown in Figure 1,
required the subject to coordinate the movements of a stick and rudder
bar in order to match successive positions of three red lights xtrith
three green lights. Score consisted of the number of matches accom-

plished within standardized trial periods. The USAF SAM Two-Hand Coor-
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dination Test, shown in Figure 2, required the subject to operate two
. lathe-like crank handles in order to keep a cursor positioned on an
eccentrically moving térget. Score consisted of the amount of time the
pointer was on the target during étandardized triai periods. Finally,
the USAF SAM Rotary Pursuit Test, shown in Figure 3, required the sub-
ject to follow a rotating target with the tip of a stylus. Score con-
sisted of time on target during standardized trial periods. All tests
had been used successfully for the selection of aviation cadets during
World War II, having been shown capable of accounting for a substantial
portion of the variance of pilot training outcome. Thus, the behaviors
under observation were relevant.to flying proficiency, although they
~were by no means predictive of its entire factorial structure.

Three exposure levels were available for study: 15, 25, and 50 r,
as measured in air at the position of a plane which bisected the patient.
Each level was reached either by a single exposure or by five equal
fractional exposures separated by an interval of 1 hour. Delivery was
accomplished by a 400 kvp General Electric x-ray machine with Thoraeus
IITI filtration having a half-value layer equivalent to 4.1 mm of copper.
- At the target distance of 300 cm, the output was approximately 0.95 r/min.
One large field was used, the §atient being treated in a lateral position
wifh left and right sides alternated in proximity to the target. Air-
wall ionization chambers (Farmer) were placed on the patient's skin dur-
ing exbosure in order to measure entrance and exit doses..

At about 0800 hours on the day of exp08ure; each subject was giVen
formal test instructions and a standardized»amount of preliminary

practice on the three testing devices. Practice sessions were 2
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minutes for the complex coordination and two-hand coordination tests,
and 100 seconds (five 20-second trials separated by 10-second rests) for

the rotary pursuit test. Following practice, the prescribed treatments

were begun. One hour later the psychomotor testing sessions were resumed,

and they were repeated thereafter at 2-hour intervals until six post- S T o

treatment sessions had been completed. Two testing sessions 8 hours
apart were completed on the day following treatment Additional testing
was done on same of the subjects, but these data are not considered in
the present study. Single-exposure subjects and multiple-exposure
subjects within a given total exposure group were treated alike except
that the latter were alternated between testing sessions and fractional
treatment sessions until the five exposures had been accomplished.

| Inasmuch as the performance under observation was measured early in
the course of habit acquisition, two somewhat independent assessments of
it were possible. The first was based sn'mpiy on the total score
achieved during the entire posttreatment testing sequence, while the
second was an estimate of learning rate based upon the mean tangent of
the angles defined by the abscissa of the perfoi‘mance curve and tangents
drawn to successive equal segments of it., Both indexes were adjusted-
for multiple regression upon chronological age and pretreatment perform-
ance levels before the final analysis of posttreatment variation was
performed. This adjustment had the general effect of (1) reducing the
contribution of these factors and factors correlated with them (such as
type and severity of disease) to posttreatment variation, and (2)
increasing the precision with which final tests of significance could

be made. What remained for the final analysis was the variation
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attributable to the main experimental effects, their interaction, and
residual differences between subjects.

Suffice it to say that only one of the six anélyseé (two criteria
for each of three tests) provided even the slightest hint that perform-
ance was affected by the independent variables under consideration. An
analysis of acquisition rate for the Rotary Pursuit Test, shown in
Table 1, suggests that the effects of exposure level and method of
delivery may have been correlated, i.e., the effects of treatment levels
may not have been the same at all exposure levels. A plot of subclass
means, shown in Figure 4, suggests that single exposures may have
attenuated habit acquisition more than fractional exposures to the same

levels, particularly at the highest level, in accordance with hypothesis.

Table 1. Analysis of variance of
acquisition rate scores for
Rotary Pursuit Test

Source df Mean Square F p
Doses 2 | 6.1888 £ 1.00

Methods 1 20,9941 2.05 .165
.D xM - 2 28,6785 2,79 © .075
Error _70% 10,2589

Total 75%

*Reduced by 2df for regression of posttreatment scores (y) upon pretreat-
ment scores (x) and chronological age (z).

Py.xz = U433 r,. -.163 rzy = -2 r = .ll;_ bl = ,ooug; by = -.0900

xy
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However, the probability levels associated with both methods and inter-
action effects are far from convincing, and the observed regressions of
the two methods functions on the dosage variable are difficult to

reconcile with the theoretical model.

Figure 3. USAF SAM Rotary Pursuit Test

Second Study. Accunulated experience with therapeutic applications

~of whole-body radiation convinced the hospital staff of the wisdom of

higher single doses than those which had been prescribed during the
period covered by the first study. Consequently, it became possible to
conduct psychanotor studies following single doses ranging from 0 to 200
roentgens (in air) in steps of 25 r, and special arrangements for
hospitalization permitted the observations to extend over a period of

10 days beyond treatment.
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As before, subjects were adult males whose participation in the
study was gpﬁérned by their own consent and the judgpent of the hospital
staff. Ages ranged from 23 to 76 years. Testing devices were as pre-
viously described.

As before, patients were exposed in a lateral position with left and
right sides alternated in proximity to the target. For approximately
half the subjects, mostly those receiving below 75 f, the treatment was
delivered as previously described. TFor the reméinder, treatment was |
accomplished by a General Electric Maxitron operated at 250 kvp Qith a
Thoraeus III filter providing half-value layer equivalent té about 3 mm
of copper. Output was about 3.8 r/min. Nine exposure levels, ranging
from 0 .through 200 r in 25-r steps, were sampled. Each subject
received his prescribed exposure in'a single session. |

Beginning at approximately 0800 hours each day for 4 days prior to
exposure, each subject was allowed a practice session on each testing
device. Practice sessions both before’énd after exposure were 4 min-
utes for complex coordination and two-hand coordlnatlon, and 300 |
seconds (fifteen 20-second trials separated by 10-second rests) for
rotary pursuit. Exposure occurred on the morning of the fifth day.

One hour later the first posttreatment testing session was held, and
this was repeated each day at approximately the same time for 9 days
thereafter. All subjects, including controls, were treated essentially
alike except for the amount of radiation to which they were exposed.

Analyses of variation in posttreatment achievement lévels for com-

plex coordination and two-hand coordination were based on the forty.

one-minute performance samples obtained from each subject (10 days x 4
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Table 2. Analysis of variance of adjusted posttreatment
achievement levels for rotary pursuit

Source df Mean Square F )
Groups (doses) 7 | 23,086 | < 1.00 ns
Ss treated alike 57 40,466
Days | 9 75,218 68.07 <.001
DxG 63 1,229 1.11 ns
Ss x D 513 1,108 '
Trials/day 2 16,353 19.17 £ .001
TxG 14 11,039 1.22 ns
Ss x T 114 853
'}T x.D 18 121 < 1.00
TxDx6 126 272 1.14 ns
SsxTxD 1,026 238
Total 1-,949*

*Reduced by 60 df for regression coefficients, as follows: Ss treated
alike (-2), Ss x D (-18), Sce x T (-4), and Ss x T x D (-36).

trials/day), while the analysis of rotary pursuit was based on the
- thirty 100-second performance samples from each subject (10 days x 3
trials/day). The scores 6f all subjects in each performance sample
were adjusted for their multiple regression on chronological age and

pretreatment achievement levels, and the residual variation of the
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scores was then decomposed into main effects and interactions for
determinations of statistical significance.

The o@éomes for all testing devices are well represented by the
analysis of rotary pursuit data, shown in Table 2. The highly signifi-
cant variation associated with days and trials/day, when considered in
conjunction with appropriate mean values, shows that significant amounts
of learning occurred both within each day and from day to day. All
radiation groups were essentially alike in this respect, as shown by the
negligible interaction values, and there was no evidence of radiation
impairment.

The data from each testing device were further analyzed in terms of
the linear component of the habit acquisition curve, both within days
and from day to day, but none of the analyses' implicated radiation
exposure as a significant source of variation. Comparable analyses were
made in terms of the quadratic component of the acquisition curve. The
results were negative for two-hand coordination and rotary pursuit, but

those for complex coordination were significant, as shown in Table 3.

Table 3. Analysis of variance of quadratic component of
scores by days for complex coordination

Source daf _ Mean Square | F P
Between radiation 8 .00282061 3.33 < .01
groups | '
Within groups 58 .00084699
Total 66
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A plot of the mean coefficients against exposure values, shown in ‘
Figure 5, suggests that the quadratic component of the 10-day perform-
ance curve Secame more negative the more intense the radiation exposure.
In other wofds, the more intense the exéosure, the more likely it was
that performance was falling, rather than rising, toward the end of the
10-day period of measurement.

Except for the curvature aspect of the 10-day performance sequence

for complex coordination, one can summarize these two studies by saying

“that there is no dependable evidence that exposure to ionizing radiation
affected the variables measured. Whether this exception is a true
radiation effect is debatable. It could just as well have been a
disease effect, for we must presume that the prescribed exposure'inten-
sity bore some relationship to the true severity of the disease.
Whatever its source, the effect probably represents progressive motoric
weakness or fatigue in the operation of the spring—ioaded controls rather
than decrements in the cognitive aspects of the task. Finally, it

| seems‘important to re-emphasize that the application of these results

to operational problems should be made with cautious regard for the med-

ical status of the subjects and the limited relevance of experimental

criteria.
Clinical Obserwvations

Although lacking the precision of systematic experimental studies,
certain observations acquired through clinical studies of bomb casual-

-

ties, accidental exposures, and therapeutic experiences deserve careful
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consideration because of their attention to what Furchtgott (1356) has
called "behaviorally significant effects." For example, Keller (139u6)
noted fatigability as an almost universal complaint in his study of
bomb casualties; and Gerstner (1957, 1958) commented on the appearance
of listlessness, apathy, headache, and drowsiness "within a few hours"
of exposure to radiotherapy. Miller, Fletcher, and Gerstner (1357)
found about 50 percent of their patients showing fatigue, ancrexia, and
nausea shortly after radiotherapeutic exposures ranging from 125 to 175 r.
Further studies of therapeutic experience by Levin, Sd-méider, and
Gerstner (1959) observed that whole-body exposures of 150-200 r left
patients asymptomatic for about an hour, but thereafter precipitated
feelings of fatigue, apathy, dizziness, and headache, and produced
~appear~énces of depression and energy depletion. Thoma and Wald (1959)
reported similar findings in their review of accidental exposures.
Finally, Furchtgott (1952) reported studies, unavailable to him in
original form, which suggested that radiation of the skin in "sub-
erythemal doses" increased scotopic thresholds for several days and pro-
duced decrements in dark adaptation levels.

