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This report is submitted to the George C. Marshail Space Flight
Center, National Aevronautics and Space Administration, Huntsville,
Alabama, inaccordance with the requirements of Contract NASS8-879.
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1.0 INTRODUCTION

Man is the most radiosensitive component in manned spacecraft
systems. The necessity of providing radiation protection for
personnel in space vehicles imposes restrictions on vehicie
design, on mission planning, and especially on payload capability.
Previous studies have shown that high thrust escape trajectories
through the trapped radiation belts impose modest shielding
requirements. However, solar flares may present severe hazards
to manned space flights.

It is difficult to assess the flare hazard because of limited data on
fiux densities and frequency of occurrence. Moreover, it is
unlikely that sufficient data will become available in the next few
years to permit reliable statistical analyses to be made.

Therefore, it seems advisable to investigate the causes and
mechanisms of flare production in the hope that understanding of the
process will lead to estimates of flare frequency and upper iimits
on particle fluxes. A discussion of flares is includea in this

report,

Space radiations incident on material shields produce secondary
radiations which may rivai or exceed the dose due to primary
radiations. A discussion of nuclear interactions is included in
this report together with a data compilation which may serve as
an introduction to phenomena in the high energy range.

Methods of calculating radiation transport through shields,
including secondaries, are discussed and the results of some
sample calculations are presented.

The authors wish to acknow’edge the assistance of R. G. Allen,
W. B. Ritchie, and K. M. Simpson. The authors are also indebted
to C. C. Douglass for programming the radiation transport codes.
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2,0 RIGIDITY THEORY AND SPECTRUM PHYSICS

2,1 ELECTROMAGNETIC EFFECT ON SPACE PADIATION

In considering the charged particles that cause a radiationproblem
in space, the study of such charged particles in an electromagnetic
field is most essential. The protons and electrons trapped in the
earth's magnetic field and the charged particles from a solar flare
both suffer unusual motion duestrictly.to magnetic fields. It is,
therefore, necessary to have some knowledge of the equations of
motion of charged particles in au electromagnetic field as well as
the vernacular associated with this knowledge.

Of special interest is the *ime of flight from the sun to the earth of
energetic particles. In Figure 2-1 the minimum time of flight of
protons from the sun to the earth versus energy is given. This
plot is derived from the equation

=2
«T + m c<)

t= ———
Ca /T2 + 2’[‘moc2

where d is the distance to the sun, T is the kinetic energy, m, is
the rest mass of the particle, and c is the velocity of light.

2-1

The next quantity of interest to space radiation is called the
magnetic rigidity, One explanation of magnetic rigidity starts
with the equatior for the Lorentz force:

F= q{ T+ é (Vx'ﬁ)} 2-2

which is the force on a charge q, with direction and velocity v,
moving in an electric field E and a magnetic field B. The rigidity
was originally designed to describe the motion of a charged
particle in the magnetic field only, so thay the term gE in
Fugation 2-Z is zero. Furthermore. V is taken perpendicular to
B so that Equation 2-2 reduces to
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F= 3 (v 2-3

wkere v and B are the scalar values of Vand B. The centrifugal
force and the Lorentz force are equal and opposite for the charged
particle q in a magnetic field, see Figure 2-2, where t is the
trajectory;

F=3.p
[+

FIGURE 2-2 'CHARGED PARTICLE IN A MAGNETIC FIELD

thus,

2
mv (3) (vB) 2-4
P C

where p is the radius of curvature. Equation 2-4 reduces to

| -
mv—ch 2-5

where m is the relativistic mass. Since mv ic the reiativistic
momentum, this may be written as
pc = gBp 2-6

where p is momentum,

| RO




The charge Qfox- atoinic'particles isgivenby q = Ze, so that

' pé = ZeBp” I 2-7

Siuce the velocltr.es involved approach those of the speed of lxght
relatiwstic conditions: prevall Hence,

v E=T+ E0= ——mre - ) 2-8
- : 1- B -
m 02 -
[ 2
T - ——2— - moc » 2-9
/1-B
mv
o)

p= :s?; i .2-'.-'10'
;;1- B

where F = total energy;
T = kinetic energy;
2
Eo = mo.c = jest ene;‘gy, :

B=v/c.

Equation 2-8 can be written as

/ 222

o m ve '
E1=J/:n02c4+——L-? 2-11
1- B8

. or simply from Equaticn 2-10
/ 4
E = p202 + mozc 2-12

From 2-8 and 2-12, one has

Y reramaren
T + mocz = '\/pzc2 + mozc4 2-13
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which, on squaring and-solving yieids S el il

PC = 4 /;‘z + 2T m()c2 ‘ o 2-14

Equation 2-7 rhay be written ag

R -
R=Bp =, | 2-15

where the quantity R is called magnetic rigidity and is related to : ‘
the radius of curvatvre of the trajectory oi (Ze) in a field B. ' o R

The relativistic equation icr R is founa by combining Equations
2-14 and 2-15 to give

»\/1‘2 + 2T moc ) -
Bp = 7o 2-16 - '

R=

If T and mye are in ergs and Ze iv esu, then R will be in
gauss-cms. If T and mocz are in h.zv and Ze in number of electron
charges, then R will be in Mv.(million volts). For a positive
charge, the trajectory is turned in the direction of the vector

VxB fora negative charge, the trajectory is turned in the direc-
tion of B x v. Solving Equation 2-16 for T gives

P

2 24 '
T =«\/(R Ze) + m ¢ -mc¢c 2-17

Equation 2-17 is quite useful and values have been tabulated in
UCRL 2426 where graphs of Hp vs T are given. (There Hp is
rigidity mneasured in gauss-inches.) A plot of rigidity in Mv vs
kinetic energv in Mev is given in Figure 2-3.

2.2 CONVFRSION CODE

The Lockheed Source Specirum Converter (LSSC) is written in
FORTRAN to facilitate preparation of proton input spectra in a
format suitable for the Lockheed Proton Penetration Code (LPPC).
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Space radiation fluwies reported in the liferature are presented in a
variety of ways and it is often difficult to reduce them tc a common
form suitable for con:parison and calculation. LSSC is intended to
eliminate the laborious hand calculations invoived in reducing a
given spectrum to a differential energy spectrum. Its principal
feature is a systematic (not necessarily accurate) methng of dif-
ferentiating tabulated integral spectra. In practice, LSSC has
heen found satisfactory for converting trapped and solar flare
spectra ini.the energy range of interest for space shislding, pro-
vided that some caution is used in the preparation of input data.

At present, LSSC may be used t5 convert five types of proton
speciral data to the differential energy form. These types are
listed below:

Option 1 - Integral rigidity specirum
Opticn 2 - Integrai energy spectrum
Option 3 - Differential »igidity spectrum

Option 4 - Integral rigidity power law svectrum

Option % - Integral energy power law spectrum

Option 1:

In this opuon, 2 table of rigidity values uid their ~orresponding
integral rigidity fluxes are read into the computer. The rigidities
are converted tc energies by n.eans oi Equation 2-18.

E =V(/Re)2 + 938° - 938 2-18

where E represents kinetic energy in Mev, R represents rigidity
in Mv, and e represents proton charge (=1.).

The data are now effec.vely a table of integral energy fluxes
versus energy and are treated as such by switching control to
Option 2, The comments under Option 2 relating to optimum
cheico of input data values, to ensure stability, apply to this option
also,
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Opticn 2;

The code reads energy valres and the enrresponding infegrail
energy fluxes. LSSC next rusds twe cards contzining nine quanti-
ties which define the output energivs for the differentizl energy
flux. The nine quaniities are named EMAX, EMIN, EBI, ER2,
DEL1, DEL2, DEL3, and DEI.4. The output energy values are
compuied in the following way. EMIN is the lowest exergy. Sue- -
ceeding enérgies are obtained by adding DEL1 until EB1 is reached
or passed. Then DEL2 ig added until EB2 is resched ur passed.
This procedure is folled until EMAX is veact~1 or 250 energy
points are computed. Thus, the euergy mesh for the output poinis
is divided into four or fewe: ranges with constant intervals within
ea~h; range. This method of defining output energy points is used
in Option 1, 2, 4 and 5 since these options all proceed through
Option 2.

The integral energy spectrum is assumerl to be represented by an
analytic power function in the interval E: to Ej 4+ 1:

FE)=—-8 P E<zsw 2-19
- 1

By definition
d g .
- F(E) = -{(E) 2-20
~ 5
Differentiating 2-20 one obtains the difiercntial energy spectrum,
f(z) = ce’P 2-21
From Equation 2-1¢

C=(D-1) "Eu-f:]) 2-22
E

An expression for D is obtained by evaluating Equation 2-19 at the

end points,

i
o l{ ?Ei)/f €, ) -
n 4 l?.i/.r_i + q

m
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Substituting Equations 2-22 and 2-23 in Equation 2-21, the
differential energy spectrum is:

_ In ‘F(E.)/F(E. )}
F(E) . { i i+l .
E In {Ei/E E,SESE,, 224

f(E) =
i+l
Eguation 2-24 is evaluated numerically; F(E) is obtained by
polynomial interpolation in the log of E and F(E) table. Special
provisions are made at those energy points where the size of the
energy interval changes,

Option 2 occasionally produces small oscillations in the output
spectrum but is more satisfactory than a numericai or graphical
differentiation scheme. This is especially true when crude graphs
of integral fluxes are to be analyzed. W Option 1 or 2 is used, it
is suggested that the vzlues of F(E) be replotted and a smooth
curve drawn. Then & io 15 (maximum of 50) points may be read
off the graph. The replotted data are not more zccurate than the
original, but tluctuations caused by errors in reading coarse inter-
val graphs are minimized.

The derivative is very sensitive to random fluctuations. For this
reason, points should be selected so that differences hetween suc-
cessive flux and energy values are large, compared to the graph
reading error. Ali runs should be examined to determine that the
solution is satisfactory.

Option 3:

The spectrum converter code reads a table of differential rigidity
flux versus rigidity. Rigidity is transformed to energy according
to Equation 2-18. The intesral flux is transformed as:

/R + 938

f(E) = F(R) T R 2-25

In this option only, the cutput energy points correspond to the
input rigidity points, one to one.

11
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Option 4:
The integral rigidity flux according to a power lav: is given in
Equation 2-26. -

F(R) = AR'B 2-26

The code reads A, B, and a table of rigidities. The flux at each
rigiuity is computed using Equation 2-26. The rigidities are con-
verted to energies using Equation 2-18. Control is then transferred
to Option 2,

Option 5:

The integral energy flux accordiag to a power law is given in
Equation 2-27. ) :

F(E) = AE™® 2-27
The code reads A, B, and a table of energies. The flux at each

“energy is computed using Equation 2-27. Control is then trans-

ferred to Option 2

A FORTRAN listing of LSSC is given in Appendix III. TRINTF is
a Lockiiced trapezoidal integration subroutine. Other subroutines
may be obtained through HARE.

2.3 TRAPPING THECRY

Charged particles entering the magnetic field of the earth from
outer space uudergo a curvature of their tiajectery. Since rigidity
is related to curvature, it is possible to calculate the energy of a
particle if iis rigidily can be measured. One of the properties of
the earth's field is that the closer ar energetic particle approaches
to the geomagnetic equator, the greater the rigidity required for
the particie to penetrate the earth's magnetic Jield. As a particle
approaches the geomagnetic pole this rigidity value cecreases until
at the pole the necessary value is zero. Furthermore, since an
increase in altitude also decreases the rigidity requirement, it is
possible tc obtain a more complete rigiaity spectrum through the
use of ba'loon or rocket flights. It is common to give spectra in

12
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terms of integral rigidity since it is relatively easy to measure
particles with a rigidity in excess of a certain value. For example,
all the particles arriving at a certain global point will have a
rigidity in excess of a certain given value which is deterinined by
their global position.

The object of this section is to give a heuristic explanation of the
effects of a planetary magnetic field on charged particles. For
individuals who wish to prche deeper and obtain a mathematical
model, references are given in Section 2. 6.

