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FOREWORD

The Special Sessions on Protection Against Space Radiation were
sponsored by the Shielding and Aerospace Divisions of the American
Nuclear Society and were included in the 13th Annual Meeting of the
American Nuclear Society in San Diego, California, June 11-15, 1967.

The Sessions were held in response to requests of researchers in the
field of space radiation shielding who felt the need for a symposium
similar to previous meetings held at Gatlinburg, Tennessee in 1962

and 1964, So as to avoid adding to the already large number of national
technical meetings, the Sessions were held in conjunction with a sched-
uled Society meeting rather than as a separate topical symposium as
before. However, in contrast to the previous symposia, only the shield-
ing aspects of the space radiation problem were emphasized. Introductory
discussions dealing with the space radiation environment, radiobiology,
and radiation effects on materials and components were limited to a
single, comprehensive review paper in each area, whereas previously,
complete half-day sessions were devoted to these topics.

Both invited and contributed papers related to the shielding of
natural space radiation were given at San Diego. The four principal
areas of interest discussed were: (1) Basic interaction and transport
of space radiation in materials; (2) methods for space radiation shield
penetration calculations; (3) spacecraft shield design, analysis and
verification; and (4) advanced shielding concepts for spacecraft.

The proceedings of the San Diego Special Sessions are being
published by NASA, in cooperation with the American Nuclear Society
Shielding Division, so as to provide a wide dissemination of the
excellent papers presented at the meeting. The alternate report number,
ANS-SD-5, of the proceedings represents the fifth in a series of special
radiation shielding reports prepared by the Shielding Division. The
proceedings of the 1962 Symposium at Gatlinburg were published by the
USAEC (TID-7652), while the proceedings of the 1964 Symposium were
published by NASA (SP-71).

In reviewing these proceedings, it will be obvious that the
problems in space radiation shielding are not completely solved. How-
ever, a great deal of progress has been made since the 1962 Symposium
in Gatlinburg, especially in the acquisition of data with respect to
basic interactions and in the development of transport calculation
techniques. Relatively speeking, shielding technology is in good
shape. At this time it appears that unknowns in the space radiation
environment and in the effects of radiation on man remain the largest
uncertainty in the problem of protection against space radiation.

Arthur Reetz, Jr.
NASA Headquarters
Washington, D.C,
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N68-26129

SPACE RADIATION ENVIRONMENT

By Jerry L. Modisette, Joseph W. Snyder, and Richard D. Juday

NASA Manned Spacecraft Center

Houston, Texas

Consideration of ionizing radiation in space as a potential hazard to space
exploration begﬁn with the discovery of the Van Allen belts in 1958 and
with the recognition of polar cap absorption events, neutron monitor en-
hancements, solar radio bursts, magnetic storms, and other disturbances as
part of a complex phenomenon associated with solar flare particle events.
Several years of data~gathering and analysis have seen the evolution of the
spacecraft designer's concept of the radiation problem from an almost in-
surmountable obstacle to a rather routine task; now the major difficulty is
the assignment of the proper amount of resources to the problem so that

the risk due to radiation is commensurate with other risks requiring similar

resources, in the form of money, spacecraft weight, or operational constraints.

The change in outlook has been partly because of the better understanding of
the nature and magnitude of space radiation. Early estimates of the number
of particles in a solar flare particle event, for example, were as much as
two orders of magnitude greater than currently accepted values. Some of
the change is also because the individuals responsible for radiation environ-
ment engineering now have more experience in the field and have largely
abandoned an ultra-conservative approach based on their uncertainties in

favor of more exact definitions of the problems.



The radiation environment in space consists of cosmic rays, Van Allen
radiation, solar flare particle events, and whatever radiation man generates

or takes with him. The description of the radiation environment requires a

knowledge of the particle flux as a function of energy, species, location in
space, and time. For cosmic rays all of these relations are well known.

For Van Allen radiation the spatial variations are complex, and for the outer
belts temporal variations become important. The essence of the solar flare
particle events is their temporal variation, taking the form of irregular occur-

rence and wide variation in the particle flux from event to event.

This paper will attempt to describe current practices in specifying space
radiation environments for engineering purposes, and to discuss areas of

current activity or controversy.

Cosmic Rays

The term "cosmic rays" refers to particles originating outside the solar system,
having energies up to perhaps 1017 electron volts. Solar flare particles are
sometimes referred to as solar cosmic rays, but such terminology is not

generally accepted.

The flux of cosmic rays ranges from about 2/cm2-sec at solar maximum to
about 4/cm2-sec at solar minimum above 40 MeV. At solar maximum most
of the particles are above | BeV as the solar wind and interplanetary mag-
netic field excludes lower energy particles from the solar system. From the
shape of the cosmic ray spectrum (Figure 1), there appears to be some attenu-
ation of particles below about 5 BeV at all times during the sunspot cycle,
leading to an interesting question of what the flux of low energy particles

will be as one goes away from the sun.




&

Particleslcmz— second

Energy, Bev

Fig. 1 Cosmic ray spectra
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The dose produced by cosmic rays is rather low; 4 minimum ionizing protons
per cm2 per second produce about 0.0l rads per day. Hdwever, the compo-
sition leads to some interesting results from the dose due to heavier ions.
The following table shows the fraction of various nuclei in the cosmic ray
flux. Also shown is the relative dose due to the various species if the

energy spectrum per nucleon is the same and the nucleii are completely

stripped ( %E—(— o 22).

Element Relative Abundance Relative Dose
! 0.86 0.86
oHe 0.12 0.48
aLi 0.0008 0.0072
4BesB 0.002 0.032
6C 0.004 0.144
7N 0.002 0.098
g0 0.003 0.192
oF 0.0002 0.0162
1oNe 0.0008 0.0800
[1NA 0.0005 0.0605
[2Mg 0.0008 0.1152
13Al 0.0002 0.0338
145 0.0003 0.0588
15P ~215¢ 0.0003 0.0972
22Ti-28Ni 0.0008 0.5000




The relative abundances are after Biswas & Fichtel [|964] . It is apparent
that a substantial part of the dose comes from heavy nuclei having -3—-5—(— orders
of magnitude greater than that of a minimum ionizing proton. Therefore the
relative biological effectiveness should be greater than unity. For long dura-

tion missions, cosmic rays may require more consideration.
Solar Flare Particle Events

In order to predict the effects of solar proton events upon a particular mission,
one must predict the number of events that will be encountered, their fluxes,
and their spectra. No way has been found to know any of these parameters
far enough in advance to help spacecraft design or mission planners, but
several statistical approaches have been used to extrapolate the data on past

events into the future. Four of these approaches will be discussed here.

Modisette et al. [I‘%S] plotted proton flux >30 MeV for various mission
lengths during the maximum of the 19th solar cycle (1956~196l) and found a
close fit to a log-normal probability distribution (Figure 2). These distribu~
tions combined the number of events encountered during a mission and the
flux per event into one parameter. By assuming an average spectrum, they

were then able to predict dose at various probability levels.

Snyder [|967] plotted dose per event and also found log-normal probability
fits (Figure 3). These distributions combined the flux and spectra into one
parameter. By assuming a Binomial probability distribution for event frequency,

he was also able to predict dose at various probabili ty. levels (Figure 4).
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Both of these methods produced very close to the same results in terms of

dose, even though they use different statistical approaches.

Hilberg [1966] used a model event somewhat larger than any seen in the
I9th solar cycle for the flux and spectra per event. He used a Poisson
probability for the occurrence of large events only, arguing that the smaller
events produce only insignificant doses. His results are much lower than the

other two approaches.

French [|966] shortcuts all probability distributions and looks for a worst case
in the [9th solar cycle for a time period equal to the mission length. When

the frequency difference is accounted for, his results are comparable to

Hilberg's.

The reason for the difference in results between the first two methods and
the last two is simple. The first two approaches assign a low, but finite,
probability for encountering an event with a flux much higher than any
previously observed; the last two approaches have an upper limit on event
flux. For longer missions the one very large event dominates the low
probability end of the dose per mission curves, i.e., the probability of
getting one event of 200 rad becomes larger than the probability of getting
5 events of 40 rad.

The question of which approach is correct depends on whether there is any
limit to the size of a solar flare particle event. If one considers probability

levels of, say, 1%, and mission lengths of one year, then one is necessarily



considering the largest event in 100 years. The data on solar flare particle
events only covers one sunspot cycle. All of the above analyses involve
some assumption about how to extrapolate the distribution of events from one
sunspot cycle to cover a longer period. Modisette et al. and Snyder assume
the log-normal distributions observed to hold for the range of data availqble
can be extrapolated to lower probabilities and longer missions; Hilberg and
French assume the current data to be representative of the largest events
which can occur. There is no clear technical basis for a choice at this
time, and the situation will not improve very rapidly. Another ten years
of observation will double the current data, and will take us to the 5%
level for one year missions. The decision, then, becomes one of the
degree of conservatism to be adopted, in the light of the cost of assuming

a severe environment.
Van Allen Radiation

One of the sources of radiation in manned space flight is high-energy charged
particles that ha?e, by mechanisms as yet not entirely explained, become
“trapped" in the earth's magnetic field. A trapped particle is one that is
constrained to a limited region of space by the magnetic field. |t exhibits
three cyclic motions--a cyclotron-type circular motion about what is called
its guiding center, a bouncing of the guiding center back and forth approxi~
mately along a field line between northern and southern points of equal
magnefic field strength, and a drift in longitude approximately on a surface
of revolution of the magnetic field line about the magnetic axis. A multi-

tude of particles describing these motions form the belt of trapped radiation.

10




A detector sensitive to "penetrating” radiation will see the trapped radiation
separate into two belts. The penetrating components of the inner belt are
protons and electrons; of the outer belt, electrons. The inner zone electrons
have an appreciable, but quantitatively unknown, fraction of their origin in
the beta-decay of fission fragments from high-altitude nuclear explosions.
Like the electrons, the inner zone protons show a high degree of time
stability. This stability lends itself well to orbital dose integration; one

can quite well assume that a dose environment calculated from particle

measurements will show the same time stability as the particles.

The outer zone is quite another matter. The electron population is quite
sensifive to geomagnetic disturbances, and a number of different behavior
patterns have been noted. The problem of a dose environment must be

handled statistically, with points separated temporally by more than a few

hours treated as independent samples.

There has recently been much interest in the synchronous region (i.e., the
locus of positions at which a satellite will, in its orbit, remain fixed in
geographic coordinates). Sufficient data have been recorded in that
general region (about 22,000 miles altitude in the equatorial plane) to
make statistical descriptions of the particle environmenf'[VeHe and Lucero,
1967] . The vast majority of the penetrating particles in the synchronous
region are electrons. These electrons show a degree of time-instability
entirely unlike the stable inner zone of penetrating radiation, which is
comprised mostly of protons, with the penetrating electron component for

the most part having been artificially injected. The outer zone is then

11



suitable for statistical description, with points separated by more than a few
hours treated as statistically independent. Juday [|967] has converted the
statistical electron descriptions into statistical dose descriptions. The manner

in which the conversion was made is described here.

The dose rate received behind a shield is, neglecting bremsstrahlung, depend-
ent only on those electrons that can negotiate the shield with some energy
remaining; i.e., those with initial energies above the cutoff for the particular
range presented by the shield. The specification of the external flux of
electrons above the cutoff energy is not all the problem, however, as the
dose given by the penetrating electrons is a function of their remaining
energy. Even for monoenergetic external electrons, this is not a simple
matter, since electrons tend to straggle in energy and spread in angular
distribution. This is due to the high ratio of charge to mass for electrons;
individual collisions have a wider range of effect on an electron than, say,

on a proton.

Thus, given a shield and a flux of electrons above cutoff, the dose rate
behind the shield is a function of the flux and how the flux is distributed

in energy.

It happens that the energy distributions of electrons in the synchronous
region are fit well by exponentials in energy, characterized by their
e-folding energies Eq. Second, the statistical distributions are near log-
normal in E5. Third, the fluxes of electrons having energies above, say,
| MeV are likewise log-normal. Fourth, scatter plots of Eq versus flux
show no correlation, so that spectrum and flux are independent parameters

for the particle distribution.

12




The procedure for achieving the distribution of dose rates is schematically
illustrated in Figures 5 and 6. In Figure 5, the distribution of Eg is crossed
with the functions giving dose per electron as a function of Eg. (The latter
curve is achieved by the integration of such curves as in Figure 7, which is
a direct, point-for-point multiplication of an electron spectrum with dose~
per-electron-as-a~function-of-energy curves for various shieldings.) The
result in Figure 5 is the distribution of dose per single electron. This being
a function solely of spectrum, the situation is as yet independent of flux,
as mentioned earlier. Now the two distributions that are to be sampled
independently are that of flux of electrons above cutoff energy and that of
dose per single electron. That the final dose rate distribution is not so
simply achieved as by a point-for-point multiplication of two curves may be
seen from the consideration that a medium dose rate can come from large
dose per electron and small flux, medium dose per electron and medium
flux, etc. Thus, the crossing of the two curves in Figure 6 is handled by
independently sampling the two distributions, taking the product of the two
samples, and sorting the products into a distribution as indicated by the
final part of Figure 6. This distribution of dose rate will be representative

of the input particle environment.
Concluding Remarks

The radiation in space due to cosmic rays, solar flare particle events, and
Van Allen radiation has been discussed, with emphasis on some of the active

areas of research. The general problem of radiation in space appears to be

13
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tractable, with most current questions involving the formulation of engineering
design approaches which provide the right amount of protection in the light of

competing requirements for resources.

One area not covered, but important in an overall solution to the radiation
problem in space, is that of operational means of dose reduction, such as
moving the crew into a protected region of the spacecraft. Such cm'approach
is currently used for some missions, and requires real time environment analysis

on the same level as the design environment analysis discussed here.
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CURRENT STATUS OF SPACE RADIATION EFFECTS ON
MATERIALS AND COMPONENTS
David L. Dye

Missile and Information Systems Division
The Boeing Company
Seattle, Washington

The purpose of this paper is to present some of the space radiation effects
data within the context of the physical phenomena which give rise to these effects.
Thus it is necessary to discuss the space radiation environments and their basic
physical interactions in materials. Only on the basis of good radiation physics can -
good, i.e., interpretable, experiments be designed to study radiation effects on

spacecraft materials and components.

ENVIRONMENT SUMMARY

Only a brief summary of space radiation environment is given here. Much

more exists in the literature (Ref. 1 has an extensive bibliography).

The geomagnetically trapped proton flux around the earth has an inner
region of high energy and an outer region of low~energy protons. Experimental and
theoretical studies of the trapped proton integral energy spectra for these two re~-
gions indicate that the flux is >'|O8 p/cmz-sec at low energy (<100 kev), and much
lower at higher energies (>10 Mev). Similarly the natural trapped electron flux
appears approximately in two belts, the inner low flux (\<104 <:.m“2 sec-1) high
energy (>1.6 Mev) region, and the outer higher flux (~ ]08 cm“2 sec-T) lower

energy (<1 Mev) region, extending out as far as nine or ten earth radii.

An important fact to bear in mind concerning space electron fluxes is their
extreme variableness with magnetic storms, solar plasma events, and their enhance=
ment from high-altitude nuclear weapon detonations. Some of these variations

amount to a factor of 10,

19



Solar flare event protons have been extensively studied, and the subject
is out of our scope here (Ref. 2). However, the incidence of these particles has to
be seen in terms of probability of exposure o a given fluence of specified energy
spectrum during a period (Ref. 3). For a 230-day Earth-Mars mission the exposure
to protons of energies > specified values are given in Table 1. Note the fluence

values, for these levels will be referred to in the later discussion of effects.

In interplanetary space there exists the "solar wind" or low=-energy particle
plasma streaming out from the sun. The proton flux, af the earth's orbif, is about
108 p/cmz-sec, and their energies are of the order of a few kev. These particles
are responsible for much of the damage to exposed (exterior) materials on space- |

craft, since they are continually bombarding during the mission in space.

The solar electromagnetic radiation is still another environmental factor
that can damage material surfaces. The ultraviolet (UV) is especially important,

since these photons can ionize.

The obvious environmental parameters of pressure (or vacuum), specifically
partial pressures of specific reactant gases such as oxygen, water vapor, hydrogen,
nitrogen, have been too often neglected in past laboratory studies due to difficulties
in simulation and instrumentation. Also the temperature of an exposed or irradiated
material influences the effect. The need for control and understanding of these

environments will be discussed later.

RADIATION INTERACTIONS

It is the energy deposited by the traversing radiation — particles or photons,
or secondaries — that produces effects. The principal interaction mechanisms for
" effects discussed here are (1) ionization and (2) atomic displacements. The
secondary particles mediating the energy fransfer in these interactions may be

electrons or free radicals.

20
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References 4 and 5 present range~energy data for various materials for
protons and electrons, respectively. There is uncertainty in the range-energy data
for protons below 100 kev, and the form of the curves differs markedly at low
energy from the power law form due to straggling and other low-energy processes.,
These data are useful in determining penetration depths into materials and com-
ponents’ different damage mechanisms often have different energy dependences
due to different dose deposition patterns and depths. Energy is useful as a probing

tool to elicit specific damage mechanisms (Refs. 6 and 7).

The low=energy (few kev) particle ranges have submicron values, of the
same order as the UV penetration in materials, The low=energy electrons and UV
photons deposit energy by ionization processes, sometimes forming free radicals
that can produce further chemical reactions. The heavy particles, protons and
alphas, and some of the high-energy electrons cause displacements of the lattice
atoms in solids, creating both ionizing recoils, and also new electron trapping
centers in the material. These new energy levels produce changes in optical ab~

sorption properties and in minority carrier lifetime in semiconductors.

An important feature of radiation dose is the linear energy transfer (LET),
or dE/dx, or rate of energy loss along the particle tracks. Some chemical degra-
dation mechanisms depend significantly upon LET, which in turn depends inversely
on particle energy. The dependence of radiation effects on LET, on total dose, on
dose rate, or on particle energy is often a useful tool for studying basic effects

mechanisms.

EFFECTS ON MATERIALS

Reflective Surfaces

Vapor-deposited aluminum seriously degrades, forming small (<1 psize)
blisters after irradiation by 10]6 low=-energy proi'ons/cm2 (kev range). The blisters
seem to be due to gas evolution under the layer or in the substrate. The worst

degradation of reflectance is in the UV rather than in the visible region. A
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proprietary (Boeing-developed) barrier layer anodic coating of aluminum gives
7
about a factor of 10 increased resistance, so that 10] 8-kev proi'ons/cm2 cause an

increase in solar absorptance from 0. 12 to 0. 23 in this barrier layer anodic coating.

Other reflecting materials tested include SiO-coated and chrominum-
deposited nickel, and 51203, SiO, and aluminum layers on sprayed epoxy bases.
Using low=energy protons, it was determined that the most significant damage occurs
in the SiO layer on the substrate. Lower temperatures inhibit damage, although
there is a delayed blistering effect when aluminum=coated aluminum substrate sur=-

faces are warmed up after >5 x 1016 p/<:m2 (Ref. 8).

Thermal Control Coatings

This is a specialized field all its own, which can only be fouched here
(Ref. 9). However, one relatively new result has far-reaching significance.
Several working groups have recently developed instrumentation by which optical
measurements can be made within the irradiation chamber under vacuum, and the
uniformly reported result is that measurements made in air afterwards are quite

different (Refs. 10 and 11).

Table 2 shows the decrease in reflectance after 50-kev electron irradiations,
as measured in vacuum, at 22°C, for a ZnO methyl silicone sample, and the "anneal-
ing" of the effect with exposure to air. Note the changes and the annealing in both
visible and infrared spectral reflectance. A previous study showed that for these
electrons there was no rate effect between 1010 and 1013 elecfrons/cmz-sec. The
annealing is not yet well understood, although it may be due to oxygen or water
vapor. It is observed for many common coatings, and for UV irradiation as well as
particles. Also the IR and visible region appear to exhibit different annealing

mechanisms.

The equipment with which these measurements were (and are being) made has
a temperature~controlled sample exposure wheel that can position a sample array for
irradiation by both UV and particles, then can position the samples under an inte=

grating sphere, the sensing head of a DK=2 spectrophotometer. The technical

23



®

wo /5u04409|3

0L X G 181y ONODA Ul painspaly 4py| sojpwixoiddy owi] Siys 4o 89UDIOB|IaY |P14OdS BY] 4y

¢ €l * UolipIpoL| NEo\m:o:om_m A OG m_.g X Q 194}V,
LL Ll Sl 6 6 g 14 8 oL (410 Ul) 4x¥81
Ll L1 Gl 6 6 S 14 - - (1o u) g9l
zZl 0z Ll 4l A4l L 9 - -~ (e ur) 46
- Zl LZ (e ul) 1z
9L 9 ¥4 91 Ll Ll 6 -- -~ (o u) /g
0C 14 ze 44 Gz 4 Ll - -- (o u) oL
%0€ %SS %LS 44 %ES %9E %9T %02 %LE (onopa ut)
w(Uiw) aly Ul
awl] A19A0o9Y
£°¢C 4 6°1 L1 Gl Al 0°L 560 420 () whua|aApp
paipIju] S[qISIA

JusWaINSDaY 2404aq Jlyy Ui Suwi] JO UOL4douUNg D SO
2uod1|IS |AYIBW~ONZ 2oub§oo|jay Jo ss07 oBpjusdIay PadNPU|~UOIILIPRII| UCIID9|T  °Z d|qPL

24



problems of this combined radiation effects test chamber have been solved, a.nd the
trouble involved is justified by the need for understanding of damage annealing,
and for useful design data for spacecraft. In addition, it appears from recent data
on combined UV-electron exposures that the separate effects of these fwo radiation
environments may not be simply additive. In short, there are synergistic effects
(Ref. 12). OBviously all old data, not taken in vacuo, or in combined environ-
ments becomes immediately suspect, at least until one understands the effects

mechanisms well enough to interpret the data.

Photographic Films

A study of film fogging made during the selection of film for the Lunar
Orbiter showed that radiation sensitivity generally correlates with grain size. It
is possible to alter both film manufacturing and development processes to increase
its tolerafce to particulate radiation relative to light photons. Kodak SO 243 was
chosen for the Lunar Orbiter mission because it could develop contrast after a

30-rad (film) dose, a much higher level than others tested.

A recent film study on 17 various films, shows also that film nuclear
sensitivity correlates closely with light sensitivity, as one expects. The most
sensitive film studied was Polaroid (10, 000), which exhibited an AOD of 0. 3 for 80
mrad; the least sensitive was Kodak High Definition Aerial film type 4404 (~90 rad)
with Type SO 190 next (20 rad). SO 243 is intermediate in sensitivity between |
these two (Ref. 13).

EFFECTS ON ELECTRONIC COMPONENTS

Silicon Devices Generally

Two effects are to be distinguished, based on two distinct degradation
mechanisms: permanent displacement damage to the bulk silicon lattice, and sur-
face ionization~induced damage. In both cases, the damage affects the minority
carrier lifetime by creating trapping levels. Heavy particles, and energetic elec~

trons (primary or secondary) can cause the bulk displacements. The change in
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lifetime, which affects transistor gain, diode switching time, and solar cell current,
approximately follows the relation A(1/r) = ko, where ¢ is the fluence, and each
type of particle has a k value. That is, there is an equivalence between different

radiation types for ’causing bulk displacement damage.

Transistors

Table 3 shows equivalences for silicon bulk damage as exhibited by the
change of gain of transistors. It should be emphasized these equivalences apply
only to bulk displacements, but for this type of damage they allow one to predict
transistor gain changes due o exposure to different types of space radiation such

as one actually encounters (Ref. 6).

As a function of proton energy bulk displacement production follows a 1/E
law, theoretically. The particle energy, E, in this law is the energy of the
particles actually impinging on the semiconductor material, not on the can. A
typical transistor can absorb protons of energy less than about 15 Mev, and appears
to distort the 1/E law for protons below 20 Mev. Can-off experiments (Ref. 6)
show that the 1/E law is valid down to about 8 Mev, but for lower energies the
damage is less than predicted, being about constant down to 1 Mev before falling
off. This is probably due to proton absorption in the outer layers and the transistor
itself, so that base region damage is lessened. In view of the large flux of low
energy protons in space, the low energy behaviour of this silicon damage is worth
noting. Low energy electrons are less effective in transferring energy to the silicon
lattice so that below about 200 kev almost all the damage is due fo ionization.

At higher energies the damage would be expected to follow predictions of a theory
of momentum and energy transfer to silicon atoms to produce displacements, with
relativistic corrections where needed at very high ehergies. However, the energy
dependent transistor damage data do not fit this theory well except for a small

energy range. The damage observed is twice that of theory, suggesting that the

defects generated may be divacancies rather than simple vacancy-interstitial defects.
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lonization effects due to both electrons and protons are also seen in the
reduced gain of transistors, the increased leakage currents, and reduction of solar
cell power. The mechanism seems to be production of long lived surface (and bulk)
trapping centers, which can be annealed out at high temperatures. Transistor gain
reduction is largest at the low emitter currents, indicating surface effects. For
absorbed doses above 104 rad(Si), in some devices gain loss greater than X2 occurs,
and ol lowance must be made for this gain loss in circuif design. At doses above
about 106 rad(Si) the surface effect saturates, and for energetic particles the bulk
effects then predominate. In contrast to the bulk damage, the surface, or "non-

linear" component does not depend simply on transistor type or FT.

The question of using Cobalt-60 as a source for qualifying fransistors for
spaceflight has been studied (Ref. 6). One would hope that the equivalences
would allow one to plan a space mission in terms of an equivalent Co-60 irradiation,
and then test the electronics. It runs out that Co~60 can simulate the nonlinear
changes to ICBO and gain, but one must expose to 108 rad(Si) to simulate proton

displacement (bulk) damage with Co=60,

Diodes

Radiation-damaged diodes exhibit decreases in forward current output and

in recovery time, and increases in reverse leakage current and in reverse break-
down voltage. It may not be easy for an engineer to relate change in inverse life~
time to what happens to his diode in space. For a typical power diode of normal
lifetime ~1 psec, a 10" value of A(1/1) represents a factor of 2 change, and 107
represents a factor of 10 change. A faster switching diode is more radiation fe-
sistant. Thus a fluence 10]2 fo 10]3 proi‘ons/cm2 or 10]4 fo 10]5 elecfrons/cm2
of space radiation energies can produce noticeable increases in leakage current
ond decreases in recovery time or forward current. A (X10) lifetime change would

increase the body resistance by o factor of 5 to 10, the leakage current by X10,

and decrease the storage time X5.
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Solar Cells

The radiation-induced change in lifetime in silicon produces a reduction
in the short=circuit current of conventional p-on=n solar cells. In the past few
years, lithium doping has been used in solar cells, resulting in increased radiation

resistance to over 10]5 eleci‘rons/cm2 (1 Mev).

The lithium doping processes provide a new radiation damage center, to
which unpaired lithium atoms in the bulk can diffuse. They interact there either
to improve the carrier lifetime or to annihilate the damage center. These cells
thus appear to be "self annealing” ofter radiation damage at nomal temperatures.

At high temperatures, they anneal as do conventional undoped cells.,

Recent studies using various energies to probe cell parts have distinguished
two damage mechanisms in both conventional and lithium diffusion cells (Ref. 7).
Conveni'ic:mal damage, or bulk damage, occurs when particles cause defects in the -
cell interior of either p-on=n or n=on-p cells. This is the damage produced by
penetrating particles (say >1 Mev protons or electrons). This damage produces a
reduction in short~circuit current, and some loss in power; that is, the knee of the
V=l curve comes in somewhaf. This damage is only partly annealable, and needs
high temperatures in conventional cells. It is more easily annealed in Li~doped

cells.

Another type of damage is observed in cells when the bombarding particle
is of low enough energy to penetrate only into the top layer or the junction. This
may be called "surface damage”, by analogy with the effects in transistors to be
described. The characteristics of surface damage are a lowering of open circuit
voltage (rather than short-circuit current) and of the knee of the curve. The Voc
change is mostly annealable, at room temperature, but not the power reduction.

A study is underway to see how much of this effect is due to charge buildup in
the oxide layer over the cell top, and to relate this surface damage to that ob-
served in other semiconductors. Also, a study is underway fo investigate means

of annealing Li-doped cells in space from the hard space radiation.
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SUMMARY AND CONCLUSION

There are still crucial questions being resolved in studies of radiation
damage mechanisms in spacecraft materials and components. However, much data
exists, and some of it is useful to designers as well as to technologists. The new
questions being raised and resolved relate to combined effects of UV and particulate
radiation on surface materials as they will be used in vacuo, surface ionization

effects in semiconductor electronics —transistors, diodes, and solar cells.
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N68-26131
STATUS OF RESEARCH TO DETERMINE RADIOBIOLOGICAL RESPONSE

CRITERIA FOR SPACE MISSIONS*

Edwin R. Ballinger, Colonel, U.S.A.F., M.C.
U.8. Air Force School of Aerospace Medicine
Brooks Air Force Base, Texas

In considering any new concept of dose criteria, one is easily tempted to see what
is available in the nature of old, used concepts. Certainly in the past 25 years many of
us have been busily concocting dose criteria for anything in sight that looked like a pos-
sible or potential hazard. We have prepared dose criteria for weapons testing, nuclear
aircraft, nuclear submarines, nuclear rockets, luminous instrument panels, klystron
tubes, and foot X-ray machines.

In one program we finally achieved the pinnacle of success as we established cri-
teria for fall-out on aircraft in flight and earned from General Ernest Pinson the
observation that we had at long last come up with a magnificent overprotection against
a nonexistent hazard.

On the other hand there are cases not quite so frivolous, cases of considerable
underprotection as a result of poor or no exposure criteria. These can be found in the
studies of radium dial painters, uranium miners, leukemia in physicians, and also can
be found under the gray felt gloves worn by some of our older radiologists. Thus,
there are criteria and more criteria and in some cases a lack of criteria.

A reasonable approach to the manned space flight problem would be first to
determine when and where we may have an existent hazard, and second to look at the
composition of this hazard to see how it differs from other situations where we already
have ample dose criteria. By identifying these differences, we will also have identi-
fied the pivotal factors around which a new criterion must be built. If this be the case,
these factors so identified must be taken into account in assessing the status of research
to determine radiobiological response criteria for space missions.

In space, between the earth, its moon, Mars, and Venus, are several kinds and
locations of ionizing radiations that may or may not be hazardous to man depending
upon how well he is protected, how long he remains, and the amount, the kind, and the
energy of the radiation present.

*The animals involved in this research were maintained in accordance with the "Guide
for Laboratory Animal Facilities and Care' published by the National Academy of
Sciences, National Research Council.
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We need not dwell on the location of these hazards that are more familiar to the
physicist than to the biologist, the solar flare proton radiation beyond the Van Allen
belts, the protons and electrons in the Van Allen belts, the trapped electrons beneath
as residual from nuclear testing in the upper atmosphere, and, of course, any trapped
charged radiation which may exist around other planets or stars possessing a suf-
ficient magnetic field.

We can first compare these radiations of space with those we use clinically and
in research. When we do this, we will find several important differences in each of four
basic manners in which space radiation varies from that used clinically. These four in-
clude radiation type and energy, dose rate, exposure frequency, and dose (Table 1.)

Table 1

Comparison of Clinical, Research, and Space Radiations

Item Clinical/Research Space

Coé’ory > 1 Mev Bremsstrahlung')/<1 Mev

Radiation type

Exposure frequency

Dose

1-10 exposures
(1-10 days between)

1-1000 rad
(partial body)

and ener p 2-40 Mev B 0.5~5 Mev
: gy P 150-600 Mev P <100 Mev
Dose rate 50-500 rad/min. <0.1 rad/min.

1-10 exposures
(over duration of mission)

1-1000 rad
(whole body)

These differences constitute the factors one must take into account in assessing
the present status of research to determine radiobiological response criteria for
space missions. They prevent us from seeing what is available in the way of old
criteria and make us realize how inadequate most present clinical observations and
radiation research experiments are in arriving at any but generalized criteria.

We all strive toward higher energies and higher fluxes for faster exposures, more
patients, better statistics, or more time for golf. Thus the true space radiation picture
of low dose rates of low energy and poorly penetrating particles involves the very dose
rate considerations that the clinician avoids with higher flux and energy equipment.
Although there are a few clinical users of protons and electrons who particularly rely
upon the Bragg peak to produce maximum effect at a specific depth, more frequently the

energy, or a rotational exposure, is chosen with greater regard to protecting or sparing
deeper structures.
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More specifically, from the first factor of radiation type and energy (Table 1),
it is evident that space radiation will involve greater considerations of skin and
superficial structure protection than generally practiced clinically, or observed in
research. With the exception of whole body gamma exposures, our sources of most
pertinent human information are those clinicians using electron irradiation tech-
niques on the skin and underlying tissues. There appears to be fair agreement that
mild erythema is unlikely to occur below exposures of 250 rad using 2-12 Mev
electrons and that there is no evidence of nausea or other gastrointestinal complaints,
nor any evidence of serious alterations in the blood unless due to significant X-ray
contamination of the electron beam.

For several years the School of Aerospace Medicine has conducted a series
of monoenergetic proton exposures using 6- to 8- pound rhesus primates ranging in
eight energy groups from 13 Mev to 2.3 Bev. Clinical manifestations included con-
siderably more gastrointestinal symptomatology at 2.3 Bev than at lower proton
energies; some of this increased response may be due to the build up of secondary
irradiation or spallation within the body. The extent of this build up was calculated
at approximately 43 percent of the incident dose for the 2. 3-Bev exposures.
Secondary buildup was not significant at energies of 400 Mev and below, and in the
range of 100 to 400 Mev the acute manifestations were quite similar to 2-Mev
X-rays on a rad-for-rad basis. Protons of energies in the order of 55 Mev penetrated
the body tissue to the depth of about 2.5 cm, thus irradiating much of the bone marrow
and central nervous system and some of the gastrointestinal tract of the rhesus monkey.
The LD, ., at this energy is about 1,150 rad as compared with approximately 700 for
gamma. ' There was depression of white cells and platelets but to a much lesser extent
than that seen after X-ray irradiation. Gastrointestinal symptoms occurred with doses
above 1, 500 rad comparable to those seen at half this dose with X-irradiation. The
depth of penetration of a 35-Mev proton is approximately 1.0 cm. Findings are pre-
dominantly limited to the cutaneous tissue. Doses in excess of 1, 500 rad produced
severe skin ulceration within a month. Doses in excess of 900 rad developed inca-
pacitating fibrosis of the skin with chronic ulcerations by the 28th month., Animals
receiving 550 rad exhibited marked graying of the hair; otherwise, they are alive and
well 8 years after exposure. Cataracts of some degree have developed in 87 per cent
of the animals receiving doses in excess of 1, 000 rad and 37 per cent of the animals
receiving 550 rad. Except for transient white-cell drop, neither hematological nor
gastrointestinal organs appear to have been affected by this energy.