One, of course, cannot foresee with confidence what impact these
effects might have on task performance, since high levels of train-
ing and motivation often sustain an operator to outstanding levels of
achievement despite his infirmities. On the other hand, we éan all
agree that such effects represent potential liabilities that operators

would be better off without.
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The British Study

The sparse account of human studies would not be complete without
reference to a recent paper by Frisby (1961). A Br;itish physician '
discovered one day that he had acquired a carcincmé of the tongue. As
radiation therapy progressed, he came vaguely to feel that certain
behavioral chaﬁges were taking place, and finally, after four weeks of
this, he offered a psychologist an opportunity to study certain |
intellectual and perceptual functions by psychometric methods. Tests
involving choice reaction time, cancellation, and fractions were admin-
istered twice daily (except Saturday and Sunday), sometimes by the
psychologist and scmetimes by the secretary, until a total of 6870 r
had been delivered to the lesion, 5000 r to a nearby gland, and 7530 r

to the skin. There was no evidence of radiation effect.
Infra-Human Primate Studies

The scarcity of human data may be regarded as compensated in ‘part
' by a wide assortment of studies conducted on the infra-human primate,
particularly on M. mulata., Whether such studies are truly useful
depends, of course, on the validity of assumptions one makes about the
phylogenetic continuity of behavioral processes. There are some who
insist that there is a fundamental discontinuity between the behaviors
of man and lower animals, and that little or nothing can be safely
inferred about one from studies of the other. On the other hand, one
should remember that such assertions are usually treated as hypotheses

by those who study subhuman behavior, and the acceptance of the doctrine
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~before the fact would therefore seem to beg the question. Scholars in
this field generally take the position that the study of lower animals
promotes the understanding of human behavior to the degree that
fundamental princiﬁles anticipate and embrace both sets of facts, an
event which occurs more conclusively than most people today realize.

Fram a clinical point of view it is interesting to note the conclusion
drawn by Zellmer and Pickering (1960) that M. mulata demonstrates all

the important aspects of the acute radiation syndrome. Diagnostic and
prognostic signs (diarrhea, vomiting, purpura, anorexia, epilation, ete)
accur about as frequently and with about the same latency as in humans,
and the three modes of radiation death (NS, gastrointestinal, and
hematopoietic) are about as well illustrated. Thus there is a very
substantial amount of conviction that M. mulata is an exceptionally
suitable substitute for the human as an experimental animal. Fortunately
so, for the study of lower primates permits the observation of complicated
processes in their more elementary forms, and it permits the deliberate
arrangement and control of a great variety of conditions for the satis-

faction of experimental objectives.
. Behavioral Methodology

The broad assortment of devices and techniques commonly used to
study the animal's intellectual, pemepﬁhl, and motoric capabilities
are described in any textbook of comparative psychology (e.g., Stone,
1951), as well as in the cited references, and any attempt to review
them here would impose needlessly upon time and patience. In general,

however, it may facilitate understanding to note that the investigator's
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ability to observe and measure these processes entails two fundamental
requirements. First, he must devise a problem the-solufion of which
embodies the specified characteristics of such processes and falls
.within the anatomical and physiological capabilities 6f the organism.
Second, he must provide an incentive which renders the solution worth
the apimal's effort. The rigor and precision wifh'Which he can study
the prbcessés depends in part upon the extent to which he can (a)
control the environmental conditions and (b) quantify the résponses in
terms of their appropriateness, vigor, frequency, and latency.

The major categories of behavior which have served as fo¢al points
of research on the radiated monkey are (a) the learning and retention
of discrimination habits, (b) the generalization of habits to novel
situations, (c¢) the manipulation of envirormental objects, (d) the.
delay of response to cues no longer present; (e) the breadth of atten-
tion to peripheral cues, (f) the solution of puzzles, (g) locamotion,
and (h) free cage behavior in a comparatively unstructured environment.
These categories merely represent convenient ways of classifying various
aspects of the interaction between organism.and environment, and one
should understand that they are rigorously definable in terms of

specific experimental operations.

Radiation Effects

learning and Retention. Early systematic efforts explored the
success with which the animal could reproduce discriminations which had
been mastered prior to exposure. For example, Kaplan and Gentry (1954)
trained animals on a serial discrimination task composed of 15 pairs of
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stereanetric objeéts, then exposed them to 1000 r of whole-body radia-
tion delivered at 15r/min. Response evocation was rare on early post-
exposure trials, but significant retention was demonstrated from 8 hours
postexposure until 21 hours before death. Kaplan et al (1954) repeated
the foregoing study with minor variatioﬁs in which testing was resumed
24 hours postexposure and continued twice daily until the animals

could no longer enter the transport cages. Although the radiated animals

. performed somewhat less well than controls after the third day, they

exhibited significant degrees of retention virtually up to the point of
collapse. Me-lc_'hing and Kaplan (1954) modified the procedure by requir-
ing animals to discriminate objects in order to select an alley in |

which they could avoid electrical shock. Tests of retention conducted
between 2 and 10 hours following the delivery of 1500 r at 34r/min were
essentially negative. Rogers et al (1954) reported comparable results
after exposures to 1295 r. Kaplan et al (1960), analyzing discrimina-

tion ability following massive doses of gamma radiation ranging from

11000 to 30000 r at 1000r/min, concluded that some animals were able to

accept up to 5000 r without performing poorly, provided they were
physically able to perform at all.
Harlow and Moon (1956) trained animals on a variety of tasks,

including planometric discrimination and oddity problems, then exposed

 half of them to 100 r every 35 days until death. Formal testing was

discontinued after the ninth exposure period for lack of survivors, but
there was no evidence prior to death that radiation had degraded the
ability to solve even the most camplex learning problems, and animals

on the verge of death maintained high performance levels until they
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were so weak that overt response was no longer possible., Similarly,

B

Riopelle, Grodsky, and Ades (13956) examined the effects of cumilative -

exposures adding to 2000 r on object quality discrimination only to finéi f‘?-'«_.:’ T

that the performance of radiated animals was equal to or better than
that of controls. -

When it became evident that the retention of simple discrimination
habits was not seriously affected even by massive doses of radiation,
efforts were made to devise more complicated problems and to examine
the acquisition process, as opposed to the retention process, at
generally lowér levels of exposure.  For example, eight months post- : _‘
exposure to average doses up to 550 rem, Warren, Kaplan, and Greenwood
(1955) trained animals to respond comeétly to each of 108 pairs of
multidimensional cobjects, then reversed the reinforcing operation so
that the opposite member of each pair became the symbol of reward. Pre-
reversal performance was not affected by the dosage levels; and post-

- reversal perfomﬁnce, although somewhat deficient, was not correlated
with dose. McDowell and Brown (195%a) varied the cue reversal technique
by rewarding the oddly colored of three objects during pre-reversal
training, then rewarding the oddly shaped of the three objects during
post-reversal training. Radiation exposure up to approximately 600 rem
average dose failed to affect either phase of training in terms of errors
cammitted. McDowell, Brown, and White (1961) used a comparable technique
to assess the impact of massive focal radiation to the head, but with
negative results.

Overall and Brown (1959) found no radiation effects when the task

was one of learning to respond to the most recently rewarded position,
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Later, however, Overall, Brown, and Gentry (1960) showed that the
ability to learn size relationships between objects declined as a
linear function of dosages which had been delivered three years prior
to test (0 to 616 rep mixed neutron and gamma). Brown, Overall, and
Blodgett (1959) presented consecutive discrimination problems in which
both positive and negative cues in earlier series were selected at
random to become negative when paired with new stimuli. Mixed neutron
and gamma radiation up to 616 rep had no effect on the solution of
this problem.

| McDowell and Brown (1960b) adapted the Landoldt Ring principle to
a series of eight problems ranging in difficulty from a 90° break to
a 1° break in order to study the visual acuity of animals which had
been exposed to as much as 616 rep three years earlier. All animals
learned the easier problems readily, but they failed the more difficult
. ones in accordance with dosage received. Roughly comparable results
were obtained foilowing massive focal radiation to the head (McDowell
and Brown, 1960b). However, neither set of results seemed decisive
with respect to whether the deficit was a matter of visual acuity
per se or plaﬁanetric discrimination learning. The authors argued the
former .interpretation on the grounds that the easier problems were in
fact learned.

Generalization of Habits. The ability to transfer principles

acquired through experience with one set of problems to the solution
of a new set of problems is generally regarded as a very high order of
intellectual achievement. Such processes are studied in lower animals

by presenting the training problem in such a way that reinforcement is
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applied té all objects which have some particular feature in common,
say triangularity, while nonreinforcement is applied to those objects
which lack the feature. The critical test of transfer involves addi-
tional problems which incorporate some variant of the differentiated

- cue. Kaplan and Gentry (1953) explored the effects of radiation on
this ability by cdrrparing controls with animals that had received
whole-body exposure to 400 r at about 16r/min. Half the exposed animals
had their heads and spinal cords shielded. Transfer tests applied |
immediately postexposure as well as several months later gave no evi-
dence of a deleterious effect. Comparable results were found with
animals which had been exposed to whole-body doses as high as 616 rep
(McDowell, 1960), and to focal head doses as high as 3000 r (McDowell
and Brown, 1959c). | |

Manipulation. Leary and Ruch (1955) noted some decline in the

ability to pull weights and manipulate mechanical puzzles shortly after

the delivery of 200 r or more, but these effects appeared to be transient.

On the other hand, Davis, McDowell, and Deter (1956) observed no impor-
tant changes in manipulation ability after as much as 400 r.