In the cases of the sun and the earth, charged particles spiral
along magnetic lines connected to the respective astronomical
body. The manner in which these lines occur is quite different in
the case of the sun (see Section 2. 4) from that of the earth. The
magnetic lines around the earth are due to its magnetic dipole and
are, to a first order approximation, relatively stable in time.
This is not the case for some of the solar lines. They form with
a flare and in tinie increase in size while becoming weaker, per-
haps even breaking loose. from the sun.

Because it is considerably easier to describe the case of the earth
first and thern extend this case tc that of the sun (see Section 2. 4),
a hypothetical model from which both could be developed will not
be used.

Froin elementary etectromagnetic theory, consider the case of a
charged particle traversing a uniform parallel magnetic field.
According to the Lorentz force which is given by Equation 2-3, the
particle will suffer a transverse force. There are two perturba-
tions that will result in a distoriion of the purely circular motion
which would exist if the field were perfectly straight and parallel.
These perturbations produce a drift of the particle.

If a magnetic field is as shown in Figure 2-4 and a charged particle
traverses the field at right angles, :hen its path is curved as

stated previously. If the field is not uniform, but decreases in
strength as shown in Figure 2-5, the particle wiil desecribe a
trajectory with ever increasing radius of curvature, If the particle

13
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path turns past the normal to the field gradient, the patticle will
again enter the denser part of the field, shortening its radius of
curvature. Tha result is a drift of the particle normal to both the
field (B) and the quantity VB as shown in Figure 2-6 and
Figure 2-7, where V_LB is the component of the gradient of B
which is perpendicular to B. A second drift results from conver-
‘gence of the field lines as shown in Figure 2-8.

V.iB

B

o) ? » © © o 9 O
) ¢ ¢ o o 9 ¢ o o
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FIGURE 2-6 CHARGED PARTICLE DRIFT NORMAL TO
MAGNETIC FIELD & FIELD GRADIENT
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FIGURE 2-7 CHARGED PARTICLE DRIFT NORMAL TO
MAGNETIC FIELD AND FIELD GRADIENT

Consider a charged particle following the path P. I the particle
is proceeding in tke +Z direction, as it cuts the converging lines
B, it develops a -Z coruponent as shown by £/Z. This tends to
cecrease its + Z velocity, finally reversing the particle at the
mirror plane M-M'. The axis of the motion is called the guiding
center as shown in Figure 2-8. :

Since the earth itself is one of the best models availabie, its

-magnetic dipole solenoidal field wili be discussed first. The dipole

fieid is shown in Figure 2-9. For those who will wish to delve
further into the theory, ihe starting point will be the vector poten-
tial for a magnetic dipole,

A=- ux V/r) 2-28
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FIGURE 2-8 MIRROR REFLECTION OF CHARGED PARTICLE
IN CON’ERGENT MAGNETIC FIELD
Here _,r is magnetic dipole moment and is given aumerically by
[ 25
Vil = 8.091 x 10" ergs/gauss
The vector basis for the derivation is given in earth geomagnetic

coordinates (4 , X, r) by the unit vectors (ec ,ex A er)
Maxwell's equations then give for the magnetic field strength:

H= VxA= Jd [(oos X)e)‘ - (2 sin )\)E:] 2-29

3
r
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FIGURE 2-9 DPIPOLE SCLENOIDAL FIELD

The details of the vector potential and the derivation of the field
strength is given in the works of Fermi{F1), The details of the
curl formula, application and reducticn, have been nassed over,
but can readily be found(S1},

Because the earth field line density varies with distance from the
dipole and also since the field lines are curved, the particle

18




R -spirals about the guiding center line which follows the field lines.
L T Furthermore, the drift velocity is a function of position with
I R respect to the equatorial plane, The guiding center-drift velocity -~ -
o ST _j_f is greatest at the equatorial plane, and as the particle moves
' e - toward a pole, this drift velocity decreases until finally the particie

o . reverses its driit direction at a point called a mjrfor point as shown

coe ' in Figure 2-10. It then travels through the flux tube to a conjugate o

R mi1rcr point near the other pole, ; . '

Z

— Mirror Point

s
.
3
i
1
3 Conjugate

Mirror Point

[

FIGURE 2-10 CHARGED PARTICLE TRAPPED IN A FLUX TUBE
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The superposition of the drift along the guiding center with that

due to change in magnetic line density, with change in distance
from the center of the earth, gives a compound drift to terrestrially
trapped radiation as shown in Figure 2-11. in this figure, the
guiding center cn the dipole shell is shown for trapped particles.
The net result is a drift to the east for electrons and a Zrift to th
west for protons. -

Guiding
Center OrkLit

FIGURE 2-11 THE GUIDING CENTER ORBIT

This radiation has been spoken of as trapped. -It is now apparent
why. Once the particle is injected into a tube to spiral, it is very
difficult for the particle tc escape, the motion being such as to
confine the particle to a fiux tube as shown in Figure 2-12,

20
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Flux Tube
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Guiding Center
on Dipole
Field Line

FIGURE 2-12 MERIDIAN PLANE PROJECTION OF THE
MOTION OF A CHARGED PARTICLE
TRAPPED IN A FLUX TUBE
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Next, consider a pasticle in space traveling as shown in Figure
2-13. PBecause of the magretic field the particle will be subjected
to a tranaverse force.
Z *
¢

PRI OO DY -4 IS RS RIR W tomvaant W

G

E
\ T P2

AR TV e AREPARARY { ORTHENTARALS T ANIRAT O MANTEREEINN D TRNERNA R RN PR AR RN R DM AN TIR QSR DRI NIRRT

FIGURE 2-13 CHARGLD PALRTICLE MCTION iN
A DIPQLE FIELD

For a particle coming from ou:r space in the direction Pl in
Pigure 2-13 the transverse force will be such as to bend the
particle ic path G and send the particle back out of the terrestial

22
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system. If the particle is already trapped in the earth's magnetic
system, such as P2, the magnetic field may force the particie to
keep circl ag the earth as in path E. Thus the motion is confined
to a certain volume surrounding the earth as shown in Figure 2-12,
The density of particles with respect to position atiout the earth is
neyond the scope of this document but attention is called to two
references (Al: Ll)yhich describe such details.

2.4 SOLAR FLAKE PHYSICS

The exact cause of solar flares is not known, but there iz a goed
deal that can be said about them and certain conclusions that can
be nferred. The outer surface of the sun is a fluid, and its sur-
face suffers from unequal rotation when the sun rotates. It'is
natural to ¢ -sume thai different surface layers rotate differently,
bat it may be difficult to rationalize that different zones rotate
differently. Necvertheless, the equatorial zones rotate with a
pecriod of aboui 25 days while polar zones rotate with a period of
about 34 days.

The sun, like the earth, possesses a magnetic dipole, but because
the sun's suriace fluids are highly ionized, there are additional
magnetic effects not noticeable or earth. It would be bevond the
scope of this report to give the details of these effects, but a
quaiitative description is quite apropos.

Although the cause of solar flares is not firmly established, the
work of Babcock{(B1) gives a plausible model. One of the assump-
tions of this model concerns the particular geometry of the solar
dipole field. Normally it would be taken for granted that the lines
of force would be buried deep within the sun curvipg monotonicaily
toward 2nd then away from tbe dipole axis as shown in Figure 2-14.
The model used by Babcock assumes that the lines bend toward the
curface and thus lie in surface layers, called isotachkical layers.
This is shown in Figure 2-14. It is these surface lines that wiil

be involved ir the Jollowing.
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The vertical profile of the magnetic field at the equator, according
to the Babcock model, is shown in Figure 2-15. In Figure 2-15(a),
the lines are shown when no shear exists. In Figure 2-15(b),
vertical shear in comtinaticn with the equatorial azimuthal effects
described above cause a field increasing in depth,

et rtned

[es

R

e e bt 4

[

(a) Early in Flare Cycle

o—

(b) Late in Flare Cycle

FIGURE 2-15 VERTICAL DISTRIBUTION OF SOLAR FIELD LINES

The field lines in the vicinity of the central meridian, i.e., along

the line (y, y) in Figure 2-14(f), tend to be longitudinal and 1ot

comparatively dense. In certain zones off the central meridian .
where the field is mainly azimuthzl, i.c., in the vicinity of the
line (@, a) or (B, B), the lines are at maximum density relative

to the rest of the solar field. The difference in field strengths of

these zones causes trem=ndous vertical and horizontal magnetic

stresses,

——
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Since charged particles possess a magnetic field there is a tendency
to reduce the strength of the field into which they move. Ir rigure
2-16, the particles are located along line {H, H) and the field is
parallel. In Figure 2-16, some of the particles have moved to

line (J, J) reducing that field, and consequently the lines have
become bulged.

As the strese of the magnetic field beneath the surface becomes
larger, the cha~7~d particles start a migration to the surface
forcing the lires outward as in Figure 2-17. The results are
shown as they would appear on the surface of the sun. This proc-
c2ss continues until there is a considerable bulge as shown in
Figure 2-17. This bulge has acquired the name 'bottle".

As this bottle grows in size there is a tendency for particles to
pour tarough tie crifice A" in Figure 2-18. At the same time,
the lines resist being bulged. Thus, they become bubble shaped on
the solar surface., At this point a final effect begins to take place.
The solar Coriolis force comes into play and the bottle begins to
twist as shown in Figure 2-19. This twisting effect may pinch off

the bottie and free it from the solar surface.

The bottle is quite similar to a fieid caused by a dipole; this is
shown in Figure 2-20. If the lines at P were directed toward A they
would close as though a dipole were located at D, If particles of
the proper energy were enclosed in the bottl2, a sitvation similar

to terrestrial trapped radiation would result. These particles
would then spiral 2long a flux tube as shown in Figure 2-21.

Since the bottle is caused by particles traveling outward in space,

it is not fixed in size but grows with time. Furthermore, depending
upon the infiux of particles, the bottle may grow with or without
weakening,

It can be shown analytically that the energy of the particles trapped
in a given flux tube is confined in energy spread. If the particies
are too energetic, the field will not be strong enough to contain
them and they will escape. On the other hand, if the particles are
not energstic encugh, they will be confined to one of the central
tubes.
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FIGURE 4-18 UNDISTORTED SOLAR MAGNETIC FIELD

FIGURE 2-17 VERTICAL DISTORTION OF SOLAR
MAGNETIC FIELD PRIOR TO FLARE
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FIGURE 2-18 SOLAR MAGNETIC I'INES ASSGCIATED WITH A FLARE

d

FIGURE 2-19 CORIOLUS EFFECT ON SOLAR MAGNETIC LINES
ASSOCIATED WITH A FLARE
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FICURE 2-21 CHARGED PARTICLE MOTION IN SOLAR MAGNETIC BOTTLE
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If the particles pouring through the bottle orifice are slightly more
energetic than necessary to be contained in the bottle, and if they
are copious enough, they will carry-the bottle along with them. -
The bottle in this case wil! actually gros. while maintaining its

- strength. If the supply of particles is not rpplemshed however,

and if. there is an outward diffusion of them,: then the bottle will
grew; “but will become weaker, and will finally be dissipated in
space At this time, the orifice w111 close and the goiar surfaue

- will: return to normal

One of rthe unanswered questions concerns the rate at which -
particles pour through'the orifice.  Additionally, the change in
spectrum shape, as a-function of time, of the partlcles pouring
through thP orlfxce is not known

* Since optlcal observatlon is usua.uy”tm first indication of a solar

flare on the sun's surface and the size of the flare can be

measured by this techmque, this method is the predominant means
of classifying a solar flare. An accepted unit of measurement is
the "class'. The various classes, as fractions of the solar disk,
are given in Table 2-1, In determining the size by area measure- -
ment of the photograph, care must be taken to correct for the
foreshortening. Figure 2-22 gives the correction for this. The
actual peculiarities of the optical properties of a flare are quite
complex and the existence of-other characteristics does nol presup-
nose the existence of an optical characteristic.