In comparing the monkey with man, one must make allowances for the differen-
ces in dose depth and hence the increased energy necessary to penetrate to the
comparable organ in man. Tables 2 and 3 list proton and electron energies necessary
to penetrate the mid-distance in a number of vital organs.

In regard to the second factor in Table 1, dose rate, Wright Langham has
described our situation as being concerned with rates far too low to depend upon AEC
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Table 2

Proton Penetration in Primate and Man

Primate Approx. Man
Organ Depth in . Proton Depth in Tissue Proton
. (a) |(Mev to Center) (Mev to Center)
Tissue (cms) (cms)
Liver 3.5 64 12.0 130
Kidney 2.7 55 8.0 100
Marrow (sternal) 1.1 34 2.0 48
Marrow (pelvic) 2.1 49 6.0 86
Mid~brain 3.0 60 8.0 100
Optic lens 0.6 24 0.9 30
Heart 3.3 62 8.0 100
GI tract 2.5 52 12.0 130
Testis 1.0 32 1.5 40
Ovary 4.0 69 10.0 120

(@) Measured from cross-sectional atlas of anatomy of 3. 2-kg MACACA MULATTA:
center of organ to nearest skin surface.

Table 3

Electron Penetration in Primate and Man

Prlma!:e Electron AppI'o.X. Man Electron
Organ Depth in @ (Mev) (b) Depth in Tissue (Mev)
Tissue (cms) (cms) ‘

Liver 3.5 9 12.0 35
Kidney 2.7 7.5 8.0 20
Marrow (sternal) 1.1 4 2.0 6
Marrow (pelvic) 2.1 6 6.0 15
Mid-brain 3.0 8 8.0 20
Optic lens 0.6 2 0.9 2.8
Heart 3.3 9 8.0 20
GI tract 2.5 7 12.0 35
Testis 1.0 3 1.5 5
Ovary 4.0 10 10.0 27

(2) Measured from cross-sectional atlas of anatomy of 3.2-kg MACACA MULATTA.

()
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data and far too high to lean upon PHS studies. As these two agencies have provided
the preponderant financial support to radiation bioeffects research to date, it is not
surprising to see a relative gap in the middle of our dose-rate picture.

Still considering dose rate, we find in general that the lower the rate, the less
effective the total dose (Figure 1). For instance, using mice at rates of Co® gamma
in the order of 300, 000 rad/day, we find an LD, ., of approximately 775 rad. As we
reduce this dose rate by factors of the natural log to 100,000 to 30, 000 to 10,000 to
3,000, etc., we find a related increase in LD,, 2 dose which, as we go through a factor
of 10 in dose rate, increases the LD, /50 by a factor of approximately 3.

103 =
: o TRAYNOR et al
S 0 MELVILLE et al.
~ » ANDREWS et al.
0 10%E N0 «x x UPTON et al.
o = o o GRAHN (X-RAYS)
= s X a STORER (X-RAYS)
L. X
E X A\\A i
8 )
Q
=
10% L
102 1 1 i 1 }
10 102 103 104 10% 108

DOSE RATE (RAD/DAY)

Figure 1—Comparative Data, LD50 vs Dose Rate.,

From limited primate studies at fewer dose-rate points, a parallel picture {s
suggested. Examining primate changes more closely at even lower dose rates
characteristic of space where LD, . is not of primary concern, we see at 15, 10, and
5 rad per day an increasingly higher total dose required to produce hematological
changes. Recent gamma data to be repeated using protons in November at the NASA
Space Radiation Effects Laboratory suggest involvement of a repair factor which be-
comes increasingly expressive as we go from 15 rad per day to 5 rad per day and
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below. Thus the value of these hematological changes in estimating space radiation
dose becomes questionable unless we also have a general idea of the rate of delivery.

When we look at the frequency of exposures (Table 1), we find the clinician
seeking the most effective periodicity for tumor regression, while the space re-
searchers seek to find the periodicity for least effect upon anything. Here is where
some of Dr. Alpen's work at the U. S. Naval Radiological Defense Laboratory is
most pertinent, showing as it does a species difference in degree and in direction as
some animals appear to oscillate several times postexposure between a radiosensitive
and a radioresistant state. The period for man is not known, but recent work at the
School of Aerospace Medicine suggests that rhesus is most sensitive to a second
exposure on the 25th to the 30th day.

In seeking to add to our store of space knowledge from examining clinical data,
we find few places where whole body exposures are being used, and even fewer that
have examined the relationship of surface area to effective dose (Table 1). This
relationship is believed to exist for large area exposure as well as for small. As
the clinician is primarily interested in the patient and the lesion being treated, he can
to some extent be forgiven for failing to observe and record other side effects of
radiation that as a psychiatrist, which he must also be, he does not wish to bring to
the attention of a very concerned, apprehensive, and not-a-little frightened patient.
It is unfortunately this fact that has prevented much clinical dose effect information
to go unrecorded and even in fact unobserved. Although our mores do not permit us
to expose humans to radiation for research purposes, it is unfortunate that our lack
of closer ties with the clinician has to some considerable extent denied us that infor-
mation which could be observed during the treatment of patients for more legitimate
purposes. The estimates for threshold dose for erythema in humans may vary from
casual observer to casual observer over a factor of 2 to 3. Associated effects,
swelling, itching, and burning, frequently go unrecorded. Although there is a
relationship known to exist between area exposed and threshold dose, the clinician
is not made aware of our need for this first-hand human data for future space flight
considerations. The School of Aerospace Medicine is presently assembling an ad hoc
group of clinicians to assist us in this regard.

Whole body exposures are presently being conducted at Stanford University,
MIT/Lahey Clinic, and M. D. Anderson Hospital, to name a few. Dr. Ferdinand A.
Salzman, MIT, is presently comparing 100 percent 0, versus hypoxic exposures on
the leg, using 2-Mev proton in the treatment of mycosis fungoides. He is, of course,
interested in increasing the effectiveness of his exposures by increasing 0, availa-
bility and perhaps metabolism. We should follow this work with considerable interest.

Thus to compare the differences between our clinical and our space situation,
we find that:
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Space radiations are by and large less penetrating, thus less damaging to
deeper structures of the body; the gastrointestinal tract will be less involved
than the bone marrow, and the skin more involved than either the gastro-
intestinal tract or bone marrow.

The lower dose rates in space can almost axiomatically be said to be less
damaging, and thus thresholds for effects as observed at high clinical rates
will not necessarily apply in the low dose rates of space. Much work is
needed in this region to compare the effects from acutely delivered doses,
to the partial or complete absence of effects at lower dose rates. Because
of the low energy and low dose rate one can make emphatic the predication
that lethality per se is not going to be a radiation problem in any planned
situation.

Much more is needed in learning man's period of sensitivity to repeated
exposures before criteria in this specific can be any more precise than to
say ''the less frequent the exposure, the better."

Where does this lead us? Can we say that whatever the criteria drawn from
clinical and research observations, they can be taken to represent the worst likely
effect, rather than that to be normally expected? I believe in general that we can.

For in dose rate, in energy, in wide spectral distribution where a smearing of LET and
Bragg peak occurs, in frequency and in total dose where on prolonged missions much
of the life-support system can be additionally employed as shielding, present clinical
and research data do appear to represent the worst rather than the average expected

results.

In summarizing our present status of research to determine radiobiological
response criteria for space missions, we can say the following:

1.

We have a radiation problem in space that appears to be limited to the
Van Allen belt, the regions or electromagnetic pathways of solar flares,
the near-earth regions of trapped artificially injected electrons from
man-made nuclear exercises, and possibly the radiations electromag-
netically trapped in the fields of other stars or planets.

We cannot lean too heavily on any earlier criteria based upon high energy
penetrating radiation given at high dose rates or over a portion of the body.

As physical measurements in BL space become more precise, and as more
numerous measurements of maximum energies and fluxes from solar
flares are gathered as we enter the period of the active sun, our response
criteria can become more meaningful as we can further restrict our con-
siderations to certain areas and certain energies and fluxes.
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In examining many sources of information for effects of highly penetrating and
poorly penetrating ionizing radiations and by separating effects into these categories,
we find that 150 rad is about the lowest dose of penetrating radiation to reproducibly
produce minimal nausea with concomitant transient alteration in villi of the gastro-
intestinal tract. 1In the case of less penetrating radiation, a transient change in the
mitotic index of the skin has repeatedly been reported at 100 rad. Early erythema or
reddening of the skin reported by several investigators to occur between 200 -and 300
rad may constitute a prodromal warning at 300 to 500 rad of the characteristic erythema
proper, occurring between the third and fourth week as reported by many electron
therapists. As there is little question what nausea or skin inflammation could do to a
space mission, it is not unreasonable to assume these effects to be limits beyond which
it would be very unwise to stray. As such and to the extent that any space exposure can
be called routine, we would support this as a maximum routine dose. Although a
routine dose has been defined as any dose that will not produce an alteration in a rou-
tine clinically accepted biological test, at dose rates comparable to space, 100 rad may
prove to be quite close to this threshold.

There may be occasions when a dose in excess of the routine is contemplated,
one which may produce clinically demonstrable but for the most part reversible and
transient changes. At lower rates of 5 to 15 rad/day radiation may be of the order
of 150 to 300 rad to satisfy one statistically that a 20 percent to 40 percent drop in
lymphocytes has occurred. In the region of 300 rad mild erythema has been observed
at clinical dose rates using poorly penetrating radiation. To use a limit of 300 rad to
the skin with the assumption that dose rate introduces a factor of 2 to 3 in our favor
may be the best we can do at this time.

Having suggested a routine and a nonroutine maximum dose, one is faced with
the inevitable question, '""How much can I take if I have to?" The answer comes out
only if we ask, ""Have to what ?"

For all practical purposes one can repair from whole-body penetrating doses of
150 to 200 rad and skin doses of 400 to 600 rad. Although cataract formation is deemed
probable at these higher levels, it is relatively slow in developing and can be removed
surgically.

Although an LD, for penetrating radiation has been given as 150 to 200 rad for
acutely delivered doses, our earlier described dose-rate study would suggest that a
factor of 3 to 4 be applied here, and by so doing to indicate small likelihood of primary
radiation death as compared with problems secondary to certain degrees of perform-
ance decrement produced by skin doses above 500 rad. We have alive today primates
exposed 8 to 10 years ago to low dose rates of penetrating radiation from 2, 000 to
4,000 rad.
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How good are these numbers ? If the dose rates and proton energies which show
wide variations between reporting physicists can be averaged, our radiobiological
response data may involve a safety factor approaching 2. 0At least as much solar flare
data as has been collected through the history of mankind's ability to observe and
record will be obtained in the next several years as we move through the next period
of maximum solar activity. Many of the discrepancies in measurement will be
resolved statistically and our response criteria improved in reliability to the extent
of the physicists' contributions. With increasing attention on the part of clinicians
to the bioeffects of electron and proton irradiations, and with a joint NASA/Air Force
committee to this end, the radiobiologist will be able to enhance the validity of these
threshold values. A much clearer picture must appear in the early 1970's.

In the early 1970's we are going to need better criteria for prolonged missions,
perhaps of several years. Whether beginning a long ballistic trajectory, or a Hohmann
minimum energy transfer, the way back is a long one, and the exposure criteria—rigid,
restrictive, and conservative at early times—may become increasingly flexible and
permissive as the last leg of the flight is entered.

Why use man for such prolonged flights? It would be difficult to find a sane
individual to agree to participate in such confinement in a ground-control experiment.
We need not belabor the reasons, but at present it appears that the man-machine loop
with man onboard gives far greater guarantee of success for such a long-range
mission whether he functions only as a repair man, a trouble-shooter, or an observer
of a single key function at some time in the long flight. Until nuclear or other exotic
power plants can provide the continuous acceleration necessary to accomplish long
distance flights in a minimum of time, one of the most trying problems of prolonged
flights may be personnel interrelationships. The choice of the magic number of flight
crew; the decision on the value of cross-training versus the psychological advantage
of deliberately setting each man as a single unique contributing component; the means
of protecting man physically against the long periods of inactivity and psychologically
against long periods of reduced flow of sensory input—what do these have to do with
radiobiology and criteria concepts ? These heretofore unrelated factors may find a
common ground in the consideration of techniques of preserving the performance in-
tegrity of both, for it would seem that many of the present techniques in modifying the
effects of radiation may also play a role in modifying man's response to prolonged con-
finement and isolation. For many years it has been observed that a tie-in apparently
exists between the level of metabolic activity and the sensitivity to ionizing radiation—the
higher the metabolic activity level, the more sensitive the individual to radiation.
Whether this is induced or spontaneous activity is still under examination. Known also
is the relationship of oxygen and hypoxia to radiation response. Hypoxia appears to be
one of several moderately effective radioprotectants. Similarly thermal effects are
thought to play a role in response fo radiation. The high LD,  of poikilotherms and the
bizarre protection afforded by hibernation in Jacobson's University of Chicago experi-
ment have stimulated increased effort to examine the effects of thermal extremes. It is
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possible that the modification of any one of these factors—reduced metabolism, hypoxia,
or hypothermia—would be of considerable value in preserving the mental and psycholog-
ical integrity of space crews subjected to the rigors of space for long periods of time.

If in the middle and late 1970's man is destined to make such flights, it would not
be at all surprising that the status of research to determine radiobiological response
criteria would flow across and into a second level of involvement, expressing as permis-
sive doses those we are looking at today as modified by the degrees of radioprotection
one can achieve by the metabolic modifications just described.
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A complete dosimetric assessment of the galactic radiation hazard to man in
space requires analysis of the LET distribution for establishing dose equivalents.. Since
the primary particle spectrum ranges from Z = 1 (protons) to at least Z = 26 (Fe nuclei)
with energy spectra reaching up into the ultrarelativistic region, the compound LET
spectrum is an extremely wide continuum extending from Q.18 kev/micron tissue
(minimum LET of profons) to 3600 kev/micron tissue (Bragg peak of Fe nuclei). The
build-up of galactic radiation in dense matter and the associated LET transition are
not well investigated. Experimental data do exist for the Earth's atmosphere, furnish-
ing a maximum dose rate of 22 millirads/24 hrs as compared to 13.2 millirads/24 hrs
for the primaries only. Transfer of these data to dense absorbers is only of limited
validity because the charged pi mesons, due to their short lifetime, decay in the
rarefied air of the upper stratosphere, yet undergo nuclear collision leading to star
formation in dense matter. In a qualitative way, it can be shown that the formation
of secondaries from high energy primaries should result in a general shift of the energy
dissipation from high to low LET because a large part of the secondaries from high Z
primaries is of relativistic energies. Dosimetrically, the most important component of
the secondary radiation is the neutrons since they carry RBE and QF factors substantially
larger than 1.0, Unfortunately, information on this very component, even for the build-
up in the Earth's atmosphere, is incomplete and contradictory with data of different
authors differing by a factor of 2. A peculiar transition phenomenon that could be called
a pseudo build-up occurs in the initial section of the build-up region for the low energy
heavy nuclei of the primary flux which are responsible for the so~called microbeam
effects of the galactic radiation exposure. Because the spectrum of the incident radiation
has a pronounced maximum at a comparatively large range, the enders frequency
increases initially with increasing depth. The position of the maximum of this pseudo
build-up occurs at a different depth than that of the main build-up, @ circumstance that
would have to be taken into consideration in the design of heavy nuclei experimentation.

INTRODUCTION

In discussions of the radiation hazard to man in space, interest has centered in
the past primarily on trapped radiation and solar particle beams. For manned space
ventures of a more distant future, such as lunar colonization or interplanetary missions,
which will entail exposure times in deep space of months or even years, the galactic
radiation hazard cannot be disregarded. To be sure, this exposure, since it remains
well below the 100 millirad/day level, would not cause concern about possible acute
effects that could impair astronaut performance even on an extended mission, What
we are dealing with clearly is a chronic exposure at low dose rates which is significant
only if long-term effects are considered.

It is a well-established fact in radiobiology that chronic damage from accumulated
exposure fo low dose rates of high LET radiation is, rem per rem, more severe than that
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for standard x- or gamma rays. The reason for it presumably is to be sought in differ-
ences in the recovery mechanism in the sense that for high LET radiation, repair of
tissue damage is incomplete. Since galactic radiation, acting continuously, represents
the most typical chronic low dose rate exposure one can think of, a quantitative
analysis of the LET distribution is an essential prerequisite for a full assessment of the
long-term damage. In view of the complex composition of the primary galactic radiation
and, all the more, of the combined primary and secondary radiation at various depths

in a compact absorber, the establishment of the resulting local LET spectra is a task of
unusual complexity. The following discourse does not aspire to present a complete
solution. It merely discusses the various types of interacting mechanisms involved in
the build-up phenomenon in regard to the changes they initiate in the configuration of
the LET distribution. For a dosimetric evaluation, a complete analysis of the particle
transition of the primary beam as it travels in absorbing material is actually not needed.
Obviously, all secondaries of single charge and relativistic speed resulting from nuclear
interactions dissipate energy at the same minimum LET. That means their individual
particle identity does not have to be determined. As a consequence, the severe limita-
tions that exist at present with regard to a theoretical treatment of the build-up in the
multibillion e-volt energy range are alleviated, at least to the extent that reasonable,
semiquantitative estimates of the transition of the LET spectrum and the corresponding
RBE and QF factors seem possible.

COMPARISON OF FLARE PRODUCED AND GALACTIC RADIATION

Numerous studies have been carried out in the past investigating the problems of
shielding and depth dose distribution for the various spectral types of trapped radiation
and solar particle beams. Since these efforts have created a general familiarity with
the basic characteristics of the pertinent proton spectra and their transition in shielding
material or body tissues, it seems indicated to point out the basic difference that exists
in this respect between flare produced and galactic particles. Figure 1 gives a direct
comparison of the profon energy spectra of a typical large flare (1) and galactic
radiation (2, 3). Attention is directed to the difference of a factor of 36 million in
the ordinate units for the two spectra that had to be chosen i in order to plot both spectra
in one graph. Examining the range scale on the upper abscissa, one recognizes the
basically different situation with regard to shielding. Toking, for instance, the mini-
mum shielding equivalent of 1.65 g/cm? for the Apollo vehicle, one sees immediately
that this thickness would provide very substantial protection from the flare beam, yet
would cut off only a negligible flux fraction from the galactic beam. In fact, the
latter statement does not even tell the whole story. The large fluxes of the galactic
beam at 1 Gev and beyond would produce, in the shielding of the Apollo vehicle
and all the more in a heavier barrier, a substantial build~up of secondaries, producing,
for an astronaut inside the vehicle, a substantially higher exposure than for an
astronaut freely floating in space in his space suit far away from any large compact
agglomeration of matter,
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Unfortunately, as mentioned before, a quantitative theoretical treatment of
the build-up for galactic radiation runs info considerable difficulties. Looking at
the energy scale on the abscissa of Figure 1, one can distinguish, with regard to the
mechanism of energy dissipation of protons in shielding material or tissue, three energy
regions. In the first one, extending from zero to about 150 Mev, ordinary ionization
is the predominant process of energy dissipation, with the additional energy removed
from the primary beam by nuclear collision amounting to only a few per cent. Since
the flare spectrum shown in Figure 1 is essentially limited to the energy interval in
question, tissue dosages would therefore change only insignificantly by adding the
collision term in a dosimetric evaluation.

The second energy interval extends from about 150 Mev to about 400 Mev.,
In this interval, especially toward its upper end, energy dissipation from secondaries
produced locally in nuclear collisions competes with ordinary ionization, and accurate
assessment of tissue dosages would require a quantitative analysis of the collision loss,
This is not exactly an easy task, but it still can be handled with Monte Carlo methods
if a larger computer facility is available (4). Of special importance in such studies is
always the neutron component in the collision term because of the high RBE and QF
factors that would have to be assigned to the corresponding dose contribution.

The situation changes again in the third interval ranging from 400 Mev into the
ultrarelativistic region. At these energy levels, mesons appear as a new type of
secondary in the intranuclear cascade and become more and more the determining
factor in the build-up as the energy enters the multibillion e~volt level. While the
role of the charged pi mesons would still be accessible to a theoretical assessment,
the neutral pions initiate photon-electron cascades which determine very prominently
that part of the build-up that derives from ultrarelativistic primaries, The development
of the photon-electron cascade in the Earth's atmosphere, where it bears the name
large air shower, has been studied extensively in theory and experiment. However,
the transfer of the pertinent data to compact matter and the complex combination with
the nucleon cascade, which continuously feeds new neutral pions into the already
existing cascades, so far has detered theoreticians from any attempt at a computer
approach. Similar or possibly even greater difficulties exist in regard to the theoretical
treatment of the role of the neutron component in the build-up. At greater depths,
i.e., behind very heavy shield thicknesses, neutrons dominate the development and
final decay of the nucleon cascade. For an excellent treatment of the subject with
particular emphasis on the problems of radiation shielding in space, the reader is
referred to a study by Shen (5). In the present discussion, we accept without further
proof the fact that a quantitative theoretical treatment of the combined nuclear and
photon-electron cascade for the high energy part of the primary galactic beam is out
of reach. It should be emphasized that what one faces here is not so much a limitation
due to the large number of input parameters for the computational analysis but more
so a limitation of inadequate information on the numerical values of those parameters.
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Experimental data on the build-up of galactic radiation do exist for the Earth's
atmosphere. In fact, most elaborate measurements have been carried out by a number
of investigators. However, these data for the tenuous air of the upper atmosphere can-
not be transferred directly to a compact material such as the heat shield of a space
vehicle., Aside from the different atomic compositions of the two media, the difference
in density in connection with the short, mean lifetime of the charged pions causes these
particles to decay in the atmosphere, but to undergo nuclear interaction in compact
matter. This leads to two basically different types of cascades, the nucleon cascade in
the atmosphere and the nucleon-meson cascade in dense material. Even rough estimates
of how much this would modify the transition curve in the atmosphere if the latter is
visualized as compressed to density one in vertical direction are not available, In
the absence of data for compact matter, then, the galactic build-up in the atmosphere
as the only available source of information must be resorted to for a first approximation
assessment, Figure 2, based on the data of Neher and Anderson (6), shows the altitude
profile of the total ionization of the galactic radiation for solar maximum and solar
minimum. Since altitude on the abscissa scale is expressed in g/cm? of air overhead,
the graph can be interpreted directly, with the just-formulated restrictions, as the
galactic- build-up in a semi-infinite slab of air-equivalent dense material.

For a direct quantitfative comparison of the two build-up functions in Figure 2,
it is advantageous to normalize the curves to equal dose levels at zero depth in the
shield as done in Figure 3. Since conditions ot solar minimum, when the screening
effect of the interplanetary magnetic field is lowest, are representative for the highest
galactic radiation level, it seems appropriate to base the further discussion on the curves
for solar minimum in Figures 2 and 3. In doing so one sees from the pertinent curve in
Figure 3 that up to the rather heavy shield thickness of about 10 g/cm?, no apparent
shielding effect exists as far as the absorbed dose is concerned. However, this does
not at all mean that the radiation as such does not undergo any transition, Actually,
very complex interaction processes occur in the shielding material right from the
beginning. If just so happens that, for the galactic spectrum at solar minimum, the
processes involved balance out in such a manner that the absorbed dose remains constant
over the first 10 g/cm?, Hidden behind this constant total energy dissipation are pro-
found continuous changes in number and type of particles and in their energy spectra
occurring as the radiation travels through the shield material. Dosimetrically, these
changes have to be taken into consideration as one progresses from absorbed doses to
dose equivalents since they are accompanied by changes in the local LET spectra of
the various beam components.

LET SPECTRUM OF PRIMARY GALACTIC RADIATION

If we visualize, in a conceptual experiment, an infinitesimally small tissue sample
freely floating in deep space far away from any compact matter of a stellar body, the
galactic radiation will produce, in that sample, an absorbed dose that isin very close
approximation, exclusively due to the ionization of the primary particles themselves.,
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If the particle and energy spectra of this primary flux are known, the accurate
determination of absorbed dose and dose equivalent encounters no difficulties.
Although at first sight this idealized system would seem of little practical value
for dose assessments in actual space systems such as a human target in a vehicle
with a heavy heat shield, it does serve well as a baseline from which the transition
of the LET spectrum during the build-up of secondaries can be analyzed.

Since the primary radiation is made up of distinctly different Z components,
its compound LET distribution is a superposition of overlapping individual distributions
covering the enormous LET interval from 0. 18 kev/micron T for relativistic protons
to 3600 kev/micron T for the Bragg peak of nuclei with a Z = 20, Based on the best
available data on the energy spectra of all Z components of the primary galactic
radiation (7), the bottom graph in Figure 4 shows the superposition of the LET distribu-
tions of the various Z components. Since the bulk of the differential flux for all
componenfs centers on the region of high and very high energies, the LET d:strabuhons,
in turn, center heavily on the respective minimum LET values of the different Z
species, with only a small fraction of the energy dissipation extending toward the
upper end of the individual LET scale, i.e., toward the Bragg peak. In order to
allow a direct comparison of the heterogeneity in LET, the individual distributions
in Figure 4 have been normalized by adjusting the area under each individual distribu-
tion to unity. That means the areas for all Z components are equal and do not cor-
respond fo the fractional dose rates of the respective components. For this particular
information, Table | which lists the values in question in the bottom line should be
consulted.

Table |

Dosimetric Data on Primary Galactic Radiation

Element H He C Ne Ca
Atomic Number Z 1 2 6 10 20

LET, Minimum 0.18 0.73 6.6 18 73
kev/micron T Maximum 85 240 964 1420 2790
lonization dose, 53 3.2 200 1.7 1.6
millirads/24 hours

Mean RBE 0.75 1.00 1.59 2.86 6.64
Dose equivalent, 3.98 3.20 3.18 3.15 10.62

millirems/24 hours

a: ForClass Z=3 10 9; b: ForClassZ=10to 19; c¢: For Class Z = 20 to 28.
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If we proceed now to the radiobiological interpretation of the compound LET
distribution of Figure 4 in terms of dose equivalents, it seems appropriate to compare
it to the LET distribution for standard x-rays shown in the center graph of Figure 4.

It is seen immediately that galactic radiation encompasses an enormously wider LET
range than standard x-rays. In regard to RBE factors, four intervals of the compound
galactic LET distribution can be distinguished. The first interval extends from 0.18 to
0.5 kev/micron T. As seen in Figure 4, it is located, with its entire width, below
the region of standard x-rays and contains the bulk of the energy dissipation of the
primary protons. Of special interest is the close similarity of this LET distribution to
that for Co-60 gamma rays as reported by Cormack and Johns (8). Figure 5 shows the
two distributions over the same abscissa scale. It should be obvious, from this
comparison, that the dose fraction of primary galactic protons should be applied the
same RBE, which in clinical radiation therapy and experimental radiobiology has been
established for Co~60 gamma rays, i.e., the RBE of 0.6 10 0.8.

The second LET interval of the compound LET distribution for galactic primaries
extends from 0,5 kev/micron T fo about 3.5 or 5 kev/micron T. This is the region in
which most of the energy dissipation of standard x-rays takes place. For the dose
fraction in this interval, then, the RBE of 1.0 has fo be used by definition. The third
interval extends from 3.5 or 5 kev/micron T to 80 or 100 kev/micron T and represents
an LET range that could be called the conventional high LET region. lis upper end
denotes the maximum LET in the Bragg peak of protons. It is the interval in which the
bulk of the energy dissipation of recoil protons from fast and high energy neutrons takes
place. The RBE Committee of the ICRP (9) recommends, for this LET interval, an RBE
formula which furnishes the curve marked RBE in the center graph of Figure 4 with the
right hand ordinate notation. The Committee restricts the use of the formula to a
highest LET of 175 kev/micron T. In the graph in Figure 4, the pertinent curve has
been arbitrarily extended to higher LET values by gradually saturating the RBE af 10,

The fourth and highest LET interval which begins at about 100 kev/micron T
represents an essentially unknown territory as far as experimental data with biological
specimens are concerned. On the one hand, studies with alpha particles, which have
a maximum LET of 240 kev/micron T in the Bragg peak, clearly.indicate for most
somatic reactions a reversal of the RBE, i.e., a decreasing efficiency for increasing
LET, This effect is presumably due to the so~called "over-kill" or "crowding” effect,
meaning that more ionization events than needed for destruction are produced in the
microscopic tissue volume where the particle passes. While this "waste" of ionization
energy, on the one hand, results in o decreased RBE if the general radiation effect on
the whole specimen is compared to standard x-rays, on the other hand, experiments
with cosmic ray heavy primaries by Chase (10) and by Eugster (11) have demonstrated
that particles with a very high LET, presumably in the 1000 kev/micron T range and
beyond, show so-called "microbeam” effectiveness in the sense that a single traversal
can lead to complete cellular destruction. As the RBE Committee expressly states
(l.c., 2), the ordinary concept of dose and RBE is not applicable to this type of
radiation exposure., At present, the problem rests essentially at this negative statement.
No alternate concepts for the definition of a special dosimetric unit for microbeam
irradiation have been proposed so far, nor are experimental data available on total
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body effects of such exposures with mammalian specimens. In view of this gap in
present radiobiological knowledge, the dose fraction of galactic exposure in the
fourth LET interval in Figure 4 can only be carried in terms of absorbed dose, with
the dose equivalent remaining undetermined. Expressed as absorbed dose, the energy
dissipation in the LET interval in question is very small, amounting to only a few per
cent of the total primary dose. However, the demonstrated microbeam effectiveness
on individual cells should caution against an overconfident attitude leaning tfoward
disregarding this part of the galactic radiation exposure.

TRANSITION OF LET DISTRIBUTION IN BUILD-UP REGION

In analyzing the basic mechanism responsible for the build-up, we begin with the
primary protons, i.e., with the LET distribution at the extreme left in Figure 4. Quite
generally, the first generation secondaries resulting from nuclear interactions of high
energy protons are cascade and evaporation particles, with the former being of high
energies in the near or full relativistic region and the latter of lower energies down to
a few Mev. Most of these particles are of single charge, such as protons and plus- or
minus- mesons. Some are neutral mesons and neutrons. A still substantially smaller
fraction are secondary alpha particles, and, finally, a very small fraction are heavier
nuclei as fragments from disintegration stars or neutron recoil nuclei. Since the bulk
of the energy fluence of the primary proton spectrum centers on the energy region
around and above 1 Gev, it can be concluded that the bulk of the cascade particles
of single charge continue, for several generations, the energy dissipation at minimum
LET of the parent primary from which they originated. In other words, where there
was before the collision one primary proton of high energy dissipating energy at minimum
LET, there will be after the collision several singly charged secondaries of high energy,
each dissipating its energy at the same minimum LET. Even if we leave the exact
multiplicity as well as other interaction parameters involved undetermined in this rough
sketch, we still can see that, for several generations, the secondaries originating
from primary protons will dissipate a larger amount of energy per unit length of absorber
at minimum LET than the primaries themselves. In other words, the dose contribution
of the primary protons of 5.3 millirads/24 hrs will be more than matched by the
energy dissipation of their own secondaries. How far downbeam this proposition will
hold cannot be determined without more involved assessments. However, the fore-
going argumentation does demonstrate that the LET interval below 0.5 kev/micron T
at the extreme left in Figure 4 acts as a reservoir into which a substantial part of the
energy dissipation from secondaries is fed, at least in the initial steps of the build-up.
If we further realize that the interacting mean free paths of the secondaries involved
are of the same order as that of the primary protons themselves (about 90 fo 120 g/cm?
in air), we see that what we just called "initial steps” should cover a sizeable distance
even in compact absorbing material. Comparing, for the Earth's atmosphere, the
total absorbed dose from all primaries and secondaries as it actually has been measured
(22 millirads/24 hrs) and the total absorbed dose from the primaries only as it follows
by adding all entries under "lonization Dose" in Table I (13.2 millirads/24 hrs), we
see that only a comparatively small difference (8.8 millirads/24 hrs) remains which
must contain, among other contributions, the dose fraction from relativistic secondaries
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found above to more than match the 5.3 millirads/24 hrs of the primary protons. This

simple estimate strongly suggests that only a rather small part of the dose from secondaries
can be due to low energy particles.

A similar argument as was just applied to primary protons holds for primary alpha
particles, with the additional provision that most of them will break up, in their first
nuclear encounter, into constituent neutrons and protons, thereby not merely maintain-
ing the LET spectrum, but actually degrading it by shifting energy dissipation from the
He distribution (Figure 4) to the H distribution. Finally, a similar transition occurs
with all still heavier primaries since they also will break up, in their first collision,
into fragments of smaller Z-numbers, mainly protons and neutrons but also some alpha
particles and a few heavier fragments. In view of the fact that LET changes with the
square of the Atomic Number Z, all these transitions constitute a general shifting of
energy dissipation on the LET scale from the right to the left (Figure 4), i.e., from
regions of higher to lower LET, Again realizing the comparatively small fraction of
8.8 millirads/24 hrs of the total galactic dose of 22 millirads/24 hrs which are not
accounted for as to their LET distribution, one wonders whether it is more than a few
per cent of the dose from all secondaries that falls into the third area of the top graph
of Figure 4, i.e., would have to be assigned RBE values in excess of 1.0.