Delayed Response. The measurement of an animal's ability to

postpone its response to same reward or to some sign of reward following
concea]menf from view was one of the earliest behavioristic approaches
to the study of mental processes in lower animals. This process assumed
considerable theoretical significance because of the implication that
the animal, no longer able to sense the object, was responding to some
internalized representation of if, thereby exhibiting implicit behavior

remarkably like that found at the human level. Also, the amount of
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delay attainable was generally correlated with phylogenetic sequence,
ranging from about 10 seconds in the rat to much longer in the human.
Davis, McDowell, ‘and Deter (1956) were unable to degrade this response
with acute whole-body exposures up to 400 r, and later studies involving
up to about 1100 rem average dose found experimental animals performing
about as well as (Da§is, Elam, and McDowell, 1958) or better than
(McDowell and Brown, 1958b) controls. Multiple exposures eventuating
ih total doses of 2000 r (Riopelle, 1959; Riopelle, Grodsky, and Ades,
1956) were likewise without effect, as were doses of 100 r given every
35 days until death (Harlow and Moon, 1956). McDowell, Brown, and
White (1961) found no significant effect two years after their animals'
heads had been exposed to 6000 r in two increments of 3000 r spaced 30
days apart. Harlow, Schiltz, and Settlage (1955) were able to degrade

the response temporarily with 8000 r delivered to the head, but recovery

~ was detectable four days later and was complete on the eighth day.

An unusual study worthy of note attempted to assess the impact of
low-energy heavy nuclear components of primary cosmic radiation by
exposing two Java monkeys to altitudes of 90 - 35M feet for 62 hours
(Harlow, Schrier, and Simo‘ﬁS, 1956). Delayed response, as well as other
pmcesses, was unaffected by this exposure, but the absence of tfack
plate data precluded a determination of exposure level. About all one
can say is that the animals were exposed to a hostile enviromment, and
if they were hit, they were not measurably affected.

Attentiveness to Environmental Cues. Riopelle, Grodsky, and Ades

(1956) were perhaps the first to suggest that the often superior

performance of radiated animals represents a kind of tranquilizing
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effect in which the animal is rendered less responsive to peripheral
stimuli and consequently more attentive to the cues relevant to the
problem presented for solution. Subseguent investigators confirmed
this facilitative effect on oddity reversal problems (McDowell and
Brown, 1959a); delayed response problems (McDowell and Brown, 1958b),
discrimination problems (McDowell and Brown, 1958a; McDowell, Brown,
and Wicker, 1959); and easier levels of the Laﬁdoldt Ring problem
(Brown and McDowell, 1960). Further studies left no doubt that radia-
tion narrowed the anﬁmal's scope of attention (McDowell, 1858; Overall
and .Brown, 19583 Brown, Carr, and Overall, 1958), producing as it were,
a kind éf "reduction in life space" (Davis, Elam, and McDowell, 1358).
Although one might be tempted at first to rejoice over what might appear
to be an unexpected bonus from an otherwise hostile enviromment, a

more sober and insightful reflection on the reasons for these facilita-
tive effects marks them as unwanted phenomena worthy of serious concern.

Miscellaneous Effects. Leary (1955) observed changes in the food

preferences of animals which had been exposed to as little as 50 r, and
Davis (1958) noted the persistence of such changes through at least 14
months postexposure. Several stuciies of free cage behavior have
identified lower aggression (McDowell, Davis, and Steele, 1956) and
exaggerated self-care (McDowell and Brown, 1958c, d) as consequences of
whole-body doses as low as 400 r, At least one study has suggested an
increase in reaction time as a function of dosage ranging from 0 to

670 rem (McDowell, Brown, and Wicker, 1961).
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Si.umnary

More than fifty studies of anthropoid behavior observed under
various kinds, rates, and amounts of ionizing radiation have shown, on
balance, that behavioral functions are highly resistant to acute whole-
body doses well above those required to produce troublesome manifesta-
tions of acute radiation sickness. Despite this overwhelming evidence
of resistance, however, several aspects of behavior are clearly not
impregnable. Further effort, therefore, is required to relate such
aspects both to the physical dimensions of the radiation environment
and the visible damage produced in biological tissues, with particular
emphasis on the modifying properties of other stressors.

From a practical and conservative point of view, any exposure
intense enough Vto embarrass an individual's normal physiological rnocie
should be rééarded as behaviorally significant because it imposes
constraints upon the convenience with which the individual can adapt
to envi_romnental circumstances. In terms of immediate effeéts, pre;ent
knowledge suggests the acute radiation syndrome as the ruling factor

in the specification of permissable acute exposure levels.
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THE LETHAL EFFECTIVENESS OF A SOLAR FLARE-TYPE
DOSE DISTRIBUTION DELIVERED TO THE RAT

K. L. Jackson

Radlation Biology Group
Bioastronautics Section
Physics Technology Department
The Boeing Company
Seattle, Washington

Abstract

An investigation of some biological effects produced by
exposure of rats to a solar flare-type depth-dose distri-
bution has been carried out. Space proton doses to bone
marrow will not be appreciably attenuated by surrounding

bone end in the present study, this was simulated by use of
cobalt-60 gamma radiation. Depth-dose distribution, pro-
duced in rats by a filter-rotation technique, resulted in a
midline dose which was 25 per cent of the surface dose. This
depth-dose 1s similer to that calculated for exposure of man
to July 16, 1959 solar flare protons with 10 gm/cm® of shield-

1ing.

The 50 per cent lethal dose (LD 0) measured at the surface
of the rat was three times greafer for depth-dose exposure

as compared to vniform exposure. The midline LD.. was less
for depth-dose exposure than for uniform exposuré. The depth
in the body at which the depth-dose LD., was equal to the
uniform LDy was approximately 50 per E€ent of the distance
from the sirface to the midline. The total energy absorbed
at the ILD_.. was 1.5 times greater with depth-dose exposure

as cbmpargg to uniform exposure. Mean survival time of dece-
dents in the LD16 - IZ.D81+ range was significantly shorter in
depth-dose exposed animals as compared to uniformly exposed
animals. This suggests that depth-dose exposure produces
‘greater injury to the intestine which was verified by measure-
ment of intestinal weight changes. ‘

Introduction

Interest in the biological effects resulting from whole-body exposure of
mammals to a decreasing depth-dose distribution of ionizing radiation
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recently has increased because space proton fields(l’z) are expected
to_produce this form of absorbed dose geometry(3,h). The lethal
effectiveness of decreasing depth-dose distribution down to 70 per
cent of She surface dose at body-center has been discussed by Bond,
~et.al. However, little information is available on the lethsl
dose requirements for midline doses in the range of 1 to 70 per cent
of the surface d?ﬁeS the range expected for exposure of man to space
radiation fields(%,6) ,

Beta irradiation of smell animals has been used to produce a steep
depth-dose near the body surface but this method does n?t oduce
significant doses at body-center or intermediate depths 7, Inter-
pretation of lethality and organ damage date obtained by use of low

1. Ney, E. P., J. R. Winckler, and P. S. Frier, Protons from the
Sun, May 12 1959. Phys. Rev. let. 3 183-185 (1959).

2. Van Allen, J. A., and L. A. Frank, Radiation Méasurements to
658,300 KM with Pioneer IV. Wature 184:219-224 (1959).

3. Dye, D. L., and J. C. Noyes, Biological Shielding for Radiation
Belt Particles. J. Astronautical Sci. T7:64-70 (1960).

k., Schaefer, H. J.; Further Evaluation of Tissue Depth Doses in’
Proton Radiation Fields in Space. U.S.N. School Aviation Medi-
cine Research Report 17, 1l pages (May 1950).

5. Bond, V. P., E. P. Cronkite, C. A. Sondhaus, G. Imirie,
J. 5. Robertson, and D. C. Borg, The Influence of Exposure
Geometry on the Pattern of Radiastion Dose Delivered to Large
Animal Phantoms. Rad. Res. 6:554-572 (1957).

6. Jackson, K. L., Influence of Solar Flare-Type Exposure Ceometry
on Acute lethality: Technical Discussion =znd Proposed Study.
Boeing Document D2-12242, 28 pages (August 1961).

7. Biological Effects of External Beta Radiation, edited by
R. E. Zirkle, National Nuclear Energy Series IV-22E, McGraw-Hill
Book Co., Inc., New York (1951).

8. Crook, J. C., E. V. Hulse, J. H. Mulvey, and G. J. Neary, The

Acute Effects of Partial-Body Beta Irradiastion of Mice. British
J. Radiol. 31:477-485 (1958).
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—voltage X-radiation to produce a depth-dose distribution is complica-
ted by the shielding effect of surrounding bone on marrow dosel9-12),
This appears to be an important factor in the study of biological
effects produced by space proton fields since rad%g&ion doses to
marrow will not be appreciably attenuated by bone

In the present investigation of the effects of depth-dose irradiation
of the rat, bone attenuation of marrow dose has been minimized by
using cobalt-60 gamma radiation in conjunction with a filter-rotation
technique. The relative depth-dose distribution studied is similar
to that calculated for exposure of ?23 to July 16, 1959, solar flare
protons with 10 gm./cm2 of shielding The advantage gained by use
of gamma radiation to study depth-dose effects per se égdependent
from RBE considerations has been discussed previously

Experimental Procedure

Animals

Two-month-old, male, Sprague-Dawley rats were used in the experiments.
The animals were housed four to a cage and were given water and Purina
Laboratory Chow ad libitum.

9. Alpen, E. L., and D. M. Jones, Effects of Concomitant Superficial
X-Radiation Upon the Lethal Effectlveness of 250 KVP X-Rays.
Radiology 72:81-85 (1959).

10. Alpen, E. L., D. M. Jones, H. H. Hechter, and V. P. Bond, The
Comparative Biologlcal Response of Dogs to 250 KVP and 100 KVP
X-Rays. Radiology 70:541-550 (1958).

11. Grahn, D., G. A. Sacher,'and H. Walton, Comparative Effectiveness
of Several X-Ray Qualities for Acute Iethality in Mice and
Rabbits. Rad. Res. 4:228-2k2 (1956).

12. Report of the International Commission on Radiological Units and
Measurements (ICRU) 1959, National Bureau of Standards Handbook

78, January 16, 1961.