The optical characteristics include not only the size of the flare,
wut its brightness, which is usually indicated by a + or - sign. A
large bright flare being, say, a 3+. There are measurements of
temperature and shape of the flare; location with respect to the
solar equator, and occasionally, magnetic measurements marde at
the time of the cptical obsarvation, Normally the temperature of
the corona over the region of a flare is of the order of 2 x 106 ok,
but during the flare this may increase to 4 x 108 °k(P1), The

- speed of the expanding coronal wave is closely linked with this

temperature and is, in itself, a significant characteristic., This
coronal wave is much slower moving than other burst irradiations
and is the cavse of the solar wind geomagnetic storm.,
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(Method used by Climax, Hawaii, Lockheed and Sacramento peak as of October 1, 1960)
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FIGURE 2.22 FLARE ARSA AND IMPCRTANCE
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4.5 FLARES OF PARTICULAR INTEREST

f A few of the more important flares are separately considered and
will be discussed. In Figure 2-23 the differential energy spectra,
normalized to 1 h.a. 0. ¥, is given for six flares. The normaliza-
. tion tc 1 h. a. 0. is obtained by multiplying the spectra at T h.a.o.
- by T2; thus, f(E,t=1)= T2 f(E, t=T). In the following figures,
b spectra for other times atter onset are given.

The primary purpose of the accompanying brief descriptions is to
farpiiiarize those netw io the field with the literature and more
common spectral characteristics. Accompanying each flare
description there is a bibliographny for that flare. Some references
7 e ‘are repeated from flare to flare but this is necessary in order that
; P eack flare description be self-contained.

: , _Table 2-2 gives information on each of the flares that should be
i : B 'useful to the user. They are given in a composite table for com-
" parison purposes. :

¢ .
[ et S RN

* hour after onset
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23 Februury 1956

The moset famous flare from the standpoint of having a large high
energy particie flux is that of 23 February 1956 (Figure 2-24,
Table 2-3). This flare contdined more high energy particles than
any other tabulated flare. The low energy section was not as
copious as some later flares, and the exact reason for this is not
known at this time. The dose inside thie shield calculated for this
flare showed that for thin shields (< 20 gms/cm?) this flare was
not as significant as some others. However, for exceedingly thick
shields (> 200 gms/ cmz) this flare would generate many secondaries
and the dose ratio would rise considerably ir comparison to other
flares at this shield thickness. ’

L o A o O AR
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Historically this flare is unique in that it is the first fiare for
which a large amouat of data was compiled. The most interesting
article written on this flare is that of Meter, Parket, and Simpson
(Reference 5). At the time this article was written, there had
been no satellites in orbit and information was obtained from bal-
loon flights and ground measurements only. Not only are the data
presented in useful form, but these data formed the basis for the
first flare model suitable for space shielding investigations.

The artiole considers the following:
E ij o 1. Proton specirum.

2. Neatron spectrum (resulting irom proton
bombardment of the earth's atmosphere).

o

Time decoy of the flare.
- 4, Sclar flare model.

5. The solar magnetic field holding the protons
in a slowly expanding solar magnetic bofttie.
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Solar Flare of 10 May 1959 - o '

-This was one of the largest flares ever reported. It began with
extreme intensity bursts of solar radio noise. Solar particles
were observed at the earth within 5 hours of the optical beginning
and exhibited their maximum effect approximately 12 hours after
onset, '

N
t
i

This flare for the first time provided good exposures to nuclear
emulsions carried aloft by five balloons released 30 hours after
onset. The measured particles were almost entively protons. A
flux of 103 protons/cm%-sec above 110 Mev and an integrzl spec-
trum of N(E)dE = KE-%4-8 dE between 110-220 Mev was observed.
Based on different time exposures the decay of proton intensity
may be construed to iollow a t-2 decay rate. Figure 2-25 is a plot
of the solar protcn differential energy-spectrum for this event for
data measured 33 hours after onset. This spectrum is normalized
to 1 hour after onset by multiplying the original data by (33)2, and
the result is presented in Figure 2-23. This spectrum exhibits a
large differentia! energy ilux in the range from 10-20 Mev, but
there is a rapid decrease at higher energies, following an E~
distribution for energies above 300 Mev. See Table 2-4 for
references.
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Ref: Winckler, J. R.,
" NASA-TN-D588
~Ney, E. P., Winckler, J. R.,

‘ Jd | I T IRRE ‘Freier, P. S., "Protons from
10° ] I SN S8 . the Sun on May 12, 1959"
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- FIGURE 2-25 SOLAR PROTQN DIFFERENTIAL ENERGY SPECTRUM,
' 10 MAY 1959, 33.0 HAO
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f,'_ The Flare Group -of July 1959 : ’.g »

The great flare that oocuFed on 14 JuIv 1"9"59 (Figire 2-26, Table =~
. 2~5) was one of three that: occurred on 10, 14, and: 16-July 1959, °
* -~ All of the flares were of importance 3+ (¢ 5), “This creates an. -
S xtreme}y hazardous situation-to- space ﬁight as the possﬂ)ility of
S two such flares so close together ad been considered ‘remote.
~This: sxtuanon was t.o repeat 1tself in’ November 1960

i ?:mostwadely repurted Th  16- July 1‘!59 flare was varmusly
o reported as 3 and $+ Brown and D'Arcy(s‘ Ehmtart(") and

:'A comprehenswe artxcle on ﬂns group of ﬂares is that of kaler,
Blavson, -and- ?Deterson(‘z) -“‘Vhile nossu S
L general descript mns a.nd the exponential fau ,f the spe.,tra are well
} :depxeted

e -

: .Desp.te ».he reports that the 16 J‘uly 1959 ﬂare was not as s1gmﬁcant
. as-the other two; the article by WmckleL et al, staies that the
S ngldity spectrum extends to about 1 Bv. This article also gives a
‘ qua.hfzcatmn on the low- energy content in stating that-the low energy
group content was not greater than obser ved in other events of the
July series. : : m A '

,.,The ]4,July flare was the greatest of the three and there is an
impiication that the flare contained two maxim:'?), Une occurred
at 0349 U. T. and the other at 0527 1, T. The nature of this flare
was such that it had a copious content of low energy particles.
Furthermore, the high energy content was exceeded only by the
23 February 1956 flare.

A description of the magnetlc storm and other details can be
found in the Winkler article(?),
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14 JULY 1959, 31.5 HAO '
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3 September 1960

‘The flare that occurred 3 Septemnber 1560 {Figure 2-27, Table 2-6)
was not in the same categery as the other flares considered in this
report. It was deemed important, however, .to cxamine at least
one well documented small flare. It is conceivable thai the rela-
tively large number of small flares that occur is eiough to warrant
their examinztion.

By 1960 is was apparent that better monitoring of solar flares was
required and consequently 2 24-hour-a-day standby for observation
of soiar conditions was instituied by NASA at Fort Churchill. As
socn as various stations around thie world notitied Fort Churchill,
sounding rockets were sent aloft for measuremeni of soiar particl
beams. As a resait of this vigil twe rockets were launched to
observe this particular flare, The flare commenced at 0040 U. T.
on 3 September 160 and rockets NASA 1019 and 1020 were sent
alofi at 1408 and 173¢ U, T., respectively, ibe same date,

Many previous flares had becni observed but not with the same
ingight a5 was possible in this case. The flare was preceded by
flares of smaller importance, and the interplanetary spatial effects
of these eariier {lares upbon the particies of tkis f.are were quite
evident, The eariier flares definitely caxsed electromagnetic
distrubances in the earth's magnetic field which caused soms
noticeable effect on the ]less energetic particles of tie 3 Sentembe.
1960 {lare, Yet the high energy particles of the 3 September 1960
flare easily spiraled through the solar clouds from the preceding
flares. These observations, more than an evaluation of the spectrs,
were the important aspects of this particular tlare,
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November 1950 Flare Group

The flare group of Ncvember 1960 was more intense than the July 1959
1959 flare group, although the 14 July 1959 flare was greater than

any one of the November 1960 flares. As with the 3 September 1960
flare, the Churchill group again sent aloft sounding rockets.

The two main flares, as in the case of the September 1960 flares.
were affected by both the particles and the magnetic fields of the
earlier flares(10), The 12 November 1960 flare {Figure 2-28,
Table 2-7) had an onset time of 1316 U.T. and a NASA sounding
rocket was launched at 1840 U.T. This was Rocket NASA 1024 and
contained emulsions that were recovercd. There were three
rockets sent aloft, NASA 1024, NASA 19015 (launched at 2332, 12
November 1960) and NASA 1016 (launched at 1603, 13 November
1960).

The details of the results of these rocket shots have been presented
in a NASA report by Ogilvie, Bryant, and Davis(7) which details
also the type of detector and the rocket trajectory specifications.
The change of spectrum with time is very well tabulated and the
radiation was observed with emulsions, Geiger counters and
scintillation counters. '

The 15 November flare (Figure 2-29, Table 2-8) had an onset
time of 0207 U.T. Three balloon flights were made during this
event. The first flight was made 9 hours after onset of the flare
and before ‘he disturbance of the earth's geomagnetic cutoffs.
The second flight was made 19 1/2 hours after onset of the flare
and showed the absence of geomagnetic cutoffs as particles with
low energies were detected. The thir. flight was made 38 hours
after onset of the flare and at this time the earth's geomagnetic
cutoffs were in effect again as the solar proton intensity was only
a few times higher than normal cosmic-ray background.
McCracken(3) states that the protons exhibited anisotropy during
the first 45 minutes of measurement by neutron riometers and by
90 minutes the protons had become isotropic.
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3.0 NUCLEAR DATA COMPILATION

3.1 INTRODUCTION

Conventional shielding anaiyses ha-e general'y dealt with
noncharged particles with energies below 14 Mev, and as a result,
the shield investigatrr became versed in the physical phenome. .~
pertinent to this energy range. The advent of the manned space-
craft nrogcam has stimulated interesi in a field of high energy
physics which has heretofore been primarily the province of the
physicist. The accompanying daia are intended to serve as an
intrnduction to the types of phenomena pertinent to these new
shielding oroblems. This is not intended to be a complete guide to
all the work in a field which has been quite 2-tive for a reriod well
in excess of a decade. Excellent topical reviews appear from

time to time, and the literature search in this compilation has
asuslly terminated with the most rceent review of L. .zguate scope
withoat necessarily checking original sources. In other instances,
iata have been accumulated only to the point of demonstratiag
order-of -magnitude or ‘rends of variation. If the bc . estimates
of quanities are desired, ne original sources should be consulted.
It is hoped. however that the references con...ned in these articles
will assist the resesr~her mat- . ially in tuis search for srimary
data,

A number of books anc ~:onographc are availabie in the field of
high energyv physics. Tho_ ' range in complexity from the two-volu -
"Mesons and Field' by Schwe' :r, Bethe, anu de Hoffmann(ss), * to
a simple monograph such as "High Energy Physics' by Lock(L8),
The latter is recommenced as an introduction both to experimental

3.2 ELEMENTARY PARTICLES

As the energy - ange of interest is increased, the number of
eizmenta>y particles involved in particle collisions also increases.

* References are listed at end of scetion,




Tle accompanying table of elementary particle~ (Table 3--1) gives
some of the krown elementary particles, their rest masszs in
Mev derived from the relation E = mc*, their me.n lives, and a
set of quantum numbers wkich characterize the rarticle further.
The quantum numbers are defined as folio7s:

Spin: Spin is the intrinsic angular momentum
of a particle measured in units or
fi=L/27T = 6.582 x 107~ ev-sec.

Lsotopic Spin: (T, Ty) Isotcpic spin is a quantum
number related tc the charge of the
particles., I also is given the name
"isobaric spin™ and "isospin" in the
literature. Like angular momentum, it
has integral of half-integra. values for
the total quantum number (T), and also
for its componenis along an axis in g
hypothetical space (1'y). However,
issiopic spin is not a true infrinsic
anguiar momentum.

Parity: The parity of a system is determined by
whether the wave function describing the
system does or does not change sign
upon an inversion of the space coordi-
nates. It is + for no change and - for
a change. The intrinsic parity of a
particle is determined by the effect of
its absorption upen the parity of a sys-
tem containing the: particle.

Strangeness (S): The ''strangeness' is related o the
charge center of a particle muliiplet as
explained below,

In addition to the quantum numbers, typical decay products are
given.
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The ‘'elementary" particles, as shown in Table 3-1, are grouped
in for ~ classes: photons, leptons, mesons, and baryons(Gl)(OI).
The class of photons contains on'y one member, the photon, which
i3 crupled to all other pat.icles through the clectromagnetic fieid.
The second class, the leptons, are fermions possessing no strong
couplings (fermions are those varticies with nalf integral spin).
The third clacs, mesons, are uns:able, spiiuess particies which
have strong coupling. The fourth class, the baryons, are
fermions which possess strong couplings and are conserved. The
respective antiparticles of these elementary particles ara believed
to have the same properties, except the sign of the following shouid
be reversed: the charge. the magnetic moment, the Z-component
of isctopic spir (" ,), the strangeness value (S), and the baryon
numb<x (N), The charge is related to Ty, S, ard N by the
following equation(‘q).