The most severe limitation of the validity of the foregoing estimates results from
the lack of reliable data on the role of neutrons in the build-up phenomenon. That
holds for the nucleon cascade in the Earth's atmosphere as well as for the nucleon=
meson cascade in dense matter. The data on which the dose/altitude profiles of Figures
2 and 3 are based were obtained with ion chambers made of stainless stee! and filled
with Argon; thefore, they do not allow any inferences as to the participation of incident
or locally produced neutrons in the total ionization., Other data on the galactic
neutron dose in the atmosphere are not very well defined either. A report of the ICRP
Task Group (12) lists a galactic neutron dose of 0.76 millirads/24 hrs in the atmosphere
at 30 g/cm? pressure altitude. These data have been questioned by Watt (13) who
arrived at a dose rate twice that large. If one considers that the neutron dose fraction
carries an RBE factor substantially larger than 1.0 and that the different reaction mode
of charged pions in compact material as compared to the rarefied air of the stratosphere
is bound to furnish additional neutrons, one sees that the neutron contribution is of
prime importance in the entire build-up problem, particularly from a dosimetric view-
point where absorbed doses have to be converted to dose equivalents for the final
answer,

In weighing the estimates of the dose contributions from the various primary and
secondary components presented in this study and combining them with what has just
been said about the neutron dose estimates of other authors, one cannot help voicing
severe doubts as to the consistency between the measured values of the total ionization
and the data on the primary galactic flux. Subtracting the computed dose for the
primaries from the measured total dose seems to leave a difference much too small to
cover the various contributions from secondaries even if these are entered with their

54




lowest reasonably acceptable estimates. These discrepancies indicate that, despite a
truly enormous effort by cosmic ray physicists over several decades, the build-up
phenomenon of galactic radiation in the Earth's atmosphere is not well enough under-
stood at present to allow a more accurate assessment of the galactic dose equivalent
in a human body at a specified altitude.

PSEUDO BUILD-UP OF HEAVY FLUX COMPONENTS

A peculiar transition phenomenon occurs in the uppermost section of the LET
distribution in the vicinity of the Bragg peak of each individual component of the
primary flux. It was mentioned briefly before that the extremely high LET values
near the Bragg peaks in the medium high and high Z classes represent, from a radio-
biological viewpoint, a special quantity that cannot be adequately described in
common dosimetric terms because the ionization trail of a single low energy heavy
nucleus constitutes a substantial radiation exposure on the cellular level in tissue
that could be likened to a microbeam. Obviously, a separate follow-up of this
particular portion of the total energy dissipation during the build-up is of special
interest for instance, if the conditions for maximum exposure to these microbeams in
a given experimental system are to be determined. Since LET increases with decreas~-
ing energy, it is the low energy flux and especially the "enders, " i.e., the nuclei
reaching the end of their ionization range in tissue, that account for the microbeam
part of the total dose. The peculiar transition of this part occurring in the initial
section of the build-up region can be explained with the aid of Figure 6. It shows
the differential range spectrum of the Neon component which is used in the present
discussion as a representative component of the heavy spectrum in general, The
group of curves in Figure 6 shows the spectrum for the incident beam and for selected
depths up to 10 g/cm?, The incident spectrum is based on the best presently available
data on the heavy galactic flux at solar minimum (l.c., 7). By subtracting a given
absorber depth from the range values of the abscissa, the local range spectrum at that
particular depth can be established directly from the incident spectrum. Figure 6
shows the resulting curves. I is seen that, due to the shape of the incident spectrum
with a pronounced maximum at a comparatively large range, the left flank of the
spectrum rises continuously as the beam proceeds to greater depths. Not until a depth
corresponding to the range of maximum flux in the incident spectrum is reached does
the initial part of the local spectrum begin to drop. In other words, the local spectrum
of the residual primary beam shows a true build-up in its low range section, yet this
build-up is in no way connected to any production of secondaries or o any other
mechanism of particle multiplication. Explanation of this rests simply on the fact that
more particles of the incident flux change from high to low energy and come to rest
toward greater depths. Since so far no name has been adopted generally for the
phenomenon, it might be called the pseudo build-up.

In the present context it is of special interest to investigate how the pseudo

build-up manifests itself in the LET distribution. Figure 7 shows the pertinent distri-
butions for the incident beam and two selected depths. In order to accommodate
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the very large range of energy dissipation in one plot, a logarithmic ordinate scale
had to be chosen. This should be remembered in comparing Figure 7 with Figure 4 in
which a linear ordinate scale is used. It is seen from Figure 7 that the energy distri-
bution in the pseudo build-up increases not merely in close vicinity of the LET value
for the Bragg peak, but over a major portion of the full LET scale.

Instead of establishing the LET distributions for different depths, which involves
a lengthy computational procedure, one can choose the simpler approach of plotting
directly the enders frequency itself as a function of depth as done in an earlier study
(14). This shorter method is entirely satisfactory as long as one is merely interested
in the general trend and the position of the maximum of the pseudo bmld—up curve,
However, if more detailed information on the pattern of energy dissipation in the tissue
structure is required, one has to tackle the full analysis of the LET distribution,

Actual radiobiological experimentation with galactic heavy nuclei has to await
the advent of a manned orbital or a lunar laboratory, since delicate techniques and
extended exposure times are required. Therefore, a presentation of the data on the
pseudo build-up of the other components of the heavy spectrum, as well as a further
discussion of the dosimetric problems in such experimentation in generql, seems dis-
pensable at this time.,
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SPECTRAL CHARACTERISTICS AND DOSE CALCULATIONS FOR THE
PRIMARY AND SECONDARY PARTICLES THAT RESULT FROM THE INTERACTION OF THE
SOLAR AND GALACTIC COSMIC-RAYS WITH ALUMINUM SHIELDS*

Stanley B. Curtis
UCLRL, Berkeley, California

M. C. Wilkinson
The Boeing Company, Seattle, Washington

Abstract

The importance of the incident galactic and solar cosmic-rays encountered
outside the earth's magnetosphere in producing dose is evaluated. It is

found that the solar cosmic-ray doses are produced principally by protons

with energies at the dose point of between 10 and 100 MeV. Galactic cosmic-

ray doses result from a broad range of energies, with the principal contribution
coming from the 1 to 10 Gev/nucleon region. The medium and high Z components

of the galactic cosmic-rays are important dose contributors for thin

(<10 gm/cmz) shielding. Secondary doses depend in a complex way upon

the spectral characteristics of the incident particles and the shielding

thickness considered.

*This work was performed under NASA contract NASw-1362,
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“In this paper, we present results of a study to identify the partic1es and
energies which are most important in the evaluation of the radiation hazard
to extended manned spaceflight outside the earth's magnetosphere (1). In
particular, we have singled out those energies which are most important in
depositing dose -- as a function both of interior energy (that is, energy
at the dose point) and exterior energy, the initial energy of the particle

before entering the shield.

Solar Particle Events

The shape of the solar particle spectra assumed in this study is exponential
in rigidity (momentum per unit charge) of the form suggested by Freier and

Webber (2):

dJ/dP = (JO/PO) exp(—P/PO)

where dJ/dP is the differential rigidity spectrum, JO is a measure of the
intensity of particles, and Po’ the characteristic rigidity, is a measure

of the steepness of the spectrum.

Most events can be temporally separated into two classes depending on the value

of Po' They have been called solar cosmic-rays and energetic storm particles (3).
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The arrival of the energetic storm particles at the earth is strongly
correlated with geomagnetic storm activity. The energetic storm particles
are characterized by stéep energy spectra with values of PO around 10 to

20 MV. They appear for relatively short periods of t%me compared with the
solar cosmic-rays and will generally appear, if at all, some 24 hours or

so after the solar flare occurs on the sun. The solar cosmic-ray events are
characterized by larger Po‘s, which decrease slowly throughout the event and
vary widely from event to event; 40 to 160 MV, (MV - million volts), with

100 MV being a typical value.

In the graphs that follow, we refer to the differential dose distribution

and we now define this function. The dose element, dD, is defined
dD = (dJd/dE)(dE/dx)dE

where dJ/dE is the differential energy spectrum at the dose point and dE/dx
is the linear rate of energy loss of a particle of energy E. This can be

rewritten
dD = (dJ/dE)(dE/dx)Ed(1n E)

Now, we define the differential dose distribution, F(E), as the coefficient

in either of the above expressions; that is,

dD F1(E)d(1n E)

dD

F2(E)dE

depending on whether the graphs are plotted as a function of the logarithm
of the energy or as a function of the energy itself. In the case of the primary
dose, we use the differential in 1n E for convenience. Because of the wide

range of primary energies involved, it is convenient to plot the resulting
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distribution as a function of 1n E. Thus, equal distances along the abscissa
have equal weights if the distribution is defined as above. On the other hand,
if the energy is plotted linearly, as we do for the secondary particles, the

distributions are presented per linear energy interval.

Figure 1 shows the primary differential dose distributions for three shielding
thicknesses of aluminum for a proton spectrum with a PO equal to 100 MV.

The maxima of all curves for thicknesses between 1 and 20 g/cm2 fall between
10 and 100 MeV. This range, then, is the most important energy range for

particles at the dose point for a typical solar particle spectrum.

Figures 2 and 3 give the fraction of the primary dose deposited by protons
with exterior or initial energy greater than E plotted as a function of E for
variously shaped spectra and for two shielding thicknesses. The energy where
the curves reach unity is the energy of a particle having a range equal to'
the shielding thickness; that is, all particles must have at least that energy
in order to penetrate to the dose point. As an example in Figure 2, we see
that behind 1 g/cm2 of aluminum, 20% of the primary dose is deposited by
protons of initial energy greater than 60 MeV for-'a spectrum with P0 equal

to 160 MV.

In Figure 4, the importance of the initial or incident proton energy in pro-
ducing dose from secondary protons is presented for a shielding thickness of
10 g/cm2 of aluminum. It is seen that most of the secondary proton doée is
produced by incident protons with energies close to the energy needed for the
primary particle to reach the dose point. The flattest spectrum (Po = 160 MV)
causes a peak in the distribution at about 130 MeV, slightly over the cutoff
energy of 100 MeV for 10 g/cm2 of aluminum.
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Figure 1—Differential Dose Distributions for 100 MV Rigidity
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Spectra Protons Incident on Aluminum.

63

=
’ .//I - —
-~ ~ »”
& w1 T 7 § //
L / ' / o
eSS x 3
7 gt
d \ ZAN Z
K \‘ 8 ]
! =N N ta
1 E ‘\ N
\ g \ N
[ e ]
= A N 5
A X
N N <
\\
N
Y
\ N
N\
o o 2

INTERIOR ENERGY



1o 10”

10

/
=

=
/

et
(=)

,QL"’“’—
/;
//

FRACTIONAL DOSE

sl
==y
s
/[ﬁ

10

- EXTERIOR CUTOFF ENERGY - MEV
Figure 2—Primary Dose—1 gm/ cmz Al.

64



10 102

1
\

10 \

\

WA\

A\
3 AN
a v\
z \
: \ \ _
- s B8

2| 2|2
102 '
10°

EXTERIOR CUTOFF ENERGY - MEV

Figure 3—Primary Proton Dose—10 gm/cmz.

65



1V NSo /wd 0T—AS1oud uojoxd jueprou] jrun Jod #so( uojoxd ha.m_vcooom TenjuaISlFId —¥ oInsdig

00

AJ¥3INT NOLO¥d IN3IQIONI - 13

00¢ 00¢

001

/ ,

091 /

AW 001

AW _Op

10°0

¢0°0

€0°0

~(@v¥ 3INO OL QIZITYWHON) AJw/sav

66



LHE

The situation is somewhat different for secondary neutron doses, since
neutrons from protons not energetic enough to reach the dose point can con-
tribute to the dose there. This is shown in Figure 5. We see that protons
with an incident energy of 30 MeV are important in contributing to the
secondary neutron dose at 10 g/cm2 of aluminum for an event with P0 equal
to 40 MV, even though 30 MeV protons are not energetic enough to reach the
dose point. Also of interest is the fact that a wide range of energy is
important for the event with PO equal to 160 MV. The drop to zero at 400
MeV 1is an artifact introduced by the fact that no secondaries from incident
particles greater than 400 MeV are included in these results. This situation
will be corrected when the new secondary production data of Bertini above

400 MeV is incorporated.

Galactic Cosmic-Rays

Recent balloon and satellite data (4) have been compiled and reasonable energy
spectra of the various Z-components of the galactic cosmic-rays have been
constructed for the solar minimum period (5). These spectra have been used

to calculate the free space dose (no shielding) from the various components.
Particles with 6=<7=<9 have been designated M particles; and in the calculations

2

we have used Z° = 50, A = 14 as average values. Similarly, particles with

10=7<14 have been designated LH particles (22 = 144, A = 24) and particles

Wwith 26=7<28 have been designated VH particles (Z°

= 730, A = 58). The

results are given in Table III. It is interesting to note the large contributions
to the total dose from the higher Z components. The dE/dx distributions (LET
spectra) are shown in Figure 6. The curves have also been multiplied by the

QF defined by the ICRP (6). The shaded area shows the difference between the
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two curves. The area under the upper curve is a measure of the "biologically
significant" dose (dose equivalent) and the area under the lower curve is a
measure of the energy deposited (rad dose). The true biologically significant
dose lies somewhere in between, since the OF is admittedly an upper limit and
its use results in numbers that tend to be conservatively high. A rough cal-
culation of the area under the QF-modified curves yields an average "QF" of

4 for the galactic cosmic rays under no shielding.

The heavy particle spectra have been used té calculate the density of stopping
particles (sometimes called "thindown hits") as a function of depth in water.
These curves are shown in Figure 7. Attenuation of the primary particle intensity
by nuclear collision is included, but the contribution from the secondaries
produced in such collisions has been neglected. Thus, these curves are lower
1imits to the true curves, since collisions of both VH and LH particles, for
instance, will produce M particles which will stop further on. Such contri-
butions have been neglected here. Even so, it is interesting to note that the
density of stopping M particles decreases by only a factor of three between 1
and 15 cm and the density of stopping LH particles decreases by only a factor
of four. The reason for this slow fall-off is because of the relatively large
fluxes of these particles at high energy. The energy spectra of these particles

have broad maxima occurring at around 300 MeV/nucleon.

The proton energy spectra have also been used to calculate the differential
primary dose distributions for various shielding thicknesses. The results
are shown in Figure 8. It is interesting to note the Tack of strong dependence

on shielding thickness and the importance of the high energies (100-10,000 MeV)

70



50

T —— M-PARTICLES (6<Z <9)

\
\
\
\ \
10 N
\\
S— LH-PARTICLES (105Z<14)
> \ \\
TN =
z N\
T
=
= \
(@]
?
=
E ] VH-PARTICLES (26<Z<28)
S
N
\‘
\\
\\
0.1
| 3 5 1 9 I 13 i5

CENTIMETERS OF WATER

Figure 7T—Lower Limits for the Number of Thin- Down Hits per cm3per
Day Neglecting Secondaries.

71



*SU030xd ABY -OTUWISO) OT10B[BD JOJ UOTINIXISK] @soJ [ejuaIa)jid—s8 oIndid

AQYINI YOIYILNI

AW - 13
01 voH moH NS 01 I
/(e
.

7V

/ V.

V. \\

\ "4
y
A -
Vi
/)
AL
V- wojwb i
At —
A S \1\ ._..
"y
TV - wo wbor N “nnnnm“\\\“
|
W-gWajwb 17

01

01

01

INJWRIONIT J1WHLIVIOT LINN/SAVY

72



in contributing to the primary dose. It should be mentioned, however, that
the secondary dose, which will be important at large shielding thicknesses,
has been neglected here because of the lack of secondary production data above

400 MeV. This will be added when the data becomes available.

Conclusions

Although nothing startling has emerged from this study, we now have a quanti-

tative feeling, first, for the importance of various energies of particles

in typical solar spectra under various shielding thicknesses and, second, for

the importance of the various components of the gé1actic cosmic-rays, at least

under very thin shielding.

We can say that the protons in solar particle events which produce the greatest
dose per proton are those which have initial energies slightly greater than
necessary to reach the dose point. Protons with energies in the general range

from 10 to 100 MeV at the dose point produce a large fraction of the total dose.

Nuclear cascade data are required in the region above 400 MeV to give a complete
and accurate picture of the importance of secondaries in very flat solar spectra

and in the galactic cosmic rays.

The dose rate from galactic cosmic-rays is low but the higher Z component

turns out to be important in producing dose for thin shields and, therefore,
even more important in biological terms because of its high dE/dx and increased
biological effectiveness. Less is known at thick shielding and certainly more
research is indicated both on the physical penetration (i.e., secondary pro-

duction) and on the biological effects of the heavy particle component.

73



References

A more detailed description of this work can be found in Boeing
Document entitled "Study of Radiation Hazards to Man on Extended
Missions," Space Physics Group, Space Division, The Boeing Company,
Seattle, Washington (1967).

P. Freier and W. R. Webber, J. Geophys. Res. 68, 1605 (1963).

W. R. Webber, "An Evaluation of Solar-Cosmic-Ray Events During
Solar Minimum", D2-84274-1, The Boeing Company, 1966.

S. M. Comstock, C. Y. Fan and J. A. Simpson, Astrophys. Jour. 146,
51 (1966), C. Y. Fan, J. E. Lamport, J. A. Simpson and D. R. Smith, J.
Geophys. Res. 71, 3289 (1966), and references therein.

The compiled spectra may be found in the reference cited in (1)
above.

Report of the RBE Committee to the ICRP and ICRU, Health Phys.
9, 357 (1963).

T4




N68-26134

A CORRELATION OF DOSIMETRIC MEASUREMENTS
WITH CHARGED PARTICLE ENVIRONMENT
OF THE INNER VAN ALLEN BELT

Allen L. Thede and George E. Radke

Biophysics Branch, Air Force Weapons Laboratory
Kirtland AFB, New Mexico

The principal purpose of the radiation research satellite, 0V3-4,
was to make simultaneous radiobiological and physical measurements in
the radiation environment of the Inner Van Allen Belt., This region of
space presents the greatest area of interest to mission planners of
manned space activity due mainly to the high energy proton component.
Experiments which include simultaneous measurements of the dose rates
as well as the particle spectra provide the opportunity to make a more
accurate evaluation of the hazards of space radiation.

Measurements of depth dose rate were made by six specially
designed tissue equivalent ionization chambers2 These chambers were
shielded with basic thicknesses of 0.192 gm/cm“ aluminum, 0.797, 2.623,
and 4.772 gm/cm2 Lucite and 4.885 gm/cm2 brass. The charged particle
environment was determined by an omnidirectional proton and electron
spectrometer using solid state detectors. Results of the proton spectral
measurements for energies greater than 15 Mev are presented.

Calculated dose rates based on the proton spectral results have been
successfully compared with the measured dose rates at points where the
electron contribution is negligible. Predicted dose rates were also
calculated using the Vette model environment. These values were compared
with the measured values and found to be accurate only for thinly shielded
chambers. Since the observed proton spectra was much harder than the
Vette model, a serious undercalculation or prediction of dose rate
resulted for shield thicknesses of greater than 1.0 gm/cm®.

I. INTRODUCTION

The radiation research satellite, 0V3-4, was launched on 10 June
1966 into an orbit with an inclination of 40.8°. The perigee and apogee
were 350 and 2550 nautical miles respectively. The basic satellite was a
right octagonal cylinder which was spin stabilized at 40 RPM.

The mission of this satellite was to make simultaneous measurements
of the biophysical and physical parameters in the Inner Van Allen Belt.
The biophysical measurements consisted of the dose rates behind wvarious
types and thicknesses of shielding. The physical charged particle envi-
ronment was also sampled simultaneously to determine the proton and elec-
tron spectra., The region of the Inner Van Allen Belt represents the
region of greatest interest to mission planners of manned space activities
because of the high energy proton component.

Simultaneous experiments of the type described here will supply data
with which to test the accuracy of present methods used to predict dose
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rates to be encountered in the Earth's radiation belts. Accurate dose
rate predictions are critically dependent on knowledge of the radiation
environment, the shielding distribution surrounding the dose point and
the radiation transport calculations. Simultaneous measurements will
provide knowledge of the physical spectra and the resultant dose rate
behind known shielding configurations. The data may then be used to
evaluate the accuracy of the transport calculations.

This paper primarily includes results of imitial reduction and
correlation of the proton data obtained. The measured OV3-4 proton
spectra for various points in space are used to calculate the proton
component of the dose rate. These proton dose rates have been compared
with measured dose rates where electron contributions are minimal.
Measured dose rates behind the various shields are also compared wit
the predicted total dose rates based on the Vette model environment.

The Vette dose rates include both the electron and proton contributions.

II. DESCRIPTION OF EXPERIMENT

All experiments aboard this satellite were conceived and developed
by the Biophysics Branch of the Air Force Weapons Laboratory (AFWL).
Only two of the on-board experiments are discussed here. These experi-
ments are the tissue equivalent ionization chambers and the omnidirec-
tional proton and electron spectrometer.

The dose rates were measured by six tissue equivalent ionization
chambers (TEICs). These were highly sensitive sensors made of a tissue
equivalent plastic material mated to a unique magnetic amplifier system.
The sensor wall and cavity media simulates the response of muscle tissue
to all ionizing radiationé The thickness of each chamber wall was
approximately 0.236 gm/cm“ of conductive tissue equivalent plastic. The
sensors were filled with a tissue equivalent gas composed of methane,
carbon dioxide and nitrogen. The tissue equivalent gas was necessary
to retain the principle of tissue equivalency for heavy charged particles,
The configuration of a typical chamber is shown in Figure 1.

The dynamic ranges of these instruments allow measurements of dose
rates from 1.0 mrad/hr to 10,000 rad/hr for the various chambers. The
specific range for each chamber is shown in Table I. The logarithmic
response of the electrometer preamplifier, shown in Figure 1, is amplified
to provide approximately five decades of dose rate measurement. The range
of each sensor was based on the shielding material and thickness shown in
Table 1. All sensors were located outside of the actual spacecraft struc-
ture so that the majority of the shielding was provided by the basic
spherical shields.

The spectral data discussed in this presentation were obtained fgom
an omnidirectional spectrometer (OMNI) using solid state detectors.é’
Two ORTEC silicon surface barrier solid state detectors were sandwiched
back-to-back to achieve a nominal 2mm depletion depth for each sensor.
Ten individual sensors were used in this experiment to sample the proton
and electron spectra at all points in the orbit. Five sensors were used
for proton detection and five for electrons. Each proton sensor was
shielded with specific thicknesses of material as shown in Figure 2 and
Table 11. These thicknesses and the electronic discriminator bias
established the principal energy range of sensitivity for each sensor.
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Figure 1. Typical Tissue Equivalent Ionization Chamber Construction
Table I. TEIC Characteristics
TEIC No. Volume | Dose Rate Range | Shield Description Proton Energy

2 Threshold
(ce) (Rad/hr) (gm/cm™) (Mev)
1 5 0.100 -~ 10000 0.192 Aluminum 17.5
2 25 0.010 - 1000 0.797 Lucite 32.0
3 25 0.010 - 1000 2,623 Lucite 57.5
4 25 0.001 -~ 100 4,485 Brass 60.0
5 220 0.0001 - 10 0.192 Aluminum 17.5
6 25 0.001 - 100 4,772 Lucite 78.5
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Figure 2. Typical Omnidirectional Spectrometer Sensor Construction
TABLE 1II. OMNI Characteristics
Channel Energy Range Dome Thickness (gm/cmz) Discriminator
(Mev) Inner Quter Bias (Mev)
Prot A 15 - 30 0.0017 Alum 0.153 Poly 9
B 30 - 55 0.0017 Alum 0.798 Poly 9
C 55 - 105 2,38 Copper 1.000 Poly 9
D 105 - 170 | 11.20 Copper 1.000 Poly 9
E >170 9.70 Copper 2.000 Poly 2
*
Elec A >0.1 0.0017 Alum 1.61 Poly 0.1
B >0.4 0.0736 Poly wen 0.2
c >1.2 0.251 Poly "o 0.7
D >2.2 0.549 Poly v 1.7
E >4.4 1.56 Poly v 2,35

% With Collimating Apertures
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The electron sensors were similar, except for the outer shielding domes
which were provided with collimating holes to sufficiently reduce the count
rates in the electron channels,

A triaxial magnetometer was provided on an 18-inch boom. These data
were used primarily to determine the pitch angle orientation with respect
to the magnetic field and were used in reduction of the OMNI data dis-
cussed in the next section,

III. METHOD OF ANALYSIS

The basic methods used in the analysis of the data from 0V3-4 were as
follows. The shielding distributions for the dose points (detector posi-
tions) of the satellite were determined using ghe NASA Manned Spacecraft
Shield Thickness Calculation Program (BIOSEC).° Basic cartesian coordinates
were used to describe the most significant components of the structure in
terms of basic geometric forms of hexahedrons, spheres, hemispheres, and
cylinders. A total of 311 shields were used to describe the spacecraft in
this manner.

The thickness distribution for a typical OMNI sensor (proton D), as
determined by the sectoring process used in BIOSEC, is shown in Figure 3.
This distribution illustrates the fractional portion of the total solid angle

shielded by a thickness less than T, in gm/cm2 aluminum equivalent material.
Note that approximately 40% of the shielding is less than the basic 11.0 gm/cm
thickness due to the combined domes as indicated in Table II. This lower
thickness region is viewed by the rear of the sensor, All of the OMNI
sensors had approximately 307 of the total solid angle shielded by the thick-
nesses determined by the domes on the front. The overall response, however,
depends very critically on the stopping power of the shielding in all direc~
tions.

The TEICs were shielded to a greater extent by the basic thicknesses
shown in Table I. Four of the TEICs were located on the top corners of the
cylindrical spacecraft and two were located on extended booms. The top
mounted sensors (#1, #2, #4, and #5) had approximately 60% of the total
solid angle shielded by its own spherical shield. In the case of the boom
mounted TEICs, this value increased to 80%.

The thin OMNI detectors and shielding non-symmetry combined with the
spacecraft spin rate and pitch angle distribution of particles created an
oscillation in the data train. This oscillation was removed by application
of suitable data reduction techniques for sinusoidal oscillatory data. The
analysis of the OMNI data considered the shielding distributions, detector
responses, environmental pitch angle distributions and other basic calibra-
tion data. These functions were used to generate overall response functions
for all sensors.

A typical response function for the OMNI Channel D proton sensor is
shown in Figure 4. It illustrates the response for a particular pitch angle
distribution of particles and a single spacecraft orientation with the
magnetic field line. A family of these responses have been generated for
each sensor and were chosen for use accordingly. Note that this particular
sensor responds significantly to protons having energies outside of the
design range of 105 to 170 Mev. A higher response is apparent, however, in
that range. All proton sensors respond to energies outside of their design

79



*XnT4 uwo3oag JUSPIOUI ITUq

xod osuodsey uojoig ( Touuey) Ted1ddL] °*y 2an3ig
{A3W ) A9Y3INI NOLONd
002 091 021 08 0b 0
Tll// T T 0
-3- -0- -y-
—H20° o
o =
S
] S & ]
= EIEl., -
® < [ o0 m
°
2
a

- 90°

1
@©
o
(998 -,wd / NOLOYd / 5dD )

*10suUag INWO g uoloxag
9yl I03J I ueyl SSOT SSIWNOTYL B 4Aq
popTaTys a18uy PTTOS TeIOL JO UOTIdBAJ

(wnuiwnly- wd/wh) L ‘SSINNIINL
g2 02 §1 o $

L4 LJ LS L] J

*¢ 2an81yg
0
0
<2
=
poor}
m
[2]
2
4¢ ©
-
m
[y
o
>
(2]
=
., @
iwu
=
<
-
3
=
48

ot

80



ranges, so that it was necessary to divide the functions into separate sub-
intervals indicated in Figure 4. Each of the subintervals correspond to the
"high-response" range of a particular sensor.

The OMNI proton data were reduced by simultaneous correlation of all
channels of data. The total response of any one channel or sensor is made
up of partial responses of several subintervals throughout the energy range.
This total response (CRi) of any one channel may be defined analytically as

5
CR, = E rij(Aj - AJ.+1) (1)
j=1
where ., = effective response of the ith channel to protons in

the jth energy subinterval (CPS/proton/cm® - sec)

A, - A, = total omnidirectional flux in the jth subinterval
h i+l 2_
(Protons/cm“-sec)

The integral omnidirectional proton spectra were defined during the
analysis, for each energy subinterval, by the relation

E-E.)
—-(—?—.r-

oj
(E) = A, e (2)
¢J( ) 5
where A, = omnidirectional flux for energies greater,than the lower
3 energy Ej of the subinterval (protons/cm~ = Sec)
on = exponential parameter determining the spectral shape of

the integral flux in the jth subinterval (Mev)

An initial spectral shape was assumed to be represented by the first set of
five OMNI proton responses. This spectral shape was based on a set of arbi=-
trary E . values. Effective subinterval responses r,, were generated, based
on the s%acecraft pitch angle and spectral shape. Alget of five equations
of the form shown in Equation 1 was therefore defined. The variables in
these equations were the total ommnidirectional fluxes in the subintervals
and were determined by simultaneous solution of the five equations. The
initial solution defined a new spectral shape, and the process was repeated
until an insignificant change was noted in the spectrum. This spectral shape
was then used to initialize the iteration for the next point in space to be
processed.

Dose rates were calculated using the measured omnidirectional proton
spectra, The calculational process was developed from the relation

DR = Kj' $'(E; ) L(E, ) dE,_ (3)
E

in=0
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where ¢'(Ein) = transmitted differential proton spectrum (protons/cmz-sec-Mev)

L(Ein) = linear energy transfer in tissue (Mev—cmzlgm-proton)
Ein = transmitted energy at the dose point (Mev)
K = factor converting the dose rate into rad/hr.

This formula cannot be used directly, however, because ¢'(Ei ) is not imme-
diately known. If we let E - be the external energy needed by a proton to
penetrate to the dose point with an energy of Ein’ then, for a given shielding
distribution, E,, can be computed from Ein» or vice versa. In the computa-
tions, Ej, and L¥Ein) were determined from E__ using the range energy and
stopping power tables of Janni. If nuclear interactions are neglected, con-
servation of protons gives the relation

¢'(E; ) dE, = ¢ (E_) dE_ (4)

where ¢(Ee ) is the external differential proton spectrum. By direct sub-
stitution $% (4) into (3), we get

<]

DR =Jr ¢(Eex) L(Ein) dEex (3)

E, =0
in

which is the relation actually used in the calculationms.

Total dose rates were also calculated using the AFWL Space Radiation
Shielding Codes. These calculated dose rates were based on the Vette model
environment and included both proton and electron components. The shielding
description of each dose point was also used in these calculations.

IV. PRESENTATION OF DATA

Unless otherwise indicated, the data will be presented with respect to
the earth's magnetic field, B, and the McIlwain parameter, L. The spectra
which have been determined from the OMNI measurements are presented in the form
of integral profiles shown in Figures 5 through 7 for the magnetic shell
parameters of L = 1.5, 1.7, and 2.0 earth radii respectively. Each curve
represents the free space integral omnidirectional flux above the reference
energy indicated. The Vette model spectra is shown for comparison purposes
and will be referred to in the following discussion of the data results.

The comparison between the 0V3-4 and Vette fluxes above 15 Mev is good
for the values of L shown. Note the trend to higher measured values at the
higher values of B. The profiles representing energies greater than 30 Mev
are somewhat lower in magnitude than the Vette model but compare favorably
for low values of B. The greater hardness of the measured spectra for all
values of L is obvious when comparisons are made for energies greater than
50 Mev. Spectral softening may be noticed as the value of L increases.

The accuracy of the OMNI proton fluxes is variable and depends on the
energy point of the spectra. The absolute error of the integral proton
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Figure 7. 1Integral Omnidirectional Proton Flux
Profiles as a Function of the Magnetic
Field B for Shell Parameter L = 2.0.

measurements for energies greater than 15 Mev is between +10% and + 307%.
These errors are dependent on the point in space and the condition of the
raw data used.

Table III indicates the comparison of the measured and calculated com-
ponents of the total dose rates for various selected points in (B,L) space.
The calculated proton and electron dose rates were obtained using both the
Vette model environment and the OMNI spectral measurements. The electron
spectral values used for the OMNI electron dose calculations are preliminary
only. The total calculated dose rates are also included for the comparison
with the TEIC experimental measurements.
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Table III.