. e A Oden1 4023 Makhnd -0
13- Li‘\:c}{field, J. T-, and . ‘;vrilcmuu, A OLIiPail G sEuasa Ox

Evaluating Dose-Effect Experiments. J. Pharmecol. Exptl.
Therap. 96:99-113 (1949). ~
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Methods

A few minutes before irradiation, groups of twelve rats were anesthe-
tized with an intraperitoneal injection of nembutel and were placed
in k.4 cm (inside diameter) cast acrylic cylinders. During irradia-
tion the cylinders were rotated at 28 RPM ebout their long exes which
were positioned vertically by means of the apparatus shown in Fig. 1.
This technique allowed accurate positioning of the midline of the
rats and caused the rats' bodies to assume a fixed cylindrical shape.
In order to deliver the same midline dose to the upper, center, and
lower portions of the cylinders, the long axis of a 0.5 inch diameter
by 8.3 inches long (1000 C) cobalt-60 source was centered on and
positioned parallel to the long axis of the cylinders.

Simultaneous exposure of six rats to a decreasing depth-dose was
accomplished by rotation of the rat-containing cylinders behind wedge
shaped lead filters (Fig. 1). The cross section of each filter was

an isosceles triangle with an altitude of 7.5 cm and a base of 4.0 cm.
The base was constructed 4 mm smaller than the diemeter of the rat so
that diverging rays from the source which grazed the edge of the filter
at the base also grazed the surface of the rat. Because the plane of
maximum thickness of the lead filter was positioned in the center of
the rat (along the longitudinal axis), the midline of the rat received
a low, constant dose-rate during rotation. A point on or near the
surface of the rat, however, passed alternately through areas of high-
to low dose-rates. The net effect of such exposure geometry was to
produce the depth-dose distribution shown in Fig. 2. :

Simultaneous irradistion of six rats with a uniform body dose was
accomplished by exposing rotating enimals in the apparatus of Fig. 1
but without the use of a lead filter. In order to obtain approximately
the same desired average body-surface dose-rate for the two exposure
geometries, the midline to source distance for uniform and depth-dose
exposure was approximately 20 inches and 10-3/4 inches, respectively.
Slight adjustments of rotator positions were made to reduce the devia-
tion of dose rate within each geometry group to less than 2 per cent
of the mean. )

In each series of exposures six depth-dose irradiated rats and six
uniformly irradiated rats were exposed simultaneously. Because irradia-
tion of the uniformly exposed asnimals required less time than was
required for irradiation of the depth-dose animals, exposure of the
depth-dose group was interrupted in order to remove the uniform group.
The time required for removal of the uniform group was-less than three

minutes.

Mortality data obtained following exposure of the animals to a series
of graded radiation doses were analyzed for 50 per cent lethal doses
at 30 days SLDsO) and potency ratios by the method Litchfield and

Wilcoxon
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In order to measure the wet weight of the small intestine, this
tissue was removed under ether anesthesia and rapidly stripped free
of mesenteric blood vessels, fat, and pancreas. After chilling the
intestine in ice cold isotonic saline, the tissue was cut longitudi-
nally and the luminal content was blotted away on filter paper. The
intestine was rinsed in five changes of ice cold saline, reblotted on
filter paper, and weighed.

Dos :Lmetg

The primary reference for measurement of radiation doses was a #621
Victoreen 100r thimble chamber. All measurements were made with the
chamber covered with a 1.3 cm thickness of pressed wood. The chamber
and stem were exposed to the same radiation field. Rat phantoms were
constructed from stacks of 4.4 cm diameter, 1/8 inch thick disecs of
pressed wood contained in the acrylic cylinders.* The tissue roentgen
dose was converted to rad dose by a multiplication factor of O ﬂ
which is relatively constant over a considerable energy range ( )

The dose delivered to the uniformly exposed rats was determined by
making a series of exposures for varying periods of time and measuring
the dose with the Victoreen thimble chamber. Extrapolation of the
measured dose to zero time ylelded the dose delivered during the time

- required to ralse the source to, and lower the source from, the exposure
position (raise-lower-dose). Shaped lead bricks inside and below the
rotators reduced the raise-lower-dose to 14.7 rad. The dose-rate with
the source in the expose position was 59.6 rad/min measured at the migd-
line of the phantom. ,

The dose distribution delivered to depth-dose exposed rats was measured
by photographic film dosimetry using Dupont 510 film. The film loads
were constructed as part of the phantom by using discs of 1/8 inch
pressed wood with a circular plece of film sandwiched between the wood
discs. A second strip of film was positioned in a 90 degree plane to
the circular f£ilm around the outside of the wood discs. This second
£ilm was used to obtain a film density measurement near the surface of
the cylinder wall. The entire film load, when sealed with black mask-
ing tape, made a tight fit in the acrylic cylinder. Micrometer measure-
ment of masking tape, protective paper, and f£ilm thicknesses indicated
the average depth of the emulsion to be 0.5 mm from the cylinder wall.
The films were developed in Kodak X-Ray Developer and film densities
ware meagured with a Macbeth-Ansco densitometer. The relationship
between film density and Victoreen chamber reading was determined

#Density of the pressed wood was 1.10 gn/em3. The Victoreen chamber
yielded the same dose in a water phantom or a pressed wood phantom when
each was exposed behind a lead filter.
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following simultaneous exposure of the films and thimble, each being
imbedded in a pressed wood phantom and rotated in an acrylic cylinder
without a lead filter. Individusl standard curves relating film den-
gitlies of the two films to Victoreen reading were constructed from
date obtained by & series of duplicate radiation exposures.

The depth-dose distribution and dose-rate delivered to the phantom %f

was calculated from film density measurements made at known distances
from the acrylic cylinder wall following simultaneous exposure of
duplicate f£ilm packs rotated behind lead filters in all depth-dose
rotators. Numbers in parentheses given in Fig. 2 indicate the maximum
per cent deviation from the mean of the measured dose smong the six
rotators. No significant buildup of the dose near the surface of the
phantom was expected due to the 1/8-inch acrylic plastic wall surround-
ing the phantoiith. The average dose-rate delivered to the surface

of the rotating phantom, obtained by extrapolation of the depth-dose
curve to the surface (Fig. 2), was determined to be 54.8 rad/min. The
surface raise~lower-dose was 10,9 rad. The maximum dose-rate delivered
to the surface of the phantom (measured with no rotation) was in the
region of minimm lead filter thickness and this dose-rate was observed
to be 189 rad/min. :

Since photographic f£ilm exhibits marked energy dependence at low photon
energies?15§f an estimate was made of the error in dosimetry due to
low energy scatter from the back of the lead filter. This error would
‘be greatest at the center of the phantom.* Although the Victoreen
chamber was too large to measure doses near the surface of the rat
phantom, it could be used to determine the dose delivered to the center
because in this region the dose change with depth is small over the

1%. Burkell, C. C., T. A. Watson, H. E. Johns, and R. J. Horsley, ;
Skin Effects of Cobalt-60 Telecurie Therapy. British J. Radiol. b
27:171-176 (1954).

15. Dudley, R. A., Photographic Film Dosimetry in "Radiation Dosi-
metry"”, edited by G. J. Hine and G. L. Brownell, Academic Press,
New York (1956).

Tests made by exposure of film and Victoreen chamber behind large
slabs of lead of verious thicknesses indicated that the discrepancy
between £ilm and Victoreen increased with increasing thickness of
lead. The discrepeancy exceeded 10 per cent for slabs thicker than
5.5 cm.
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dimensions of the Victoreen chamber (Fig. 2). A comparison, therefore,
was made of the dose measured at the center of the phantom by the
Victoreen chamber and film when these were exposed simultaneously

while rotated behind a lead filter. As indicated in Fig. 2, the film
registered a phantom midline dose which was 25 per cent of the surface
dose and the Victoreen recorded a dose which was 23 per cent of the
surface dose. Since factory calibration showed that the Victoreen
chanber used reads 4.5 per cent lower for 100 KVCP X-radiation as com-
pared to cobalt-60 gamma radiation, the error due to film energy
dependence may be somewhat less than is indicated by the above test.

The total energy absorbed by a rat during depth-dose irradiation was
estimated by integration of the energy delivered to a tissue cylinder
by the depth-dose distribution shown in Fig. 2. The rats were assumed
to be cylinders of 4.4 cm diameter with volumes egqual to the body
weight divided by a body density of 1.02. Graphical integration of the
energy delivered was performed by summetion of the mean energy delivered
to a 4 mm diemeter core and concentric cylinders of 2 mm wall thickness.

Results

In Experiments I and II, a total of 24 groups of six rats were exposed
to graded surface doses ranging from 736 to 951 rad and 2231 to 3282 rad
for uniform and depth-dose geometry, respectively. Results of analysis
of mortality data obtained in these experiments are given in Table Il.
The surface LDc5 values with depth-dose exposure were significantly
greater than w;th uniform exposure and the analyses indicated the slope
of dose-per cent curves in each experiment did not deviate significantly
from parallelism. Therefore, potency ratios were estimated which indi-
cate the surface LDSO for depth-dose exposed animals was three times
greater than the LDz, for uniform exposure. These data also show that
the midline LDcy fof the depth-dose exposed animals was significantly
lover than the midline LDcy of the uniformly exposed animals (Table I
and Fig. 3). The LD50 ues were numerically equal at a torso depth

of 47 to 53 per cent’of the distance from surface to midline (Table I
and Fig. 3).

Since the dose delivered to various parts of the rat during depth-dose
exposure depends upon distance of the tissue from the cylinder wall,

a description of the position assumed by rats during irradiation is
warranted. The trunks of the bodies made a snug fit in the cylinders
and the torso was cylindrical (Fig. 1).* The end of the lower mandible
was usually against the wall of the cylinder with the back of the head
against the opposite cylinder wall. The fore legs were between the

\

*Respiration and circulation appeared normal as judged by ear color
and head and thorax movements.
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Table 1. Mortality Data for Rats Subjected to Uniforn
and Depth-Dose Exposure from Cobalt-602

% Depth
at which
Depth-Dose
Experi- ' Slope Potency Midline Equals Body Integral Ratio of
ment Exposure LDs50 Function Ratio LDsq Uniform Weight Dose Integral
No. __ Geometry (rad) s at_LDsg (rad) LDggb Sgnic (Kgrad) Doses
Depth-dose 2522 1.06 631 200 250 |
1 (2h27-2620) (1 02-1. 11) 2.99 (606-655 b7 1L
Uniform — BYG 1.02 (2.61-3.33) T 201 170 T
(831-860) (1.01-1.04) (831-860)
Depth-dose %51;6 y % .12 ) 63§(8 6 225 284
2314-2801 1.0 01-1 2hk) 3.21 (578-825)
I niform 793 (2.89-3.56) 793 Shb 227 180 1.58
(763-825) (0.71-1.59) (763-825)
Depth-dose %691; 821 lL .13 ) 8 63 ) 187 250
: 2572-2821 1,05-1.21) 3.1 3-705
III  Gniform 856 1.0% (2.89-3.50) 53% 190 161 1.55
(833-858) (1 02-1.06) (833-858) -

8Values in parenthesis are 95% confidence limits.
bpercent of distance from surface to midline at which the LD5o's for each exposure geometry were equal.