Q=Tz+ <+

3-
2 1

toim

Isotopic spin {or isobaric spin, as some call it) is associated with
the charge of a particle and not with any real intrinsic spin{G2)(J1)(83),

The foll >wing conservation laws apparently ho!1 for all elementary
particle interactions:

1. Conservation of charge
2, Conservation of mass-energy
3. Conservation of momentum (linear & angular)

4. Conservation of baryons

cn

Conservation of leptons

€. Conzervation of ""strangene«s''*

* May noti be conserved in weak interactions




7. Conservation of parity*

"Strangeness' can be partly described by considering the nucleons
(i. e. the protons and the neutrons) as the basic particles
(historically) in the baryon group and the pions (* - mesons) as
the basic particies in the meson group. The neutron and the proton
constitute a doublet with charges (¢ and 1 respectively and with
"charge center' at 1/2. Hence, any particle multiplet in the
baryon group (except antiparticles) with a '"charge center' not at
the "expected" 1/2 value is "strange". The strangeness number

is twice the value of the shift from the expected value. For
example, the neutral lambda particle has charze center at 0; the
shift is -1,/2 from the expected, thus the strangeness value is -1,
Further, the (Xi) doublet, { §©, &-). has the charge center

-1/2 and is shiftea -1 from the expected value. Thus it has a
strangeness value of -2, Similarly, in the meson group, the
charge center for the triplet (7 7, 70, and 1r+) is at 0; however,
the charge center for ihe (K°, K*) doublet is at +1/2; hence a
strangeness value of +1. As stated ahove, the strangeness value
for the antiparticle is the same as that for the particle except for
a change in sign.

In Table 3-1, the K° meson is indicatcd as being in one of two
different siates. Each of these states has a different mean life-
time and a different decay mode. K,© decays into two pions and
conserves parity; Ko© decays into three rions and does not conserve
parity.

The approximate thresholds for some partic'e interactions are
given in Tab'e 3-2. The charge is to be supplied and no conserva-
tion law must be violated in these strong interactions., N indicates
nucleon ana the bar indicates the antiparticle.

* May not be conserved in weak irteractions.




TABLE 3-2

REACTION THRESHOLDS"Y
Reaction Threshold (Bev)

A +K 0.76

2 +K 0.90
T + N

N- K+K 1.26

H+K+K 2.22

N+ A+K 1.56

N+ 2+K 1.76
N + N—

N+N+K+K 2.49

N+ H+K+K 3.75

Due to conservation of ctrangeness, strange particles are produced
more than cne at a tinie in nucleon-nucleon or pion-nucleon reac-
tions. The produciion of antibaryons from nucleon-nucleon
interactions requirec very energetic particles. For exaimple, the
threshold for the reaction P+ P—= P + P + 2P is 5.4 Bev. This
is the minimum threshold energy for antibaryon production in
nucteon-nuvcleon interactions.

3.3 NUCLEAR REACTICON MODELS

Within their limits of validity, theoretical nuclear reaction models
have proved to be useful in explaining sysiematic variations in
experimental data. As a consequence, the models provide excel-
lent guides for making the interpolations znd extrapolations so
necessary for practical penetration calculations. In some instances,




sufficient experimentai data are lacking and caiculatious from
mode:ls are used almost exclusively. A discussiou of the pertinent
nuciear mudels, with references, follows:

Free Particle Model

According to a mode!l first proposed by Serber(S4), whnen the
bombarding energy is sufficiently high, the motion of the incident
nucleon within the target rucleus can be treated classically as a
series of successive two-body collisions between the incident
nucleon and the individual nuczleons of the targel nucl!zus. The Pauli
principle is accounted for by requiring a momentum transfer greater
than the Fermi momentum of the nucleus counsidered statisticaliy as
an assembly of indeper‘ent particles. The effect of this is to
reduce the effective nucléun-nucieon cross seccion within the
nucleus. A recent paper Ly Winsberg and Clemenis(W®) gives the
effective nucicon-pucleon cruss sections in terms of the Goldherger
factor (1 - KE{/E;), where Er is the Fermi energy, E; is the
effective bombarding energy within thie nucleus, and K is the para-
meter calculated by using the differential nucleon-nucieon cross
sections tc obtzin momentum transfers. A plot of K as a function
of E; taken fiom their paper is given in Figure 3-1. The Fermi
energy. of a neutron or a proton, is given by the expressioniRG)

o 7 2/
. §9'n"f'3 ‘ﬁz Nj /3
B =%/ _ 2\a -
2 Mro

where 1 is related to the nuclear radius, R, by R= roAl/ 3 and
Nj is the numboer of neutrons or protons within the aucleus. The

Fermi energy is approximately 30 Mev for values of r, & 1.3 x 10-132m,

Due to the forward tias of elastic scattering at high energies, the
effect of the Pauli principlz is important at quite high hombarding
energies. Earlier work nsed ~.factor K = 7/5 which was derived
by Goldberger(G4) by assumring that the nucleon-nucleon scattering
is isotropic in the cenfer-oi-mass system,

A fuudamenial assinption of the Serber mode! is that A /27,
where A is ‘he nncleon wave leagth, will be much smaller than
the average nucleon-nucleon spacing, approxiraately 2 x 10713 cm.
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A piot of ('X = X/27) as a function of eneryy is given in

Figure 3-2. I the target nucleons are to be considered as free
particies, then wave lengths in the center-of-mass system, which
are also shown in Figure 3-2, should be used. It is clear that at
energies asbove 100 Mev, the Serber model! is valid. At lower
energies, however, we may expect some discrepancies between
theory and experiment.

This model was used by Goldberger(G‘*) and by Metropolis(M7),
et al, to calculate the energy spectra and angular distribution of
secondary particlies produced by direci interactions.

Optico! Modgels

The optical models bave been very fruitfut in "explzining'* the data
at almost all tombarding energies. A comprehensive review
arsicle by Feshbach(F3) gives the theoretical basis of the model
approximations used to obtain solutions to the problem, and a col-
lection of model parameters obtained by empir.._al fits of the data
at energies up to 300 Mev. In this model, the various many-bady
reactions aie replaced by a potential, V, between the incident
particiz and the ~ucleus.

The energy spread of the beam is assumed to be much larger than
the spacing between levels in the nucleus so that only average effects
of energy levzis of the system will be seer. Even though this
hypothesis is aot fulfilled for the very light elements, differential
elastic cross sections have been fitted remarkably well even for

14 Mev reutrons on bery!lium,

A semi-classical calculation by Fernbach, Serber, and Taylor(F )
gives resuits suitable for sufficiently high incident energies. Here
i. is assumed that the neuiron wave length is small compared to
internucleon spacing and that scattering has a strong torward bhias.
The nucleus is described in terms of the nuclear radius R, an
absorpticn constant K, and the in~rement in the wave number inside
the nucleus k. Calculated are the absorption cross section .0,
the total cross section o ard the differential elastic cross section

do/dfl .

For a simple square weil, if KR > 1, do /d{) is very similar to
the ditfraction scattering from a cylinder (or biack disc), namely
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n o
a =

2
] s
do . 2004 J,(2KK' sin 9/4)]
i (R') 2kk' sin 8/2
where Jj is a first :r ier Besse! function, R'=R + 1/k=R + 'X

1/k= 4, and k' is the bombarding particle’s wave nuraber after
collision.

-

A tynical result is shown in Figure 3-3 which saows the experimental
data on se'. eral elements at 82 Mev compared wita the abcve equa-
tion.
The applicability of diffraction scattering is so general that a plot
of EJI (x)/x}2 is presented in Figure 3-4. The angle, at which
do/d§l is half meximum to the exter: that 8 = sin 8, is given
by
1.7 X o

, 91/2“1&{"1‘73 5-4
A plot of 91 /2 as a functica of bombarding energy is given in
Figuie 3-5 for several nuclides of interest. It has been assumed
that

with ry=1.28 x 16°13 cm.

Tne Jarge forward bias at high energies is apparent. Experimental
deviations from this model are usually attributed to a diffuse
nuclear boundary azd to transparency eifecte.

The parameters K and kj can be expressed ir terms of the average
nrucleon-nucleon cross section ¥, the nurcleon-nucleon ferward
scattering amplitude f(0), and the mean nuclear poteatial.

K=A &/(¢/3)7R° 3-6
k =2mp X Re f(0) = V/he B 3-7

where p is the nuclear density and V the mean nuclear potential,
The average cross section for bombarding particles of type i is

given by
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N.o.+(A-N)c..
i id i

T - 1 -
i A 3-8

where N; = number of nucleons of type i {neutron or protox) in the
nucleus, O3, is the effective proton-proton (neutron-neutron)
cross section and 0j; is the neuiron-proton (proton-rneutron)
crass section. The absorption cross section for 2 uniform density
of nuclecens is given by
s
x|
21, 1 - 2KRje
o = 7R !1-‘ 1= j 3-9
a 2_2
2K R

A phenom=enological model developed from the 'cloudy crystal bali”
of Weisskopf, et al., (*¥4) has been guite successful in vxplaining
the data for neutron or proion hoinbarding energies. The nuvclear
interaction is represented by a potential of the form

V= —VC pc(r) + 1 chc(r,

dp w_ dq’; ——
+ X2 [V 1__so,; %0 soim. 7 3-10

sor dr r dr

where Xy is the Compton wave length of the pi meson

(t.4x 10713 cm), Vxx and Wy, are constants depending on bom-
barding energy, p and q are functions of r to exprass the effec_t_g
of adiffuse nuclear surface, & is the particle spin vector, and L
is the orbital anguiar momenium vector.

A table of the verious functions p _and q used in the literature is
given in the article by Feshbach(¥3). Bjorklund and Fernback(B11;
obtain excellent fits to all the data up to several hundred Mev with

P,= P

= 3-1
c so - Y0 1

and

<

- -1
P.ix) = [1 + exp (r - R)/a] 1; a=0.65x10 " cm 3-12

2,2 -1:
qir) = exp[— (r-R) /b _]; b=0.98x10 13 cm 3-13

Resiacr e *

' .
)

b 300




e
:
£
[

Rer alS 13
(6]

;T =1.25x 10 em 3-14

These mode!s are used for calculating

crt = total cross section

o = o, + o, the vross section for compound nucleus formation

c fl

do
SQ S . .
o0 = shape-elastic differeantial cross section

Here oy is the "fluctuation' cross section; it is associated with
compound elastic scattering at low bombarding energies and is
negligible at higner energies.

This mode! should be used if accurate cross sections are desired
at energies up to, say, 80 Mev. Beyster(B10) gives tables
enabling cross section calculatiowu for neutrons on 26 elements for
bombarding erergies up to 18 Mev. Potential parameters are
given hy Bjorklund and Fernback(B12) and by Feshbach(F3) for
energies up to 300 Mev for protons and neutrons,

3.4 NUCLEON-NUCLEON CROSS SECTIONS

Basic nucleon-nucleon cross sections are irpertant because
hydregen and hydrogen-bearing plastics are likely materials for
space radiation shielding. Furthermore, it is indicated in

Section 3.3 that non-eiastic cress sections for nucleons on com-
plex nuclei may be calculared from nucleon-nucleon cross sections.
The data presented here ae largely from the review by HesstH4)
supplemented by references 10 the more recent literature. These
cross sections are plotted in Figures ¢ -6 and 3-7.

The only reaction of significance below the threshold for meson
production at 280 Mev is elastic scattering. Single meson produc-
tion predominates for bombarding snergies below 1 Bev. At
higher bombarding energies, multiple meson production and the
production of other particles becomes possible., The threshnld
energ, s for these reactions are givea in Section 3. 2,
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The proton-proton cross sections are easiest to measure, Beams
of precisely known energy may be exiracted from an w:>celerator
to bombard liquid hydrogen. Total cross sections have been
measured at bombarding energies up to almost 30 Bev.
Disregarding Coulomb effects, the neutron-neutron cross section
is assumed in current theories to be equal to the proton-proton
cross section. No evidence to the centrary has been found.