Comparison of Calculated Proton and Electron Dose

Rates Using the Vette and OMNI Spectra

N CALCULATED CALCULATED ' TOTAL DOSE RATE
gl @ 3 PROTON ELECTRON (Rad/hr)
g'g g Z DOSE RATE DOSE RATE
Bl & | (Rad/hr) (Rad/hr) CALCULATED |EXPERIMENTAL
a2 o | Bl verre | omnt || verre | omnr™|| verrE | ovmr® TEIC
1.3 |.168 |1 || 9.30 7.00 || 130. 152. || 139. 159, 180.
2 |l 3.80 5.00 || 37.0 | 28.9 | 40.8 | 33.9 22.7
34 .852 | 2.72 || 1.30 .670 || 2.15 | 3.39 4.80
4 " .780 | 2.85 | .130 .150 || .910 | 3.00 3.42
1.5 1.092 |1 “ 130. 88.0 || 350. 340. || 480. 428. 500.
2 || 32.0 19.3 || 78.0 | 44.2 || 110. 63.5 80.0
3 || 2.19 8.96 || 1.45 .490 | 3.64 | 9.45 16.5
4 || 2.02 | 8.50 || .350 L340 |l 2.37 8.84 15.0
1.5 1.175 |1 || 5.30 5.80 || 44.0 24,0 || 49.3 | 29.8 35.0
2 il 3.00 | 3.60 1} 10.0 | 3.08 || 13.0 | 6.68 6.38
3 || 1.27 2.25 || .188 .035 || 1.46 | 2.29 3.00
4 |l 1.15 | 2.10 || .044 024 |l 1.19 2.12 2.61
1.7 |.064 |1 || 120. 165. || 31.0 | 15.0 || 151. 180. 125.
2 || 20.0 23.0 || 6.30 1.49 || 26.3 | 24.5 17.0
3| 1.26 | 8.40 || .087 .016 || 1.35 | 8.42 8.40
4 |l 1.17 | 3.70 || .031 .015 {1 1.20 | 3.72 5.36
1.7 |.178 |1 || 2.95 | 4.00 || 1.45 .750 || 4.40 | 4.75 4.70
2 || 1.27 2.40 || .275 074 || 1.53 | 2.47 1.70
3 || .456 | 1.00 || .004 .001 || .460 | 1.00 1.25
4 || 410 740 || 001 | ——— || c421 | .740 .670
2.0 {.056 |1 [i 18.0 | 25.0 || .790 .221 || 18.8 | 25.2 21.0
2 Il 4.40 3.40 || .270 020 || 4.66 | 3.42 2.76
3l .250 | 1.30 || .015 | —— || .265 | 1.30 1.20
4 || .212 620 || ~=m= | e || 212 .620 .670
2.0 |.174 {1 || 1.65 1.85 || .040 .091 || 1.69 1.94 2.40
2 || .600 .480 | .014 .008 || .614 .488 .638
31l .035 .280 || .oor | -—- || .036 .280 .235
4 l .029 115 || ———- --—::ﬁ7.029 .115 147

% The OMNI electron dose rates are based on preliminary electron spectra
and are included for preliminary consideration only.
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Figures 8 through 11 present the correlation of measured dose rates as
indicated by four of the shielded TEICs and the calculated dose rates
based on the simultaneous spectral measurements. Also shown are the pre-
dicted dose rates for the same L shell values using the Vette model environ-
ment. The dose rates measured by TEICs #3 and #4 are primarily due to the
penetrating component of the high energy proton environment with a small
percentage of Bremsstrahlung production due to the incident electron flux.
The greater contribution to dose rate is produced by the proton environment
in all chambers for L values between 1.7 and 2.5 earth radii.

The TEIC measurements are subject to a maximum error of +25%. The
accuracy of calculated dose rates using the OMNI spectra are limited to
that of the spectra used as well as the spectral energy range dominating the
dose conversion process. These calculations are also dependent on the
accuracy of the sectoring analysis performed. Radiation transport theory
was the most accurately known and introduced no appreciable error. The
calculations of proton doses for the TEIC #1 shielding configuration are
between +10% and +307%.

Referring to Figures 5 through 7, it was noted that the OMNI proton
spectra was harder than that indicated by Vette, especially for energies
greater than 50 Mev. Accordingly, higher dose rate measurements by TEIC #3
and TEIC #4 are to be expected and were actually observed. Vette calculated
dose rates are low by a factor of 7 for some areas of space covered by this
satellite. The OMNI calculated dose rates for these more heavily shielded
chambers are consistent with the actual measured values,

The dose rates behind the thin shields are dependent primarily on the
magnitude of the integral flux above their lower energy thresholds rather
than the spectral shape. In general, the dose rates calculated for TEIC #1
using the Vette spectra accurately represents the measured values. This is
reasonable since the Vette low energy proton fluxes compare favorably with
the OMNI measurements.

The calculations using the Vette model environment for TEIC #2 are some-
what higher than would be expected when the OMNI and Vette spectra are com-
pared. Although the comparison is not significantly outside the error
limits established, it is an interesting observation and requires some
explanation. 1In both cases the method of defining the integral spectra with
exponential fits of subintervals introduces some discontinuities in the
differential spectra. The severity of this discontinuity depends on the
slopes of the spectral subintervals.

Since the lower energy thresholds of TEIC #2 and TEIC #4, for example,
are near the points of discontinuity (30 Mev and 55 Mev respectively) the
effective error is more critical. The shape of typical spectra, in general,
would cause an over—calculation for TEIC #2 and an under-calculation for
TEIC #4. The discontinuities exist in the OMNI calculations of the dose
rate but are not as severe as for the Vette values, due to the greater
spectral hardness of the OMNI spectra.

In general, the correlation of the OMNI calculated dose rates and TEIC
measurements manifests itself in the profiles of Figures 8 through 11, The
comparison is equally good for all values of B. This basic correlation
indicates internal consistency of the spectrometric and dosimetric measure-
ments. Greater validity may be associated with the spectral shapes since the
calculated dose rates for the various chambers depend on different components
of the spectral range.
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V. CONCLUSIONS T

The conclusions and recommendations to be made from the data and the
results presented are several in number. Favorable consideration must be
given to the experimental philosophy and the dosimetric instrumentation. A
more accurate environmental description in the form of spectral data must be
provided for use within dose prediction programs.

It has been shown that simultaneous measurements of biophysical and
physical parameters is a valid philosophy in the assessment of radiation
hazards in space. This is illustrated by the data presented and the correla-
tion success. The correlation consistency further validates the spectral
measurements. The results of final data analysis will increase the confidence
in the radiation transport techniques used in the prediction programs being
developed.

The dosimetry instrumentation which has been used in this experiment has
demonstrated the validity of the technique of measuring dose rate in a
charged particle environment. This type of dosimetry has proven its value
and is worthy of forming the basis of a radiation monitoring system aboard
future manned spacecraft.

"The dose calculations based on the Vette model environment compared 2
favorably with the measured dose for the thin shielding of less than 1.0 gm/cm™.
Dose calculations for the heavier shielded ionization chambers, however,
were sometimes a factor of 10 too low. Since the proton cutoff energies for
TEICs #3 and #4 are above 50 Mev as shown in Table II, this discrepancy is
probably due to the uncertainty in the description of the model environment
for the higher spectral energies.

A typical manneg spacecraft provides a large amount of shielding in
excess of 1.0 gm/em”™, with a smaller amount less than this thickness. The
predictions of skin and eye dose (surface dose) depend to a great extent
upon the lower energy protons which can penetrate the thin shielding. The
vital organs and bone marrow, however, are generally shielded by at least
2.5 gm/cm2 of tissue in addition to the spacecraft structure. This added
body self shielding will stop protons with energies less than 50 Mev making
higher energy protons the dominant hazard to the internal organs. The dose
calculations for the internal organs will be in more serious error than those
made for surface doses. These facts emphasize the need for a more accurate
description of the trapped high energy proton enviromment.
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The Plasma Radiation Shield is an active device using free electrons
electric and magnetic fields for the purpose of shielding astronauts from
energetic solar flare-produced protons. The concept of Plasma Radiation
Shielding is reviewed in the light of current studies. The available evidence
indicates that the concept is physically sound, but important practical
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and control of the extremely high voltages required, and with integration of

the concept into a realistic space vehicle design.
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1. PREFACE

The Plasma Radiation Shield is an active device intended to protect
astronauts on long missions in deep space from the penetrating proton
radiation that follows large solar flares. The nature of the Plasma Radiation
Shield is such that it is not by any means certain that it will be successful.
However, if it is successful, it offers the prospect of radiation shielding at
a comparatively low cost in weight, provided that certain features of the
device prove to be compatible with broader aspects of the space mission
profile. Research on the Plasma Radiation Shielding principle, although
far from finished, has yielded encouraging results to the point that it seems
worthwhile to consider in a preliminary way the broader problems that must
be dealt with if the concept is to be useful in a practical sense. In this con-
text, the present paper is intended to accomplish the following objectives:

1. To explain the fundamentals of the Plasma Radiation Shielding

concept;

2. To outline the present status of research on basic aspects of the
concept, with particular emphasis on the uncertainties still to be
resolved;

3. To extract from the above a list of possible problem areas likely
to arise in integrating the Plasma Radiation Shield with a
realistic spacecraft design;

4, To discuss these problem areas in general terms, quantitatively
where possible. These discussions are viewed as being essen-

tially preliminary to a more thorough systems type study.

The organization of this paper is as follows: In Section 2 we give a
very brief summary of the nature of the space radiation shielding problem.
This summary points to the desirability of finding unconventional light -
weight shielding methods, We discuss electrostatic and magnetic shielding,
and conclude that neither of these schemes looks promising. This leaves the

Plasma Radiation Shield as the only advanced shielding concept still in the

94




running; the basic principles of the Plasma Radiation Shield are thoroughly
discussed in Section 3. The two basic design parameters in the Plasma
Radiation Shield are the size and the voltage. The size is determined by
such straightforward factors as the crew size, and compatibility with launch
vehicles. The determination of the voltage is more complicated, and is the
subject of Section 4. We conclude that the range from 30-60 million volts

is likely to be of interest. The following sections (5 through 8) take up
particular problems of importance in adapting the Plasma Radiation Shield
concept to a space vehicle. These are, respectively, restrictions on the
configuration, the superconducting coils, the vacuum requirements, and
other miscellaneous problems. Section 9 offers our conclusions from the
study; these are principally that we have succeeded in isolating the most
difficult practical problems associated with the Plasma Radiation Shield,

that these problems appear difficult but not insuperable, and that studies in
greater depth are definitely required before firmer conclusions about the
merits of the Plasma Radiation Shield can be reached. An appendix discusses
the present status of research on the physics of the underlying concept.

Here again, in spite of favorable initial results, much work remains to be

done,
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2. SPACE RADIATION SHIELDING

Manned space vehicles outside the geomagnetic field on lunar and
interplanetary missions are subjected to the hazards of the unattenuated space
radiation environment. Of the two principal components of this environment, *
the galactic and the solar flare radiations, the latter is generally considered the
more important because of the large fluxes associated with it. o The solar
flare radiation hazard is compounded on long duration missions because of the
integrated effects of the doses received over the extended mission. Vehicles
orbiting the earth at high (e.g., synchronous) altitudes are subjected to much
the same environmental components as well as to the protons and electrons
associated with the outer edges of the trapped radiation belts. Sihce inadequate
radiation protection can result in absorbed doses that cause discomfort, illness,
and even (in extreme cases) death to the crew, it is apparent that provisions
must be made to limit the anticipated radiation doses to acceptable levels.

There is a wide variation in opinion (e. g., Refs. 1 to 30) concerning
the degree of hazard posed to astronauts by solar flares. This lack of
agreement can be attributed to two factors. First, adequate quantitative

data on the space radiation environment has only been obtained through one

e
ks

We restrict ourselves to considering the radiation hazard due to naturally
occurring charged particles. On the one hand, the dangerous portion of the
solar electromagnetic radiation spectrum (principally the far UV) is easily
screened; on the other hand, there is no appreciable component of neutron

radiation present in space.

ats ot
b s

This is a fortunate accident, because the energies of the galactic radiation
are so large that shielding against them is an order of magnitude more
demanding than in the case of solar flares, and, for practical purposes,
can be considered essentially impossible. Astronauts in the foreseeable
future will have to live with the galactic radiation; this situation is not

ideal, but, in quantitative terms, is probably acceptable.
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solar cycle. This data suggests that it will be very difficult to make a use-
ful art out of forecasting the occurrence of major flares. Further, the
wide range in intensity of different flares makes it difficult to predict the
confidence levels appropriate to the more intense flares. Thus, postulation
of radiation conditions to be encountered on future flights based on this
modest experience is questionable. Second, information on the response
of the human body to the type of radiations encountered in space is limited.
This deficiency is due to the lack of experience with a natural source of
protons on earth, difficulties in simulating the fluxes of high energy par-
ticles in the laboratory, and humanistic considerations which preclude the
use of human subjects for hazardous experiments.

The simplest method of providing radiation protection is to use bulk
shielding material to stop the incident radiations. For solar flare protons
and alpha particles, the most appropriate materials have low atomic num-
bers (e.g., water, polyethylene). For long-duration missions, the amount
of shielding required can be reduced if the recovery capacity of the human
body is taken into consideration. However, there are many uncertainties
involved in formulating a radiation tolerance criterion on this basis, 21,31
and the shielding requirements, while reduced, are still substantial, As an
example, the amounts of polyethylene shielding required on a two-year
Martian mission are given in Ref, 27 to be 17 gm/cm2 using a cumulative
dose criterion and 7 gm/cmz using a criterion that takes into account
biological recovery. On the other hand, much larger figures have recently
been suggested, 26, 31 depending on the desired probability of not exceeding
some stated dose and the phase of the solar cycle., ‘Some of these figures
are given in Table 2.1.

If it is desired to completely shield a cylindrical vehicle 15 ft
(~4. 6 m) in diameter by 25 ft (~7. 6 m) long with 7 gm/crn2 of material, the
shielding material would weigh about 22,000 lbs (~10,000 kg). An alternate
procedure to shielding the entire vehicle is to shield only a minimum-size
storm cellar to which the crew can retire in the event of severe solar flares,
This approach, however, severely restricts the activities of the crew and
probably rules out normal flight and scientific duties for the duration of the

flare, This restriction could be particularly compromising to the success

97



*SexXo T, ‘U0}SNOol] ‘I23us ) 3ivID

ooedg pauuey 2yj Jo Apael] ‘v pue aspAug ‘[ JO MIOMm 9Y} UO Paseq S1 9]qe] SIYj Ul elep wﬂ,H.%

wo /Wi ¢) Ncﬂo\ﬁm 19 WRUIWN]y
¢ %6 66
wd /wd §g wd /wil L ousldyleLiog
¢ ¢ wnwKeN 002
EU\EM L1 wd /w8 71 wnuIwn [y
¢ ¢ %66
NEU\Em 01 Nﬁo\cﬂm G°g ousjhylzeljog
Nﬁu\ﬁm GOT wnuIwun ]y WINWIXBIA] %6 66
wd /Wl g wd /il 77 WINWIXeA]
¢ ¢ wnurwn ]y
wo/wd g § wo /wid ¢ WINWIUTA 001
(4 (4 %66
wd /wd 17 wod /wd g1 WINWIXBA
< o < . suotdyjishiog
wo /w wo /w WInWIuL
2 /w3 2z 2 Jws 1 TUTIA
Aq-A13 saepy | worsstwt a9j1qIo TerIorey °194p xelog | Ajmrqer;ey | (weax) suelio Burwiioy
sfep 0g9 snusp shep o8¢ oy} Jo aseyyg -poo1q @y} 03 aso(]
ssowoIy T, SuIpiotys

maﬁw.m._;m” %H\mumﬂ,m._nmhmpﬂu_” uo wmhgwmm S98SoUMITIY T, w.ﬁﬁuﬁw.mdmm JOo sojewuLlSH{ jusxany
£

1°2

qdTdVL

98



of the mission if a solar flare occurs during a crucial phase of the flight,
What is clearly needed, then, is a system that will provide adequate
radiation protection, not interfere with the normal functioning of the space-
craft, and be relatively light in weight.

From this brief survey of the space radiation shielding problem as
a whole, we wish only to draw the following conclusion: a large uncertainty
presently exists concerning the shielding that will ultimately be required.
It is therefore manifestly worthwhile to consider whether, by unconventional
means, the degree of protection afforded by a given weight can be sub-
stantially increased. This conclusion launches us into a brief review of
advanced concepts in radiation shielding. To the knowledge of the present
authors, all advanced radiation shielding schemes so far put forward have
depended on the fact that the solar flare protons (and alphas) which constitute
the hazard are charged particles and can therefore be acted upon by electro- -

magnetic forces. The first of these schemes is "Pure Magnetic Shielding. "

2.1 Pure Magnetic Shielding

It has long been known that the spectrum of cosmic rays or solar
flare protons measured near the top of the atmosphere exhibits a low-energy
cut-off which is a strong function of geomagnetic latitude. 32 This phenom-
enon is due to the fact that charged particles are able to cross a quantity of
magnetic field lines that increase with their energy; it is clearly possible
for a particle to arrive at either magnetic pole without crossing a single
field line; on the other hand, the equatorial regions are strongly protected
by the geomagnetic field. "Equatorial' in this sense means within, say,
45° of the geomagnetic equator. Since all U, S. manned space flights to
date have taken place in this general region, it follows that the astronauts
have up to the present been protected against solar flares by the earth's
magnetic field. It is clearly possible to achieve a protective effect of this
type for space vehicles far from the earth by carrying an appropriate mag-
netic field coil; this possibility (known as pure magnetic shielding) has been
studied a good deal. 33-42 we¢ note first that the method is equally valid for
charged particles of either sign. It appears that the method has a certain

43,44

promise when it is desired to shield against electrons in the energy

range up to several MeV; these occur in the form of trapped particles at
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certain locations in the geomagnetic field, but are essentially unknown in
deep space. Magnetic radiation shielding of the type in which the field
extends to 'infinity' is particularly attractive in this application since the
radiation hazard caused by the electrons is not due so much to the pene-
tration of the primary electrons, as to the comparatively long range of the
secondary x-rays and y-rays produced by stopping the electrons. These
secondaries are absent in the magnetic radiation shield.

Whereas pure magnetic radiation shielding against trapped electrons
looks attractive today, the same cannot be said of using pure magnetic
radiation shielding against solar flare protons in deep space. The reasons
for this situation are strictly quantitative; the solar flare protons against
which it is desired to shield have higher rigidities than the trapped electrons,
and therefore require more intense magnetic fields to do the job., The
situation has been studied both roughly and carefully; the conclusion is always
that except for cases where it is desired to stop very energetic (~.2BeV)
protons from penetrating into large volumes, the weight advantage of pure
magnetic shielding over solid shielding is not great enough to compensate for
the substantially reduced reliability and increased complexity of the active

system. This conclusion can probably be regarded as definitive.

2.2 Pure Electrostatic Shielding

Two forms of pure electrostatic shielding against solar flare protons
have been suggested, but in our opinion neither of these presently looks
attractive. In one scheme, 35 the space vehicle is pictured as being con-
structed of two concentric shells, these shells to act as a charged capacitor.
In this arrangement the space vehicle as a whole is electrically neutral. In
the other'arrangement, 45 the space vehicle is considered as a charged con-
ductor at some potential relative to 'infinity. ¥ Without going into great
detail the difficulty with the first scheme is technical; the largest steady
voltages produced on earth between conductors are found in Van de Graaff
machines. The massiveness of these machines, which nevertheless cannot

attain voltages as high as 20 MV, speaks for itself. It is virtually certain

“The meaning of this is explained in detail in connection with the Plasma
Radiation Shield,
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that the insulators that would be required by an electrostatic space shielding
system would weigh far more than the solid material required to do the
same shielding job. '

The difficulty with the second scheme is, perhaps, slightly less
obvious. It rhight be thought in the first instance that the very high vacuum
prevailing in deep space would itself be a very good insulator. This is not
the case, however, since the solar wind fills the planetary system with free
protons and electrons to a density of about 10/cc. These charges are free
to respond to an electric field of the type here considered and would dis-
charge any substantial potential of either sign in a very short time. This is
particularly true if (as is always the case) one tried to maintain the space
vehicle positive as a protection against energetic protons. The free elec-
trons in space would discharge the potential in a time so short that the
scheme becomes quite unrealistic.

From the foregoing it is clear that (in our opinion) neither pure
magnetic nor pure electrostatic radiation shielding looks attractive;
furthermoxre, the limitations on both these methods are of a sufficiently
fundamental character that it is very unlikely that our conclusions could be
substantially modified by technological developments. This situation leaves
the field of "active' radiation shielding open to the only other scheme of
this type which has been put forward. This is the so-called '"Plasma
Radiation Shielding" scheme which is the principal subject of this paper and

to which we now turn our attention.
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3. THE PLASMA RADIATION SHIELDING CONCEPT

3.1 Plasma Radiation Shielding

The Plasma Radiation Shie1d46’ 47 involves the use of both electric

and magnetic fields, but the specific purposes of the two fields are as follows:
the electric field is the direct means of providing the shielding against
energetic protons, while the magnetic field has the sole purpose of support-
ing the electric field. It follows that the electric field that is required for
the Plasma Radiation Shield is just the same as that required for the pure
electrostatic shield. We therefore require the establishment of a voltage on
the order of 30-100 MV, i,e., higher than has ever been achieved on earth.
Now, while the achievement of such voltages must obviously remain in doubt
until positively demonstrated, we hope to show in this paper that under the
special conditions of deep space there are sound reasons to hope that such
voltages are in fact attainable,

In the remainder of this section, we will present the basic features
of the Plasma Radiation Shield. The sections that follow are devoted to pre-
liminary discussion of various aspects of the Plasma Radiation Shield viewed
as a single system in an integrated space vehicle. An appendix describes the
current status of research on the problems associated with the basic physics

of the Plasma Radiation Shielding concept.

3.2 Electrostatics

We consider first the electrostatic meaning of "potential of a space

vehicle with respect to infinity."

Now engineers in general are used (for
good reasons) to considering virtually any electrical device in terms of the
voltages applied or induced between pairs of terminals. In view of this, it
is a surprising fact that the concept of a voltage between a conductor and
infinity is normally the very first subject introduced in elementary electro-
statics. We generally consider a conducting sphere of radius a carrying a
positive charge Q on its surface; the electric field produced by this

arrangement (in the absence of other charges) is radially outwards from the
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surface of the sphere. The magnitude of this radial electric field at radius

r(>a) is E = Z—ﬂ-—%——;z and this field can be derived from a potential
0

= (3.2.1)

In defining the potential an arbitrary constant may always be added; in this
case we have assumed that ¢ = 0 at a large distance from the sphere. It

follows that the sphere is at a potential

¢la) = E—%a— (3.2.2)

above the potential of distant space. A way of interpreting this statement in

terms relevant to the Plasma Radiation Shield is as follows: the work
necessary to bring a proton (of charge +e) from infinity to the surface of
our sphere is just e¢(a) = -ETG%Q()—{ . In space the only source of this
energy is the kinetic energy of the proton when at infinity; only if this
exceeds the quantity e¢(a) will the proton be able to reach the surface of
the sphere. Measuring this kinetic energy in electron volts we find (since
the charges on an electron and a proton are of equal magnitude) that the
sphere is electrostatically shielded against protons having less than ¢(a)
electron volts. If we wish to exclude protons up to 50 MeV, ¢(a) must
have the value 5 x 107 volts,

For a capacitor of capacitance C , the charge and the voltage are

related by the formula

Q = C¢ (3.2.3)

Comparing this with the formula (2) we see that the capacitance of the

isolated sphere is C = 47e€ 02 - Thus, a two-meter radius isolated sphere
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has the capacitance 222 x 10~12 farads = 222 picofarads. It follows that if
we wish ¢(a) to be 5 x 107 volts, the charge Q must be 11.1 x 10-3
coulombs = 11,1 millicoulombs.

Now, as was explained in connection with pure electrostatic
radiation shielding, the arrangement described is not, as it stands, satis-
factory. This is because a positive charge of the magnitude being considered
would attract electrons from the surrounding space plasma at a rate so large
as to make the whole concept useless. In the Plasma Radiation Shield, the
vehicle is surrounded by a cloud of free electrons, the cloud being held in
place by a magnetic field. Now the voltage across the electron cloud is
always fixed by shielding considerations, but the details of the way in which
the electron cloud is distributed are quite difficult to calculate., However,
any given distribution can be characterized by a capacitance C , which,
through (3. 2., 3) will determine the required charge. In this section we shall
discuss briefly two geometrical arrangements which are intended to convey
a general picture of the electrostatic arrangement of the Plasma Radiation
Shield, without simulating the geometrical details.

Consgider first the situation that arises if the sphere of the previous
example is surrounded by a larger concentric conducting sphere of radius

b' . The capacitance between the two spheres is

47r60ab' 1
C = ——— = 47¢,a —r (3.2.4)

b' -a 1__}?_'_

If b' =4 meters and a remains 2 meters, this is 444 picofarads. To
maintain a potential difference of 5 x 107 volts between the spheres requires
a charge of 22, 2 millicoulombs, Now, if the large sphere carries a charge
of - 22.2 millicoulombs, the combination of two spl'ieres carries no net
charge, and it follows that the electric field is entirely confined to the space
between the two spheres. Thus it does not attract electrons from the sur-
rounding space plasma and thereby overcomes the objection to the single

sphere model. In terms of the Plasma Radiation Shield the inner sphere is
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not only at a potential 5 x 107 volts higher than the outer sphere; it is also

5x% 107 volts above the potential of "infinity'. Suppose that the outer sphere
is transparent to protons; then a proton of 50 MeV kinetic energy approach-
ing the arrangement from a large distance will be unaware of the existence

of the spheres until it penetrates the outer one. Then, as it travels into
regions of higher potential its kinetic energy will fall until it is brought to
rest at the surface of the inner sphere. At this point, it will start to fall
back towards the outer sphere. When it recrosses the surface of this sphere,
it will have reacquired its initial energy of 50 MeV and will retain this energy
in its further travels.

The example just discussed is in many ways a fair idealization of
the electrostatic aspects of the Plasma Radiation Shield, even though the
spherical geometry is not representative of the Plasma Radiation Shield.

If we continue to ignore this difference, we can regard the inner sphere as
representing the space vehicle. But we have already (in the discussion of
pure electrostatic radiation shielding) dismissed the possibility that the
outer sphere could be a solid electrode for the reason that the insulators
separating the spheres would surely weigh more than a solid material
radiation shield. In the Plasma Radiation Shield the outer sphere is replaced
by a distributed cloud of electrons held in place by a magnetic field of
moderate intensity. Therefore, in our second example, we imagine a cloud
of electrons to be distributed around the inner sphere in such a manner that
their number density n, (i.e., the mean number of electrons per cubic
meter) is a function only of r . For the moment we shall just suppose that
they are held in place by '""magic". Later we shall discuss this obviously
vital question in detail. Clearly, the electron cloud is completely trans-
parent to incoming protons in the sense of the discussion of proton reflection
given earlier,

Poisson's equation connects the potential with the charge density.

In the present spherically symmetric situation we have:

1 _ii_ [rziﬁ-] i ne(r)e
;.Z dr dr EO
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Now for simplicity, suppose that the electron distribution is one of constant
density n_ extending between the surface of the inner sphere (radius a )
and some larger radius b . This distributed electron cloud represents the
outer sphere of the previous example; the electron cloud therefore contains

a total charge - Q given by:
Q= 2707-a%m e (3.2.5)

The appropriate solution of Poisson's equation, validfor a = r = b can

now be shown to be:

2
) = —2 Lol b4 /o) (3.2.6)
47r€0r (b” -a")

The potential at r = b is zero, as is also the potential of all points r > b .
The electric field at r = b is also zero because there is no net charge
inside this radius. The electric field also vanishes for r > b . It follows
now that the potential of the ''space vehicle' is higher than the potential at

"infinity' by the amount

pa) - —2 Boalbraz) (3.2.7)

are ja b%+ab+a

For a given value of ¢(a) , ¢(r) can be written in the form:

o(r) = ¢(a) -+ (l‘r/b)2(1+2b/r)

> (3.2.8)
1-a/b)“(1+ 2b/a)

For various values of b/a , this variation in ¢(r) across the electron
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cloud is shown in Fig. 3.1.

Formula (3.2, 3) allows the calculation of an equivalent capacitance

for the system of sphere plus electron cloud given by:

2 2
C=47Teab+ab+a .

" b -a) b +a/2

Comparing this with (3.2.4), we see that our arrangement is equivalent
electrically to the concentric sphere arrangement discussed earlier where

the radius of the outer sphere is given by:

If, for example, the distributed electron cloud extends from a =2m to

b =5.46m (=2~3 + 2)m , it follows that b' = 4 meters. Thus an electron
cloud of uniform density extending over a radius ratio of 5.46 : 2 corres-
ponds electrostatically to the example quoted before of two concentric
spheres with a radius ratio of 4: 2, For this example we also calculate
the required electron density in the cloud; this follows from the fact that

Q = 22, 2 millicoulombs and from equation (3.2.4) we find: n_ =2.1x 1014
electrons/m. 32 2.1 x 108 electrons/cc. The total number o:ef electrons in
the cloud is just Q/e . This is Ne = 1.38x 1017 electrons. The support
of such an enormous number of electrons is obviously not a trivial matter,
and we shall come to this question after taking one more number out of the

present analysis. The value of the radial electric field at the surface of the
9
7 47€Q al
5x 10’ volts/meter or .5 million volts/cm. This large value of the elec-

sphere is E(a) = « For the numbers quoted, this has the value

tric field raises questions of its own to which we shall return (in 3.5). For
the moment we observe that the density of positive charge on the outside
surface of the '""Plasma Radiation Shield" is Q/4 7Ta2 =,44 x 10-3coulombs/m2.

The electric field just calculated exerts a force on this charge layer equal to
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Distribution of potential outside a charged sphere in the
presence of an electron cloud of uniform density extending
from the sphere (radius a) to radius b. The negative
charge in the electron cloud is equal in magnitude to the

positive charge on the sphere.
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11l x 105 newtons/m2 ~ .11 atmospheres. This force can also be thought
of as the force of attraction between the positive charge +Q on the inner
sphere and the negative charge -Q in the electron cloud., The nature of
this force is the same as that of a gas atmosphere at this pressure inside
the sphere; the magnitude would not be such as to cause much of a structural
problem.

The preceding discussion of the electrostatic situation near a
"Plasma Radiation Shield" of spherical geometry gives an idea of the way
in which the electric fields are distributed around the space vehicle, and
also gives a preliminary indication of the orders of magnitude of the quan-
tities involved; we turn next to the means by which a magnetic field can be

used to hold the electron cloud in place.

3.3 The Magnetic Field

The force exerted on an electron of charge -e moving with velocity

v in a magnetic field B is -e(vx B) . This force has no component
parallel to _]§ , and from this observation follow important consequences.
For, should there be any electric field in the direction of the magnetic field,
the electrons will respond immediately by flowing along it until it is essen-
tially nullified, It follows that after a very short time magnetic field lines
(or at least those portions of the magnetic field lines on which there are
electrons) will have no electric field along them, or, what is the same thing,
they will become equipotentials. Now, since "infinity' and the space vehicle
are supposed to differ in potential by 5 x 107 volts, there can be no lines of
force which in one place are near the space vehicle and in another place far
away from it, There is really only one kind of magnetic field geometry that
satisfies both this requirement and the additional requirement that the field
be outside the space vehicle, and that is, in its simplest form, the magnetic
field due to loop of current, illustrated in Fig. 3.2. To be more precise,
one would like to make the surface of the vehicle correspond in form to a
given magnetic field line. This can be accomplished in a large variety of

ways, but all these are topologically the same as the single loop coil shown

in Fig. 3.2. Thus, the simple observation that v x B is perpendicular to

B leads us to reject the possibility of a spherical Plasma Radiation Shield
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A loop current is the simplest form of magnet giving a field
shape satisfying the requirements of the Plasma Radiation
Shield. This illustration shows the general shape of the
magnetic field lines surrounding such a loop.
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in favor of a topological torus. The condition that a space vehicle utilizing
the Plasma Radiation Shield be a topological torus is on examination not as
restrictive as one might suppose, although it does rule out direct adaptation
of shapes not satisfying this condition. There are an unlimited number of
ways in which a topological torus can be deformed; two examples are shovn
in Figs. 3.3 and 3.4. Of these two, the first represents a more substantial
departure from current thinking about the shape of space vehicles than the
second. Several other possibilities are discussed in Section 5 under the
general heading of Vehicle Configuration Possibilities. For the present, we
note that the configuration of Fig, 3.4 may have important advantages,
although, pending further sfudy, these remain uncertain, A brief discussion
of these advantages is given in Section 3. 6.

A second observation of considerable importance also follows
directly from the form of the expression (v x B) for the force exerted on an
electron by a magnetic field, That is that the force is zero when the elec-
tron is stationary. But since a force is obviously required to counteract the
electric field, the electrons must be (on the average) in motion. Thus, we
are seeking a dynamic rather than a static equilibrium. The electron cloud
must be permanently in motion of a rather complicated kind, and this motion
must be so accurately perpendicular to the electric field that the electrons
do not reach the space vehicle in a time comparable to the duration of a
solar flare (i.e., about 48 hours). The nature and present state of under-
standing of this dynamic equilibrium are briefly discussed in Section 3.4
and in the Appendix. For the present we note only that the dynamics of the
electron cloud poses many problems concerning which our present knowledge
is incomplete.

One further conclusion to be reached on the basis of the force
expression is quantitative. The magnitude of the magnetic force is evB .
The electric force which this is supposed to counterbalance is eE ,

Equating these yields

B

B:E/V:'Bc

, where p =v/c (3.3.1)
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Fig. 3.3 Shows how the simple loop current shown in Fig. 3.2 can be
adapted to a space vehicle. In this particular realization, the
vehicle is symmetric in azimuth around the axis of the loop.
Also shown are the electron cloud with its associated direction
of drift, and a possible 4-coil arrangement for the supercon-
ducting magnet. The double-walled construction is discussed
in Section 7. Of the many other realizations of the Plasma
Radiation Shield that are possible, one more is shown in
Fig. 3.4
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Fig. 3.4 Possible alternate conceptual configuration for a Plasma
Radiation Shielded space vehicle. This speculative configu-
ration could utilize a cylindrical launch vehicle. The
relative merits of this approach are discussed in Section
3. 6. The equipotentials follow magnetic field lines in the
interior of the electron cloud, but are distinct outside of
the cloud.
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and if we knew v this would determine B since E is fixed by the electro-
statics of the situation, But an absolute upper limit to v is given (by the
theory of relativity) as the speed of light ¢ = 3 x lOSm/sec. Using the value
of E=5x 10.7 volts/m and assuming that the electron velocity can be one-
half of its maximum value (i.e., B =1/2), we find a characteristic magnetic
field of . 33 webers/mz, or 3,3 k gauss. This magnetic field is far below
what would be required for a pure magnetic radiation shield. Note also that
it depends directly on our assumption about the electron velocity. Here
again is a case where necessary basic knowledge is lacking; in this case if
the B chosen to be 1/2 had been in fact 1/10, the magnetic field would have
been 5 times more intense than the 3.3 k gauss quoted. This would give a
magnetic field comparable in strength to that required for a pure magnetic
shield, and we already know that the weight of these devices makes them
unattractive. On the other hand, it may be permissible to go the other way;
perhaps [ can be as high as 0.9, giving a magnetic field of only 1. 9 k gauss.
This large uncertainty has a considerable effect on the calculated weight of
the Plasma Radiation Shield, since the superconducting magnetic field coil
(with its structure, insulation, power supply, controls, etc.) is the only
massive item in the Plasma Radiation Shield. Up to the present, it has been
guessed that B = 1/2 and all estimates have been based on this guess. The
factors that determine the largest achievable B (< 1) are not yet fully
understood.