CMean body weight at the time of irradiation for animals exposed within the LD} to LDg) range.
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- upper thorax area and the cylinder wall and the tail was coiled and
generally in contact with the wall of the cylinder. The femoral
portion of the hind limbs were in contact with the cylinder wall
but the tibial portion varied considersbly with respect to distance
from the wall. Roentgenograms of a rat positioned in a cylinder
showed that most of the bone structure was located near the surface
of the animal but that a small amount of marrow was distributed at
depths down to the midline as a result of curvature of the thoracic
spine. '

In order to determine if a lower dose to the tibial portion of the
hind legs was responsible for any of the change in LD.. with depth-
dose exposure, Experiment III was modified slightly. 5gponge rubber
pads were loosely taped between the hind legs so that in all exposures
(depth-dose and uniform) the hind limbs were in contact with the
cylinder walls. A total of 10 groups of twelve rats were exposed to
graded surface radiation doses ranging from 820 to 897 rad and 2134 to
2910 red. The data obtained in this experiment (Tsble I, Exp. III)
show that positive positoning of the lower portion of the hind limbs
did not decrease the depth-dose LD 0 The potency ratio of the LDSO
was not significantly different from the values obtained in Expericz
ments I and II. The estimated integral dose (Kgrad) delivered to
depth-dose and uniformly exposed rats is given in Table I. At the

1D 0 the integral dose delivered to the depth-dose exposed rats was
1.§ times greater than the integ al dose delivered to the uniformly
exposed rats.

All rats irradiated with depth-dose geometry in Experiments I, II,

and III developed skin buins in sbout a 1-1/2 by 2 cm area on the
thighs. This was pronounced during the third week post-exposure and
epilation in the abdominal and back areas occurred during the fourth
week. Body weights were followed in Experiments I and III and exami-
nation of these data revealed that mean body weight changes of animals
exposed to doses within the LD16 to LDg), range did not differ signifi-
cantly in the two exposure geometry groups at 1, 2, and 3 days post-
irraediation. Body weights of survivors in the ID16 to LDg), range were
not significantly different in the two exposure geometry groups at

30 days post-irradiation.

A difference in the mean survival times of depth-dose and uniform
exposure groups, however, was detected as shown by the mean survival
times given in Tsble II for decedents exposed to doses in the D¢

to IDg), range. These data indicate that in each experiment the mean
survival time of depth-dose exposed rats was significantly less than
mean survival time of the uniformly exposed rats. The median survival
times were very close to the mean survivel times, indicating the
distributions about the means were symmetrical.

In Experiment IV intestinal weight changes as a function of time post-
irradiation were measured in a group of rats irradiated with 40 per
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Table 2. Mean Survival Times of Decedents Subjected to
Depth-Dose and Uniform Exposures Within the LDjg and LD& Range

Total No.
Estimated Range of Doses of Animals -
Dose Range Delivered to Exposed Mean
Experi- of Animals in Within the Survival
ment Exposure LDy 6-LDg), -LDg), Range  LDyg-LDgy, No. of Time
No. Geometry (rad)® mg)a Range Decedents (days)P Probability
1 Depth-dose 2357-2658  2Lhh-2641 12 5 10.2¢0.2 o
Uniform 829-86L 837-860 12 6 11.7+0.2 '
T Depth-dose 2271-2854  2425-2668 12 4 10.3+1.1 05
Uniform Th5-841 786-825 12 7 16.0+1.9 :
11T Depth-dose 2381-3047  2522-2910 36 19 7.8+0.6 <..00L-
Uniform 814-879 820-878 48 28 13.7+0.8 '

8Surface doses

bMean survival time + standard error of the mean



cent of the mean surface depth-dose LD50 and in a second group of rats
irradiated with 40 per cent of the mean uniform LDsg as measured in
Experiments I, II and III. The doses employed were 1035 and 332 rad
for depth-dose and uniform exposure, respectively. The changes ob-
served in small intestine weight following irradiation are given in
Fig. 4. These data indicate the intestinal weight loss was signi-
ficantly greater in depth-dose exposed rats as compared to uniforml
exposed rats on the first day (p = .05) and the second day (p = .01
following irradiation. During the recovery phase the mean intestinal
weight overshoot of the non-irradiated control was greater in the
depth-dose as compared to the uniformly exposed group elthough this
difference was not significant.

Discussion’

A factor vwhich influences the magnitude of the LDso the rat is pro-
traction of the dose due to differences in dose rate(16,17). In the
rresent study the time required to deliver & uniform LD5o was approxi-
mately 14 minutes (at 59 rad/min.) as compared to approximately 48
minutes for delivery of the depth-dose LDg5g. An estimate of the
effect of this difference in exp?s time on L.ng can be made from
data published by Logie, et. al. Jﬁsefor cobalt-50 gamma irradiation
of the rat. Their dats indicate that an increase in exposure time
from 14 minutes (59 rad/min.) to 48 minutes would increase the LDsq
by less than 10 per cent. In the present experiments the average
surface LD5o and midline LD5o of depth-dose exposure were, respec-
tively, 213 per cent greater and 22 per cent less than the LDgg of
wmiform exposure. Therefore, mechenisms other than dose protraction
are responsible for differences obsesrved in the lethal dose require-
ments of wmiform and depth-dose irradiation.

Tt bas been observed with soft X-irradiation(9-11) and confirmed in
the present study that use of midline tissue dose falls to equate
uniform and depth-dose LD5g values. The nature of the midline LD5go
discrepancy, however, differs with cobalt-60 depth-dose and soft

16. Decquisto, M. P, and E. W. Blackburn, The Influence of Delivery
Rate of Whole Body 250 KV Roentgen Irradiation (30 or 3
Roentgens per Minute) on Mice, Rats, and Guinea Pigs. Am. J.
Roentg. Redium Therapy Nuclear Med. 84:699-704 (1960).

17. Logle, L. C., M. D. Harris, R. E. Tatsch, and E. N. VanHooser,

An Analysis of the o( o; as Related to Radiation Intensity.
Red. Res. 12:349-356 (1980).
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X-radiation depth-dose exposure. When 80 KVP X-radiation(11l), 100
KVP X-radiation(10,11) or 50 XVP X-radiation in combination with 250
KVP X-radiation(9) is used to produce depth-dose geometry, the mid-
line LD50 is equal to or greater than the midline LD5o produced by
wniform 250 KVP X-radiation. In contrast to this, in each experiment
of the present study, the depth-dose midline LD5o was significantly
lower than the uniform LD50 by an average of 22 per cent based on f£ilm
dosimetry (and an average of 29 per cent based on Victoreen chamber
measurement ). The difference may be due to the marked reduction

in mexrrow dose by surrounding bone when low voltage radistion is
used(11,12) but which does not occur to an appreciable ?xt t with
high energy radiation such as cobalt-60 gamma radiation(12)., When a
lethal depth-dose is produced by soft X-radiation, large soft tissue
exposure as compared to uniform, hard X-ray exposure is required at
marrow depths to produce sufficient injury in bone-shielded marrow.
Use of soft X-radiation, therefore, results in a depth-dose midline
' LD5p which is greater tban the uniform LDgq.

When depth-dose is produced with cobalt-60 gamma radiation, marrow

- receives a dose nearly equal to the soft tissue dose at the same
depth in the body. As a consequence, sufficient injury to peripheral
hematopoietic tissue can be produced to result in lethality without
the need for a dose equal to that of wniform irradiation being de-
livered to the midline (Fig. 3). This is a depth-dose effect which
is expected to occur with solar flare proton irradiation of man.

It 1s apparent from the integral dose wvalues obtained in the present
experiments (Table 1) that reduction of bone marrow shielding by use
of depth-dose cobalt-60 gamma irradiation does not result in an inte-
gral dose equal to the uniform exposure integral dose. In fact, the
ratio (depth-dose integral LD5o over uniform integral LDs5g) of 1.5
measured in the present study is in the same range as the ratios ob-
served for soft X-irradiation of large species where a significant
depth- oss was produced; i.e., ratios ?f 1.3 and 2.1 for the
rabbit(1l) and 1.1 and 1.7 for the dog(9). This suggests that non-
uniform dose distribution, independent of bone shielding of marrow,
plays an important role in the fallure of the integral dose concept.

Inability of integral dose to equate uniform and depth-dose exposure
is probably due to two general mechanisms: wasted energy and low
doses to portions of critical organs. Some of the total absorbed
energy from depth-dose exposure is wasted in tissues located closer
to the surface than marrow and some energy may be wasted in eritical
organs meximally damsged at a lower dose than is received. Survivel
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of oth?rwise lethal gastrointestinal injury(18) or hematopoietic
injury(19;20) vy protection of a small portion of the critical organ
system has been adequately demonstrated.

The significantly shorter survival time following depth-dose irradia-
tion (Table 2) indicates that some factor relating to lethality is
different in the two types of exposure geometry. This may result from
seml-shielding of parts ?t he hematopoietic system during depth-dose
exposure. Grahn, et.al.\ll) have cited evidence, indicating that
partial shielding of the hematopoietic system results in a decreased
survival time. A shortened survival time, however, also suggests
increased injury to the gastrointestinal tract since analyses of
radiation dose-survival relationships in several memmalian species
have revealed a short (3-5 day) survi time which is associated
with irradiation of the intestine(21-24). fThis hypothesis is
strengthened by consideration of the position of the intestine in

18. Swift, M. N., and S. T. Taketa, Modification of Acute Intestinal
Radiation Syndrome Through Shielding. /m. J. Physiol. 185:85-
91 (1956).