Angular distributions have been -  3sured both for elastic and
inelastic events. The reivew by Hess(H%) zises the differential
elastic proton-proton cross sections at several bombarding
energies up to 4400 Mev. Neutron-neutron scattering has been
measured at 300 and 590 Mev and is similar to proton-proton
scattering. The p-p scattering becomes peaked in the forward
direction in the neighborhood of 20 Mev, largely due to Coulomb
and Coulomb-nuclear effects; the scattering becomes more peaked
in the forward direction as tombarding energy is increased,
particularly at bombarding energies above 500 Mev. The neutron-
proton and proton-neutron cross sections (which are the same)
are somewhat more difficult tc measure. High energy beams of
neutrons well defined in energy are difficult to obtain. Enexgy
spreads of the order of 20% (full width at half maximum) are not
uncuommon, The proton-neutron cross section may be measured
by the diffierence between proton-deuteron and proton-proton
cross sections, There is a large correction for screening by the
"spectator' particle in the deuteron with a resultant uncertainty in
cross section. The correction becomes smaller as bombarding
energies are increased. In Figure 3-7, separate curves are
arawn for the p-n cross gections measured by the difference
method and for the n-p cross sections measured directly. Angular
distrihutions for elastic scattering are also given by Hess(H4),
They are approximately symmetrical about 90° in the center-of-
mass system and are almost flat below 40 Mev; the "dip' at 90°
increases rapidly with bombarding energy above 50 Mev.
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3.5 NUCLEON-NUCLEUS (CROSS SECTIONS

3.5.1 Total Cross Sections T .

The total nucleon-nucleus cross sections are measured in a

"good geometry" attenuation experiment, In practice, transmis-
sions must be corrected for elastic scatiering into the finite solid
angle subtended by the detector. Coulomb effects for high energy
protons (Energy > 1 Bev) or for high Z materials make these
corrections large. As a conseanenra  tcig) proion cross sections
have been measured at the higher bombarding energies only for
low Z raaterials. The experimental techniques for total cross
section measurement is simple in principle, and data exist for a
large number of bombarding energies and target nuclei,
Representative data are given in Tabie 3-3. Plots of cross section
as a function of bombarding energy for several elements are given
in Figure 3-8 and a: a function of mass number of target nuclei for
several bombarding energies in Figure 3-9. From the table, it is
evident that neutron and proton cross sections are approximately
the same, No distiriction of bombarding particles is made in
Figure 3-8. The incr-ase in cross section at bombarding energies
above 300 Mev is often attributed to meson threshold effects, but
no such rise ir obszrved in non-elastic crouss sections, as will be
shown later. From Figure 3-9, a smooth dependence on mass
number is observed for bombarding energies above 95 Mev. The
structure in the curves at lower energies is due to ''giant resonznce"
eifects described by the optical model with a diffuse surface
described in Section 3. 3.

Total cross sections as such are not used direcily in penetration
czlculations of high energy protons. However, the elastic scat-
tering cross sections are obtained ‘rom ihe difference between
total and non-elastic cross seciions,

3.£.2 Differential Elastic Scattering Cross Seciions

The genseral character.stics of elastic scattering of nucleons by
auclei is discussed in Section 3. 3, In that section, typica! experi-
.aentzl data are aisc presentad, References of pertinent
experimental data are given in Table 3-4, which is largely seif-
explanatory. In this iable, B,y and By, give i1e maximum
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and minimum angles at which data were observed. In some
insiances the authors have integrated the differential elastic curve
to obtain the elastic cross section, In order to do this the data
must be extrapolated to 0° and 180°. A relatively large error is
possible in this process.

3.5.3 Non-Elastic Cross Sections

Non-elastic cross sections arc usually measured in a '*voor
geometry' experimenc when the elastic scattering is predominant
in the forward hemisphere. Sphere transmission techniques are
also available for lower bombarding energies. Both techniques ar~
often difficult to apply in practical cases so that the data are not so
prolific as total cross section measurements. Kepresentative data
are given in Table 3-5 and are plotted in Figures 3-10 and 3-11.
The smooth dependence on mass number, except at energies below
100 Mev, is significant. Furthermore, cross sections change very
little at bombarding energies above 200 Mev. Recent measure-
ments in the neighborhood of 25 3evil®) found non-elastic cross
sections almost identical to those at 1.4 Bev. These data suggest
that the nun.ber K in Equation 3-6 may be considered a constant of
nuclear matter a* tiese bombarding energies, at least for the
accuracy of present secondary production calculations. Futhermore,
there is apparertly no sicnificant difference between neutron and
rroton cross sections at the high energy range. For neutrons less
than 100 Mev, additional non-elastic cross secticas may be found
in BNL 325¢(H12),

3.5.4 Other Cross Sections

Of particular interest to sccondary particle analysis are the

details of nou-elastic collisions. Reactions of the type (p,xp' + yn),
where x and y are integers, can be measured by radiochemical
techniques, A reviev by Miller and HudisM9) summarizes the
gzrlier work in this field. The number of reaction products for a
givea bombardirg erergy and target nucieus can ke juite large, as
is exemplified in a recent paper by Rudstam, et al{R8) on the
so-called spallation of copper by high enerzy protons. Radic-
chemical techniques do not rield information as to the energy and
angular dist.ibution of reaction products.
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A few measurem: s of the energy distribution of reaction products
have been performed. Inthese instances measurs nents huve been
made of d2 0/dldE as a function of energy of the sscondary
particle and as a function of angle of observation. References tc
some of these measurements are given in Table 3-6. A tvpical
spectrum of protons from inelastic scattering of 95 Mev protons
incident on carbun is given in Figure 3-12, A numbcr of fluctuations
which correspond to energy levels of the turget nucleus can be
observed in the speciral intensity, The magnitude of these Iluctua-
tions decrzases as the mass nimber of the target is increased and
as the bombarding energy is increased. The .. 'ple structural
models of Section 3. 3 are incapable of predicting the details which
are observed. Tyren and co-wc. kers(T3 thronch T7) jnieorated
the intensity under the peaks observed ot energy levels corre:-
sponding to 4.3 and 9.6 Mev excited in carbon hy 182 Mav protons
to obtain cross sectiuns for excitations of 5.3 and 2,4 millibarns
respectively.

The total inelastic croess sections of carbon at this bombarding
energy is 200 millibarns according to Figure 3-11. Thus the
effects of the peakz are orly a few percent of the total. Tvren and
Maris(T4 T5, T, T7) pave observed that for 155 Mev protons the
angular distribulior: of secondaries depends on the energy of the
secondaries; that is to say, the spectra depead on the angle of
observetion. ¥or some energies of the inelasticallv scattered
protons a dip in the forward direction was observed together with
peaks at, say, 20° in the laboratory system.

A particular type of nucleon-nuclaus (p, 2p) interaction has been
ramed '"quasi-elastic srattering”. Two spectromieters in
coincidence are used for the measurements, and the distribution

in 2nergy aad angle of coincident protons is observed. From these
measurements, the energy distribution in the nucleus of the
rucleons participating in direct interactions is inferred. I a target
nucleon is at rest, a nucleon-nucleon collision results in two
moving nucleons with coplanar trajectories at 90 degrees to each
other. The sum of the energies of the two nicleons is equal to the
bombarding energy. A distribution of motion 0. target nucleons,
such as those within 4 nucleus, will result in a distribution in
summed energy and in angle of the resultant nucleons, Measurements
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of quasi-elastic scattering are svininarized in Table 3-7. The
general results indicate that only nucleons at the surface partici-
pate in quasi-elastic scattering at bombarding energies below

50 Mev, but that the entire nuclear volume participates in these
reactions at bombarding energies in the neighborhocd of 200 Mev.
The energy level structure of the target nucleus affects the distri-
bution but probably nct enough to perturb secondary production
calculations based on an exérgy continuum,

3.6 PIONS AND PION REACTIONS

Pions, or pi mesons, are produced in micleon-nucleon collisions
at bombarding energies above 290 Mev., For nucleons bound in 2
nucleus, the threshold is somewhat lower due to iaternal motion
within the nucleus. Thus, some pion production is to be expected
at becmbarding energies of interest to space shielding.

Both the stopping power and the range of non-relativistic charged
pions are approximateiy equai tc thrse of protons of energy

mp/ mq = 6.7) times the pion energy. Thus, for example, a one
Mev charged pion has the range and stopping power of 6.7 Mev
proton. The time required to stop a nion in solid materials is
short compared to its mean life. Upon stopping, negative piops
form ""'mesic atoms" with the emissicn of quasi-optical photon
radiation of up to 5 Mev for Z = 92. Calculations of this radiation
are complicated by the fact that some particle orbits lie within
the nucleus. Marshak(M9) discusses the slowing down of pions
and the energy leveis of mesic atoms,

The mean life of the neutral pion is Z x 10716 seconds. and it
decays into two gamma rays each with an erergy equal to half the
rest mass (68 Mev) augmented by the kinetic energy of the pion,
High energy gamma ray phenomena have been discussed extensively
by Rossi{R9), Charged pions decay iuto muons and neutrinos. The
muons, having the same order oi magnitude of mass as the pions,
will have similar ionization properties, out they do not interact
strorgly with nuclei. The mean lifetime for the charged pion decay
process is 2.5 x 10-8 seconds in the frame of reference in which the
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pion is at rest. A charged pion of kinetic egergy, T, will travel a
distance of
—~ 2
L = speed x mean life = 7.5 x 102 Iil + T/mocz) - {]1/2 cm

ir one mean iife. The Einstein time dilation has been included in
the equation. :

For low kinetic energies (T < < mcz)

/

poewd  peowni  twmsi BN NN WG

2
L =28x10 Tl 2 (Mev) cm

Thus, orly very low energy charged pions will decay appreciably
within the distance of two meters.

bveion]  yeowand

At low bombarding energies, pions interact with nucieons in the
following typical! reactions:

Forrninid

+ +
T +p—= T +p

| -y

(elastic scattering)
M +p— T +D
T  +

T +h —
! o p {charge exchange)
- T +p-— 7w +n

T +n-—- Y+p

VIR TSR P I DRI I e AL
N F s

Iy
t T +p*= y+n

(radiative capture)

At higher bombarding energies, other reactions occur which

: result in the production of strange particles or more than one picn.
; Some of these reactions proceed by the production of exiremely

§ ) short-lived particles (< 10-20 sec) which deczy into two or three
P pi mesons, These particles have beern varicusly called rho,
cmeys, and eta me:.ons, and th._y are of intense interest in basic
phvsics but of littie i=icrest for applied calculations where gross

&

meson prodrzuon is groperly considerad.

L AR L

. Plots of the totzl pion-nucleon cross section for both pesirive and
: negative mesons are given in Figures 3-13 and 3-14, It is evident
L that a number of resonances cccur. The first, ir the neighborhood




SNOILOJS SSOH) ATVLOL d~ +k £€1-¢ AYADII

(rog) + *3
00°01 00°1 (R 10°

|
\\

/] N / | "

\ 09

\ )

\ \ - 08 @
1 001

+

021

d- &) (cu's

- a

|
\

002

X




0001

SNOLLOJS SS0¥O TVIOL d-_4

00°1

(rog) - 83

PI-£ JYNOIL

61°

10°

. b

e s (= il Sl

0g

oy

0s

09

0L

08

(d-_a) (qu) s

Ay
H .

e




O O R P L da “f“‘?'”",%" 3 %

of 190 Mev, has been exiensively discussed in the book by Bethe
and de Hoffman(B9),

It will be observed that the T~ -p cross section is almost exacity
one third the 7" ~p cross ¢ ection at this resonance. For the
negative pions, the ratios of elastic scattering to charge exchange
scattering to radiative capture are 9:1:2. Only elastic scattering
is allowed for the positive pions; the angular distribution of the
elastic scattering in the center-of-mass system is of the form
1+ 3 cos? 8. At other than the first resonance, the angular dis-
tribution is more comnlex and the interaction cross sections do
noi have such simple retios. Considerations of charge symmetry
and of charge independence of nuclear forces imply that the roles
of positive and negative pions arc reversed when neutr-ns are

the target particles. Ior example, the cross sections for positive
and negative pions are the same for deuteurium targets.