A final point to consider in connection with the magnitude of the
magnetic field is the following: although low values of the mean magnetic
field appear attainable, this by itself does not necessarily represent an
optimum design. A more meaningful quantity is the total magnitude of the
magnetic field energy. Now this total energy varies as the square of the
mean magnetic field, and the cube of some linear dimension. It may very
well turn out to be desirable to utilize larger mean magnetic fields over
smaller volumes. Study of this trade-off is likely to be an important
element in a deeper systems study of the Plasma Radiation Shield. In par-
ticular, the configuration illustrated in Fig., 3.4 (and briefly discussed in

Section 3.6) would probably operate with rather substantial fields
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(10-30 k gauss) in the relatively small interior volume. The most impor-
tant unknown in this trade-off is the way in which the shielded volume varies

with magnetic field energy.

3.4 Containment of the Electron Cloud

The fundamental idea underlying the concept of the Plasma Radiation
Shield is certainly sound in principle, However, although a magnetic field
as described is capable of holding the electron cloud in place, many difficult
problems must be solved before it can be stated with assurance that this
capability can actually be realized. The basic problem is that the electron
cloud has a strong tendency to collapse onto the Plasma Radiation Shield;
from the thermodynamic point of view this tendency is due to the very large
free energy associated with the electric field., The Plasma Radiation Shield
will work if it turns out that all the means available to the electron cloud of
giving up its free energy operate at acceptably low rates.

The quantitative definition of "acceptably low' turns out to be very
restrictive. Specifically, the electrons in the cloud are held at a distance
from the space vehicle by the magnetic field; various mechanisms will allow
the electrons to cross the magnetic field at appropriate speeds, and to fall
into the space vehicle. Such motion constitutes a loss current. Plainly,
this loss current must be extremely small if all the electrons (and hence the
protective electric field) are not to be lost in a time short in comparison
with the duration of a solar flare. If we take this time to be 2 days = 2 x 105
seconds, and take the total charge in the cloud to be .022 coulombs, the loss
current due to all losses should be substantially less than .11y amps., A
current of this magnitude crossing a voltage of 5 x 107 volts yields a maxi-
mum acceptable loss power of 5.5 watts. Put somewhat differently, at a
speed of 1/2c, an electron will drift around the Plasma Radiation Shield in
a time of about .1y secs. Thus the mean direction of drift must be perpen-

2

dicular to the magnetic field to an accuracy of roughly 1 part in 101 (or

105 secs/. 1L secs).

3.4.1 Instabilities

By far the most dangerous possibility is that the electron cloud

would be unstable. By this we mean that some collective effect in the
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electron cloud could cause the cloud to fall across the magnetic field on a
large scale, But the times associated with inherent instabilities of the
usual kind would be expected to correspond to the inherent time scales of
the electron cloud. These time scales are typically on the order of the
time it takes an electron to drift around the device (i.e., .1y sec), or,
even shorter, the electron plasma period, or even the electron cyclotron
period. These times are so extremely short that it is vital for the success
of the concept that the electron cloud be exceedingly stable. It is a fortunate
fact that prolonged and careful study of the question of stability has yielded
consistently encouraging results. The details of these studies are given in
Ref. 48 to 53; but a summary of the results suggests that if the inner edge
of the electron cloud is maintained very close to the surface of the space
vehicle, stability can be attained. There is also empirical evidence that a
small-scale device (the Vac-Ion Pump)54' which is closely related to the
Plasma Radiation Shield is successful only because electron clouds of our
type are in fact very stable. Our own experiments have also suggested the
same, but there is an important pfoviso: no experiments have been done in
the geometry demanded by the Plasma Radiation Shield concept. Since cer-
tain possible modes of instability are strongly dependent on geometrical
factors, it will ultimately be necessary to test the stability of the Plasma
Radiation Shield in a direct manner. At present, all that we can say is
that experimental, empirical, and theoretical evidences are all sufficiently
encouraging to proceed to other (generally slower) forms of loss on the
assumption that the hoped for stability is in fact present. The question of
stability is discussed in somewhat greater detail in the Appendix.

3.4.2 Classical Diffusion

These other, slower forms of loss come generally under the heading

of "classical diffusion'' caused by close collisions of the electrons with
(1) other electrons; (2) ions; (3) neutral atoms and (4) particulate matter.
We deal with these possibilities in order.

(1) Electron-electron collisions. Collisions between like particles

cause only a very weak form of diffusion, when there is a
gradient of density or temperature. Calculations indicate that

losses from this source are less than 0.1 watts, and are
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therefore well within the allowable maximum diffusion rate.

(2) Electron-ion collisions. These are no problem in the Plasma

Radiation Shield for the following reasons: positive ions are
strongly expelled from the electron cloud by the electric field
and are sufficiently massive that the magnetic field cannot
restrain them. The residence time for a typical ion in this
field is on the order of 10-’7 seconds, and this time is so short
that the ion will generally have no close collisions with elec-
trons of the cloud. This is true of the solar flare ions, and
also of any other ions that from time to time might be present
in the system. In particular, ions coming from outside the
cloud (i.e., from space) are reflected elastically by the
electric field with no net exchange of energy.

(3) Electron-neutral collisions, Due to solar UV radiation and

other effects, the ambient density of neutral atoms in deep
space is negligible, but there will be atoms coming out of the
space vehicle due to leaks from the pressurized cabin, and to
outgassing from exposed surfaces. The Plasma Radiation
Shield concept puts a very severe restriction on the flux of

these atoms, for the following reasons: an atom coming off

the space vehicle will generally be moving at a speed corres-
ponding to the temperature of the surface from which it came.
These speeds are generally moderate, and the atom is at once
exposed to the circulating flux of electrons in the cloud. If these
electrons have a density of 108/cm3, and a speed of 10lo cm/sec,
and if we take the cross section for ionization as 10_18cm2, the
length of time that elapses before the atom is ionized will
generally be about 1 sec. This suggests that a non-negligible
fraction of the neutral atoms coming off the space vehicle will
be ionized during their passage across the electron cloud. Now,
after ionization an electron and a positive ion are formed; the
electron will become just part of the electron cloud, but the

ion, unrestrained by the magnetic field on account of its greater
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(4)

mass, will be ejected into deep space by the electric field in
the time 10—.7 seconds previously quoted. But the transport of
a positive ion from some point near the surface of the space
vehicle to infinity is just as much a loss as is the transport of
electrons from the outer regions of the cloud to the surface of
the space vehicle, In the worst case, all the ions are formed
right at the surface of the space vehicle and subsequently
ejected across the full 5 x 107 volts. In this case the limit on
the current of ions is about .1yt amps. This represents a maxi-
mum allowable number of such ions on the order of 1012/sec,
and this is also the maximum allowable rate of escape of
neutral atoms from the active space vehicle. If this is a leak
of oxygen from the cabin, it corresponds to an allowable leak
rate of about 10-6 grams of oxygen in two days! In fact, the
mean potential at which neutrals are ionized can be considerably
lower than 5 x 10'7 volts, since in the 1 sec mean free time
estimated above the neutrals would cover a distance like 100 m.
or more., Suppose, for instance, that the mean potential of
ionization is only 1% of the full voltage, or 5 x 10° volts. The
tolerable current is then 10y amps corresponding to a flux of
1014/sec, or 10_4 gms in 2 days. However, even with these
figures, it is obvious that the cabin pressure vessel must be a
high quality vacuum vessel; if it is double-walled, however,
this low leak rate should be attainable. There is also a severe
restriction on the amount of outgassing of the whole surface
that can be permitted; this corresponds roughly to a pressure

over the surface of about 10—12

mm Hg, again a very low but
not unattainable level. It must be remembered that ample time
is generally available to bake and thoroughly clean all exposed
surfaces before activation of the Plasma Radiation Shield. We
shall return to this question in Section 7.

Particulate matter. If the surface of the Plasma Radiation

Shield is clean, no dust particles should be present on it;
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preliminary activation of the electric field should help to
achieve the required degree of cleanliness. There remains,

. then, the flux of micrometeorites from space. If, as is
believed, 35 this flux is less than 10-8 gm/cmz/year outside
the immediate neighborhood of the earth, there should be no
problem from this source. A large meteorite might shut off
the electric field, and reactivation would take perhaps an hour
or less, but the probability of such an event coinciding with a

solar flare is reasonably low.

This completes our discussion of problems of classical diffusion;
by far the most important difficulty to have arisen is the control of leakage
and outgassing. Although difficult, it cannot be stated that this problem is
insuperable; the actual constraints that it is likely to impose are reviewed

in Section 7.

3.5 Achievement of Very High Voltages

It was mentioned in Section 2 (in connection with electrostatic
shielding) that the required voltages are higher than any yet achieved on
earth, and the same comment applies to the Plasma Radiation Shield. It is
natural to ask, in these circumstances, how it is that we can contemplate
reaching these voltages in the Plasma Radiation Shield. At this stage we
can do no more than explain why the effects that limit the voltage in present-
day machines do not apply to the Plasma Radiation Shield. This lack of
applicability of known limitations is encouraging, but is obviously not a
guarantee that the required voltages can be reached, This is an area in
which there can be no substitute for an experiment.

In general, the achievement of high voltages in the laboratory has
been limited by problems of breakdown. 56-64 The parficular breakdown
experiments which are most relevant are those having to do with breakdown
between parallel electrodes in high vacuum conditions. It seems that the
best available theory56 of how this occurs is as follows: at the negative
electrode (or cathode) the electric field points in such a direction as to draw
electrons out of the surface. A current is actually drawn by the quantum-

mechanical mechanism known as field emission. This current depends
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exponentially on the electric field and is therefore concentrated at micro-
scopic projections on the cathode where the electric field is intensified.
Next, the current through these projections heats them by Ohmic dissipation.
At a certain field strength this heating is sufficient to evaporate the pro-
jections altogether; breakdown then occurs in the gas thus formed. Now, if
this is indeed the true mechanism of breakdown, there is reason to be
optimistic where the Plasma Radiation Shield is concerned, for in our case,
there is no material cathode at which field emission can occur. The only
material electrode is the space vehicle itself, and this is the anode (positive
electrode); that is the direction of the electric field is such that it tries to
extract positive ions. From a quantum-mechanical viewpoint, the extraction
of positive ions by field emission is virtually impossible. The evidence as
regards anode field strength limitations is from the working of the positive
ion microscope, 65 a device in which a large cathode and a tiny anode produce
an enormous electric field at the surface of the latter. This device draws a
satisfactory ion current only when the electric field is on the order of 100
million volts/cm, a field some 100 times greater than that contemplated for
the Plasma Radiation Shield. Furthermore, this field strength produces
electrostatic forces on the order of 3,000 atmospheres, that is, on the

order of the yield strength of most materials. Microscopically, it is

1 volt/angstrom. Taking 1 angstrom as a typical spacing between ions in a
lattice, and 1 volt as a typical binding energy, it is again plain why an ion
current can be drawn by an electric field of this strength. To sum up this
subject, the Plasma Radiation Shield should not be subject to high vacuum
breakdown as it is presently understood, and should not lose appreciable
ions at the field strengths contemplated. As stated before, these hopes can

only be proved sound by an appropriate experiment.

3.6 Possibilities for the Configuration of Fig. 3.4

The configuration of Fig. 3.4 may turn out to be very advantageous.
The reasons for this possibility must for the moment be regarded as specu-
lative, but nevertheless it is worthwhile to offer herewith some discussion
of these reasons, This discussion accomplishes two purposes, of which

the first is specific and the second general. The first purpose is that if the

120




p 2 4

anticipated advantages of this configuration hold up under further study, the
Plasma Radiation Shield will be substantially simpler to achieve than might
otherwise have been the case. The second purpose is to show, by means of
an example, that there is still a large amount of room for the application of
imaginative ideas to the Plasma Radiation Shield. The concept is still far
from complete definition; further study on a broad front can still be expected
to yield large as well as small changes in its overall desirability.

It was stated in Section 3.2 that magnetic field lines on which there
were electrons must be equipotentials. This statement may not be strictly
true, for the following reasons: in axially symmetric magnetic fields (as,
for instance, that shown in Fig. 3.2) magnetic field lines that pass close to
the axis of symmetry (say, at a radial distance rsmall) close at a very

2

large radial distance, roughly r = V/(2 ﬂrsmall) , where V is a

representative volume of the ma;rathg.e But since the electrons of the cloud
are attracted to the positive charge on the space vehicle, the electrons may
not wish to locate themselves quite so far away from the vehicle as rlarge .
This suggests that the electron cloud might be confined to some region near
the space vehicle, of characteristic volume V , and that the remainder of
the magnetic field is largely, or even entirely, free of electrons. The
interpretation of the statement in Section 3.3 about magnetic field lines
being equipotentials is then as follows: throughout the electron cloud, mag-
netic field lines are indeed equipotentials, but in regions of the magnetic
field where there are no electrons, there is no such requirement. Thus, it
is possible to imagine that the equipotentials follow the magnetic field lines
in the region near the axis of the magnetic field, but that outside of some
contour defining the boundary of the electron cloud, the electrostatic
potential satisfies Laplace's equation. In this case the equipotentials would
fall inside the magnetic field lines in the vacuum region, but would become
tangent to the magnetic field at the boundary of the electron cloud. This
situation would not affect the basic shielding properties of the configuration.
It is not known for sure whether such an electron cloud is possible,
but, on the assumption that it is, the configuration of Fig. 3.4 would have

important advantages, as follows:
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The shape of the magnetic field is roughly that of a long sol-
enoid; in such a magnetic field, the field lines close at larger
distances than they would, say, for the loop current of Fig. 3.2.
Thus, the electron cloud should be substantially confined to the
interior of the solenoid.

The general shape of the space vehicle is cylindrical, in accor-
dance with many current ideas about such vehicles; such a shape
is naturally compatible with launching rockets.

The construction of a solenoidal magnet is a simpler task
structurally than the construction of the four-coil magnet of
Fig. 3.3. Also, the stray magnetic fields in the shielded
volume would be very small indeed.

Since there is essentially no electron cloud outside the vehicle,
gas atoms coming from the vehicle will not be ionized, and will
therefore constitute no electrical loss. Thus, the vacuum prob-
lem (discussed briefly in Section 3. 4.2, and in detail in Section
7) would be confined to the relatively small area of the space
vehicle facing the electron cloud. In particular, ports, doors,
antennas, etc. could be located on the exterior surface without
the necessity for special sealing.

The electric field on the outside of the space vehicle would be
quite low. Thus protuberances of various sorts could easily be
tolerated, and would have essentially no effect on the electron
cloud.

The injection of the electrons could be accomplished in the low
field region outside the vehicle; these electrons would then

quite naturally proceed to the high magnetic field region inside

the solenoid. Such an injection procedure might be extremely

~ simple.

In conclusion, we must emphasize that the existence of the type of

equilibrium we are considering has not yet been demonstrated. Even less
is known about possible instabilities of such equilibrium configurations. In

particular, we do not yet know how to calculate the shielded volume
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associated with such a configuration, i.e., what outer radius of the space
vehicle can be tolerated. An important effect of this ignorance is that
calculations of the weight of such a Plasma Radiation Shield are irrelevant
to the extent that we cannot associate them with definite values of the
shielded volume. Lastly, the extent of these uncertainties can be taken as
a rough measure of the present degree of definition of the Plasma Radiation

Shielding concept.

3.7 Basic Design Parameters

The most basic design parameters of the Plasma Radiation Shield
are, first, the size and shape, and second, the overall voltage. The vol-
tage is set by considering such questions as the actual frequency and spectra
of solar flares, and allowable radiation doses to the crew. This subject is
discussed in some detail in Section 4, The size is set fundamentally by the
nature of the mission to be undertaken, especially the crew size and the
mission duration, but the shape is set (as discussed in Section 3. 3) by the
requirement that the Plasma Radiation Shield be essentially toroidal. Two
possible configurations are shown in Figs., 3.3 and 3.4, but these suggestions
are far from exhausting the possibilities.

Now a principal object of any analysis of the possibilities inherent
in the Plasma Radiation Shield must be a curve showing the relation between
the shielded volume and the systems weight. However, we are not yet in a
position to calculate either of these quantities with any precision. The
uncertainty associated with the shielded volume was discussed briefly in
Section 3. 6 in connection with the configuration of Fig. 3.4, but stems basic-
ally from lack of definition of the overall configuration of the space vehicle,
magnetic field and electron cloud. The uncertainty associated with the
systems weight stems basically from a lack of definition of the attainable
value of B (Eq. 3.3.1), since this parameter determines the level of the
required magnetic field. The weight of a Plasma Radiation Shield resides
primarily in the superconducting coil. The weight of the superconductor
itself is proportional to B_l , while the weight of its power supply and
structure scale with 6_2 . The weight of the cryogenic system (including

refrigerator) depends strongly on the coil configuration, Lack of certainty
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about the configuration also makes it difficult to assign a weight to other
components of the system, such as penalties associated with vacuum require-
ments.,

The net result of these considerations is that it is not possible, at
the present time, to calculate the weight of a Plasma Radiation Shield with
any more precision than was done in Ref, 44, The curve of weight vs.
shielded volume of that paper is reproduced here, as Fig. 3.5, and indicates
clearly the advantages that may be possible with a Plasma Radiation Shield.
Since this curve was drawn, the physical basis for the concept has been
placed in a much sounder framework. Thus it is now possible to take up
again the question of systems integration; as stated in the Preface (Section 1),
it is the purpose of this paper to lay the basis for such a systems study,
rather than to accomplish it, This being the case, in calculating system
weights, we leave our results for the most part as formulas, showing the
dependence of the weights of different components on characteristic param-
eters such as the magnet current. In particular, we do not attempt to
establish a sample design for which weights can be calculated, as this does

not seem presently to be justified.

3.8 Summary

To sum up, the basic features of the Plasma Radiation Shield are

as follows:

1. A cloud of electrons of total charge -Q is held away from the
space vehicle (which has a positive charge +Q) by a magnetic
field. The magnitude of Q 1is determined roughly by a knowl-
edge of the required voltage of the space vehicle and its size
and shape, and (to a smaller extent) by the details of the distri-
bution of the electron cloud. Potentials from 10 to, say, 200
million volts are considered. Characteristic electric fields
are on the order of 1 million volts/cm,

2. The space vehicle is necessarily toroidal; it carries a large
current (generally several million ampere turns) around its
major radius, and its shape in the meridional section must

coincide with some line of force of the magnetic field.
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Fig. 3.5 The weight of a Plasma Radiation Shield as a function of the

shielded volume, This curve, reproduced from Ref. 44,
remains the most reasonable estimate of the weight of a
Plasma Radiation Shield, pending more detailed systems
studies. Thus it must be regarded as subject to large uncer~
tainties. Shown for comparison are estimated weights for
solid and pure magnetic shields, for 200 MeV design energy.
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Magnetic fields required are on the order of several thousands

of gauss.

The whole concept of Plasma Radiation Shielding is associated with

two large unknowns; these are as follows:

1.

It is not certain that under any conditions the electron cloud
around the Plasma Radiation Shield will function satisfactorily,
although there are at present grounds for being guardedly
optimistic on this score. Some of the questions that arise, and
the reasons for our guarded optimism are discussed later in the
paper, and especially in the Appendix.

Even if all the questions that arise under the above topic are
satisfactorily resolved, it will still remain true that to incor-
porate a Plasma Radiation Shield in an actual space vehicle
would involve very far reaching design '"boundary conditions"
affecting the space vehicle as a whole, Whether these conditions
are acceptable or not will certainly be a question of balancing in
detail all the various pro's and con's. In particular, it is impor-
tant to know exactly what concessions in terms of weight would
be demanded by the provision of adequate solid shielding. If

the weights are large, it could well be worthwhile to adapt the
over-all space vehicle design to the demands of the Plasma
Radiation Shielding concept. We are not yet ready to undertake
a detailed study of the relative advantages of this concept;
however, we are in a position to be fairly specific about the
demands of the Plasma Radiation Shield. To the extent presently

possible, these demands are discussed in the following sections,
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4, VOLTAGE SELECTION IN THE PLASMA RADIATION SHIELD

The two most basic parameters of the Plasma Radiation Shield are
the over-all size and s’hape;, and the magnitude of the voltage. In this
section we discuss the considerations which enter into the selection of the
voltage.

The starting point is a consideration of the maximum permissible
dose to which the crew may be subjected. In Table 8 of Ref. 30 are listed
the biological doses sustained behind various bulk shielding configurations
for all the principal solar flare events from February 1956 to October 1962.
If one stipulates some sort of dose tolerance criterion — e.g., a maxi-
mum acute dose or a maximum cumulative dose over some time period —
one can then détermine the thickness of bulk shielding that will just satisfy
this criterion. Omne can then enter proton range-energy tables, such as
Ref. 66, and determine the maximum energy of proton that is stopped by
this thickness. As a first approximation we may consider that a Plasma
Radiation Shielding system should be capable of stopping this same proton.
For example, Ref, 30 shows that the maximum surface dose behind 10 grn/cm2
of aluminum for ahy single event (actually three separate events in one week)
was 66 rad. Also, the same source shows that the maximum cumulative
dose during any two-year period for the same shielding configuration was
151 rad. If it is assumed that these dose figures are tolerable, then the
required bulk shielding thickness is 10 gm/c:m2 of aluminum. Reference to
range-energy tables66 shows that this thickness is adequate to stop 100 Mev
protons.

Now, the rate of loss of energy of fast particles in matter is a
strongly decreasing function of energy. Thus, at high energy, the use of
solids to stop protons is relatively wasteful. Conversely, at low energy,
the use of solid shielding is relativély efficient, Further, any space vehicle
configuration will posséss a certain amount of solid shielding in the form of

its skin and other equipment. This shielding may be estimated roughly at
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2-4 gm/cm2 aluminum.* Suppose, for example, that it is required to stop
100 MeV protons. If the skin thickness is 2 gm/cmz, reference to the
range-energy tables shows that this thickness will just stop a 40 MeV proton.
It is therefore only necessary to provide 60 million volts of potential in the
Plasma Radiation Shield in order to achieve the desired effect. The incident
100 MeV proton crosses the Plasma Radiation Shield voltage, losing 60 MeV.
The remaining 40 MeV are then absorbed in the 2 gm/crn2 of skin. If the
skin thickness is 4 gm/cmz, reference to the range-energy tables shows
that this thickness will stop a 60 MeV proton. Thus a 40 MV Plasma
Radiation Shield outside of 4 grn/cm2 of skin would also suffice to stop
100 MeV incident protons. Proceeding in this way, one can, using the
range-energy tables, construct a graph showing the different combinations
of Plasma Radiation Shield voltage and solid shielding thickness that will
stop a given proton. This graph is presented in Fig, 4.1. From it we can,
by looking along the line marked "Proton Energy 100 MeV, " find the two
examples just discussed of a vehicle skin of 2 or 4 gms/cmz, with Plasma
Radiation Shield voltages of 60 and 40 million volts respectively. Another
way to look at Fig. 4.1 is to consider the relative effectiveness of, say, a
40 million volts Plasma Radiation Shield against protons of various energies.
For example, to stop a 100 MeV proton requires 10 grn/c:m2 of solid shield-
ing., But we saw above that 40 MV Plasma Radiation Shielding ahead of
4 gm/cm2 of skin will also stop a 100 MeV proton. In a sense, the 40 MV
Plasma Radiation Shield is the equivalent of 6 g:m/c:m2 of solid shielding.
Again, to stopa 150 MeV proton requires 19 grn/crn2 of solid shielding.
But a 40 MV Plasma Radiation Shield will cut a 150 MeV proton down to
110 MeV, and to stopa 110 MeV proton requires only 12 gm/cmz. At this
level, the 40 MV Plasma Radiation Shield is the equivalent of 7 gm/cm2
of solid shielding.

We have assumed that one need only determine the total stopping

power of any shielding combination in order to calculate its shielding

“For a space vehicle having a surface area of 4 x 106cm2, 2-4 gm/c:m2

corresponds to total weights of 8, 000 and 16, 000 kg respectively.
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Fig, 4.1
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"Range-~Energy Tables' appropriate to a combination of
electrostatic and solid shielding. Following the curves corres-
ponding to a given proton energy, one may read off the different
proportions of the two shielding components required to stop
the proton. Note the great relative advantage of the first 20

or 30 MV of electrostatic shielding. Note also that the graph
assumes the electrostatic potential is outside the solid matter.
Reversing the order of the shields greatly reduces the effect-
iveness of a given combination.
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effectiveness. This will, in general, be true where the incident spectrum
is soft, because in this case nearly all the dose delivered at any point is
given (since the spectrum is soft) by those particles which just arrive.
However, it is not strictly true since different shielding combinations will
differently affect the spectra of protons above the cut-off enérgy. This
effect is exhibited in Fig. 4.2, and in Table 4.1. We consider, for example,
a 60 MV Plasma Radiation Shield ahead of 2 gm/cm2 of aluminum. Both
these shields just stop 100 MeV protons; their different effects on more
energetic protons are listed in Table 4.1. At energies above 100 MeV the
composite shield removes more energy from the incident protbns than the
solid shield, but this effect is relatively small for very high energies.

To make these considerations more specific, consider an incident

flux of protons having an integral spectrum in free space given by

I,(>E

n
E
-1 REF] (4. 1)

O) , REF[ EO

REF
grated flux of particles per sq. cm2 having energies greater than ER

EREF is any convenient reference energy (in MeV), and I is the inte-

EF °

Later on, for a specific case, we shall choose EREF =100 MeV, and

IREF = 108 protons/cmz, but these choices have no special validity.
The flux of particles in free space having energies between EO and

EO + dEO is

+1
E n dE
REF] 0 (4.2)

- == dE = nl —_——
dE 0 REF[ EO EREF'

Let the Plasma Radiation Shield have a voltage V . There will then be no

flux of particles behind the Plasma Radiation Shield whose energy EO in

free space was less than V . The simplest model would be to consider the

flux of particles with energy E behind the Plasma Radiation Shield, to

l H
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/ InCident EnergY\
E E

0 0

Plasma Radiation Shield, 60 MV

1 10 gm/cm2 Aluminum

Z.gm/cm2 Aluminum

Energy behind shield

Shield I Shield II

Fig, 4.2 Schematic diagram of two shields each having the ability to
stop 100 MeV protons. Shield I consists of a 60 MV Plasma
Radiation Shield ahead of 2 gnn/cnn2 of aluminum. Shield II
consists of 10 gm/crn2 of aluminum. The different effects
that these shields have on protons > 100 MeV, and on the
spectra of such protons are discussed in the text.
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TABLE 4.1

Comparison of Shield Effectiveness

Shield I Shield II

E, E1 EO EO
Mev Mev Mev Mev
0 40 100 100

20 47 107 102
50 67 127 115
100 110 170 149
150 158 218 190
200 206 266 232
500 502 562 522
1000 " 1001 1061 1020
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equal the flux of particles with energy (E1 + V) in free space. However,
this approach would yield a finite flux of particles with low energy behind
the Plasma Radiation Shield and does not do justice to the properties of the
electrostatic shield., Particles having an energy just greater than V in
free space will be strongly deflected by the electric field, and can only
penetrate it if their initial motion is accurately parallel to some electric
field line. An estimate of the strength of this effect is that the flux of par-
ticles of energy EO( >V) is reduced by the factor (E0 - V)/E0 in passing
through the field. This factor is strictly correct for simple geometries and
is probably at least representative for more complicated ones. It has the
right general trend of emphasizing the deflection, or scattering phenomenon
for particles with free space energy EO just greater than V. When EO
is much greater than V , the deflection is insignificant, and the factor goes
to unify. Use of this factor yields a differential flux behind the Plasma
Radiation Shield given by:

e Lt L REF ! (4. 3)
dE ! REF | g +v 2 '
1 1 REF

For the present purposes we can roughly simulate the loss of energy

of protons in matter by the equation

dE

- (4. 4)

==

where x is in gm/cmz. k is a constant, representative of the stopping
material, and having the dimensions (MeV)ZcmZ/grn. If the thickness of
the solid shield in the composite arrangement is x; , it will just stop protons
of energy E \, 2kx. . If E1 is higher than this, the energy E2
emerging frorn the solid shield is E2 = \lEZ kaI . The total stopping

1
power of the arrangement is V + \’ 2kx; ., The spectrum of energies

on
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emerging from the solid shield is:

n+2
dl, (E,) ERrEr E,dE,
-2 2 aE, = nlp.. -2 (4. 5)
dE 5 E
2 \/EZ + 2k +V REF

If the thickness of Shield II is Xy gms/cmz, the differential spectrum
behind it is

n+2
dl,(E,) EREF E,dE,
- ——— dEZ = nIREF —--2———- (4. 6)
dE 5 E
2 \}EZ + 2k REF

and the shields are comparable if

vV o+ \’kal = \’kan : (4.7)

Choosing for Shield I 4/2kx; = 40 MeV and V = 60 MeV , and for
Shield II \/—2-11;5 = 100 MeV, the differential spectra (4.5) and (4. 6) are
shown in Fig. 4.3. We have chosen two values of n, n =2 (a hard spec-
trum), and n = 4 (a soft spectrum). We have also shown the differential
spectrum (4.2) in free space. All these spectra are normalized to the
quantity IREF/EREF , and we have chosen EREF = 100 MeV, so that
IREF is the total flux of particles in free space with energies greater than
100 MeV. We observe that the composite shield passes less flux than the
solid shield at all energies, and that the effect is more pronounced for the
softer flare, This is because the electrostatic scattering factor (E0 = V)/E0
is more effective for the softer flare.

These flux calculations can also be converted into dose calculations

if we neglect the variation of the RBE with energy. Using the assumption
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Fig. 4.3 | Differential flux spectra behind the two shields illustrated in

Fig. 4.2. The units of flux are protons/cm2/MeV divided by
the total flux of particles IR g above 100 MeV., Two free
space spectra are considered, a soft spectrum having

I(>E) « E-4 and a hard spectrum having I(>E) « E-2. Both
spectra are assumed to have the same total flux above 100 MeV.
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(4. 4) on the rate of energy loss of the protons, the total energy deposition

per unit mass at the back of Shield I (composite) is just:

. n+2
_ k EREF dE2
D = w1 n . (4. 8)
E REF > E
REF 0 \IE2 + kaI + Vv REF

¥

Doses calculated in this way can be shown to be the point dose at the center
of a sphere of radius X1 and charged to a potential V , provided the flux
in space is isotropic, with intensity 10/47T per steradian,

The energy deposition per unit mass of equation (4. 8) is (owing to
the units in which k is defined) in units of MeV/gm. However, this is
easily converted, first to ergs/gm, and thence to rads, so that D is a
measure of the radiation dose. To give an idea of the magnitude of the

REF = 100 MeV, IR P

(which is the number of protons above 100 MeV) = 108 protons/crn , and k
2

dimensional factor in Eq. (4.8) we can take E

appropriate to the range of 100 MeV protons in aluminum, i.e., 500 MeV
2 . . . .
cm“/gm. In this case the dimensional factor kIREF/EREF is, after

changing units, approximately 8 rads. We introduce the notation
\}ZkXI = E (4. 9)

so that E is the thickness of the solid shield measured in MeV, we find:

[+ 0]

D _ J dy
= n (4.10)
IRer/FREF) o [\/y2+ (E/Ep £r) +V/EREF]

(k

Using this formula, we have calculated the dose as a function of
E/EREF . V/EREF » and n. Eppn is just an arbitrary normalizing con-

stant, so that the true parameters are E (the equivalent thickness, in
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TABLE 4.2

D/(kIppp/Eppy) E/Eppr V/Eppr (E+ V)/Egpp

n=2 (Hard Spectrum)
. 021 0 3.175 3,175
. 021 1.941 1.941 3.882
. 021 4,225 0 4,225
. 167 0 1.587 1.587
167 0.971 0.971 1.941
.167 2.112 0 2.112
1.33 0 0.794 0.794
1.33 0.485 0. 485 0.791
1.33 1.056 0 1. 056

n=4 (Soft Spectrum)
. 005 0 2.737 2.737
. 005 1.605 1.605 3.209
. 005 3.397 0 3.397
.167 0 1.369 1. 369
L167 0.802 0.802 1.605
.167 1.699 0 1.699
5.33 0 0.684 0.684
5.33 0.401 0.401 0. 802
5.33 0.849 0 0. 849
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energy terms, of the solid absorber part of a composite shield), V (the
voltage of the Plasma Radiation Shield part of a composite shield), and

n , the spectrum index. As indicated at the beginning of this section, the
most important parameter of any shield is the energy of the particle it will
just stop. In our case, the composite shield will just stop a proton of
initial energy (E + V) MeV. We have therefore shown, in Fig. 4.4, con-
tours of constant dose D (non-dimensionalized as indicated in Eq. 4.10),
on axes representing the total stopping power of the shield (E + V), and the
Plasma Radiation Shield voltage V. On such a graph straight lines can be
drawn to indicate constant values of the ratioof E to V, When E >V,
the solid shield is thick and the Plasma Radiation Shield voltage is low, and
vice-versa.