19. Swift, M. N., S. T, Taketa snd V. P. Bond, Efficacy of Hemato-
poletic Protective Procedures in Rats X-Irradiated with Intestine
Shielded. Rad. Res. 4:186-192 (1956).

20. Alpen, E. L., and S. J. Baum, Modification of X-Radiation
Lethality by Autologous Marrow Infusion in Dogs. Blood 13:1168-
175 (1958).

21. Quastler, H., Studies on Roentgen Death in Mice. I. Survival
Time and Dosage. Am. J. Roentgenol. Radium Therapy 5u:449-456

(1945).

22. Bond, V. P., M, N. Swift, A. C. Allen and M. C, Fishler, Sensi-
tivity of Abdomen of Rat to X-Irradiation. Am. J. Physiol.
161:323-330 (1950).

23. Quastler, H., E. F. Lanze, M. E. Keller and J. W. Osborme,
Studies on Roentgen Death in Mice. III. Acute Intestinal

Radiation Death. Am. J. Physicl. 16h:5L56-556 (1951).

24, Cronkite, E. P., and G. Brecher, Effects of Whole-Body Irrsdia-
tion. Ann. Rev. Med. _3_:193-2'1.’4» (1952).
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the body relative to depth-dose distribution. In the peritoneal
cavity the intestine is located in an approximate cylinder, which in
the anterior portion is very close to the body surface. Due to this
geometry a greater volume of intestine is located between the surface
and half the distance to body-center than the amount of intestine lo-
cated between body-center and half the distance to the surface.
Calculatione based on the depth-dose curve given in Fig. 2 reveal
that, at the LDsp, the integral dose delivered to the body tissue of
the rat located between the surface and half the distance to body-
center was 1.7 times as great as the integral dose delivered to the
same tissue by uniform irradiation. Thus, a large portion of the
total intestine must have received a greater amount of energy than
the same part of intestine in animals uniformly irradiated. In addi=-
tion, the total body integral dose at the o vas 1.5 times as
great as the wniform integral dose (Table 1) which implies that the
integral dose to the total intestine was higher in depth-dose _
exposure as compared to uniform cxposure.

Direct evidence for greater intestinal injury in depth-dose exposed
rats is given by the small intestine weight changes shown in Fig.

The data show that when rats are subjected to the same injury as
measured by mortality (i.e., 40 per cent of the respective LDso for
depth-dose or uniform exposure), the intestinal weight loss is signi-
ficantly greater on the first two days following depth-dose exposure
as compared to uniform exposure. Mean values for changes in intestine
weight during the recovery phase suggest the overshoot of intestinal
welght is also greater in the depth-dose exposed animals, These
changes in total intestine weight are interpreted as an index of
mucosa damege snd recovery because previous studies with the rat hawve
shown that total small intestine weight changes para.l.le]( nn;cosa
weight, nitrogen, and DNA changes following irradiation(2

overshoot of total intestine weight, mucosa weight, and mucosa nitro-
gen (but not DNA) is associated with the recovery phase and in the
present study the overshoot in depth-dose animals is additional evi-
dence for greater intestinal injury following depth-dose exposure.

These data suggest that greater injury to the intestine of man may
occur following solar flare proton exposure as compared to uniform
body exposure. Thus, sublethal space proton depth-dose exposures
mey cause greater early gastrointestinal illness than has been ob-
served following uniform exposure of humans(26).

25. Xay, R. E., and C. Enterman, Weight, Nitrogen and DNA Content
of Small Intestine Mucosa of Rats Exposed to X-Rays. Am. J.
Physiol. 197:13-18 (1959).

26. Miller, L. S., G. H. Fletcher and H. B. Gerstner, Systemic and
Clinical Effects Induced in 263 Cancer Patients by Whole-Body
X-Irradiation with Nominal Air Doses of 15 r to 200 r. U.S.

Air Force School Aviat. Med. Report 57-92, May 1957.
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Paper C-7

LET SPECTRUM AND RBE OF HIGH ENERGY PROTONS*

Hermann J. Schaefer ‘
U. S. Naval School of Aviation Medicine

Abstract

High intensity proton radiations in space temporarily super=-
imposed upon the ordinary cosmic ray beam have energy spectra
extending from a few to many hundred Mev. Analysis of the LET
spectrum of a typical flare produced proton beam shows that the bulk
of the energy dissipation is effected with an LET spectrum closely
resembling that of standard x-rays. A basic difference exists in the
spectral region beyond 10 kev/micron tissue. Though the fractional
dose in that region expressed in rad remains on the level of a few per
cent, it represents a significant though not a major part of the total
rem dose. It is suggested that both dose fractions be treated separately
in assessing the ERD (Equivalent Residual Dose) with the recovery
allowance of 2.5 per cent per day applicable only to the low LET
fraction .

On the RBE of protons from terrestrial sources, a large volume of experimental
data is available in the literature. In two sets of classical experiments, using protons,
deuterons, and alpha particles from the Berkeley cyclotron, Tobias and co-workers

Fi

............................. —_ b

*vpunuu: of conciusions coniained in this v €poit Gie inose of the author. l}‘léy dre
not to be construed as necessarily reflecting the views or the endorsement of the Navy
Department.

1. C. A, Tobias, H. O, Anger, and J. H. Lawrence, Amer. J. Roenfgenél. 67,
1(1952). :
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and von Sallmann, Tobias, and co-work ers? demonstrated the basic difference in the

RBE of heavy particles in the energy range of several hundred Mev where the LET is low

as compared to the terminal sections of the tracks of these particles corresponding to the
energy range of a few Mev where the LET is high. Because of the low penetrating power
of protons of the latter type, it is experimentally much easier to produce them indirectly
as recoil protons within the specimen by means of neutron irradiation. With regard to

- RBE values obtained with this particular method the reader,js referred to the comprehen=~
sive studies of Conger, Randolph, Sheppard, and Luippold” on chromosomal damage in
tradescantia and of Storer, Harris, Furchner, and Langham™ on acute effects in mammalian
systems.,

Proton radiations in space such as the trapped protons in the inner Van Allen
Belt or flare produced solar protons are a mixture of the two types mentioned above.
Already the incident beams show extremely heterogeneous energy spectra extending
from a few Mev to several hundred Mev and beyond. This heterogeneity is further
enhanced by the spectral degradation which occurs as the beam travels in absorber
material. The RBE for space radiation protons, then, can be expected to assume an
intermediate value between the lower limit of 1.0 found for protons of several hundred
Mev and the much higher values up to 10 reported for neutron recoil protons. '

In a previous study5 an attempt has been made to establish theoretically a mean
value for the RBE of protons in space by using the RBE/LET relationship as suggested in
the official recommendations of the NCRP® Quite obviously this approach leaves much
to be desired from a scientific standpoint, A basic objection against it derives from the

2. L. von Sallmann, C. A. Tobias, H. O. Anger, C. Welch, S. F. Kimura,
C. M. Munoz, and A. Drungis, A.M.A. Arch. of Ophthalm. 54, 489 (1955).

3. A.D.Conger, M. L. Randolph, C. W. Sheppard, and H. J. Luippold,
Radiation Res. 9, 525 (1958).

4. J.B. Storer, P. S. Harris, J. E. Furchner, and W. H. Langham, Radiation Res.
6, 188 (1957).

5. H. J. Schaefer, Dosimetry of Proton Radiation in Space, U. S. Naval School of
Aviation Medicine Project MR005. 13-1002 Subtask 1, Report No. 19 (1961).

6. Permissible Dose from External Sources of lonizing Radiation, Handbook 59, National
Bureau of Standards, Washington, D. C., 1954. '
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fact that the LET as commonly quoted for any type of ionizing radiation merely denotes
the total energy dissipated per unit length of path, yet does not convey any information
on the actual spacing of the ionization events in the microstructure of the irradiated
tissue. Though this is a well known fact Table 1describes it in more detail. In the first
column, selected kinetic energies of protons are listed. The second column shows the
corresponding LET, the third column the maximum transferable energy to electrons, and
the fourth column the range in tissue for electrons of the energies of the third column.

Table 1. Energy Dissipation Characteristics of Protons

Protons First Order Secondary Electrons
Kinetic EnergyI LET Max. Transf. Range in Tissue,
Mev Kev/Micron Tissue Energy, Mev Micron
100 635 .231 556
50 1.08 : 113 o172
10 3.95 .022 10
1 21.35 .0022 .18

It is immediately seen that the distances over which the dissipated energy is actually
spread are, for higher energies, considerably larger than one micron. For a true
description of the energy dissipation, therefore, it would be necessary to carry out a
complete analysis of the entire chain of events tracking down all secondaries until they
come to rest. This leads to an LET spectrum rather than to a single LET value. It has
been generally accepted in this type of analysis to consider an energy transfer to a
secondary electron as local if an energy exchange of 100 e-volts or less is involved.
The range of a 100 e-volt electron in tissue equals 0.003 micron or 30 AU (1 Angstrom
Unit = 10~7 millimeter). The computational procedures of establishing the LET spectrum
for any type of radiation is very complex. So far, such computations have been carried
out only for selected types of radigtions and selected eneigies. As an initoduciion io
the literature, the study by Burch® should be consulted. For the heterogeneous proton
.spectra encountered in space the task is further complicated because a continuum of
individual LET spectra for monoenergetic protons, covering the entire energy range of

7. P.R. J. Burch, Radiation Res. 6, 289 (1957).
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interest has to be set up and then has to be integrated in order to obtain the LET spectrum
of the heterogeneous beam.

An important and problematic issue in the LET analysis concerns the ranges in

. tissue along which a proton or electron of a certain energy maintains its local LET.

The upper curve in Fig. 1 shows the local LET of protons and the lower one that of
electrons as a function of residual range. It is seen that a proton maintains peak values
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Fig. 1

of the local LET over distances of several micra in tissue whereas an electron does so
only for some 40 or 50 millimicra (400 or 500 AU). If we assume that the production of
radiation damage in sensitive centers in the tissue fine structure requires penetration by
an ionization column of at least several hundred AU length, the effectiveness of protons,
i.e., the RBE, should be substantially greater than of electrons. This is in agreement
with the experiment, It has been shown that photoelectrons of 1.3 kev are almost with-
out effect in causing chromatid breaks due to their short range which renders them
incapable of crossing the chromatid thread of about 1000 AU diameter. It is seen, then,
that the concept of local energy dissipation, though it describes the microstructure of
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the dose distribution much more accurately than the mean LET, has a severe limitation
concerning those high LET values which are sustained only over very short distances.