The measurement of pion-nucleon cross sections and of the enei gy
aad angvlar distribution of reaction products is an active field at
present; the literature is correspondinglv prolific and "transient"
in the sense of improved values hcing generated. Earlier data

are discussed in the bcok by Bethe and de Hoffman(B9), A recent
issue of Review of Modern Physics is devoted largely to pion data. *

When a pion interacts with a nucleus, considerations similar to
those concerning nucleon-nucleus ccllisions result. In particular,
optical moce’ potentials have been derived and Monte Carlo calcu-
lations for high energy intra-nuclear cascades have been
performed. In general, cross sections are of the same order of
magnitude as those for incident nucleons, but there are differences
in detail. A veview article by Litxdenba111n(L4)gives additional
information,

* Review of Modern Physics 33, July 1961.

96




Ag 0°'z ‘S2'T ‘6°T 1% $,1008-X (d ‘d)

‘0961 ‘98 ‘% "ON ‘G *T1oA ‘('18qV) *197T "AdY ‘sAyg
(£x08YyL) ‘syULWB[H SNOIIBA JO 19[ONN UO suojoxd Aq
SUGSIIN «4 Jo ‘podd 9yl uQ ‘LG6T ‘LLE ‘g€ (eIssny) 4LHr

Ao g' v
d +d ‘1961 ‘@b ‘9 ‘Il SaII38 ‘70§ ‘sAud ‘ury ‘[ug

AS $T ‘,d = v WnIpoiy
+ N ‘L86T ‘G6T ‘0LV (uopuo]) *oog ‘sfyd ‘ovoad

(1,7,dx3) e1onN uaBoapil 7 uoqary ‘a9 |},

aA0qu AdIouy O1IBUIY JOo SU00Id ABY OIWSOS Udamloq
uonjoRAIUI SISBIAUL (6S6T 9Ty ‘g (eissny) dLAp
$,'1098-X

uonoesy | d AN 0T ‘1961 ‘6VLT ‘€31 A9y 'skyd
LZ-wnuiwn]y

pue ‘p1-usdoxyry ‘¢-umifihasg jo jusuIpaequiog
u0j0Id ASI -G TE 9Y) Uiod] SUoIInaN jo sacuspuada(]
Ienduy pue exjoeds ASaouq '8G/ZT ‘8998-THON

Teunop

LV

v

Sv

FY

154

(A4

v

ON
Aoy

o 'Y 'soJajdowiay

1899 Y 'V CI{ 198UV

B19 ‘D "I ‘smolpuy

Td fuBlY

219 “°1 "M ‘vASOSYOTY

(819 d Y “I9q1V

"d "H ‘uosiopy

I0Gjny

SIONTYIIAY L'%

e e,

[ g
=2

-




ssaudura)S
"3aN Jo se[onaed Jo ABIS( ‘19, ‘60ZT ‘$ZI 'AdH ‘sAud

(s1s0yL)
SuoImaN A9 00¢ jo BulIe)eos Jea[onN ‘ZS/8 ‘8e6T1-THON

Ig 3 8y uc s,d A9 ‘g ‘*Z 'T ‘19, ‘TH9 ‘G2 'A0Y ‘sAyd
SJuUWoIH SNOTIBA

jo juswipaequiog JezojonN ASIsui-yYSIH oY) woa §a1011i8d
pedaey) Jo suounqrrisiq A3asuy pue 9i8uy ‘9¢/¢ ‘peee-THON
0R ‘D ‘ed

IT = ,d A9 GL9 ‘86T ‘116 ‘9 ® ‘LG6T ‘G8TIT ‘¢ JLAL
FIUBWIH I9YI0

B H Ui §7098-X N "A9€ G ‘1961 ‘0G8T ‘€21 A9y ‘sAyd
SUOIINON AN (Gg J0]

1o ®opONN ‘48, ‘GHL ‘OLV (uopuoT) 008 ‘shyd ‘ooid

_ 3/a8D 82-01
(d*d)o ‘09, "Poa ‘LLS ‘2T "ON ‘T '397 "+ *siyd

Teuanop

7d

£d

cd

1d

11y

o1y

6V

(ponuyuo)) SAONIYFTIAY

e e e s

v [HCYRNEY )

e19 ‘“"H "M ‘sejaeq
d "M ‘TTed

Bie ‘"M "H ‘Javeg
g T ‘Aeqred

Te3e <'s 1 ‘texi8yzy
"3 ‘"H ' ‘vosuppy
[e 19 °'y ‘sowysy

e 1s 'y ‘eqowrisy

Joyny

B T

Avatinre: i mré g |

98




suojoxd AW 00¢ Jo uonezunie|od pue
SurI0)3eng OTISEIY JO STSATRUY (LG, ‘G6L ‘BOT ‘ASY ‘SAyg

BABUBD) ‘RGET ‘Surasyjeog aeearonyn
~UGBONN J0J UOlFBIND[R)D IJUS - 9uryd ouxy - Jaded

Buneon £13100§ [1BO1SAUd NI0X MAN 81T ‘Suriapeng

JIRDIONN -Ud[ONN JOJ UOKRINNTED IJIYS - 29seyd joexy - Joded

(34 [B1UOJ 90BJING SN © Ym BIB(
Su118)7808 UOIINAN 15B JO SUOTIOIPOId ‘LS61 ‘660T VI

66T aung ‘NIOX ~ON
‘SUreld 9ym © to) B uosaotod ‘moy ‘Spreld 3 SUOSeN

(yusuodwo) aeeronN ruaey)
$109)J9 80€IING JBD[ONN (96, ‘197 ‘TOT ‘AeY ‘sAud

SI0MOYS ITY O1WIE0))
ur sl jo winxoads § (19, ‘Z86T ‘72T Ay ‘SAUd

A9N-1¢ (8 - d) ®o ‘9g, ‘g9 ‘TOT ‘Aoy 'shyq

SUOXINBN A9g -9's JO]
SUO1J0aG-X uondIosqy JIBS[ONN 4G, ‘FLET ‘FIT ‘AdY sAyd

Teuinop

£1d

e1d

Trd

o1d

6d

8d

Ld
94

(penunuo)) SHONHYAITY

e ‘g ‘punpjrofg

19 ‘" ‘punpiaelg

(t1e ‘g ‘punpjiclg

1813 ‘Y °p ‘I018hsg

e 19 'k ‘eyzod

[e19 “'v 4§ ‘Saeg

[e19 ‘*S ‘pouuey

G118 ‘' ‘@stuaausg

"H "d ‘pexxeg

aoyiny

95




Aeg 07 IeaN

SIUDWAINSESI UOIJ00S §S0I0) ‘LG, ‘0Z0T ‘90T "AdY *sAyd zed e ‘g 'V ‘Iouuaag
SuoIINaN ASIN -8 jOo Jurre)yeos nuselq ‘ae, ‘L) A9y ‘sfydg 179 18 39 ‘¥ ‘Tqeuodjeagq
| ‘ad ‘ad *D (d 490 §°7)% 2
‘od ‘O (_4 43D 5 1)% ‘gg, ‘806 ‘6 ‘(0T) ousUND oronN 0zd [eje ‘"1 ‘uemcqg
A3 07T 07 g1 a8ury ASaoudy oy} ul
SUOCTJ095-8804) [BI0L, UOIINSN ‘19, ‘0F9 ‘Z% "SAyd ‘onN 61d [e39 “"H ‘d ‘uamog
s,d AN 006 S,3098-X
JBS[ONN ‘LG, ‘607 ‘0LV (uwopuo) °‘sog ‘sAyd ‘ooad 819 39 ‘"d ‘N ‘goo4
Aed Z°% 1€ SUuolSI{[0D
d‘d ‘19. ‘ZPe ‘9 ‘Il soLIdS ‘ *00§ °sAyd ‘wy ‘{ing L1d e313 “"H "I ‘enig -
<
syuoumIay 0Z -
‘a9 2T 18 suonjoeay (N ‘d) GG, ‘OF€T ‘00T A8y ‘skud 91d 12 ‘°H *H ‘1888014
fsus(q
[0A9T JealonN jJo AXo9yl, ‘3G, ‘¥60T ‘€6 "A9Y ‘sdud e1d "0 ‘yoord
197onN Xo[dWo3 AQ SUOIINAN AW ~HT @ ‘-, ‘~-1'% 10
Su11997808 JO SISA[2uy [9poIN [Bo13dO ‘8C, ‘60T 49U "sAyd yid 838 ‘3 ‘puriyIolg
Teuanop "ON Joyny
Aoy

(ponupuo)) SAONAMAJITY

it ) A R i e



iscon i

SU0j0Id ASIN-0%Z AQ SUOSOIY _ L
puE 4 ASIN-0F JO UOnONpoId ‘ZS, ‘LGT ‘L8 "AdE .dyd

UOTIBIPBY OTWIS0) Jo jusuoduwio) d1HOS[INN &Y Jo

Wed o914 uesy uondiosqy (19, ‘T0ZT ‘Fgl "AdY 'SAYJ

SU00Id ASI-098

JI0}J SUOTIOSE SSOID UOTIBNUSHIY ‘GG, ‘188 ‘66 ‘AdY "sAyg
T13[ODN WInyy)I'y

UIYIIAL SUOISI{[0D U0j0IJ-U0)0xd ‘ZG, ‘I8 ‘L8 ‘~ed 'sAyd
D uo m._x AN ST T

gtz A9 poonpoad s,d o10ud ‘19, ‘P91 ‘ZZT "AdY ‘SAyg

uojoad ay; jo

SI10708,1 W04 o1ouewoajoe[d 19, ‘€z91 ‘FzT1 'AdY "sAyd
wnjuawo “Buy Y31 jo swoysAg Ivo[onN

punodulo)) WOJ] UOTSSTIUH oN ‘19, ‘882 ‘P21 "a9y 'sdygd

603'd B 4 g7"V JO JUsIpIRqUIOY
oy ur papIwid S,d B SO ‘19, ‘LL8 ‘gl ‘AeM ‘SAYJ

jeuInop

40

0

ged

ved

(ponunuo)) SAONAU T H T Y

T 'a ‘NIed

' 319 ‘Y ‘NInor)
Py - v

?19 g g ‘ueyd

[E 39 "0 ‘ulepIaquieu)

ie19 ‘'f Y ‘sous)d

e 19 ‘4 ‘aeq[rung

M 'H “yeoxg

(3@ “°0 "H ‘nug

Ioyny

e




o outar B LI

F YAH '8.3998-X prIN(NI X ‘%)
glV ® 110 X% .0 ‘96, ‘678 ‘T0T Aoy “sAYJ

p/Aed $-1 8,3098-X d + M ‘19, ‘0Z¢ 'SgT ‘AeY ‘sAud
oN A9 $°T §,3088-X JeaonN ‘GG, ‘69ET ‘86 AdY ‘sAyd

8% 3

‘0 ‘vIuo (8,d eI 2T) ™Mo '4g, ‘preT ‘GOT AW ‘efyg
suawaly ArsoH £q gunjoxd \e|N-gZ

Jo 3urae)yeog snorBWOUY (28, ‘6%CT ‘TOT Aoy ‘8Aud

sjuowaryg AArel ul suopovey (p‘d) pue
BurasnBoS uOY0ad ONENIAU] ‘4G, ‘066 ‘Q0T 'AeY ‘sAud

uotioneYy dz'd)

agIN 9} JO 88IPIIS QOUAPIOUYOD ‘4G, ‘89L ‘BOT 40U -84Ud
T T (€

Brem ‘PN = d) o g, ‘6Lu ‘BIT ‘iod 8hud
Bupaeyeng 1030ad O3IEBIOU] SUO[BLOUY

Jo seIpmyg JepaIng ‘8g, ‘g9ST ‘TIT 'AeY 'SAYq

Teuar

vy

¥10
€10
210

110

01D

6D

80

Lo

90
“oN
Lo

(ponupuod) SAONAYIITY

W DR i s MR e O de ok ekl MDA AR s RAh O ol adh T k. s Cead e e

230 ‘g A fTrepusan

e 19 ‘ ‘A .‘»OOO

B 18 ‘"L ‘300D

‘d "H ‘nejwo)d

|

-a “0 4 .q

19 ‘Y

fe1s ‘1

B

oy

ad

‘uayod

‘uayo))

‘uayod

‘uayod.