As expected, the dose is overwhelmingly a function of E + V , and
only to lesser extent is it affected by the proportions of E and V going to
make up E + V. Thus, for the soft spectrum (n = 4) , a factor of 2 change
in E + V yields a factor of 32 change in D ., For the hard spectrum (n = 2),
a factor of 2 change in E + V yields a factor of 8 change in D . In spite of
this basic dependence on E + V, however, there is a distinct reduction in
the dose if, at constant E + V , the Plasma Radiation Shield voltage is
raised and the solid shielding thickness reduced. Thus, for the soft spec-
trum at constant E + V, the dose for pure Plasma Radiation Shielding is
66% lower than the dose for pure solid shielding. But, since the skin of the
vehicle is not negligible, this is an extreme case. If, instead of going to
pure Plasma Radiation Shielding (E = 0) we go only as far as E = V, the
dose is only 25% below the pure solid (V = 0) case — always at constant
E + V, For the harder spectrum, these percentages are respectively 58%
and 22%. But for the harder spectrum, the dose is not quite such a strong
function of (E + V), so that these differences can be more significant. The
differences are chiefly of importance in evaluating the skin dose just behind
the skin of the space vehicle. The dose to organs located deep in the body
is likely to correspond to E >V , so that the total stopping power (E + V)
of the shield is the only parameter of significance, Some of the numbers
calculated from Eq. (4.10) are listed in Table 4. 2.
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——SOFT SPECTRUM (N =4)
--—HARD SPECTRUM(N=2) DOSE .02 &

Fig. 4.4 Contours of constant dose behind shields having varying pro-

portions of Plasma Radiation Shielding (at voltage V) and ab-
sorber (measured by the energy E of the proton which it will
just stop). The doses are given in arbitrary units, which
depend on the choice of a reference energy (ERpp) and a
reference integrated flux (IR EF) of protons > EREF. For
ERgp = 100 MeV, Iggp = 10% /cm? , the unit of dose is roughly
8 rads. The two spectra used have the same total flux of par-
ticles above the energy ER EF. The dose is principally deter-~
mined by the total stopping power (E + V) of the combination,
but this is truer for the soft spectrum than for the hard one.
The straight lines represent constant proportions of Plasma
Radiation Shielding voltage V and absorber thickness E.
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A point of unknown importance is the effect of the Plasma Radiation
Shield on the production of secondary radiations. Although the efficiency
with which energetic protons produce secondaries is a strongly increasing
function of energy, the steep spectra associated with solar flares are thought
to result in the lower energy particles producing the bulk of the secondaries.
If this is true, the Plasma Radiation Shield will exhibit a further advantage,
since the low energy protons will be deflected electrostatically and have no
opportunity to produce secondaries. The relative magnitude of the dose due
to secondaries in solid shields has been estimated7 at 10% of the direct dose
for thick shields.

Another factor whose irnportancé remains to be evaluated is the effect
on the flux of protons of the magnetic field., There may be a further reduc-
tion of the flux of particles of energy just greater than V due to this effect,
but the magnitude of this reduction will depend on the configuration, and is
presently unknown,

In conclusion, we have attempted to bring out the principal factors
governing the choice of Plasma Radiation Shielding voltage. By far the most
important parameter, from the dose point of view, is the total stopping
power (E + V) of the shielding system, including the vehicle skin. Final
selection of the voltage must involve consideration of the total weight of a
shielding system of given (E + V), as E and V wvary. It is likely thatan
optimum combination will be found, but it is too early to be precise about
its location. In numbers our conclusion from Fig., 4.1 is that voltages in

the general range 30-60 MV are likely to be attractive for shielding purposes.
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5. CONFIGURATION RESTRICTIONS

As previously discussed, conditions on the magnetic field dictate
that the shape of a space vehicle that utilizes the Plasma Radiation Shield-
ing concept be a topological torus. However, this requirement is not as
restrictive as one would initially suppose, and we will discuss some possible
approaches that may be explored to satisfy this requirement. It should be
borne in mind that the following discussion is intended to be heuristic rather
than definitive, and it is hoped that this brief exposition will stimulate
further ideas in this area.

Shown in Figs. 5.1A to F are some possible spacecraft designs that
would satisfy the configuration requirements. It should be noted that their
common feature is that they all contain a hole someplace. Fig. 5.1A shows
a single element toroidal vehicle that is suitable for a small space station
or interplanetary vehicle. Such a vehicle could have a maximum diameter
of about 33 feet to fit the diameter of a Saturn S-II stage. This type of
vehicle could be made from rigid material, with a minimum number of joints,
and checked out for leaks on the ground. These last considerations are of
particular importance for the Plasma Radiation Shielding concept for, as
will be discussed in Section 7, the need for an extremely tight pressure vessel
favors configurations with a minimum number of joints and a low wall porosity.

The maximum allowable size for the vehicle should not be limited by
the diameter of the launch vehicle. One way of attaining growth potential
while still retaining the basic toroidal shape is to use an inflatable torus that
can be packaged into a small volume and deployed in orbit. Such a device,
however, is probably not too practical as it would lack the requisite structural
strength and rigidity, as well as probably being prone to leakage. A second
way of attaining growth potential that appears more attractive is to use rigid
modules to construct a large vehicle. One such possibility is illustrated in
Fig, 5.1B which shows a larger space vehicle constructed from two rigid

toroidal modules. The modules could be stacked up, for instance, on a
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A:SINGLE TORUS

D. "CYLINDRICAL" SPACE VEHICLE

Fig. 5.1

ACCESS TUNNEL

B.TWO TOROIDAL MODULES C.TORUS OF CYLINDRICAL MODULES

=

E. SHROUDED cotL

F.SOLENOID

Some possible configurations of spacecraft that utilize the
Plasma Radiation Shield concept. In 'A!' is shown the basic
toroidal shape that may be most appropriate for small
vehicles, In 'B! and 'C' are shown growth versions that may
find application for intermediate and very large size vehicles,
Configurations that are not geometrical toruses but which are
acceptable from a topological point of view are shown in ' D!
through 'F'. In 'D' is shown a design that utilizes a cylindri-
cal vehicle with a coil that can be deployed in orbit, while in
"E' is shown a cylindrical vehicle with a coil contained in a
rigid shroud-like structure. Illustrated in 'F' is a vehicle
that utilizes the solenoid principle discussed in Section 3. 6;
such a configuration, if feasible, offers several potential
design advantages.
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Saturn S-II and assembled in orbit. The docking port and access tunnels
could be of conventional construction, and detached from the systems when
the Plasma Radiation Shield is activated. This configuration has the same
advantages as the single module shown in Fig., 5.1A, with the additional
advantage of a redundant shelter for crew safety in the event of a failure in
one of the modules. If it is desired to use the system for a high altitude,
earth-orbiting station, this configuration would provide some gravity gradient
stabilization.

Another version of the multi-module approach is shown in Fig, 5.1C
which shows several cylindrical elements joined together to form a six-
sided torus. The cylindrical elements could be launch vehicle upper stages,
and this configuration could serve as a very large space station. It may be
noted that the vehicle in Fig, 5.1C is not too different from several designs
that have previously been suggested, with the exception that the latter have
generally included a central docking hub and access spokes to the toroid.
However, because of the requirement that no magnetic field lines intersect
the vehicle, such a variant is unacceptable here. The vehicle shown in
Fig., 5.1C has the ability to provide a measure of artificial gravity for the
crew by rotation about its axis,

There are also allowable spacecraft configurations that do not look
like conventional toruses but still meet the requirements imposed by the
Plasma Radiation Shielding concept. Three of these are shown in Figs. 5.1D
to F. In Fig., 5.1D is shown a cylindrical type spacecraft with a field coil
deployed from it. Such a coil could be deployed in orbit from a vehicle that
may be similar to proposed MOL or Apollo Applications-type vehicles. Such
an approach, however, presents several difficult problems in storing and
erecting the coil in space, as well as in adequately supporting it once it is
erected. This concept also does not make the most effective use of the
field. The vehicle shown in Fig. 5.1E is a variation of that shown in Fig.
5.1D, with a shrouded coil replacing the deployable coil. This design elimi-
nates the coil storage and deployment problems, and provides better support
for the coil.

An interesting possibility is illustrated in Fig. 5.1F where the

vehicle has many of the characteristics of a solenoid. (See also Fig. 3.4.)

143



The feature of this design is that the preponderance of electrons are con-
centrated in a relatively small hole through the center of the vehicle.
Because of the low density of electrons along the field lines exterior to the
vehicle, the outer surface may have less stringent requirements for leak
prevention and protuberance control. Thus, as shown in Fig. 5.1F, the
outer surface could contain solar panels, antennas, hatches, docking ports,
telescopes, etc., and be of more conventional construction. The inner sur-
face, however, would still require careful control of its leakage charac-
teristics and surface smoothness. Although this approach has many attrac-
tive features, it should be emphasized that it is speculative, being dependent
on the unproven assumption of electron concentration in the hole.

It has been mentioned above that the outer surfaces of the vehicles
(with the possible exception of that shown in Fig. 5. 1F) should be relatively
smooth and free of protuberances, Just what constitutes an acceptable
degree of smoothness requires further study, and this criteria might well
strongly influence vehicle design and construction. Also influencing the
configuration is the requirement for a structure to resist the magnetic field

forces (a topic that will be discussed in Section 6).
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6. SUPERCONDUCTING COIL SYSTEM

It is clear that our whole concept depends on the hope that large
scale superconducting coils can be operated in space. It is easily demon-
strated that the power requirements of any room temperature or cryogenic
(not superconducting) electromagnet would be prohibitive for our appli-
cation. Superconductors, however, have the property of dissipating no
heat at all through resistive losses but they must be maintained at very
low temperatures. To achieve very high magnetic fields, it is desirable
to work at 4.2°K (boiling‘point of liquid helium). But the Plasma Radiation
Shield may be operated with relatively small fields over relatively large
volumes. In this case it might be adequate to operate around 13OK* and
use liquid hydrogen. It is quite possible that a space vehicle would have a
liquid hydrogen system in connection with its propulsion. Thus this possi-
bility may be quite attractive,

In the absence of ohmic dissipation in the field coils, the only
requirement for power arises from the necessity of removing the heat that
leaks through the thermal insulation. These powers are generally low, but
since heat must be removed at very low temperatures and rejected at
almost room temperature, refrigeration efficiencies are low. Notice,
however, that the Carnot efficiency of a refrigerating cycle operating
between 13°K and room temperature is three times greater than the
efficiency of a cycle operating from 4. 2°K.

The current that must be carried by the coil is proportional to the
required level of the magnetic field B , times a characteristic radius R
of the magnet. From Eq. (3. 3.1) the magnetic field intensity B is pro-
portional to E/B . But the voltage V of the Plasma Radiation Shield is

a more basic parameter than the level of the electric field, and scales as

Al
b

O

For example, Niobium ~Tin has a critical temperature of over 18°K.
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(6.1)

and in a first approximation the current is independent of the size of the
vehicle, although there is a dependence on the shape which it is not yet
possible to calculate with much precision. For V =50 x 106 volts and
B=1/2, Eq. (6.1) yields a current of 3 x 105 amperes, but the actual cur-
rent required might be several times this value. In particular, the attain-
able value of B 1is quite uncertain. In the rest of this section we shall use
a total current of 3 x 106 ampere turns as a typical value, allowing a factor
of 10 for the various uncertainties in Eq. (6.1).

Present-day superconductors are characterized by maximum current
densities of about 104 arnp/cmz, but this figure has been increasing as a
result of technical progress. If it is assumed that by the time the Plasma
Radiation Shield is built current densities of the order of 10° amp/cm? will
be available, then the cross-sectional area of superconductor required,

o » willbe 10 Tem® . If T=3x 10® amps, A =30 cm® . The

associated mass of superconductor, Ms c. ? is then

M_ _ = 27Rp (6.2)

A
S.C. S.C.

Ps. c. is the density of the superconducting material, and may be taken as
10 grns/cm3 . The value of R depends on the coil configuration but will
probably be in the neighborhood of 5 meters. Thus Ms. R 930 kg.,
subject to the uncertainty in I . The characteristic magnetic fields are
several thousands of gauss.

The weight of the cryogenic system (insulation, refrigeration
machinery, power supply and waste heat radiator) is directly proportional

to the coil surface area, and inversely proportional to the absolute
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operating temperature. For a single turn coil (Fig. 3.2), the area of the

cryogenic surface is

Bery = TR (1/1091/2 2 (6. 3)

For I=3x 106 amps, R = 5m. this is 6.6 mz, and is less sensitive to
the uncertainty in I than MS. c. * The four-coil arrangement of Fig, 3. 3,
having one quarter the current in each of four coils,would have twice the
cryogenic area, about 13.2 Jm2 . If the configuration of Fig, 3.4 used a
winding distriguted along the length of the solenoid, Acry might be as
much as 50 m~ . For a system operating at 4. 2°K, the mass of the cryo-
genic system and the refrigerator power may be estimated from data pre-
sented in Fig. 6.1 (based on Ref. 36). From this figure it is seen that if
cry = 50 m2 , the power required is 42 kw, and the mass of the system
750 kg. The weight of the power supply has been estimated using a figure
of about 10 kg/kw. Operating at 13OK, the same system would require a
power of 8 kw, and would weigh about 250 kg.

The third component in the superconducting magnet system, in
addition to the superconducting coil and the cryogenic components, is the
support structure necessary to contain the energy stored in the coil. The
structural mass is determined by requirements to resist both tangential
(or hoop) and meridional stresses in the torus (Ref. 36). The magnitude of
the characteristic magnetic field has a strong influence on the structural
weight since the weight varies as the square of the field strength. The
stress level in the magnet is approximately equal to the magnetic pressure
Bz/Zp.O . For a magnetic field strength of about 3300 gauss, such as con-
sidered herein, the equivalent magnetic pressure is about 5 psi. Since this
pressure is of the same order of magnitude as the cabin atmosphere
pressure, the required structural problems are not contemplated to be
severe. The actual stress pattern in a configuration like that of Fig. 3.3
would be quite complex and it is difficult to arrive at an accurate estimate

for the structural weight. The structure of the solenoidal field coil
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Mass and require power for a cryogenic system comprising
insulation, refrigerator, power supply and waste heat radiator.
The weight of the last two was estimated using a conversion
figure of about 10 kg/kw. The graph is for an operating
temperature of 4, 20K. At 13°K, all powers and weights would
be reduced by a factor of about 3. The data is based on

Ref. 36. As an example, suppose Acry= 10. 2m2. The

solid line then indicates a system weight of 200 kg. Also,
reading horizontally to the dashed line, and then down, the
room temperature refrigerator power required is 7 kw.
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associated with the configuration of Fig., 3.4 would be relatively simple.
Only a small amount of work has been carried out in this area and much
more remains to be done.

One last problem needs to be mentioned in connection with the
design of the magnetic field. In general, one would like to design the coils
so that the vast majority of the magnetic flux is where it is needed, that is,
in the electron cloud and hence outside the space vehicle. In general,
‘however, any particular coil design will have a certain level for the stray
fields inside the space vehicle. These stray fields must be kept at low
levels if they are not to interfere with the function of equipment sensitive
to magnetic fields within the space vehicle; such things as cathode ray
tubes, magnetic tape recorders and ferrites come to mind. The need to
keep stray fields low would tend to produce a diffused coil design, such as
the four-coil scheme shown in Fig. 3.3 or the solenoid of Fig., 3.4. Such
designs, however, would entail a penalty in surface area (and hence

refrigeration).
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7. VACUUM REQUIREMENTS

It was pointed out in Section 3 that the ionization of neutral atoms
by the electron cloud can constitute a serious source of loss; control of
this source of loss requires that the outward flow of neutral gas originating
in the space vehicle must be held to extremely low levels., The two primary
sources of such gas are: 1) Outgassing from the outer surface of the space
vehicle, and 2) Leaks from the interior. In this section we discuss first
the factors determining allowable loss rates, and second, the effect of these

rates on the design of the Plasma Radiation Shield.

7.1 Factors Controlling Allowable Leak Rates

In Section 3 we made a preliminary estimate of the allowable leak
rate, but this was based on the most pessimistic assumption, namely, that
each neutral emitted by the space vehicle was ionized right at the wall.
When this happens, the ion thus formed carries away an energy corres-
ponding to the full voltage of the Plasma Radiation Shield, On the other
hand, our estimate of the mean free time of the neutral before ionization
was 1 second; in this time the neutral is capable of crossing the electron
cloud many times. For example, let the speed of the neutral be 105 cm/sec
and let the size of the electron cloud be 103 cm, In this case, the mean
potential at ionization will be on the order of 1% of the full potential; this
results in a vacuum requirement 100 times less stringent than the most
pessimistic case discussed above. To resolve the uncertainties arising in
this way, it is necessary to take account of a number of factors. These
factors are listed below, but, except for the last one (influence of the over-
all geometry), it is felt that the individual uncertainties are not very large.
Later on, in the interest of offering definite numbers, we shall guess that
the combined effect of all the factors does not amount to more than an
order of magnitude, but additional work is required to justify this guess.

The factors are:
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1. The actual velocity of the neutrals. Here it is reasonable to
assume that the neutrals leave the surface of the space vehicle with a
Maxwellian distribution of velocities corresponding to the temperature of
the surface. If the temperature of the surface is 15°C = 288°K, the mean

value of the velocity component normal to the surface for some typical

gases is:

H 1.2 x 105cm/sec
5

H, .87 x 10

He 60 x 10°

N .32 x 10°

N, .23 x 10°

O .3 x 105
5

o, .21 x 10

2. The spatial distribution of the electrons. The mean free time
of 1 sec quoted above was a very rough average. In order to calculate this
time correctly, we require (among other things) to know whether the elec-
trons are in a dense layer near the space vehicle, or spread out over a
considerable distance. The ratio of the size of the electron cloud x to the
mean free path of the neutrals is roughly xnove/vn where the symbols
stand for the size of the electron cloud, the electron number density, the
ionization cross section, the electron velocity, and the neutral velocity.
But xn is roughly proportional to the electric field at the wall of the
vehicle, and this in turn is roughly proportional to (bo/x , where QSO is
the potential of the Plasma Radiation Shield. For a given potential, the
ratio in question is smaller when x is relatively large. A more important
ratio is that of the mean potential at ionization to the potential d)o .
However, to a first approximation, this ratio is similar to the ratio of
lengths calculated above.

3. The distribution of electron velocities, This quantity has an

important effect on the product oV, which occurs in these calculations.
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For electrons having kinetic energies significantly large compared to the

ionization energy, the product oV, varies roughly as

where 1 is an appropriate ionization energy. In general, the electron

energies will be well above the ionization energy so that

1
ov L

e v
e

roughly, Hotter electrons are therefore less efficient producers of
ionization, and hence more desirable from our point of view, To a first
approximation, the electron velocity is simply E/B , but superposed on
this drift motion there is likely to be a ''thermal' distribution at an unknown
temperature., This thermal component is likely to be especially important
near the outer edge of the electron cloud, where E/B is low. However,
the effect of ionizations which occur near the outer edge is also low,

Its magnitude is at present quite uncertain; this lack of knowledge may
eventually require experimental study.

4. The species of neutral. This not only affects the expected
neutral velocity, but also the ionization cross-section through the quantity
I occurring in the above formula., In general, the heavier gases not only
move more slowly through the electron cloud, but also have larger ioniza-
tion cross-sections. However, it is easier to control the leakage of the
heavier gases.

5. The overall geometry. The electric and magnetic field, the
potential and the electron density have characteristic values, but can also

vary quite widely as a function of position around the space vehicle. For
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example, the electric field and the number density on the outside of the
Plasma Radiation Shield (facing away from the axis) are substantially lower
than those on the inside (facing towards the axis). The extreme possibility
here is the solenoidal configuration of Fig. 3.4, If, as we hope, it turns
out that the electron cloud is entirely confined to the region inside the
solenoid, the whole vacuum problem becomes very much easier, For leaks
from those parts of the surface not facing the electron cloud (i.e., the
outer surface) are of no consequence, and we only have to restrict leakage
from the inside of the solenoid. Thus, one would place all access doors,
antennas and other protuberances on the outside. As stated in Section 3. 6,
the existence of this type of confined electron cloud has not yet been demon-
strated,

The factors discussed above are not likely to achieve substantially
better definition in the immediate future. It is therefore appropriate, in
the spirit of this paper, to consider the effects of our rough estimates of
allowable leak rates on the design of the Plasma Radiation Shield.,

The allowable leak rates were estimated in Section 3, on the basis
6 and 1074
oxygen in two days. Except for the configuration of Fig, 3.4, it is probably

of two different assumptions, as the equivalent of 10~ gms of

not reasonable to imagine that more than a further factor of 10 could come
out of detailed consideration of the various factors enumerated above. This
could give an upper limit to the leak rate of 10_3 gms in two days. To
appreciate the magnitude of these figures let us compare them with com-
parable figures for past and planned manned vehicles., The Mercury vehicles
experienced a leak rate of 2.24 lb/day = 1 kg/day (of air at 5 psia). 67 The
internal volume of the Mercury vehicles was small, about 30 ft3 (.85 m3),

so the leak rate per unit volume was about 7.5 x 10_2 1b/daLy/f1:3

(1.2 kg/day/m3). It is anticipated that the latter figure for the Apollo

vehicles will be improved by an order of magnitude to about 7.5 x 10-3

larger internal volume so that the leak rate itself will not be an order of

(.12 kg/day/m3). However, this vehicle will have a much
magnitude less than Mercury's. Clearly the Mercury-Apollo type con-

struction would yield leak rates that are many orders of magnitude too

large for the application in mind, However, for these vehicles no
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particular attempt was made in the design to obtain low leak rates, for the
principal penalty was to carry along a few extra pounds of air. At the very
least it is obviously unreasonable to contemplate losses on the order of

1 kg/day for missions lasting several hundred days. Current thinking
indicates that it is possible to obtain much lower leak rates than those

quoted through careful design and a pre-launch program of leak detection.

7.2 Outgassing

If we suppose that the principal source of neutrals near the space
vehicle is due to outgassing from the walls, then we can estimate an
allowable effective pressure over the walls, The permitted current of

atoms may be in the range 1012 to 1015 atoms/sec. Assuming a surface

area of 3 x 106 cmz, this gives a mean allowed flux of from 106 to 109
atoms/cmzsec. By way of example, these fluxes correspond to a partial
pressure of oxygen of 10—15 to 10_12 mm Hg at 15°C. These levels imply
that it will be necessary to apply very high quality vacuum technology to
the design of the Plé,sma Radiation Shield. However, there are certain
factors which make the environment in deep space exceptionally suitable
for the application of this technology. There will, for example, be ample
time to clean the surface thoroughly in the hard vacuum of outer space.
This could be accomplished by baking out the entire surface while in space,
to above 400°C. On the basis of present knowledge, these procedures, if
applied in space, should be extremely effective and should indeed result in
outgassing rates of the right order of magnitude. Many metal materials
are compatible with bakeout procedures of this type, and bakeout of the
outer metal wall could be accomplished in earth orbit, before departure for
deep space. It could also be accomplished before the vehicle was manned,
although there need be no requirement for the temperature inside the vehicle
to reach the bakeout temperature. Hydrocarbon or teflon seals cannot be
baked to 400°C, but ceramic seals can. It would be desirable to have more
information on the achievement of very clean, outgassed surfaces in the
space environment, but preliminary ideas suggest that this environment is

uniquely suitable to our purposes,
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7.3 l.eaks from the Interior

At room temperature and pressure, the flux of oxygen through a
small plane hole into a vacuum is roughly 10 gm.s/cm2 secor 1.7x
106 gm/cm2 in two days. On this simple-minded basis, it would appear
-12 -9 2
to 10

necessary to restrict leaks to a total area of 10 cm , but

several factors render this estimate unreasonably pessimistic. Principally,
leaks generally involve long and narrow paths which offer considerable
resistance to any flow. Possibly more important is the fact that the use of
high quality seals and good high vacuum techniques should result in an
essential elimination of leaks.

In spite of these possibilities it seems that it would be highly
desirable to use a double-walled construction technique for the space
vehicle. The inner wall would contain the atmosphere in which the crew
would live, while the space between the two walls could be evacuated to a
rather low pressure, say between 10_6 and 10_9 mm Hg. With pressures
of this order in the space between the two walls, the leak through an aper-
ture in the outer wall would be reduced to 2.3 x 10™° grn/cm2 to 2.3 x 1070
gms/crn2 in a period of two days. Thus, in the best case (allowable loss of
10_3 gms, and an inter-wall pressure of 10—9 mm Hg), it would be per-
missible to have holes in the outer vessel amounting to 1000 crnz! In the
worst case (allowable loss of 10_6 gms, and an inter-wall pressure of
10_6 mm Hg), plane holes in the outer vessel should not exceed 1073 cmz.
The comment above on long, narrow leakage paths also applies here.

The double-walled construction suggested above has several very
attractive features:

1. Double-walled construction is highly favored as a protection
against puncture of the pressure vessel by large micrometeorites. In
addition to contributing materially to the stopping power of the wall, the
construction provides some degree of fail-safe protection of the cabin
atmosphere.

2. Pumping in the space between the walls to maintain a low pres-
sure in this region would in any event not be difficult. It is particularly
assisted in the present case by the presence of the cryogenic system

associated with the superconducting coils. This system normally comprises
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a liquid nitrogen container surrounding the liquid helium; surfaces at liquid
nitrogen temperatures should effectively trap all the heavy gases leaking
out through the inner wall, and reduce the pressure of all other gases that
might be present.

3. Double-walled construction with inter-wall pumping relieves the
problem of leaks to such an extent that the use of standard polymer or teflon
seals should be quite satisfactory for the inner vacuum barrier.

Although any form of high vacuum pump could be used to keep the
pressure low between the walls, a particularly attractive prospect might be
to utilize the existing magnetic field to turn part of the space between the
walls into a sort of Vac-Ion Pump. This would involve maintaining a
moderate electric potential between a cathode and an anode, and using a
circulating electron beam to ionize and pump any residual neutrals. A
particularly attractive possibility associated with the configuration of
Fig, 3.4 is that the outer wall need only cover that part of the surface
facing the electron cloud, i.e., the interior. Thus, if the outer wall were
not continued on the outside part of the surface, the infinite pump of outer
space would be available to pump from the inter-wall region on the inside

surface.

7.4 Summary

The Plasma Radiation Shield will require a clean outgassed outer
surface and a double-walled pressure vessel with a pressure of roughly
10_6 to 10°7 mm Hg in the space between the walls. The exact require-
ments cannot yet be stated with much precision, but do not appear excess-
ively difficult, The space environment is especially favorable to the
achievement of clean surfaces and high vacuum, and the double-walled
construction has subsidiary advantages. On the other hand, this construction
presents many novel design problems to the space vehicle designer. The
requirements for low permeability walls and ground detection of leaks indi-
cate that a welded, metal construction will be necessary. Such a construction
is rigid and places limitations on packaging within the launch vehicle as well
as on the manner in which the system can grow. It will also require careful

consideration of the placement and design of cutouts in the pressure vessel

156




walls, and in the design and selection of material for the seals around these
cutouts.

In addition to the prevention and careful control of leaks, care must
be exercised in allowing no other type of expirations from the vehicle during
a solar flare. This has ramifications in design of such systems as power
supply, attitude control, propulsion, life support, etc. Such systems should
either be chosen to not have an exhaust or, if they do, to be inoperative
during a solar flare. A possible exception to these considerations is the
configuration of Fig. 3.4.

A preliminary conception of the double-walled construction is shown

in Fig. 7.1.
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BAKABLE OUTER SKIN

INNER SKIN
(NON BAKABLE)

INSULATING STRUT
ACTING AS A SPACER
BETWEEN INNER
SKIN AND OUTER
SKIN

SUPERCONDUCTING COILS
ENCASED IN LIQUID Hy
AT 13 °K

(THESE ACT AS AN ADDITIONAL
HIGH CAPACITY VACUUM PUMP
FOR MOST GASES)

Fig. 7.1

OUTER SPACE p< 10™ torr

INNER SPACE p=i02 torr

EXIT PORT WITH
VITON "0 RING"
SEALS

EXIT PORT WITH
METAL FOIL SEALS

LIVING
QUARTERS
p =~ 5 psi

Shows schematically one out of the many possible ways in

which the double-wall concept could be applied to a toroidal

space vehicle using a Plasma Radiation Shield.

The space

between the walls is kept at a pressure like 10-9 torr by a
combination of vacuum pumps pumping into the interior and
the low temperature environment of the superconducting coils.
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8. OTHER SYSTEMS CONSIDERATIONS

The design of other subsystems that go into the total spacecraft
system will also be influenced by the requirements imposed by the Plasma
Radiation Shield. Several of these systems that are most obviously

influenced will now be discussed, and possible design approaches suggested.

8.1 Magnet Charging Power Supply

The total electric field energy is %CV2 where C is the effective
capacity of the space vehicle and electron cloud. If we guess that C is
10—9 farads, the stored electric energy at 50 x 106 volts is 1,25 x 106 joules.
The magnetic energy is larger than this by roughly B_z , so that if B = %
the magnetic eﬁergy is 5 x 10" joules. These total figures are subject to
considerable uncertainty both as regards the capacity and the value of .
We shall suppose, for purposes of illustration, that the uncertainty is a
factor of ten, and take a representative magnetic field energy as 50 x 106
joules. \
The maximum time allowable to enerﬂgize these fields is of the order
of the time interval between first detection of the flare and the first arrival
of appreciable particle flux, If this time is taken as 1-1/2 hr, the power
that must be supplied during this time is about 10 kw for a 50 MV 50 M
joule system. (This figure is in addition to steady power requirements for
the cryogenic system, and typically about 5 to 10 kw for other spacecraft
needs.) The power source for field energization must be operative during
every major solar flare (maybe ten times during a mission) and must not
(except possibly in the configuration of Fig. 3.4) vent exhaust gases to the
exterior during its operation. The latter requirement rules out several
otherwise likely candidates, and a very large solar cell array is ruled out
because it would cut through magnetic field lines. A class of power sources
that meet these requirements and can be available in the time period of
interest is the fuel cell. Two types of fuel cells may be considered for the

application discussed here — the hydrogen-oxygen and the lithium-chlorine
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types. The hydrogen-oxygen fuel cell is currently available for powers of
a few kilowatts. These devices give off easily-storable water as a by-
product of the reaction, and operate optimally at a relatively low tempera-
ture (90°C). A 2 kw unit will soon be available that weighs 146 lbs. 70

If more power is necessary, the power supply should have a lower specific
weight. Taking hydrogen and oxygen consumption rates of 0.1 and 0.8
1b/kw-hr, respectively, the weight of the fuel cell reactants for the mission

is then

we = (0.1 +0. S)R‘%ET % 1.5hr x10kw x 1Oapplications = 135 lbs.

Including the tankage, the total weight of the power supply using hydrogen-
oxygen fuel cells should be around 1500 lbs for the 10 kw level, and would
scale roughly as the field energy. Lithium-chlorine fuel cells are still in
development but offer the promise of high power levels for short times at
low weight. Aside from their present unavailability, a disadvantage to this
type of fuel cell is their high operating temperature, 650°C. A reasonable
energy density figure to be expected from these cells for a 10 kw system
with an operating time of 1-1/2 hr is about 200 w-hr/lb. '** % Using 10 of
these units for the mission would result in a total power supply system

weight of about

w - 10,000w x 1-1/2 br x 10 applications = 750 1bs.

200 w-hr/1b

In summary, it appears feasible to use hydrogen-oxygen or lithium-chlorine
fuel cells for the power supply with system weights of less than 1500 lbs.
Integration of the magnet charging power supply with the general spacecraft
power system would result in a lower weight assignable directly to the
Plasma Radiation Shield, because the specific weight of such power systems

is smaller for larger powers.
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8.2 Communications

It is very desirable, if not essential, for the crew to be able to com-
municate with the outside while the Plasma Radiation Shield is in operation.
With the exception of the configuration of Fig. 3.4, this must be accomplished
by transmission through the electron cloud that surrounds the space vehicle,

and without the use of lengthy antennas. To do this in the radio range

0
9 x 10_3(116)1 2 with vy expressed in megacycles per second, and n_,

requires a frequency above the plasma frequency, Vo o given by v
the electron density, in electrons per cubic centimeter. For n_ =2.1x
108 per cm3 (Section 3.2), the plasma frequency is 130 Mc/s. %hus,
transmissions at higher frequencies (such as commonly-used S-band) would
be possible, Another means of communication that could be considered is
by laser beam, since it is anticipated that this type of communication, with

its promised high data rate, will be available in the time period of interest.

8.3 Attitude Control and Propulsion

The attitude control and the propulsion systems are constrained not
to have an exhaust while the Plasma Radiation Shield is in operation. If it
is necessary to change vehicle attitude during a solar flare, such a change
could possibly be affected by the use of devices such as momentum wheels.
If chemical or nuclear rockets are used as the main propulsion system on
the space vehicle, it would seem that the probability of having to fire them
during a solar flare would be somewhat small, If, however, the propulsion
unit is a system that depends on attaining a desired impulse by a small
thrust applied over a long time, the system would be required to be shut

down while the Plagsma Radiation Shield is in operation.,

8.4 Life Support

In regard to the crew and their life support, the ecological system
must be of the closed-cycle type, at least for the duration of the flare.
Although the Plasma Radiation Shield concept requires the magnetic field to
be external to the spacecraft, it is fairly certain that some stray, extraneous
fields are bound to exist within the spacecraft interior, While the level of
these stray fields can be reduced arbitrarily, stringent requirements on the

allowable level will cause the magnet weight to rise. It is therefore
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worthwhile to examine the effects of these fields on the crew and on internal
. equipment,

‘ Medical evidence has been negative as to the effects of magnetic
fields, at least of the magnitudes anticipated in the spacecraft, on human
beings. 73 The effects of magnetic field gradients are somewhat more
obscgre but it is felt that gradients of the magnitude occurring in the space-

craft will also be safe for humans.

8.5 Effect of Stray Magnetic Fields on Electronic Equipment

With respect to the effects of these stray magnetic fields on internal
electronic devices, the situation is not so optimistic. It is anticipated that
field strengths could conceivably be strong enough to require shielding or

careful positioning of devices such as tape recorders and oscilloscopes.
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9. CONCLUSIONS

We have reviewed in some detail the various features of the Plasma
Radiation Shield concept likely to be important in any systems analysis of a
space vehicle using the Plasma Radiation Shield. In summing up our find-
ings, the point of departure must be the following observation: there still
remains a wide range of opinions on the magnitude of the threat posed by
solar flare protons to astronauts. Our premise is that a substantial prob-
lem exists. Since estimates of the solid shielding required are high, the
possibility of reducing shielding weight by using the Plasma Radiation Shield
is attractive.