It is not within the scope of this treatise to discuss the microbiological significance of
this differenge in more detail. The reader is referred to the remewing articles of
Hutchinson, Howcarcl-Flc:mders,9 and Hutchinson and Pollard. ™ In the present context,
only one consequence is of importance. In establishing the LET spectra for protons in
the energy interval below 1 Mev, where the local LET of the primary proton itself
becomes equal to the maximum at the upper end of the LET spectrum of the electrons,
the two contributions should not be added because they represent basically different
types of radiation exposure for the reasons just explained. Figure 2 illustrates this
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9. P. Howard-Flanders, "Physical and Chemical Mechanisms in the lniﬁry of Cells by
lonizing Radiations, " Advances in Biological and Medical Physics, Vol. VI, edited
by C. A. Tobias and J. H. Lawrence, p. 553, Academic Press, New York, 1958.

~ 10. F. Hutchinson and E. Pollard, "Target Theory and Radidtion Effects on Biological
Molecules," Mechanisms in Radiobiology, Vol. |, edited by M. Errera and A.
Forssberg, Chap. 1.2, p. 71, Acadamic Press, New York, 1961.
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graphically. Shown is at the left the LET spectrum of 20 Mev protons and at the right
that of 0.5 Mev protons. The tall narrow columns represent, for both energies, the
local energy dissipation of the parent proton itself, i.e., the energy imparted by the
proton to electrons in so-called soft collisions in which the energy transfer does not
exceed 100 e-volts. |t is seen that this contribution coincides, for 0.5 Mev, with the
peak LET of the secondary electrons from hard collisions. As shown above, the two
contributions cannot be considered as identical nor consolidated into one spectrum.

Returning now to the original question of the RBE of a heterogeneous proton
beam, we see that in integrating over the continuum of monoenergetic LET spectra for
obtaining the resultant spectrum of the heterogeneous beam, only the contributions of the
protons themselves should be considered. Figure 3 shows such resultant spectra for flare
produced protons assuming 2 g/cm? (top) and 6 g/cm?® (center) prefiltration. The boﬂom
graph shows the LET spectrum for 220 kv x-rays as computed by Cormack and Johns.
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11. D. V. Cormack and H. E. Johns, Brit. J. Radiol, 25, 369 (1952).
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The proton spectra, as might be expressly stated once again, show only the energy dis-
sipation from the primary protons themselves. All secondary electrons, which receive a
higher energy than 100 e-volt are disregarded. In the x-ray spectrum at the bottom, of
course, all energy dissipation is due to electrons since there is no other ionizing agent
present in 220 kv x-rays. The square shaped area above log LET = 1.0 is an artefact.
Since the kinetics of energy dissipation below 1kev is incompletely understood the
energy dissipation in this interval is merely indicated by a square of correct total area.

As long as the comparative evaluation is limited to the LET interval below log
LET = 1.0, it is interesting to note, from Fig. 3, that the two flare produced proton
beams have LET spectra closely resembling that of standard x-rays. Obviously, then,
this. fraction representing the bulk of the tofal ionization dosage, should be assigned an
RBE of 1.0. Beyond the point of log LET = 1.0 corresponding to an LET of 10 kev/micron
tissue, however, no comparative evaluation of the proton spectra with the x-ray spectrum
is allowed. This is so not just because the proton spectra in Fig. 3 do not contain the
delta ray contributions, but more so for the principal reason that the high LET of the low
energy delta rays are sustained over insufficient ranges for x-rays. -In other words, the
plateau in the x-ray spectrum beyond log LET = 1.0 represents a contribution to which
an elevated RBE factor should not be assigned whereas the corresponding sections in the
flare produced proton spectra represent rem doses that are substantially higher than the

rad doses.

Of particular interest is a comparison of the LET spectra of flare produced protons
to those of neutron produced recoil protons since the latter type radiation has been
investigated by many experimenters with regard to the RBE. The center graph in Fig. 4
is identical with the center graph of Fig. 3. However, it is aligned with a lower graph
showing the LET spectrum for the so-called Watt spectrum, '“i.e., for neutron produced
recoil protons from themmal fission of U-235. Again, only the energy dissipation of the
protons themselves is indicated in both graphs. |t is seen that, for the recoil protons,
80 per cent of the energy is dissipated at LET values in excess of the log LET = 1.0
limit in contrast to flare produced protons which dissipate more than 90 per cent of
- their energy at LET values below that limit. This statement pertains, of course, to the
shares of the ionization dosages in rad. The rem doses of the right hand sections are
substantially higher than the areas under the curves indicate.

12. B.E . Watt, Phys. Rev. 87, 1037 (1952).
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Very problematic is the question what RBE factor should be assigned to the high
LET section beyond the 10 kev/micron limit. In official assessmenﬁs of exposure status,
it would seem proper to adhere to the Code of Federal Regulations 3 which assigns
protons of the type characterized by the lower graph of Fig. 4 an RBE factor of 10. A
more elaborate way, yet still using officially recommended data, would be to use the
RBE/LET relationship suggested by the NCRP as mentioned above.® It seems of interest
to point out that this latter method furnishes slightly smaller rem/r ratios if applied to
the LET spectrum instead of to the mean LET value. The earlier valugs, therefore, and
the mean values for the entire heterogeneous spectrum based thereon provide a slightly
larger safety margin from a radiation safety standpoint. -

For reasons of scientific accuracy as well as from the practical viewpoint that
the true radiation burden in a human target should be determined as closely as possible
the foregoing approaches using definitions set forth in official regulations are not very

13. “"Standards for Protection Against Radiation," Atomic Energy, Federal Regulations,
Title 10, Chap. 1, Part 20, Atomic Energy Commission, 1958.
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satisfactory. One has to realize, however, that a radiation which produces ionization
in tissue at strictly one LET or at least at values in a narrow LET interval simply does
not exist. Consequently, data on RBE factors for "monochromatic" LET values are not
available. The closest approach seems to be the investigation of Conger and co-
workers quoted above. ¥ At least, these authors have given most careful consideration
to the limitation under discussion. They arrive at an RBE/LET relationship which is
shown in the upper graph of Fig. 4. It is seen that, in general agreement with the
earlier estimates based on official recommendations, the critical interval of a steep
rise of the RBE starts slightly below the log LET = 1.0 limit. It might also be mentioned
that the data of Conger and co-workers shown in the upper graph of Fig. 4 pertain to
cytological damage in tradescantia. As far as these data allow a comparison to the ones
obtained by Storer and co-workers * on mammalian systems, the RBE for acute damage
to the latter systems seems to be somewhat smaller. This again would provide for a
further increase of the safety margin. 4

If we have arrived, in the foregoing discussion, at the conclusion that the mean
LET and mean RBE furnish a total rem dose for flare produced proton radiation which
closely compares to the rem dose derived from the detailed analysis of the LET spectrum,
we must not lose sight of one important defect of the simplified method. We mean that
it can never furnish a separate assessment of the fractional dose administered at a high
LET. Though this fractional dose, assessed as ionization dose in rad, always remains on
the level of a few per cent of the total ionization dose, it becomes a significant though
not a major part of the total exposure after conversion into rem dose. Especially in .
estimates of the ERD (Equivalent Residual Dose) from repeated exposures to proton
radiations in space it seems advisable to treat the two dose fractions separately allowing
_a recovery factor of 2.5 per cent per day only for the dose fraction whose LET spectrum
closely resembles that of x-rays yet considering the high LET contribution as strictly
cumulative. Another problem that comes up in this connection concerns the RBE: factor
that should be assigned to the high LET fraction if acute exposure or long term exposure
at low dose rates is involved. Experimental evidence indicates that high LET irradiation,
for the latter type of administration, shows a higher relative biological effectiveness.
However, in the frame of the specific problems with which we are confronted in dealing
with solar protons and the protons in the inner Van Allen Belt acute exposure seems of
_predominant interest. The discussion, therefore, can be terminated at this point.
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?aper Cc-8

SOME DATA ON THE RELATIONSHIP OF RBE AND LET

W. S. Sayder
Oak Ridge National Laboratory

Abstract

The RBE of one radiation with respect to a standard
radiation is usually defined as the inverse ratio of doses
required to produce the same degree of a specified biological
effect. It is well known that the RBE depends not only upon
the quality of the radiations but also upon such conditions
of exposure as dose rate, fractionation of dose, strain and
condition of animals, and the biological effect studied.
This paper analyzes some experimental data to obtain an
indication of the dependence of RBE on LET. The cases
considered include some experimental studies of effects
on cells and on mice. The interpretation of such data for
certain conditions of exposure in space is discussed in a
preliminary way.

The relative biological effectiveness (RBE) of a radiation exposure
A with respect to radiation exposure B and an end point T is usually
defined as the inverse ratio of the doses Dy(T)/Dp(T) required to pro-
duce the same degree of the biological effec% T. The RBE of radiation
dose has been found to depend upon many factors. The gquality of the radi-
ation, usually specified in terms of the rate of linear energy transfer
(LET) along the tracks of the ionizing particles, is certainly one of the
important factors, but it also is certain that it is not the only factor
which must be considered. Many experiments have shown that dose level,
dose rate, the biological end point and species used for the test, and
the general situation during and after exposure may be important. Thus
the RBE applicable to one exposure situation may not be applicable to
another.