‘usyon

P




ABI (59T - AOIN 0S¥ (a4 + z& )0 '19/¢ ‘8HS6-THON (1 TR funaeg

setonaed A3asud YT yum (2]onN sujwody puw

CIDATIS “WNTWIOXYD JO UOISSIA ‘BG, ‘6LLT ‘GOT ‘AQYH sAY 90 [e10 ‘0 'n) ‘oyuusiua(l
SUOIINON
ABI @6 10} 9,3088-X JLBI[ONN ‘0G, ‘909 ‘Ll "ABY 'SAYJ s e 19 P ‘usang ap
SUOLMOIN
ASW (A7 JOJ SUONOOS-Y JBI[ONN ‘06, ‘L7 ‘US AT HAYY (]l ‘Lofudanp ¢y
(syuawary sydry
§.d ASIN STE ¥ 802) 0 ‘PG, .'86¢ ‘06 ‘A°Y ‘8AYQ 2 ‘D 'H ‘oy[eaae) ep
—— . [
A9 $ZZ 18 UOTIORISIU] o - _& ‘19, ‘L8GT ‘PTT "ASH 'WAYd za @12 p fyee( S
ASW 07 18 Yo uoainoN ‘gg, ‘8GE ‘76 A9y ‘sAYd 1 18 ‘g ‘v ‘Aeq
ASIN 92 > 0 ‘'ta1onN
MBI ur 89TEIS JO AN U oYL ‘IS, ‘€bZ ‘Z8 'AdY 'sAyq 910 1819 T "D ‘i .8Jyonad
(somsraajoeaey))
X +odk D +d'gY: ‘6¥L ', A0y "8Ayd S1D 19 "9 ‘M ‘{BputID
reuanop “oN 10Uy
Aoy
(perunuo)) SAONIHALAY
i l i “ ot m, o et 4 Bt g e ..._.:.::.“ pr Fonean PR v R . e T proen ey oL [ adadd .i..li.u

» DR o BT Db A A WA A A SR AP MUBAL WS kAT, (A1 Gt IR B ) L SR K e ¥ N ot AP ur Iy t'.lirﬁ




19[onN 4q
oN 3 ud1H jo Burxin,=05 oYL ‘6%, ‘ZGCT 'SL ARy 'SAd

. _ "ASIN 890T-¥£G
(d'd)e ‘68/6 ‘G837 ‘9 "ON ‘S (VA "19T "A9Y ‘”Aud

) sjuswely

Aneal woday (8,d A0l Te)°Y%s 98, ‘6201 ‘€6 "Aed 'sAud
o 8,d -« 0D

R ‘8y ‘ny + (ABIN 0F) 90 GG, ‘60ET ‘001 "AdY "sAUd
(ueysany vl) suoanaN ASN-0L9 ‘-06C ‘-008

‘~08¢ 301 o 96, ‘414 'FOT ODD “MEN ‘peqVv Apepjod
SUOI10BOY JBAJONN

Z-UBTE UT o ¢N Jo uoprewaoed ‘19, ‘z¢pT ‘63T ‘Aey ‘sfud
uorgaodean]

JBDIONN JO £013RWSISAS '] ‘SucpoBIAN JB3[ONN

d YB1H Jo suepenole) ‘O I ‘8%, ‘6991 ‘ITT "AdM “wAud

guoT10Bay A3x¢ud moT 031 uorsBoridy 111 sessevoxd ‘deAy

IBOIONN JO SUCHIBINOTRD O W ‘6C, ‘P89 ‘OTT 'A0M ‘sAyd
(N+N)'o T YS1H ‘29, ‘ge ‘T "ON ‘6 "10A ‘)0 'AGY 'sAyd

-

feuanop

v

£d

t4¢

T

e1a

11a

01a

6d
16

“oN
Loy

(ponunuod)) SHONAUITIAY

e 19 ‘°g ‘yoequasd

feje "L ‘nold

fe1s ‘"W 'Y ‘3u4aqsiy

mis I Y ‘Saoqsiy

e ‘°d A ‘acdeyayzag

e is ‘I ‘Adcaoxisc(]

12 ‘1 ‘Aysroaisod

e 19 ‘1 ‘AyFaoxsod

639 ‘'N 'V ‘sueppid

P —

FounY

104




ABIN P£, JE UOTIDAG- X COIOBAY (V0L d ‘68, ‘1¥Z ‘21 ‘SAYd "ODN

MJQ ur suojodxd Aol €91 Jo Surxopenyg
01RIS-d PNSRIF-TSENY ‘09, ‘Ob ‘BT 'sAyd ‘onN Ixg T

9ouUsIayJII YSBIN
TIOUL B 8, Jo uonjeIousdey ‘19, ‘goul ‘PRl "AOM sAUd

191onN AABSH pPUB SU0IMNON

Adxauy Y3ty Jo uonovINUL 9YL, ‘8¥6T ‘5921 ‘FL 40y "sAY4
o4 9l JO BWNIBJIT UBBIN 19, ‘PIOT ‘€7T a0 'sAYg
saro1lded AIvIudWaly (LG/) WV 10§

{(Avoo(] 1§ soBWRAG)

suossIN AABSH pue snodadAH ‘4G, ‘L ‘19§ CADN A9y ‘uuy
SUOJINON ASIN 087 0] T8]ONN JO ‘o {0G, ‘g7 ‘08 ‘AU 'sAyd
uonEN SN 1]

pue [opoIN T12ondO 9YL ‘86, ‘6% ‘8 "I98 OUN "AdY ‘uuy
(11eg 1e18430 £proio) s,oN

YIM SUO(}0BIY JEBAIONN J0] [SPOI ‘$S, ‘8%F ‘06 A0y "SAUd

Tsuanop

7O
£0
48]

0
i

\VeNUNUo)) SHONAYIIAY

e 1o

™10

1
1 90

L)

w19

[

ool fAupnoen

et ‘Burpnon

19 CH "] 'poon

W CJadaopron
B3 BRFI G G 1:1ET 4 19

W otuaeyr-(ien

I CLLTK-TROD

(€10 Y4 ‘xo4

‘H‘yovqysed

19 ‘1 ‘Yyoeqysas

Joymy

10m




PR Y 1 e S 4 e preoe R G -
l

uopnqrnsiq adxeyd Jea[onN uo Jurieeq s3] B JUSWPIBQUOE

N & YBIH ur 8,,1 Jo 'poad ‘96, ‘ugg ‘TOT "A0H ‘shuq TH

suoaIneN jo Sulieeog onsweleu] ‘gg, ‘998 ‘.8 A9y ‘sdud £H
968 T

‘roul ‘sdog pue As[Im uyop ,,8018ATd Jee[onN Aavjonpoaxjuy,, ¢H
AS ¥

1® 123N ‘N) |1V JO APMIS {26, ‘146 ‘90T "ael ‘sAyd TH

8U010ad AN -8T JO 3ula9)1BOS SNI8BIAU] o}
Wosy 191ONN 30 80R18US( [9AT 9SG, ‘G2p ‘€6 'Ad0d 'sAyg 1D
uoGIB) PUB ‘WaUTWN]Y ‘[MOIN ‘IBAUIS
‘PIOD JO JUBWPIBUIOYH UC)OIJ ASIN-06T WOJ] SUOIINON
£3xougy moTT Jo pioTX 9Injosqy oL ‘96/¢ ‘cgen~-TYON 0T1D

RO13X0UY 9)eIPAWAdIU] 18 §8a001d UOTJOBIIU]

10001Q 8Y) Jo WSUBYDOW oYL '6G, ‘SzZ ‘Z1 'SAYd ‘onN 60D
sosdr((y uBruye] ur LA1opnAleuy wox;

uolceg-X M Y3IH uo 3wy 19, ‘407 ‘PST "A9Y ‘sAYd 8D

[BUInop ‘ON

Aoy

(panupuo)) €IONAVIAITYH

! ﬂ?.i,;rwﬁhswﬁcﬁ Bl ik spAL A we P8 g e e e R e L T L R e 1 Py YOREAT SR 1, Rl

B10 "N "M ‘ssap

Te1e ‘°m “1osney

Q¢ ABpryey

1818 ‘3 ¥ ‘8uizy

‘D ‘d “10103nn

1839 0 Y ‘syngpan

19 ‘"M O ‘diequoada)

Ioyiny

S

[I72 NN

106




AR 0CE-L'0T ‘BUla913208 U0J0Id ~UNIINAN Jo uon)
~ejunsseIdny] xojowreaed -osuvyd ‘19, ‘9091 ‘enl A9Y tsdyd

SUOI1098 §S0ID) UOXINON ‘Gre TN 1a0doy

suonnqrasig

IBNIUY - SUOI}0OS SH0I) UOIINGN ‘9G6T AUNf ‘Go%-TNH
910 £q snojoad

ASN-6T JO Buraayyecs 041se[au] ‘GG, ‘60FT ‘00T "Ad¥ ‘sAyd

BUOJINON AOIN 08Z 07 ADIN #T JO SJUAMUIINSBOI
U01309g-SS0ID) UOIINAN JO ArBWiMLy ‘1G/G ‘COs T-THIN

SUOJIINAN A Z¥ I10] 2 ‘06, ‘TFR ‘00 A9Y ‘sAYd
SUOJINON AN €8 Jo Bulxa)lBag o1Seid {1G/¢ ‘60TT-THON

sU0jOId A3Toud YIIH JOJ SUOI08G-1180dD)
uonENUd}Y (830, ‘ "0D juewrdolsAs(q B YOIBOSIY BIULCHITD
‘AI07BJI0Q®T YOJIEOSY OJIOWIBATT ‘Zg, 09 ‘97~ V.ILW

BIR( UOTJO8S~X UODONN ~UOIONN
d Y3IH Jo ArBwwng ‘8¢, ‘R9g ‘O ‘SAYd ‘PO ‘Asy

D ——

[BuInor

&1H
21K

TTH

NTH

6H
8H
LH

9H

SH

“oN
Koy

(penunuo)) SAONAH AL T

T4t I TN
1630 e (I ‘soyEng

1230 “rp " ‘saydnyy

181G ° 0 M NBAULCK

€33 “"H "M ‘pueIqopilH
1819 ""H "M ‘pUeIq.piH

4 " Tpuraqepiry

'V od ‘syoIH

‘N "M ‘ss9H

Ioyny




Wonea RGP SRR vl

ASI 066 8 BurIonedS d - 4 ‘19, ‘108 ‘€21 'AeY 'sAyd

Asg 05-0 (d - z4 )0 ‘09,
‘ergsny ‘euquoq ‘P56~ ‘ ‘9AYd TBOTIOIOSYL JOo Al0jBIOQE]

(1,7, dxg) suojoag

ASIN 089 £G od Jo juswiparquIog oY) ur winrjoadg uoanaN
3] JO SIUDUIDINSBIN MON ‘6, ‘9FC ‘Ce (BIssny) d.LAL
SUOISNUIL IBOIONN Ul SUOUN

o/aed g Jo Bujxsyyeog o[8urs 19, ‘THOT ‘ZZT ‘AdH 'sAyd
wumirams( % usdoapiyg

wox) SUoso Jo °podd ojoud ‘191 ‘1€9T ‘ZZT 'AoH °‘sAud
19[ONN UoIgMwy uo

ga10134ed eydy J0alONN /A9g (00T WOI] sajonaed 1amoys
Jo uoynqrnsig JeM3uy ‘19, ‘068T ‘ZZT 'A0YW °'siyd