Pending the satisfactory resolution of several questions, the possi-
bility of realizing the advantages offered by the Plasma Radiation Shield
must remain in doubt. The outstanding questions fall into two distinct
categories:

1) Questions associated with the fundamentals of the concept itself,
such as the attainability of very high voltages, and the stability of the
electron cloud.

2) Questions associated with the integration of a Plasma Radiation
Shield into a space vehicle., The Plasma Radiation Shield makes demands on
the vehicle design in areas of overall configuration, power supply, and leak
control, to name only the most important.

At this point, it is possible to be guardedly optimistic about the
questions in the first category. No insuperable difficulties have been found,
but affirmative statements cannot be made without further experimental and
theoretical studies. It is particularly important to establish the maximum
permissible value of B = E/cB, since this pararﬁeter determines the
strength of the magnetic field and hence the weight of the magnet. In esti-
mating the weight of a Plasma Radiation Shield, the magnet is by far the

most important component.
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As regards the second category of questions, these reduce to defi-
nite quantitative requirements which must be met by anyspace vehicle incor-
porating the Plasma Radiation Shield. The most important questions are
those of overall configuration, and control of leaks.

It was stated in the preface that this paper was regarded as prelimi-
nary to a deeper systems analysis of the Plasma Radiation Shield. It is
therefore appropriate to make some remarks here on the basic problems
likely to be encountered in such an analysis. Now a primary goal of such a
systems analysis will be a reliable graph of weight vs., shielded volume.
This is because unless such a graph can be developed, the advantages of
the Plasma Radiation Shield over solid shielding cannot be exhibited in a
quantitative manner. It was explained above that the weight will remain
uncertain until the allowable value of B can be established. However, it is
also true that the shielded volume of different configurations cannot yet be
given with much accuracy; it is even more true that for a given configuration,
the dimensions cannot be optimized to yield 2 minimum magnet weight per
unit shielded volume. We are now in a position to calculate the shielded
volume for a variety of configurations, but the calculations are difficult
and have not yet been undertaken. Clearly, such calculations must consti-
tute the first step in a detailed systems analysis.

In summary, the Plasma Radiation Shield still appears to offer the
promise of substantial reductions in shielding weight. More work in several

areas will be required in order to show that these reductions can be realized.
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Appendix

Status of Work on the Electron Cloud

A.1, Introduction

The current status of work on the electron cloud is as follows:

1. Theoretical work47_53 has thus far failed to find any reason why
a stable dynamic equilibrium for the electron cloud should not exist. This
""double negative' statement is the best that can be made, since, in a prob-
lem as complicated as that of the electron cloud, a positive theoretical
proof of stability is virtually impossible. There have, nevertheless,
appeared certain conditions that the electron cloud must satisfy if it is to
be stable. The most important of these are:

a) the number density n of the electrons, and the magnetic

field strength B must satisfy the condition

> — (A.1.1)

b) the inner edge of the electron cloud must be rather close to
the surface of the Plasma Radiation Shield.

2. It has been observed that the electron cloud in the Plasma
Radiation Shield closely resembles the electron cloud in a high vacuum
pump (the Vac-Ion Pump). Encouraging conclusions may be drawn from
the apparent stability of the electron cloud in this pump.

3. Several experiments49’ 4

have been performed to study the
electron cloud, although none has been in the geometry of the Plasma
Radiation Shield. One of the objects of these experiments has been the
demonstration of high voltages using the inductive charging system. Inan

electron cloud 10 cm. in radius, voltages in excess of 80, 000 have been
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demonstrated; the achievement of higher voltages presently awaits develop-

ment of the means to measure them.

A.2 Theoretical Work

It is a relatively easy matter to find dynamic equilibria for the

electron cloud under the assumption that the motions of the electrons are

adequately represented by the ''guiding center' approximation:

v, = E x B/B® . (A.2.1)

In configurations with axial symmetry, both the electric and magnetic field
vectors lie in the meridional plane, so that the velocity vector is in the azi-
muthal direction. Then, if the number density of electrons is independent of

the azimuth (the symmetrical situation) the condition

div j = -divn_ey, ' (A.2.2)

on the current is trivially satisfied. It is necessary, however, to require
that the electric potential be such that the magnetic field lines are equi-
potentials. This can be done as follows: since div B = 0 we can write (in

r,0 , z coordinates)

_ 1 oy _ 1 9y
B, = 7 7% B, = -7 77 (A.2.3)
the surfaces y(r,z) = constant are then the field lines since along such a

surface

0 =dp=2% ar + Q¥ a4z = r[B dr-B_dz] (A.2.4)
4 Tr
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or

= e, (A.2.5)

If we then require the potential ¢ (r, z) to have the form

¢(r,z) = F[y(r,z)] (A.2.6)

where F is an arbitrary function, all the necessary conditions are satis-
fied. The number density can be obtained from (A, 2,6) through Poisson's
equation. It is then only necessary to restrict the range of functions ¥ by
the condition that the number density be everywhere positive.

Inasmuch as the equation (A.2.1) is a very good approximation to
the electron dynamics in the Plasma Radiation Shield, it is expected that
equilibria derived by the method just described will be very close to true
equilibria of the whole electron cloud.

Having exhibited the possibility of equilibria, we turn next to the
much more difficult problem of stability. As stated in the introduction,
stability analysis can in general only arrive at negative statements. Thus,
one can prove that such and such a mode is stable, but, in complicated
systems, one can never be sure that all the important modes have in fact
been dealt with. With these reservations, we can make the following general
statements: In general, we expect stability trouble to occur at or near
characteristic frequencies of the medium. For our electron plasma there

are three such frequencies, namely, the electron gyro frequency

w, = eB/m (A.2.7)

the electron plasma frequency
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w o= (ne2/€0rn)1/2 (A.2.8)

p
and the frequency with which the electrons circulate around the space

vehicle

w, = E/BR (A.2.9)

In view of the connection between the electron number density and the elec-

tric field, these frequencies are related by the following approximate for-

mula:

2 ) (A.2.10)

w nm
. (A.2.11)

In terms of this ratio, our frequencies can be ordered as follows:

T W = q:'\/a:]. (AOZ-]-Z)

Now for the Plasma Radiation Shield q is a small number, on the order of

10'3 . It follows that the frequencies listed in (A.2.12) are in ascending

order, with a factor
All these frequencies are high, however, wq

3Mc/sec or so. Hence any instability having a growth rate of even a fairly

~ 30 between each pair.
being in the range of
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small fraction of these frequencies would be disastrous.
Our findings for the three frequency ranges are as follows:

a) The gyro frequency: Here there is apparently always an

instability. However, the growth rate of this instability is on

the order of wg e-z 9, For q-= 10'3 and w0/27r = 3Mc/sec.,
this gives an exponentiating time longer by far than the age of the
universe! This is not a '"fairly' small fraction of wy and repre-
sents a growth so slow as to be quite unreasonable. This insta-
bility is of interest only for q 2 1/30 .,

b) The plasma frequency: Analysis in this region is not yet com-

plete, but it appears that there is no important instability here.

2 . o1 - .
c) The frequency wo_= @ /wc : The instability that is important in
this range is called the ""diocotron instability.' It appears, on

the basis of a considerable amount of work, that this instability
can be avoided in the Plasma Radiation Shield configuration pro-
vided that there is not too large a gap between the inner edge of
the electron beam and the conducting wall of the Plasma Radiation
Shield,
Thus, the results of our stability analysis, while not conclusive, are
encouraging. We turn next to the empirical and experimental evidence in

favor of the stability of low-q crossed-field electron beams.

A.3 Empirical Evidence

Two important devices depend upon crossed-field electron beams —
the microwave magnetron and the low density Penning discharge as applied,
say, in the Vac-on Pump.54’75These devices are geometrically rather simi-
lar: both have cylindrical anodes and axial magnetic fields. It is a striking
fact that while both devices are thoroughly successful, the magnetron works
because an inherent instability of the electron beam makes it possible to
extract considerable microwave power, while the Vac-Ion Pump works
because the beam is extremely stable; this stability results in long contain-
ment times for the electrons which are therefore quite effective at pumping.

It can be shown that the principal difference between these devices are

the value of q . For the magnetron, q 1is characteristically a few tenths.
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For the Vac-lon Pump, g is generally ~ .07 or less. The instability
described in the previous section having a growth rate woe—z/q is of the
utmost importance for the magnetron and is altogether negligible for the
Vac-Ion Pump. Naturally, at still smaller values of q this instability is
""even more negligible,'" It appears that the Plasma Radiation Shield can
be considered as a scaled-up Vac-Ion Pump. As such, it may be hoped that
it will exhibit the same remarkable degree of stability,

Fig, A.1 is a schematic drawing of the Vac-Ion Pump, taken from
an article by Helmer and Jepsen. 54 Fig. A.2 is characteristic of the cali-
bration curves associated with these pumps. The most striking feature of
Fig. A.2 is the roughly linear relationship existing between the gas pressure
in the device and the current drawn. This linear relationship is an indi-
cation that nothing other than classical diffusion of the electrons by collisions
with the neutrals is taking place. Knowing the voltage applied across the
device and its characteristic size, it is possible to estimate the total num-
ber of electrons contained in it. Then, on dividing by the current, one
obtains an estimate for the containment time. At a pressure 10_6 mm Hg,
this containment time is approximately 1073 secs. For the Plasma Radiation

14

Shield, in the vacuum of space, a pressure of 10~ mm should lead to the

required containment time of 105 secs, or about a day.

A.4 Experimental Work

A number of experiments related to the Plasma Radiation Shield have
been carried out. However, none of these has been in the geometrical shape
of the Plasma Radiation Shield, for the following reason: the topology of the
Plasma Radiation Shield (see, for example, Fig. 3. 3) cannot be used in a
simple way in a laboratory experiment, since the supporting strut which
must necessarily be used is certain to interrupt the drift of the electron
cloud,

The first experiments on the containment of electron clouds are
described in Refs. 49 and 74. Here, we shall give a very brief description
of the most recent experiment. This is an '"inside out" torus, shown
schematically in Fig. A, 3, and photographically in Fig. A.4. The object

of the experiment is to exhibit the containment of electron plasmas for
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Fig. A.1 Schematic diagram of a Vac-Ion Pump taken from Ref, 54,
The dynamics of the electron cloud in this device are very
similar to the dynamics of the electron cloud in the Plasma
Radiation Shield, since the value of q = wpz /wcz < 1/30.
The stability of the electron cloud in this device is clearly
implied by the calibration curve shown in Fig. A. 2.
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Fig. A.2 Calibration curve of a Vac-Ion Pump taken from a Varian

catalog (Ref. 75). Note the roughly linear relationship
between the pressure and the output current over a very
wide range of the variables, This linear relationship can
only be the result of classical diffusion of the electrons to
the anode by means of collisions with the neutrals. Other
pumps of this character have operated down to pressures
like 10-12 mm Hg. An estimate of the electron confinement
time at this pressure is 1000 secs.
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Fig.A.3 Schematic of toroidal electron plasma experiment. Electrons

are introduced into the torus from a filament in the slot,
compressed by a rising magnetic field, and create a potential
depression along the circular axis of the device.
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short times (~1 msec.), and the achievement of high voltages by com-
pressing the electron cloud with a rising magnetic field. Containment

times longer than 1 msec. cannot be achieved with this apparatus since

a) the magnetic field is aligned by image currents in the aluminum torus;
these currents decay after about 1 msec., and b) the apparatus cannot

be pumped down below pressures of a few x 10"8 mm Hg. The residual gas
at this pressure will discharge the electron cloud in approximately 1 msec.

Electrons are injected into the apparatus from the heated circular
filament shown in Fig. A.3. The rising magnetic field then carries these
electrons in towards the middle of the device, where they generate a
potential depression or well, The depth of the well is measured by‘electro-
static probes. When the magnetic field reaches its peak value, it is
""crowbarred, ' and decays in about 1 msec.

The experiment has a mihor radius of 10 ¢cm and a major radius of
50 cm. Approximately .02 webers of magnetic flux are introduced in a rise
time of about 20y sec, giving an induced voltage of about 1 kV. This voltage
appears across the slot where the filament is located. The peak magnetic
field is about 5 k gauss.

An experimental oscillogram is shown in Fig., A.5, and data from
several runs is plotted in Fig, A, 6. Peak well depths in excess of 80,000
volts have been observed, and our ability to generate higher voltages is
limited at present by lack of means to measure them, since the electrostatic
probes cannot be operated much beyond this figure.

The well depth generated appears to scale roughly with the voltage
induced across the gap by the rising magnetic field, the amplification fac-
tor (or gain), being in the range 50-100.

So far as they go, these experiments may be regarded as satisfactory.
Current work is directed at improving the gain to a number on the order of
several hundred; it is hoped that this can be done through better control of
the details of the injection process. Another objective is the development
of diagnostic techniques capable of recording voltages above 100 kV., When
these techniques become available, it should be possible to operate the

experiment at generally higher levels of power, voltage, etc.
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Fig, A.5 Data obtained with the apparatus of Figs. A.3 and A, 4. Note
the favorable effect of biasing the filament in the second
oscillogram., The peak potential is 80, 000 volts, when the
magnetic field is about 5 k gauss.
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Note the linear relationship between the depth of the potential
well and the gap voltage.
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Under consideration is a new experiment designed to extend our
capabilities in the direction of longer containment times. In this area, the

primary requirement is the use of superior vacuum techniques.

A.,5, Summary

Experimental and theoretical work on a wide front has failed to
produce any fundamental obstacle to the realization of the Plasma Radiation
Shield; on the other hand, the highest voltage exhibited falls short of that
required for the Plasma Radiation Shield by a factor of several hundred,
and containment times at these voltages fall short of the Plasma Radiation
Shield requirements by a factor of 108.

With regard to the absolute voltage level, however, for a given
electron number density this scales with the square of a suitable linear
dimension. As a full scale device would certainly be ten times the size of
the existing experiment, the short fall in voltage level appears quite reason-
able. As regards the containment time, the Vac-Ion Pump shows that in
devices of this kind very long containment times are possible, and that
these times depend only on the pressure of the residual gas. Thus, while
further experimental and theoretical work is obviously required, it is

reasonable to interpret optimistically the data obtained so far.
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THE QUASI-HOLLOW CONDUCTOR MAGNET
AS A SPACE SHIELD AGAINST ELECTRONS*

By: S. H. Levine and R. Lepper
Nortronics Applied Research Department

INTRODUCTION

There are missions for which electrons are the principal hazard to manned
operations in space, Either large superconducting magnets or material shields
can be utilized to provide protection against this hazard during these opera-
tions.' Active or superconducting magnetic shields produce a totally forbidden
region into which charged particles having.momentum less than some specified
value cannot penetrate. By appropriately designing the magnet, this totally
forbidden region can be used to shield space vehicles from the radiation in

space.

Analytical studies by Levy,® Tooper,® and Brown* have compared the mass

of superconducting active shields with equivalent material shields for protect-
ing toroidally shaped vehicles against solar flare protons. More recently,
Bhattacharjie and Michael® have similarly compared the mass of a superconducting
solenoid shield with an aluminum-lead material shield for protecting against

the trapped electrons in space. 1In all cases, the active shields compared
favorably by providing greater protection with a reduction in total shield

mass. For electrons the situation is particularly promising in that the active

shield prevents production of hazardous bremsstrahlung, an effect which can

*This program has been supported by the Air Force Avionics Laboratory under

Contract No. AF 33(615)-1220, Leo Krautman, Project Monitor.
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incur heavy-weight penalties to the material shield.

These analytical studies utilize, in most cases, approximations to obtain
the shape of the protective regions because exact solutions are extremely
difficult to obtain.® For this reason, the authors have built and developed,
during the past several years, a magnetic shield simulator (MAGSIM) to measure
experimentally the protective region produced by magnets having a complex

7,8

geometric configurations’ and have utilized this information for designing

active shield systems.

A superconducting active shield system consists of the superconductor,
a cryogenic refrigerator and its power supply, the structure, and equipment
for integrating the system into the spacecraft. The structure is the most
massive component of an active shield system for protecting against the high
energy protons (~ 100 Mev or greater) whereas the mass of the cryogenic
cooling system dominates when the much lighter electrons (1 to 10 Mev) are
considered. Since the exposed area of the superconductor is directly related®
to the mass of the cryogenic refrigérator, large savings in the total mass
of the active shield for electrons can be accrued by reducing the exposed
area. This condition is achieved for protecting toroidally shaped vehicles
by replacing a hollow conductor magnet (HC) with individual coils suitably
positioned around the vehicle - a design called the quasi-hollow conductor
(QHC). This concept does induce magnetic fields inside the space vehicle,
but such fields can be kept well below 500 gauss throughout most of the space

vehicle, eliminating any serious problem in this respect.®

In this paper we will consider a QHC configuration, studied in the MAGSIM,

that provides a protective region appropriately shaped for enclosing a
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relatively small volume toroidal vehicle.® A small volume toroid is constrained
to have a large ratio of cross sectional diameter to the radius of the toroid,

a configuration which produces for the HC an outward displacement of the
protective volume from the center of the vehicle. By redistributing the current
in the QHC design, this displacement has been nullified. The data is scaled to
protect a 10-foot diameter (3.2 meters) space cabin (420 meter® volume) against
space electrons and the results utilized to compute the magnetic fields about

the vehicle and the total mass of the active shield system.

MAGSIM DATA

The MAGSIM is an analogue device in which the forbidden volume produced
by externally deflecting magnets is measured. It employs an electron gun, a
phosphor coated grid, support assembly for the’magnet and grid, power supplies,
vacuum chamber, and photographic equipment properly positioned for accurate
measurements as shown in Figure 1. The two parallel, point dipole magnets used

to study a complex magnet c:onfigur:ation'7

are shown suspended in the screen grid.

The forbidden areas are defined by the outline of the illuminated areas on the

screen grid and photographs taken through the camera ports permit an accurate

determination of these regions. Figure 2 shows a seven-coil QHC model used

in the MAGSIM together with a representative data picture taken with the model.
The MAGSIM data can be scaled, for studying large active shields that

will protect manned space vehicles from the high energy charged particle

radiation in space, by transforming all measurements into Stormer units, Cg¢,

where Mg
CSt = p (1)
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FIGURE 2a SEVEN TURN QUASI-HOLLOW
CONDUCTOR COIL

FIGURE 2b DATA PICTURE USING SEVEN TURN
QUASI-HOLLOW CONDUCTOR COIL WITH
2.0 AMPS IN EACH SET OF COILS AND
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and
M = the magnetic moment of the magnet
q = the electrical charge of the particle
c = the velocity of light

p = the linear momentum of the particle
(All units are e.s.u. units.)

It has also been used to study the HC magnet first proposed by Levy® as

a shield against solar flare protons. On analyzing this concept for protecting

against space electrons, it becomes advantageous to replace the hollow
conductor with individual current loops to minimize the exposed area of the
superconductor and to permit redistributing the current around the vehicle

for shaping the protective region to enclose the vehicle in an optimum manner.

Two non-dimensional parameters

I

As (2)

and
A= alCyy (3)

are used to scale the MAGSIM data to both large vehicles and high energy

electrons where the parameters a and r,

are defined in Figure 3. For the
small volume toroidally shaped vehicles, (a few hundred meterss), the ratio of
the cross sectional diameter to the radius of the toroid, As, is relatively

large since the vehicle is constrained to provide ample height for the

astronauts. When the shield has a As of 0.1 or greater, the center of the
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protective region is displaced outward from the center of the vehicle, an
effect which must be nullified. This condition has been achieved in the MAGSIM
with the seven coil model magnet shown in Figure 2. This model magnet has a
radius, a, of 4.22 inches and a cross sectional radius of 0.8 inches resulting
in a As = 0.38. Each of the seven coils has 250 turns and they are spaced about

the model as shown schematically in Figure 3.

By effecting 188 ampere turns in each of the three inner coils and 275
ampere-turns in the two adjacent coils, the shape of the protective region
coincided with that of the model.® A 350 volt electron beam was employed in

the measurements. Thus, only five coils are needed in this QHC configuration.

These data are scaled to large volume vehicles and high energy charged

particles consistent with a configuration having a As = 0.38. Consequently,
2 1o

the volume of the vehicle is arbitrary; only the ratio is of importance.
The ratio, As, together with the cross sectional diameter, 2 Ty determines
the toroidal radius, a, and the volume of the vehicle. A practical minimum
volume toroid vehicle is constrained to a diameter 2 r, of approximately 3.2
meter (10 f£t) to provide the necessary height for the astronauts. This

constraint results in a scaled up vehicle based upon the five coil QHC model

having an a = 8.4 meter and a volume, V = 420 meter® .

The method used here to scale the MAGSIM data to the large vehicle
situation is based on the functional relation between A and As for defining
the totally forbidden volume produced by the hollow conductor.® Utilizing this
relationship, it is found that a As of 0.38 corresponds to a ) of 0.452.

Equation (3) can be also expressed as
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| - (ng)/z (1)1/2 %)

to show explicitly the relationship between A, p, and 1,the ampere turns.
Consequently, once )\ and the electron momentum, p, are established, I is
also determined and its value is independent of the volume of the vehicle.
Equation (4) defines the ampere -turns that will protect a totally forbidden
volume, associated with the corresponding As, from electrons having momentum
or energy below the specified value. This upper electron energy is referred

to as the E and it is a function of the electron flux and energy spectrum

cutoff”’
encountered by the vehicle while orbiting the earth.

The energy spectra of the trapped electrons about the earth are complex

functions of the vehicle orbit altitude and inclination; however, all such

spectra exhibit a steep drop in intensity with increase in energy. Using
Vette's model environment,'' reasonable Ecutoff values are estimated to be
7 Mev and 2 Mev for protecting against the lower altitude electrons and outer
zone electrons, respectively.

Equation (4) is used to determine the ampere turns of a hollow conductor
magnet required to protect a toroidal vehicle that has a p = 0.452 (As = 0.38)
from 2 Mev and 7 Mev electrons, neglecting any displacement of the protective

region. Under this assumption

[ ]
Hi

1.28 x 10° ampere turns for 2 Mev electrons

and

Lan]
I

3.28 x 10° ampere turns for 7 Mev electrons

For the 350 volt electron beam employed in the MAGSIM, I = 990 amp-turns.

This information is sufficient to scale up the MAGSIM data.
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If the ampere turns utilized by the five coil QHC is totaled, the result is
I = 1110 ampere turns - a factor 1.12 greater than that required by the HC
to produce the same volume vehicle. However, the HC forbidden volume is displaced
outward from the vehicle leaving portions of the vehicle exposed to the radiation.
Thus, it is interesting to make comparisons between HC and QHC shields concern-
ing ampere turn requirements and protective regions. First, the protective
region produced by a hollow conductor having a As = 0.38 is displaced a significant
amount so that electrons would impinge on the inner ring of the vehicle and the
bremsstrahlung generated by these electrons would present a hazard to the
personnel inside the vehicle. By increasing the hollow conductor current, the
protective region can be enlarged until the inner ring of the vehicle is protected,

but the total forbidden region is much larger than the vehicle itself as shown

schematically in Figure 3. For a As = 0.38, a protective volume increased to
just include the inner radius of a toroidal vehicle becomes approximately 2.5
times larger than the vehicle itself. Thus, a significant reduction in the
ampere turns required to shield the total vehicle is gained when protecting
against electrons by redistributing the current about the vehicle.

Second, the radii of the five coils of the shield are all less than the
radius of the vehicle, Therefore, the mass of the shield is less than that
which would be required if the total ampere turns were assumed to be concentrated
at the center of the space vehicle. In fact, it will be shown that for the
five coil configuration utilized in this study, the reduction in effective coil
radius of the magnet almost cancels any increase in active shield mass that

would be expected from increasing the ampere turns by the 1.12 factor.
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MAGNETIC FLELD CALCULATIONS

The magnetic field intensity produced by a circular loop is well known,
being axially symmetric and having only the radial, Hp’ and axial, H,

components,'?

The magnetic field at a point due to any number of co-axial
coils can be determined by summing the vector components associated with each

coil. For a coil radius aj and current I; whose center is on the z axis at z;,

we have
0.2 1I; (z - z1) [ | .2+p9+(z_z.)2
o] [(ai + P) + (z - Zi) ] (ai - P) + (z - Zi)
) (5)
0.1 I i ;2 - - (z - 23)°
Hei = Ta, 7 002 + (z - 207 5 KaO -+ G -7 + (z -z )
L
(6)
where
y bajp
ki = (ai + p)g + (z = Zi)2 (7)
Letting gi = p/aj;, the above equation can be written as
I
Hpi(p, z) = ';"i- ﬁp(gi,p,Z)
(8)
i
Hzi(P>Z) = g; ﬁz(gi,p,z)
The total magnetic field at a point P(p,z) is, therefore,
fp = :‘: Hos (9
H, = £ Hy
i
and
L
H = (sz + HZZ) 2 (10)
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These equations have been programmed on the digital computer with ﬁlexibility
in the code to allow for handling 20 coils, each carrying a different current.

The magnetic field produced by five coil QHC configuration for the 8.4
meter radius vehicle has been determined utilizing this code and the results
presented in Figure 4 for the 2 Mev shield. Since the magnetic induction, B,
is the entity of intensity,13 and for our study B= H (i.e., g = 1), the
quantities are given in units of gauss. Magnetic fields associated with a
QHC shield designed to protect against 7 Mev electrons can be obtained from
Figure 4 by increasing the values there by 300%.

It can be observed that inside the vehicle the fields generated by the
individual coils tend to cancel each other and that fields above 100 gauss for
the 2 Mev shield and 300 gauss for the 7 Mev shield are encountered in regions
near the coils. The magnetic fields outside the vehicle are also of reasonable
magnitudes particularly on the outer rim of the vehicle. The strengths of
these magnetic fields are sufficiently low that they should not preclude utiliz-

ing this type shield.
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MASS CALCULATIONS

The mass of an active shield, Mi, consists of the mass of the super-
conductor, M., the mass of the structure, Mg, the mass of the cryogenic
cooling system, Mgry, and the mass of equipment used to integrate the shield

into the spacecraft, Mp. Thus,
MT = MC + MS + MCRY + ME (11)

We will proceed to calculate the total mass, My, recognizing that it will be
several years at least before such a shield might be utilized. Also, a few of
the subsystems such as the cryogenic cooling system are now being developed
and will not be available for a few more years. It is, therefore, necessary
in some cases to utilize technology that has been extrapolated to a few years
hence. Under this supposition, we will assume that long NbzSn superconducting
wire or some similar superconducting material can be fabricated-that will
support a current density of 2.5 x 10° amps/cn? at 1OOK. Short samples of
this material have been fabricated which support a practical current density
of 2 x 105 amps/cn® at approximately 109K in a & kilogauss external magnetic
field.*™ Using this current density and the 8 gm/cma density of NbgzSn the

mass of the superconductor, M., for the QHC is obtained from the relation

=
0
i
e

) 2.9 a; P Ii/j (12)

a, = radius of the it coil in the QHC

i
I; = ampere turns in the ith coil
j = current density

p. = density of the superconductor

The M. so obtained is 23 kg and 68.5 kg for QHC shields designed to protect

the 8.4 meter radius vehicle from 2 Mev and 7 Mev electrons, respectively.
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Each superconducting coil will be enclosed in a small titanium alloy tube
to support the superconductor and to contain the helium coolant which flows
around the superconductor to maintain its temperature below 10°k. The
inner radius of the support tube, R,, is chosen sufficiently large to permit
unrestrained flow of helium through the tubes. The tube thickness, Ry,- R;, is
made large enough to withstand the force exerted on it by the superconductor.

A detailed design would consider the exact force components acting on each coil
and integrate the shield system into the structure of the vehicle to minimize
the total mass involved. Since our design is of a more general nature, we will
design the tubes in a more uniform manner, employing reasonable assumptions.

For instance, the cross-sectional radius of the jth coil, ., is
i

1
I;) 2 ~

Since the two outer coils have the largest such radii, their R, will be assumed
to exist for all coils of the same shield - a conservative assumption. Maximum
cross sectional radii are given in Table I for QHC shields designed to protect
against 2 Mev and 7 Mev electrons. Setting R, = 0.5 cm and 0.6 cm for 2 Mev

and 7 Mev shields, respectively, adequate space for unrestrained flow through

the tubes is provided.

TABLE I

FIVE COIL QHC ACTIVE SHIELD PARAMETERS (V = 420 m® )

E Ry R, R, Ra Mo Mg M1 MeRrRy Mg M Power
Mev cm cm cm cm kg kg kg kg kg kg kw

2 0.21 0.5 0.6 6 23 37 53 350 40 450 3.3

7 0.37 0.6 0.7 7 68.5 44 72 369 48 530 3.3

203



There are two sources for inducing forces on the conductor which are then
transmitted to the support tube. The first is that due to the magnetic induction,
B, generated by the adjacent coils interacting with the coil current producing

a force per unit length, f,, where

£,1=1xB (14)

The second force is a self-induced radial force,

I® 8a 3
f2 = . [ﬂn R - ;] (15

6]

tending to expand the wire. The vector force, £, , can be resolved into radial
and axial force components, the radial force being directed outward to add to

the self-induced force. The resultant total radial force induces a tensile

force, F¢, defined by

Ft= fr a (].6)

on the conductor. By employing equations (14), (15), and (16), the total tensile
force, Fy, on the inner coil of the 7 Mev shield is 2180 kg and on the outermost
coil, 1570 kg. Applying a safety factor of 1.5, the titanium tube need only
have a maximum wall thickness of 0.05 cm to safely contain the superconductor.
Titanium alloys having a tensile ultimate of 17,600 kg/cm® (250,000 psi) and a
-density of 4.44 gm/cm? are utilized in this analysis. For convenience, the

tubes are all given & 0.1 cm wall thickness resulting in the Ry values given

in Table I. The mass of the structure is assumed to be integrated into the
structure so that containment of the axial force is attained without the need

of additional structural support. Thus, M_ is the mass of the tube for which

S

values are also given in Table I. It should be mentioned that the forces on
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the coils of the 2 Mev shield are reduced by a factor of 9 from that of the

7 Mev shield although we have not taken advantage of this in our analysis.

The mass of the cryogenic system, Mcry, includes the mass of the insulation,

refrigerator equipment, the mass of the radiator, and the mass of the power

supply.

The two pertinent parameters that determine: Mcry are the super-

conductor temperature, T,, and the heat leakage into the helium coolant, Q,

expressed

per unit length as

[}

o1 Ko AT
Q__ 2m Ke AL (17)

L, In Rgy/Ry
effective thermal conductivity

Total length of insulation.

Superinsulation inside radius.

Superinsulation outside radius.

Temperature drop across insulation where AT, = T, - T,.

Superconductor wire temperature and

average temperature on outer surface of insulation.

Equation (17) can be written

Q/L

where Ke

i=

3.13 x 107 AT

5 x 1075 Btu/hr-ft-F° has been used. The external temperature T,

on the outer surface of the insulation is

T, =

500 + 400 + 530 + O
4

= 360°R (200°K)
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where the temperatures

e Equilibrium temperature in sunlight = 500°R

e Equilibrium temperature in earth albedo = 400°R

e Space equilibrium temperature = 0°R

® Thermal radiation from vehicle external skin = SBOOR

are used to determine T .

Equation (11) pertains to the ideal geometrical configuration shown in
Figure 5. However, it is not feasible to utilize any detailed design since
the heat leakage will vary as a function of the actual configuration in a
complicated manner. Therefore, for this investigation, the effect of the
structure and other sources for reducing the thermal conductivity in equation

(11) will be approximated by increasing K, by 250%. Thus, equation (11) reduces

to

Q/L, = 0.045 watts/meter (18)
where

AT = 190°K

K, = 8.66 x 107® watts/meter-°K (5 x 10™°Btu/hr-ft-°R)
and

R

Ry _

R, = 10

The outer radii of the insulator are 6 ¢m and 7 cm for the two QHC shields

considered. These values have been chosen somewhat arbitrarily; however, the

function 4n Ry/R; is a slowly varying function and to reduce Q further by

Ly

a significant amount will require a substantial increase in Rz;. Thus, a ratio

Rz/R; of 10 was chosen as a reasonable value for this study.
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Dimplar superinsulation which has a density of 16.1 kg/m® is employed
in the design. Increasing this density by 20% to account for the more dense
insulator materials needed to attach the superinsulation to the tubes, the mass

of the insulation, My, is computed and the results are given in Table 1.

The total heat leakage into the superconductor is, using equation (18),
11 watts for both shields. This is a modest cooling requirement for the size
of the vehicle considered here. Arthur D, Little is currently developing a
1 watt, 3.60k, 100 1b rotary stroking refrigerator for satellite purposes.15
Utilizing their extrapolated state-of-the-art data (5 years hence), the weight
requirements for the refrigerator machinery and radiator are 124 kg and 20 kg,
respectively. The power required to operate this equipment, maintaining a
cryogenic temperature of 10°K, is 3.3 kilowatts. Using a value of 45 kg/kw
(100 1bs/kw) the mass of the power supply becomes 153 kg. Adding the mass of
the refrigerator equipment, the mass of the radiator, and the mass of the power
supply to that of the insulator, the Mgry is determined and the results are
given in Table 1. The masses of all subsystems are now totaled and 10% of
this total mass is assumed to be required for integrating the active shield
into the satellite. The total mass of the active shield is then determined

using equation (5), and the results are presented in Table 1.
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CONCLUSTION

The QHC shield presented in this report with its relatively low mass
provides another highly promising concept for utilizing active shields in
space. The projected operational characteristics of the components for this
active shield are all close to the state-of-the-art so that the concept is
feasible and the results attainable. It may be possible to further reduce the
mass of the QHC active shield since our analysis does not include any optimiza-
tion procedure; it only considers a set of favorable conditions for demonstrat-
ing the potential of this type active shield.