If we consider what the relevant conditions are likely to be for
exposure during space flights of the next decade or so, it quickly becomes
evident that there are a number of factors which combine to make this
situation somewhat different than previous radiation exposures that man
has experienced and learned to control acceptably. First of all, there
is the unfamiliar nature of the radiation field -- the high-energy protons
and neutrons, the mesons, and the nuclear cascade and evaporation phenom-
ena, which are largely foreign to man's usual environment. However, there
is no reason here for discouragement. Man faced a similar challenge
scarcely more than 20 years ago when he had to learn to control exposure
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to neutrons and exposure to a host of new radionuclides, such as Sr9o,
Pu239, etc. Then the health physicist turned to the exposure experience
which had been gained with x-rays and with radium, and by judicious com-
parisons of the new with the old, adequate dose limits were found and a
magnificent record of safety has been achieved. The concept of RBE was
developed essentially for this purpose, i.e., to estimate the bioclogical
effects of the new situation in terms of previous experience witk other
types of radiation. There is no doubt that this is our surest course in
controlling exposure in the present new situation posed by exploration of
space. However, the judicious choice of RBE values for this new type of
exposure will require that all factors affecting the RBE be examined and
evaluated.

The RBE values appropriate for present occupational exposure may not
be the same as the RBE appropriate for doses that may be incurred on certain
missions in space. To use the one RBE for the other without a c:;tical
review of all the relevant factors is to betray a lack of understanding
of the problem. Exposure over a working life at low dose rates may have
guite different biological effects than exposure at a much higher rate
for a period of a week or a month. Thus the period of exposure and the
dose level must be considered as well as the LET or quality of the radia-
tion. As a matter of fact, an Ad Hoc Committee of the ICRP on RBE has
Just reviewed RBE for occupational exposure and has suggested the use of
other values of RBE in the case of acute accidental exposure at higher
dose levels. Unfortunately, this committee did not consider the type of
radiation fields likely to be encountered in space. However, those re-
sponsible for the design of the space craft and for executing the mission
cannot afford to ignore the differences in exposure times and dose rates,
as well as the differences in LET of the space situation as contrasted
with the usual situation of occupational exposure. The success of the
mission should not appear as accidental. The planning should include all

fundamental aspects of the problem.

In attacking this very complicated problem, the maximum dose levels
to be expected, the duration of the exposure, and the various biological
effects of the exposure, all need to be taken into account. The following
brief discussion of these aspects of the problem and of the bearing of LET
on the problem are entirely preliminary and indicate directions of explora-
tion rather than definitive conclusions. Although tentative, there are
indications in presently available data that are quite suggestive of some
conclusions. The items presented here are offered only as examples of
problems where data now available suggest certain conclusions which are
relevant to the problem of exposure in space and which seem to merit fur-
-ther study. :

High energy particles, in themselves, do not seem to be a great problem.
The LET is rather accurately known, and Tobias observed as long ago as 1952

1. C. A. Tobias, H. O. Anger, and J. H. Lawrence, Am. J. Roentgenol Ra.
Therapy Nuc. Med. 67(1), 1 (1952).
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that the LET on the plateau of the Bragg curve of high-energy protons,
deuterons, and « particles was about that of 200 KVP x-rays and that it
might be conjectured the biological effects would be similar. This has
been in large part substantiated in quite a few studies of enzymes, bac-
teriophage, diploid yeast, and mammalian tumor cells. For example, Berry
et al.,~ in a paper nov in course of publication, study the reproductive
capa01ty of a mammalian tumor cell, P-388, irradiated in vivo by the
plateau region of the tracks of 3hO-Mev protons or 380-Mev a particles
and find a response roughly similar to that of 3-Mev x-rays, both in the
oxygenated and in the anoxic condition.. When the dose included sizable
fractions of energy delivered from the Bragg-peak portion of the track,
the effect was much more pronounced. This study is cited here mainly
because a mammalian cell, irradiated in vivo, was used, but the conclusion
that the biological response of very hlgh—energy particles of low LET is,
indeed, much like the response to x-rays is supported by experiments on
many other biological materials.

There is also a remarkable suggestion of consistency in the biolog-
ical response to the same LET from different particles. Figure 1l is
adapted from a study of Fluke et 5;.3 and shows phage survival cross-
section as a function of 1ET for protons, deuterons, and ions of helium,
carbon, and oxygen. It is to be recognized that the LET values used here
do not include a correction for § rays, but this should not entirely
obscure the pattern that is evident. This figure illustrates also the
guite common phenomenon that RBE decreases as LET increases beyond some
rather high value, indicating a point beyond which energy is "wasted."
The value of LET where the decrease begins to appear may vary somewhat with
‘the type of ion and biological material, but the range does not appear to
be extreme. Brustad* summarizes a number of such studies:

"It has been shown that the RBE for inactivation of dry
enzymes and bacteriophage (in both wet and dry states)
decreases continuously with increasing IET... For all
the biological systems studied thus far, however, the
RBE was declining after the LET exceeded 300 kev/p."

Another interesting pattern that is suggested relates to exposure
time, i.e., to evidence, or lack of evidence, of repair processes.
Andrews and Berry5 have shown that there is no recovery between fraction-
ated doses of fission-spectrum neutrons in their study of the mammalian
tumor cells mentioned above. Berry et al. have now demonstrated that
there is likewise little or no oxygen effect present in the case of
fission-spectrum neutrons.2 However, when the irradiation is by lhk-Mev

2. R. J. Berry and J. R. Andrews, "The effect of radiation ionisation
density (LET) upon the reproductive capacity of mammalian tumour
cells irradiated and assayed in vivo," Unpublished:

3. D. J. Fluke, T. Brustad, and A. Birge, Rad. Res..l3, 788 (1960).

4. Tor Brustad, Rad. Res. 15, 139 (1961).

5. J. R. Andrevs end R. J. Berry, Red. Res. 16, 76 (1962). -
Lob ‘
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-neutrons, there is a pronounced oxygen effect, and it is probable that
repair is present also. Here again the lower LET distribution of the
14-Mev neutrons seems to produce, to scme extent, the type of response
elicited by the classic low LET radiations. To illustrate the difference
in the LET distribution of a modified~-fission neutron spectrum and of
monoenergetic, 1lhk-Mev neutrons, Table 1 has been calculated using a dis-
tribution of neutron energies given by NEaryé for a modified fission
spe¢trum. Actually the values in Table 1 can be regarded only as gquali-
tative since the calculation presented here represents only the first-
collision dose. Nevertheless, it is apparent that there is a considerable
difference in the LET distribution. The 1l4-Mev spectrum contains more

Table 1. Percentage of Neutron Dose in Various Ranges of LET

Neutron Source Modifiéd-Fissioﬁ-Spectrum 1k-Mev Neutrons
(kev/micron) Neutrons (% dose) (% dose)
< 3.5 0.29 0.031
3.5-7 | 0.11 42.0
7-25 : 12.00 ',. 7.5
25-50 | 34.00 14,0
50-100 47.00 , 7.3
> 100 . 6.6 29.0

dose due to heavy-ion-recoil nuclei (range > 100 kev/u) and less in the
intermediate range of 50 to 100 kev/p as compared with the LET spectrum
of the fission neutrons. Considering the different responses reported
by Berry et al., there is here, again, the suggestion that beyond a value
of 100 ke?7p the RBE does not increase, but a shift of LET downward below
the region of about 50 kev/u may be significant. It should not be infer-
red from the above oversimplified discussion that these conclusions are
firm at the present time, or that there are no problems of interpretation
concerning these and other like studies. The opposite is true. -- the
detailed dosimetry is largely qualitative or only semi-quantitative, and
there are many details and special considerations that require interpre-
tation. Nevertheless, there is also a broad trend that 1s suggested by
the data.

Finally, there is something that can be said concerning the influence
of exposure time on the RBE. Neary7 summarizes as follows the available
data on RBE for the modified fission spectrum of neutrons as obtained
using mice:

6. G. J. Neary, R. J. Munson and R. H. Mole, Chronic Radiation Hazards,
p. 25, Pergamon Press, London, 1957.

7. Id., Ibid., p. 182.
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"Comparisons of fast neutron and gamma irradiation were
made for exposure times from 24 hours to 9 months.
Within this range there was no evidence that alterations
in exposure time or dose rate altered the r.b.e., and
published evidence to the contrary is critically
examined and found wanting."

Neary also concludes that:

' "A comparison of all available information on mortality
of chronically irradiated mice suggests that the r.b.e.
for this effect is likely to be about 10."

The RBE he obtained for reduction of testis weight, impairment of fertility,
reduction in spleen weight and in white cell count of peripheral blood
were all less than 10. He concludes that:

"Evidence was obtained that the gonads are the most
sensitive organs in the mouse to chronic irradiation
at very low dose rates."

Thus, there are suggestive trends in available data which offer con-
siderable guidance in selecting RBE values appropriate for the particular
conditions of exposure in space. To best interpret these trends, a more
detailed knowledge of the LET spectrum obtained in the various experiments
is desirable. The average LET is probably too gross a measure of radia-
tion quality to be adequate, particularly over enormous ranges of LET.

Yet much of the experimental work is reported only in terms of an average
LET and needs to be reinterpreted. A more detailed knowledge of the
spectrum, either by calculatiog along lines roughly indicated here, or
by methods developed by Rossi,- is needed.

In summary, two conclusions have been advanced which are considered
to be firmly supported by the experimental work relating to RBE:

l. The RBE to be applied for exploration in space should not be taken
from currently accepted values for quite ‘different exposure situations
without a careful reassessment of all factors affecting the RBE, and
IET is one, but only one, such factor. If shield welght is of critical
concern, so is the question of biological effectiveness of the radia-
tion, and the closer the design must approach critical limits of dose,
the more important is the need for a careful assessment of RBE values.

2. It seems quite clear that there are many RBE values relevant to the
problem and not just one value. For example, RBE's for acute effects
and for long-term effects -- or for genetic damage contrasted with
shortening of life ~- require independent consideration.

8. H. H. Rossi, et al., Rad. Res. 13, 503 (1960).
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The following points are not, perhaps, as firmly established, but

are strongly suggested by much of the available data.

1.

There is a value of IET below which the biological action of high-
energy protons, O particles, etc., behave very much like x-rays.
This value probably is somewhere between 25 to 50 kev/u.

There is a higher range of LET values where all the heavy ions behave
similarly -~ lack of repair, decreasing values of RBE, etc. This
value probably is about 100 kev/p or near this value.

Within the exposure times, from & day to weeks or several months, as
currently envisaged for space missions, the RBE probably does not
vary markedly, and the values used for late effects are probably not
far from those appropriaete for chronic exposure. On the other hand,
where acute effects are concerned, the exposure times.are probably
sufficiently long to allow for considerable repair of damage due to
the low LET components of the dose.
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