The most massive component of the QHC active shield is the cryogenic cool-
ing system, Mgry, @nd, consequently, any significant reduction in Mgpy will
correspondingly affect the total system mass, Mp. Thus a significant
reduction in the mass of the active shield could be achieved by reducing the
heat load and/or increasing the critical temperature of the superconductor
provided there is no large decrease in the critical current density resulting
in much heavier and larger superconductor coils. A large increase in R, will
not only increase M., but will also cause all of the other cross sectional

radii, Ry, Ry, and Rz, to be correspondingly increased, offsetting the decrease

ﬁ%n (Mepy - Mp). The current density can be decreased by 50% without significantly

affectipg R, ; however, the mass of (Mgry - Mj) is sensitive to small changes in
the critical temperature, 10°K, chosen for the study. An increase of 207 in
the allowed superconductor operational temperature will reduce the (Mcpy - Mp)
by approximately 20% and, in general, increasing T, is the direction to take.
The steep drop in critical current density abvove 10°K for Nbz Sn precluded

our using a higher temperature,
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Several other sources for reducing M may become available in the

CRY
future, but they will depend on the development of new materials. More
effective and lighter insulators and superconductor materials having high
current densities at temperatures above 10°K are two such advancements.

However, reducing the heat load by increasing the insulation thickness will

not reduce Mgry abruptly, since My is proportional to Rag and Q is a slowly
varying function of Rz. As Rz is increased beyond its present size, its
contribution to MCRY will increase significantly and it will also become

more difficult to integrate into the spacecraft.

Assigning a nuclear power supply to the vehicle and utilizing only the
additional mass of the power supply needed to increase its basic output
capacity by 3.3 kev will reduce the mass of the QHC active shield significantly.
The 45 kg/kw specific mass for the power supply assumed in our analysis is
realistic but results in a power supply weighing 153 kg - almost 30% of the
total mass of the 7 Mev shield. 1If the space vehicle employs a nuclear power
supply, the additional mass required to add 3.3 kw to the vehicle power station
will be small if Stekly's data’ is utilized.

The structural mass, on the other hand, is less than 107% of the total mass
since the induced forces are easily counteracted with the titanium alloy tube.
The small radial and axial forces exerted on the conductor in the 2 Mev shield
are increased by a factor of nine when the energy cutoff is raised to 7 Mev;
however, even at this higher electron energy, no special structural considera-
tions are necessary. Increasing currents by another factor of 30 or more to
shield space protons increases the forces on the conductor by three orders
of magnitude and, consequently, Mg becomes the dominant mass component of the

proton active shield.
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We may best compare the QHC electron shield with an equal mass aluminum
shield using the material shield to protect a 420m” sphere - an optimum
configuration for a material shield. For this configuration, a thin spherical
shell of aluminum 0.072cm thick (0.194 gm/ca®), which is equal to the range
of 0.45 Mev electrons, will weigh 530 kg. To effectively stop 7 Mev electrons
from penetrating the material shield will require 4 gm,/cm;3 or a total shield
mass, My, of approximately 11,000 kg. Even with this excessive weight, the
bremsstrahlung produced in the aluminum penetrates the shield with little
attenuation and this clearly demonstrates the advantage the active shield holds
over the materialshield in protecting against electrons.

The magnetic induction, produced by the QHC currents, inside the 420m®
vehicle is relatively small except within a few centimeters of the coils
where it increases above 100 gauss and 300 gauss for the 2 Mev and 7 Mev
shields, respectively. At the center of the vehicle, B is approximately
4 gauss for the 2 Mev shield and 12 gauss for the 7 Mev shield. Thus, B is
of nominal magnitude throughout most of the vehicle so that its presence
in the spacecraft does not compromise the practicality of the QHC concept.
Increasing the volume of the vehicle and corresponding active shield without
increasing the cross sectional radius of the toroid, r,, or electron cutoff
energies will reduce the magnetic field from that of Figure 4. 1In general,
increasing the radius, a, of the toroid will reduce the magnetic field, all
other quantities remaining the same. Also, there is an upper limit on the
values of As that can successfully utilize a QHC shield. A As = 0.38 is
already of sufficient magnituae that the ampere turns are almost all concentrated
on the inner half of the toroid as seen in Figure 3. Increasing As further
will increase this concentration and, consequantly, the magnetic field inside

the vehicle. Conversely, reducing As will have the opposite effect.
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One phenomenon not mentioned in this paper concerns the orientation of
the vehicle during its mission. The QHC will align its axis with the earth's
magnetic field lines providing a strong stable platform - an effect which must
be considered in planning a mission. For low latitude or synchronous orbits,
this may be an advantage, but for polar orbits, this may be a problem.
However, the low mass of the QHC shield and its potential for further improve-

ments makes it an attractive concept for the future.

The authors would like to thank Mr. G. D. Duckworth for performing the
computer calculations associated with determining the magnetic field, and
Mr. G, Sherman for his help in obtaining information on the cryogenic cooling

system,
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ELECTRON BREMSSTRAHLUNG CROSS-SECTION MEASUREMENTS®

D. H. Rester and W. E. Dance N 63; 2 6 1 é7

LTV Research Center, Ling-Temco-Vought, Inc.
Dallas, Texas

Differentisl cross sections for the production of bremsstrahlung have
been measured for Al and Au at electron bombarding energies of 0.2, 1.0,
1.7, and 2.5 MeV and in addition for Cu and Sn at 0.2 and 1.0 MeV. At
each energy measurements were made at photon angles ranging from O deg to
the largest angle which allovwed a reasonable signal-to-background ratio.

At 0.2 MeV the present experimental results are higher than the values pre-
dicted by the Born approximation except in the region below T5 keV. At
higher bonmbarding energies the measured values are closer to the predicted
values, reaching good agreement for Z = 13 at 1.7 MeV. At all four energies
the difference between the measured values and the Born-approximetion values
incresses with atomic number. At 1.0 MeV the present results for Al are
below those reported By Motz st 10 and 30 deg for photon energies less than
800 keV. The present results for Au at 1.0 MeV are also below those of Motz
for 0, 20, and 30 deg, but are in agreement with Motz's values at 90 deg at
this energy. Comparison of the present results for Al and Au at 2.5 MeV
show agreement within the experimental errors with the results of Starfelt
and Koch at 2.72 MeV. At each energy comparison of the integrated cross-
sections differential in photon energy with the Born-approximation values
exhibit increasing hardness with atomic number as compared with the theory.
2 Work performed under National Aeronautics and Space Administration Contracts
NASW-1385 and NAS8-21055
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INTRODUCTION

Measurements of bremsstrahlung production tross sections due to
electrons in the intermediate energy range, i.e. between 0.1 and about 4.0
MeV, have been relatively few. J. W. Motz (1) reported measurements at 0.5
and 1.0 MeV for targets of Al and Au at angles between O and 90 deg and st
1.0 MeV on Be. N. Starfelt and H. W. Koch (2) reported measurements for
the same target materials at 2.72 MeV at angles of O and 6.03 deg. Compari-
son of these experimental results, which, however, are limited to only small
angles at 2.72 MeV, to the Born-approximation theory indicates that the
experimental cross section values are generally well above the theory at
0.5 and 1.0 MeV and in agreement with or below the theory at 2.72 MeV.

Between these energies no previous measurements have been reported.

The measurements reported in the present study were carried out on
targets of Al, Cu, Sn, and Au at incident electron energies of 0.2 and 1.0
MeV and on targets of Al and Au at energies of 1.7 and 2.5 MieV.b At each
incident electron energy measurements were made in the region from O deg to
the largest angle at which the target photons could be separated from the
background. Since the bremsstrahlung cross sections are predicted to wvary
as Z2, it was generally possible to extend the measurements to larger angles
for Sn and Au at a given incident energy. Measurements were limited to
smaller angles as the incident energy was increased due to the energy dependence
of the angular distribution. For example, at 2.5 MeV measurements were con-

fined to the region from O to 30 deg, while at 0.2 MeV measurements were

made in the region from O to 105 deg. Cross sections from the present
b

The results of cross-section measurements at 1.0, 1.7, and 2.5 MeV, as
well as additional results at 1.7 and 2.5 MeV, are to be published in
The Physical Review.
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measurements are compared to those reported by Motz and by Starfelt and
Koch. Comparisons ‘are also made to the unscreened Born-approximation
theory. It is not expected for any of the measurements that this theory
would adequately predict the cross sections in the photon energy region

near the high energy limit.

EXPERIMENTAL PROCEDURE

The electron heams were provided by a 3-MeV Van de Graaff accelerator
at 1.0 MeV and higher incident energies and by a Cockcroft-Walton accelera-
tor at 0.2 MeV. Energy calibration of the accelerators was carried out by
observing the scattered beam with a Si(Li) detector. The error in the
energy determination and the energy fluctuation during the bremsstrahlung

measurements were estimated to be less than 1% of the incident energy.

The bremsstrahlung detector for the 200-keV spectra was a 2 x 2-inch,
thin window NaI(Tl) scintillation detector. At higher energies a NaI(T1)
anticoincidence spectrometer of the type used by Trail and Raboy (3) was
found to give the best response while allowing backgrounds to be limited to
low ievels. The response of this spectrometer 1s approximated by a Gaussian
full-energy peak plus a simple low-energy tail portion which is constant in
amplitude with pulse height. The detector response and efficiency as a
function of energy were determined from a series of measurements of gamma-ray

lines in the region of interest.

Self-supporting targets were prepared by the standard vacuum evaporation

technique. At each energy target thicknesses were chosen so that effects due
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to multiple scattering were negligible, Only for the measurements at

Q.20 MeVon Au and Sn was it necessary to use composite targets. These
targets were made by evaporating the metals onto thin VINS backings. The
contribution to the bremsstrahlung spectra due to the VYNS was determined to

be less than 3%.

Since a typical pulse height distribution due to bremsstrahlung ranges
over two or three orders of magnitude downward from low photon energy to the
high-energy end, in many cases a second umeasurement was made with a lead
"beam hardener" inserted between the target and the detector. The hardener
reduced the high count rate at low pulse height, vwhile reducing the rate for
photons with energies above T0% of the end point value by less than 15%.
This method allowed improved statistical accuracy near the spectral end-
points to be obtained in reasonable data accumulation periods, without intro-
ducing pulse pile-up effects. In many cases the spectra, therefore, are
composites of spectra taken without the hardener, joined at about TO% of the
end-point energy to the spectra from the hardener runs corrected for photon

attenuation in the hardener material.,

Background bremsstrahlung, largely generated by stopping the incident
beam, was reduced by shielding the Faraday cup with 6 in. of lead. The
bremsstrahlung detector itself was enclosed in a 3-inch thick lead cylinder
and surrounded by the Nal annulus. Background effects still present, mostly
attributed to the target-scattered beam, were removed from the pulse height
spectra by inserting a tantalum photon absorber between the target and
detector with the target in place and subtracting the resulting spectrum from

that taken without the absorber. The shape of the absorber was such that it
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blanked out to the detector only an area on the target slightly larger than

the beam-spot, leaving the background-producing areas exposed.

DATA REDUCTION

Several methods bf removing the spectrometer response from the pulse
height spectra were investigated. However, the relatively simple response
of the spectrometer to monoenergetic photons allowed an accurate correction
for the response to be made without applying elaborate iterative techniques
or inverting the spectrometer response matrix, The method of removing the
response from the measured pulse heighﬁ data normalized with respect to the
numbey of incident electrons and the solid angle subtended by the spectro-

meter consisted of the following operations:

1. Pulse height spectra were hand smoothed out to the photon energy
corresponding to the incident electron energy. Beyond this point
the data were set to zero. The hand-smoothed spectra were smeared

by multiplying them by the spectrometer response matrix.

2. The smoothed pulse height spectra were ratioced to the smeared

spectra.

3. The original unsmoothed pulse height spectra were multiplied by

their appropriate sets of ratios.

4, The response-corrected spectra were corrected for spectrometer

efficiency.

The correction factors derived in the above manner are essentially
efficiency corrections at photon energies below approximately 85% of the end-

point energy due to the simple response below the full energy peak. Above
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this photon energy, the combined corrections vary more rapidly, reflecting
the correction for the Gaussian response of the spectrometer. The correc-
tions at 1.0 MeV electron energy for Au at O deg, are typical of the cor-
rections made to most of the pulse height distributions. For example, the
combined correction increases from 1.0 at 0.2 MeV to 1.6 at 0.85 MeV and

the more rapidly to 2.7 at 1.0 MeV. The Al correction factors, on the other
hand, are congiderably different near the end-point energy. The correction
factors for Al at 1.0 MeV bombarding energy and O deg increase from 1.6 at
0.85 MeV to only 1.85 at 1.0 MeV. This difference is a result of the dif-
ference in the shapes of the spectra from about T0% of the spectral end point.
Most of the spectra fall off sharply at the high energy end; however, Al and
Cu spectra at O and 4 deg decrease less rapidly near the end point. This
method of response removal was shown by use of test spectra to have an ac-
curacy to within a few percent in the photon energy interval below 90% of
the end point. In the region above 95% of the end point it was necessary to

apply an additional 15% correction.

EXPERIMENTAL RESULTS

The estimated average experimentsl error in the cross sections in the
photon energy interval below 90% of the high energy limit is about 15%.
At the smaller angles, O and 4 deg, the average error is estimated to be
about T% in this energy interval. At the larger angles additional uncertainty
arises from the angular uncertainty of 0.3 deg and the strong dependence of
the photon yield on angle at angles greater than 10 deg. The extent to which
the, accuracy is affected by the bremsstrahlung angular distribution increases
with increasing incident energy. In fhe photon energy region greater than

90% of the end point additional uncertainty arises due to increased statistical
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error and the spectrometer response removal from the pulse height spectra.
At the largest angle for each incident energy the total error in the region

’of photon energy greater than 90% of the end-point increases to about 30-50%.

The measured cross sections are shown in Figs. 1 through 21. The spectral
shapes are, of course, similar at each energy. However, it is of intereét to
observe at each incident energy the trend of the data with atomic number
relative to the Born-approximation theory. As expected it is generally true
that the experimental values for the higher Z materials show the larger dis-
crepancy. Also for each atomic number the trend with energy is apparent,
namely that the experimental values become closer to the theoretical values
as the incident energy is increased. Figure 1 shows the measured cross sec-
tions at 0.2 MeV for Al, The experimental results exceed the theoretical
values at every angle in the photon energy region above 75 keV. The experi-
mental cross section at 0 deg and a photon energy of 150 keV is a factor of
2.5 greater than the theoretical prediction. The experimental values at
larger angles exceed the theory to about the same extent. Figure 2 shows a
similar comparison at 1.0 MeV, At this energy it isg clear that the experi-
mental results are much closer to the théory than at 0.2 MeV. The measured
values at O deg cross the values at 10 deg as predicted by the theory. Below
about 400 keV at O deg the experimental values fall 15% below the theory due
to the effect of screening, which has not been included in the theory. Figure
3 shows the results of measurements on Cu targets at an incident energy of
0.2 MeV. The comparison is similar to that for Al at this energy except that

the experimental values are somewhat greater relative to the theory than those
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for Al. Figure 4 is a comparison of the experiment on Sn to the theory.

In this case the experimental values exceed the theoretical values at O deg

and 150 keV by a factor of 4. Thus at O deg the measurements at 150 keV

are relatively 1.6 times greater than those for Al. Figure 5 shows the
results for Au at 0.2 MeV. The values here are agalin even higher relative

to the theory. The characteristic x ray at TO keV due to K-shell ionization
has been removed from the spectra. Its contribution was apparent at all

angles but was most significant at large angles. Figure 6 shows the mea-
surements at 10 and 20 deg for Al, Cu, Sn, and Au. These are presented
separately for clearness, since the data at these angles cross the values for
neighboring angles. However, the plot for all four materials makes it possible
to gsee the effect of the Z dependence of the eross sections at 0.2 MeV bombaxd-
ing energy. Figure T shows the results of the measurements on Cu at 1.0 MeV.
As for Al, the values measured for Cu are closer to the the€ory than at 0.2

MeV. However, at 1.0 MeV the measured values for Cu are still above the theory
and relatively greater than those of Al at this energy. Figure 8 shows the
10-MeVdatafor Sn. Figure 9 shows the data for Au at this energy. The cross
sections at 120 deg are included for Au although the experimental values at

120 deg have crossed over the theoretical values for 90 deg. The increase

of the measured values relative to the theory in the high photon interval
below the end point is most apparent for Au. Also the effect of screening

is large with the values at O deg falling 30 to 40% below the theory at a
photon energy of 200 keV. Figure 10 shows the measurements at 4 deg for all
atomic numbers. This angle has been plotted separately for clearness. The

Z dependence of the cross section is easily seen. The effect attributed to

screening is most pronounced for Au., Increased hardening of the spectra
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with atomic number is also observed., Figure 11 is a comparison of the pre-
sent measurements, open circles, to those reported by Motz also at 1.0 MeV
for A1, at 10 and 30 deg. The data at 10 deg from the present measure-

ments are 60% below those of Motz at a photon energy of 200 keV and become
closer by about 800 keV. At 30 deg on the average the experimental results
are closer, but are still outside the stated experimental errors below a
photon energy of 400 keV. Figure 12 shows a similar comparison of the cross
sections for Au at O, 20, 30 and 90 deg. While the two experiments are in
disagreement at low photon energy at O deg, they become closer at 20 and 30
deg and at 90 deg are in agreement. Figure 13 shows the experimental results
at 1.7 MeV for Al. The measuremeuts here are very close to the theory at

all angles. Figure 14 shows the results for Au at 1.7 MeV. The experimental
values are closer to the theory here than at 1.0 MeV. At O’deg the measure-
ments fall below the theory out to nearly 1.3 MeV. Likewise the k-deg

values are well below the theory in this region. At larger angles the nmea-
sured spectra are greater than the predictions of the theory, with inereasing
discrepancy with larger angle., At 2.5 MeV Fig. 15 shows the measurements on
Al at O, h, 10, and 20 deg. Measurements at larger angles were prohibited by
the rapid decrease in yield with angle. At 1.5 MeV photon energy the yield
is reduced by a factor of T between 10 and 20 deg. Figure 16 shows the measure-
ments on Au at 2.5 MeV. While the measured values at O and 4 deg are well
below the theory, the data at L0 deg is quite close to the theory from 200
keV to about 1.8 MeV. At 20 and 30 deg the measurements are generally above
the theory, but closer than at 1.0 or 1.7 MeV. Figure 17 shows the comparison

of the present measurements at an incident energy of 2.5 MeV on Al and Au at
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NORMALIZED EXPERIMENTAL CROSS SECTIONS

Fig. 17.
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R

O deg to those of Starfelt and Koch at 2.72 MeV. Both sets of experimental
cross sections are normalized to the Born-approximation theory. The horizontal
axis is the ratio of the photon energy to the incident electron energy. The

agreement between the two measurements is within the experimental error.

Figure 18 shows the cross sections differential in energy only, i.e.
after integrating the previous spectra over solid angle for the four elements
at 0.2 MeV, The solid lines are the Born-approximation values. The values
derived from the measurements are shown as circles. The uncertainty in the
integrated cross sections is estimated to be 15% at photon energies less than
90% of the high-energy end point and about 30% in the region greater than
90% of ‘the end point. As for the values at the various angles the measure-
ments exhibit increasing hardness with atomic number as compared with the
theory. The dashed line shows the Born-approximation theory corrected for
the Coulomb effect by the Elwert factors. For Al the corrected theoretical
and the experimental values are in agreement. However for Au the experimental
values are still significantly larger. Figure 19 shows the integrated cross
sections for Al, Cu, Sn, and Au at 1.0 MeV from the present measurements and
the integrated values reported by Motz for Al and Au. The experimental
cross sections are normalized to the Born-approximation values. The present
values, open circles, are close to the Born-approximation values for Al,
although below 300 keV photon energy they drop 10-15% below. The value
at 1.0 MeV is in agreement with the corrected Sauter-Fano (4) values of the
cross section at the incident electron energy. The values reported by Motz
for Al are indicated by closed circles. The comparigon of the two experi-

ments reveals significant discrepancies below about 800 keV in photon energy.
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However above this energy the experimental values converge. A similar compari-
son of the two experiments is shown for Au. In the photon energy region
above 400 keV the two experiments are within the experimental errors. Below
L00O keV the measurements are Just outside the experimental errors. Figure
20 shows the cross sections for Al and Au, differential in energy at 1.7 Mev
bombarding energy. At 1.7 MeV the experimental values for Al are in agree-
ment with the theory. The values for Au are above the theory in the photon
energy region gresgter than 500 keV. Figure 21 contains plots of the cross
sections for Al and Au differential in energy at an incident energy of 2.5
MeV. At this energy the experimental values for Al are approximately 8%
below the theory. A somewhat larger shift for the case of Au was observed
as compared to the data at 1.7 MeV. The experimental values for Au are

about 15% below the theory at 1.0 MeV and cross the theory at 1.7 MeV.
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AN EXPERIMENTAL STUDY OF THE TRANSPORT
OF ELECTRONS THROUGH THICK TARGETSH

C. P. Jupiter, J. A. Lonergan and G. Merkel:t

General Atomic Division
General Dynamics Corporation

1. INTRODUCTION

Experimental results and methods used in a general study of the
transport of electrons in thick targets are described here; this is an
extension of earlier preliminary work(l’ 2) performed at General Atomic.
The purpose of this continuing program was to provide a comprehensive
body of experimental data which could be used to validate analytical
methods employed in determining the transport of electrons through shield
materials - with particular emphasis on determining the shielding effec-
tiveness of spacecraft components. Measurements were made of the
electron transport for incident electron energies of 4.0 MeV and 8.0 MeV
to provide data in the energy range where radiation penetration by mag-
netically trapped electrons in the Van Allen belt is most pronounced.
Bremsstrahlung measurements were also performed for an incident elec-
tron energy of 10.0 MeV. A stringent test of existing analytical methods
(including transport and Monte Carlo techniques) is made possible by an

accurate determination of measurable parameters such as the incident

Al
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.rInvited paper

tPresent address: Office of Naval Research, Washington, D. C.
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electron energy EO, the atomic number of the target, the target thick-
ness t, the angle 8 of the transmitted electron or photon and the energy
spectra of emitted straggled electrons and bremsstrahlung.

A magnetic spectrometer was employed in determining the elec-
tron energy spectra for emission angles ranging between 0° and 80° in
order to define completely the energy transport in the forward direction.
Bremsstrahlung spectra were measured for emission angles up to 40°
using a large Nal (T4) crystal spectrometer. Target materials included
aluminum and beryllium of various thicknesses corresponding to 0. 2,

(3)

0.5 and 0.7 times the range of the incident electrons.

Measured spectra and angular distributions are compared with

#
the Monte Carlo results of Berger and Seltzer. (4)

2. EXPERIMENTAL APPARATUS AND METHODS

The source of electrons used in these studies was an L-band
traveling wave electron linear accelerator (LINAC). This machine was
operated at energies of 4 MeV, 8 MeV and 10 MeV; the pulse rate was
720 pulses per second and the pulse width was typically 0.5 psecond.

After passing through a 0. 25 inch diameter collimator, the electrons

from the LINAC were analyzed in energy by the '"incident beam analyzing
magnets' shown in Fig. 1. These comprise an achromatic system(S) and
focus the electron beam on a target at the center of the 24-inch diameter
scattering chamber with less than 10 per cent distortion in the beam spot
size and a divergence of less than 10“3 radians. The energy resolution

of the magnet system was less than 2 per cent (full width at half maximum).
A number of exit ports in the scattering chamber allowed various observa-
tions to be made. These ports included a beam monitor port at -40° which
allowed a measurement of the intensity of electrons scattered into a fixed

solid angle and was used to normalize other measurements to the electron
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beam current incident on the target. Magnetic analysis was employed
to reduce the gamma background and alleviate uncertainties in the low
energy electron counts due to small fluctuations in the gain of the detec-
tion system electronics. After magnetic analysis, the electrons were
detected by a thin anthracene crystal.

Both the electron and gamma spectrometers were mounted on
a rotatable platform which moved in a circular arc between 0° and 120°
with the target position at the center of the arc. The movable exit port
on the scattering chamber which connected the vacuum system of the
chamber to that of the detector system was built into a 0. 012 inch thick
stainless steel sliding vacuum seal which covered an arc~-shaped slot in
the side of the scattering chamber. Some of the details of the chamber
construction may be observed in the photograph of Fig. 2. Bremsstrah-
lung spectra were measured using a 5-inch diameter, 6-inch long Nal (T%)
crystal spectrometer which was housed in lead shielding. The electrons.
emitted from the target were swept aside by the spectrometer magnet
and analyzed in energy before being counted by the electron detector
which consisted of a thin anthracene crystal observed by a photomultiplier.
The energy resolution of the magnetic spectrometer was ~7%. The energy
of the analyzed electrons for the various magnets was determined by using
a rotating coil gaussmeter to monitor the magnetic field between the pole
tips. An independent energy calibration of this system was performed by
direct comparison of the analyzed electron beam in a second spectrometer
calibrated by determining the magnetic field associated with the electron
energy at the 15.1 MeV resonance fluorescence gamma-ray line for
carbon; this spectrometer emialoyed a nuclear magnetic resonance gauss-
meter. The absolute calibration of the electron spectrometer used in
these measurements was determined by measuring the fraction of incident
electrons emerging from the target in the forward direction. The total

number of electrons, integrated over all forward angles, as measured
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with the speclrometler was set equal to this fraction; thus, the flux of
electrons emitted from the target was normalized to the incident electron
current.

The relative number of incident electrons emitted in the forward
direction was determined from a measurement of the ratio of charge
deposited in the target to the charge leaving the target. To make this
measurement an aluminum chamber having 0. 5-inch thick walls (thicker
than the range of the transmitted electrons) was placed inside and insulated
from the scattering chamber. This inner chamber was 20 inches in dia-
meter and completely surrounded the target except for several holes
which were small enough that the chamber could be considered a 47~
collector with. only a negligible error. One of the holes served as the
incident electron beam entrance port; others served as exit ports for the
electron spectrometer and for a monitor which observed scattered elec-
trons through a small cone at -40°, The charge deposited on the 47~
collector and the charge remaining in the iarget (which was electrically
isolated) were measured in a series of experimental runs in which the total
counts of the monitor were related to the measured charge.

The collected charge was integrated by a circuit shown schem-
atically in Fig. 3. The current was passed through a picoammeter that
operated as a preamplifier; its 0 to 3 volt output was used to drive the
signal cable from the experimental area to the data room. The current
was then integrated by a current integrator; the charge Q collected was

determined by the expression:

Q = (RXIfs/3) vC (1)

Here R is the value of the precision resistance, Ifs is the full-
scale reading of the picoammeter on the scale used, V and C are recorded
by the current integrator. In this instrument the charge entering it is in
essence, collected on a capacitor of capacitance C giving rise to a voltage

V, across the capacitor.
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The fraction of incident electrons leaving the target in the forward
hemisphere was determined by subtracting those that were backscattered
from the total emitted flux. For the case studied here (i.e., 8.0 MeV
electrons incident on a 2.38 g/cm2 thick slab of aluminum) the back-
scattered electron flux was estimated to be 2.7% of the incident electron
flux;(ﬁ) the fraction of electrons leaving the target was measured to be
80% so that 77.3% of the incident electrons emerge in the forward hemi-
sphere. This number was related to the integrated area under the mea-

sured angular distribution to yield the proper normalization.

3. METHODS OF DATA ANALYSIS

3.1 ELECTRON SPECTRA

The relationship of the parameters measured in these experiments

may be expressed in the following form:

C(H,8) = KP (Eo, E, 6) AE(H) AQ {2)

where C(H, ) is the number of electrons observed in the spectrometer
per electron observed in the monitor. The spectrometer subtends a
solid angle AR at the target and accepts electrons in the energy interval
AE(H) about an energy value E(H), where both quantities are dependent
on the analyzing field, H. The constant K is determined by calibrating
the monitor with respect to the incident beam flux. From knowing K, AE
and AQ and measuring C(H, 0) we have determined P(Eo’ E, 6) which is the
probability that an electron of energy E0 will be emitted from the target
at an angle 6 to its incident direction with an energy E (per MeV -
steradian). The solid angle interval A2 is determined by directly mea-

suring the geometric acceptance of the electron analyzer. The energy

bin accepted by the spectrometer AE is a function of all physical parameters
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(7)

of the spectrometer. A calculation following the method of Penner
was made to determine that AE/E = 0.07. The value of K was deter-~

mined from the fraction F of incident electrons that emerge in the for-
ward hemisphere in the manner described above. That procedure can

be summarized in the following expression

p'=m/2 E' 6'=m/2 E!

max max
C(0', E")
= ] ] ] 1y ~ 4 L Bl L M
KF Kf do [ dE' P(', E") dszf dE' St
§'=0

0 6'=0 0

(3)

where the parameters associated with the emerging electrons are dis~

tinguished with a prime from those associated with the spectrometer.

3.2 BREMSSTRAHLUNG SPECTRA

The pulse height spectra of bremsstrahlung were converted to
photon energy spectra using the iterative unfolding procedure of Smith

(9)

and Scofield. The response function used to make the unfolding was

(10)

an extrapolation of the response matrix given by Hubbel. A correc-
tion was inserted to account for the greater efficiency of our 5-inch
diameter, 6-inch long NaI(T4) crystal.

The bremsstrahlung photon spectrum N,1 was calculated from

the spectrometer pulse height spectrum P. by
J

where m., is the response {function matrix for the spectrometer and i
1)
and j refer to photon energy bins and voltage pulse height bins, respec-

tively.. These bremsstrahlung data were collected at a relatively low
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count rate so that pile-up effects would be kept to a few per cent or less.

The spectrum of double pulses P'" (¢) in the data was analytically esti-

mated using the formulation of Starfelt and Koch(ll) as shown below:

€

/ P(ei) P(c—ei) dei

P'(¢) = p — (4)

€
max
] P(e.) de.
1 1

O

Here, P(ei) is the spectrum of single pulses and p is the ratio of the
probability of recording two photons in the same LINAC burst to the
probability of recording one photon. P'(¢) can be calculated by successive

approximations.

3.3 RESULTS AND COMPARISON
3.3.1 Flectrons

Electron spectra and angular distributions were measured at
several angles and energies and for several targets. These data are
summarized in Table 1 and displayed in Figs. 4 through 20. The data
taken for a 2.38 g/cm2 thick aluminum target and 8.0 MeV incident
electrons have been normalized by the procedure described earlier to
give the absolute number of emitted electrons per (MeV-steradian-
incident electron). It was found that 77.3% of the electrons were trans-
mitted in the forward direction for this case. This number is in good
agreement with the 78.9% value measured by Ebert. (8) These spectra

(4) The

were compared with spectra calculated by Berger and Seltzer.
areas under these curves were calculated and compared in the angular
distribution displayed in Fig. 4. The agreement is generally good be-

tween the Monte Carlo angular distribution and the measured data. The
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Table 1

SUMMARY OF RESULTS

Target
E Thickness
o Material (g/cm?)

8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2. 38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 2.38
8.0 Al 0.952
8.0 Al 0.952
8.0 Be 2.52
8.0 Be 2.52
4.0 Al 1.238
4.0 Al 1.238

Angles

Angular distribution
0°
10°

20°

30°

40°

50°
60

70°
80°

0°, 20°, 40°, 60°, 80°

o]

Angular distribution
10°, 20°, 40°, 60°
Angular distribution
0°, 20°, 40°

Angular distribution
0°,10°,30°, 50° 70°
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Figure No.
4

5
6
7
8

9
10
il
12
13
14
15
16
17
18
19
20




Eo= 8 MeV
TGT: 2.38 GM/CM? Al
8 a OEXPERIMENTAL DATA
- 8 0O BERGER AND SELTZER'S
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Fig. 4--Angular distribution of electrons emitted from a 2.38 g/cm

2

aluminum target bombarded by 8 MeV electrons. The open circles
represent experimental data; crosses represent the Monte Carlo re-

sults of Berger and Seltzer.
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B TARGET: 2.389/cm2 ALUMINUM
— EMISSION ANGLE
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Fig. l14--Spectra of straggled electrons emitted from a 2.38 g/cm2
thick aluminum target bombarded by 8 MeV electrons
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Fig. 15--Spectra of straggled electrons emitted from a 0. 952 g/cm2
thick aluminum target bombarded by 8 MeV electrons
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Fig. 16--Spectra of straggled electrons emitted from a 0. 952 g/cm2
thick aluminum target bombarded by 8 MeV electrons
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Fig. 17--Angular distribution of electrons emitted from a 2.52 g/cm2
beryllium target bombarded by 8 MeV electrons
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Fig. 18--Spectra of straggled electrons emitted from a 25. 2 g/(:m2
beryllium target bombarded by 8 MeV electrons
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Fig. 19--Angular distribution of electrons emitted from a 1. 238 g/cm‘2
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Fig. 20--Spectra of straggled electrons emitted from a 1. 238 g/cm2
aluminum target bombarded by 4 MeV electrons
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analytically derived spectra have been compared individually with the
experimental spectra. The experiments and calculations agree as to
the most probable energy of emerging electrons but the experimental
peaks seem to be slightly broader than the calculated peaks. The ex-
perimental resolution of the spectrometer was not unfolded from the
data; it was about ~ 7% which is comparable with the ~5% resolution
of the histogram corresponding to the Monte Carlo calculations. Since
this resolution could only account for a few percent of the peak width,
it does not account for the discrepancies in the widths.

Monte Carlo data for the other targets and energies were not
available so experimental data were plotted in condensed form; the
electron intensity is shown in arbitrary units. Note that the data
corresponding to 8.0 MeV electron incident on a 2. 38 g/cna'2 aluminum
target is plotted on a linear scale, while the others are plotted on
semi-~log paper. From these data it is seen that the most probable
energy decreases with angle as one would expect because of the longer
average path, although the maximum energy is independent of angle,
since the minimum path length through the target is the same for all
angles. Also as expected the straggled electron spectra broadens with
increasing angle. In drawing the smooth curves through the plotted
angular distributions we