86, ‘ssoad
‘Aruf) uojaoulld ‘saorolyred Axrjuowa(q Jo £o184Yd oYL

SUCISHIOO +d -_4d uoponpoad
uold o13urs ® jo 1094y, ‘19, ‘699 ‘€ZT "ASH ‘sAyd

Teuanop

¥ v

D |

¥

19 {

8|

ar

Ir

11

“ON
AsY

(ponupuod) SAONIHAAHAY

TR “4r1y Whedod b

ennd Lt et MY R

190 ‘°y ‘p ‘ddoy

®19 ‘*d N ‘aoqidery

€10 “°§ "A ‘AorosIN

[®15 “°X D ‘wry

19 “'m ‘H ‘Aouusy

108

1 'd ‘urep

‘g ‘P ‘uosyorp

1219 ‘P ‘eynzl

Joyny

B, TRENME K i ta i R S b N iR ) et ieeGre iams g



0961 “YI0X MAN ‘suoS B AoTIm uyop ‘satshqd A3aeuy ydiy

A9 09T~-S¥

‘N i Joy o woxmaN igs. ‘ggg ‘Z6 A9 sAyd

12[o0N WM Adg T molog

S8R JO SUCISI[OD 'LGGT ‘ATE ‘L "I9S ‘OonN ‘AeY ‘uuy

SUCT)OBISIUL
HEOM B SOoNIRd AxBjusWN T ‘46/0T ‘(16-1L) ¢HP~"TNE

8G, 'sSBIN
‘Buipeed ‘*0D "qnd AS[S9M-USSIPPY ‘SoISAUd BonIS1eIS

duras)yeog o1988BI0U]
TOJIMAN Ul UOYI0EXS] 309317 (6., ‘RECT ‘P01 A9y 'sdud

dunyenisswoag 1030Id (LG, ‘OFST ‘GOT “AdY *shud

PUS d-1

9yj ur uridnop areIpowaaiu] ‘96, ‘917 "TOT ‘ASYH “SAYJ

TOIONN UOIS[NWH PUB SUOJ0I] AdG -6 USIM)IT UOT)ORISIU]
ou3 Ul so[onIed 98uBIS JO "poxd ‘ag, ‘€IL ‘6 ALAP

[euanop

91

15 |

b1

&1

j4)
83

LM

93

TON
=) ¢

(ponunuo)) SAONIAUTATY

Btk bt

'O "M 0T

1819 71 M ‘Totw
‘£ g ‘Wnequspury
[®19 ‘*Q "L ‘00T

g9 ‘"1 1 ‘nvpue]

39 “°d ‘P ‘ysaewe]

‘i ‘nidounzany

A ‘yreany

B30 T N CH[TAYSBURSOY

IoTny

e T P g R pr

e §




G

O S T

uI9POINL

jeortdo oYy 03 Surureldvd SJUSWISINSTON 109§-X MOIININ.,
‘60T "d ‘BT 'I0A ‘1881/d 71oded ‘A8aeuy orwory

Jo sos] mJysdBad 9Y) uo ‘yjuod *jul ‘N °‘N pug °‘ooad
"AOI ¥1 7%

$,3088-X UGIIMBN, OTISBIBUON ‘YS, ‘972 ‘8CY *AdY °sAyd
90BJING IBI[ONN )

ur sUOSIONN JO ‘ISI WINJUDWICIN ‘6G, ‘PLZ ‘ZT ‘8Ays ‘onN
(Lx0a\ 1) 18100N

Yim A3aeum srelpowiaaiu] Jo SUOIITAN JO UOI}OBISTUI

ay3 I0J [9poIl 18o13dO ‘6S, ‘1S ‘Sg (eissny) ALEP

A9g §8°Z 3B SUOISII0D d-d
ur ea[onIed 98uens jo ‘pord ‘19, ‘G9PT ‘€31 "AdY ‘sAyd

0/A9¢ $°T 9A0QY SUL0J0IJ 7 SUOId 9ARISOd
J9] SU011098-X JBI[ONN 7 UOSONN ‘19, ‘L6FE-THON

A9 {107 < d IB 'poad ared ¥ Bun[yedissworg
jo uonedniseAw ‘19, ‘06T ‘ZTT "AdY °‘sSAyd

Teuanop

€W

ON

oI

0TT

61

81

(penupuop) SIONIAUII AY

1 ‘g ‘W ‘do8ar8ovm
TE 19 ‘N ‘J0381D0VIN

S

312 ‘o Y ‘Apaedon

[e 1 ‘A VY ‘aouenn]

fes” ‘I 4 ‘o

‘P W ‘oduorl

'H ‘urwayor,

Toypny

et

110




T R & ok fr etk ks e

‘80882001
uord pue sorpmgs A8xouqg ySiy ‘Il ‘SepBOSED IBI[ONUBIU]
Uuo suoniBInoe) OlIB) SJUOI ‘8G51 ‘F#0Z ‘01T "AdY “sAyd

sjuawa i Y311 pue usSoxps ]
JI0J SU0j0Ad AN 80% JO 'O ‘g6, ‘L9l ‘T6 A0y shud

ZS6T ‘[IIH-MBIDO ‘SOIsAyd uosapy

a9g 0°5-6'1 (d-d)%0 19/9 ‘IA/gSz oN “1dy
‘Yoessey OnN JO ‘ISU] ‘S90USIOQ JO PBOV US([Od

2JN1ONIIS
TBS1ONN % 3ula9)jB0S 0SB ISENd ‘GG, ‘T ‘L 'shud ‘onN

ue30apAH ur UoTIONpPodd 030Yd o4 WOy
[1008Y 9y} Jo uorreZIIBIOd ‘19, ‘88€T ‘Zel "4oH °sAyd

(a5 006) Buraapieos g - _u
wody s,d jo "1S1d "Suv ‘19; ‘PHP1 ‘€21 "AdY ‘shyd

AN Z°6Z B ‘G°GZ ‘0°TZ 1B SUOL;09S
§86ID OTISBISUON UOIINON 8G, ‘GCTT ‘TITT 49y "sdyd

TeuInop

LI

1341

o

ON
) |

(ponurjuod) SAONTUAIAY

(R [IEP IR PR [y [ Wanene ! [ Nemrdvse -

‘H °N ‘sricdcnspi

1813 P ‘[eYSIEN
H M eysIen

g ‘yinbxe]N

{839 P 'V YL ‘SIIBEW

ig18 ‘0 ‘p ‘hore;l

Te1e ‘“°0 ‘g ‘.o18eN

Te 39 ‘*H "IN ‘ToSaxnovi

Ioumy

111

ey




s,d d Aed Ym

ISIONN "UL () Jo uonjerfeds 19, ‘239 ‘€21 A9y °SAyd
Sucl0ad ASI 099 B 09¢ Aq peonpoxd

SJel§ Ul ss[onIed-ov opeose) ‘68 ‘$67 ‘6 dLAr

sfeoa(q - se1on)xed o8uediS ‘4G, ‘6 ‘10§ 'onN Ay ‘uuy
H Ul SUOSaIN -
Jo suoriorIAUl oABM-d B ~S ‘19, ‘8912 ‘SgT ‘A9H ‘sAugd

suojoxd

ASI 96 JO BuLIeNEIg OHSESU] ‘8G, ‘G7F L SAUd “onN
. Keoa otuojdoy

UOSSN-3] JO SOPOW SAVIBIDBY 19, 'AE0Z 'rZT ‘ASY "sAud
N ‘qd ‘PO ‘mD ‘ad ‘10 ‘S IV _‘O ‘D ‘ed ‘d

‘H ‘SUOINON ASW 0T 107 %0 pG, ‘pLT ‘P6 "a0¥ ‘shud

SUON0BOY
TeaonN A8xoud YB1H ‘6G6T ‘6ST ‘6 108 OnN ‘AdY uuny

SU030Id AOI-19 I0; 19[oNN [BJIDASE JO
SUO1J08S 8§01 UOIO®RSY [BIOL ‘09, PEET ‘LIT 'A9M ‘'shuyd

[euxnop

1d

20
10

YN

EN

eN

IN

6N

8N

"ON

£y

(ponunjuod) SAONAUAAAH

[e3o “°q ‘g ‘ored

7718 YT ‘A fAOUINOISO

T . umjo

Ip Ctd ‘WIpIoN

219 'Y ‘BINWIYSIN

q *d ‘slIrasN

'V "A ‘19ZpaN

3o ‘"W 'O ‘IO

39 ‘A ‘Johkoly

Joymy

At Ny




26T ‘ *oul ‘[[eH-eoNuULLd ‘Sajonaed ASJeuy-udiH
8S913IsUa(J [9A97T] JBIJONN mn.m. .ON\.. .Wq..ﬂl *ABY .mh—.mnm

, 210NN
patoxy ATYSTH Jo Isus( 19A9T] aY) UI SINILNIIS [[9YS

Jo 1o uy ‘8g d ‘$1 "10A ‘£69/d Joded ‘ASaouy o1wio}y
JO §98(] [nJOCEAd UO °jU0) [BUOTIBUJISIU] PUZ 9} Jo *d01d
snajonN pajtoxs AYSIH e Jo Aj1sus [9A8T 9Y) UO
SeIMIdNIS [[9YS JO SouUaNIUI ‘LG, ‘LI3 ‘801 ‘adY "eAYd
[80130200YL ‘I "m0 Ul SUOJ0XJ 9781S-d Aq suojoad AsW
geT Jo Surxe;eos o1SEIY 198N 109, ‘G ‘BT 'sAyd ‘ouN

. ‘ __ s T Y81H
jo 3uiae)reds onse[d JIBIONN ‘ZG, ‘62 ‘98 ‘ACYH ‘sAyd

8.d ASI 099-098
£ 1o[oNN SNOTIBA UI S, JO Podd ‘8G: ‘Ghz ‘9 ALAPL

AOW ¥'6T-F1 uoqae) uo suojcad ALasuy ‘psi jo 3urxsjeos
9y3 JI0] $,3098~-X ‘JNA ‘28, ‘TIET ‘GOT A9y ‘sdyd

ASIN $T1=1F ‘nVy J0j uopozay (d‘u) ‘4G, ‘G96 ‘90T *A9Y ‘sfud

Teuanop

9y
cd

2!

gy

cd

™

bd

ed
ed

ON
Ao3

(pomunuo)) STONIHIAIAY

CrEETS TR N i i i SENRRT LAY S

RESELE

et

s Mg

et SRR RS DA SRR

‘g ‘1sgoy
'V OV ‘ssoy

819 ‘°N ‘domzuosoy

‘N *Sremzuascy

G R SRVl %4

819 ‘1L ¥ ‘uospieyory

Te 3o ‘" "Nl ‘urqysoqoxd

"My g ‘eieed
O'Hhv ao< tm nxomg

IOINY




BT O] NI

bt

o g R

[ZSX I UL

Siod JO ABO8d ‘19, (9T 18QV) “TI# ‘L 10T ‘AoH ‘wAYg
1opo uopjBroduvay o1 7 sUONONeY

(d'd) 3 (0 ‘d) jo wnoods 19, ‘8761 ‘VZT ‘A0H ‘sAyd
80[211d8J  ATBjusw Ay,

Jo sepaadoad Jo o1qvl, ‘96,/v ‘RZ '8AUd ‘PO JO A%y
gofdxausy

URTH 18 BUOVIOBOY XBOIONN ‘Lb, ‘FITT ‘GL "AOY 'sAyd
G861 'Aurdwio)

puB UoBIMBI ‘MOY ‘I[ SWNIOA ‘SpPlold B SUCEON
2OUBUOSOY

X - 4 vy uopdrcsqy d-.M ‘19, ‘6G9T ‘ZgT ‘AeH ‘uwAyd
[ofonN Ag suoxnaN

AN 96 JO BupLenuag opeBIg oyl ‘09, ‘ST ‘17 'sAyd onN
SUOI0Id ADD-PZ

Yim aeddop) jo uopeiredg H296T) 2681 ‘971 ‘A9H 'RAUg

__8id ASI 0%E
M 84 Jo SUOIDBRY XBOTONN ‘ga, ‘Bgg ‘2,8 ‘40 ‘sAyd

Teuanop

LS

s

¥S

&S

4

18

8Y

A%

Aoy

(poruiuoD) SAONIAMAI AN

1t 10 ‘'H ‘Aamys

1818 ‘Y ‘a1eyg

‘W 'V ‘oxrdeyg

‘Y ‘Joquaes

8318 '°S 'S ‘Togqamusg

839 ‘T "¥ ‘1nyog

"1 "D ‘uouijes

e 19 ‘"D ‘weispny

230 ‘"D ‘wespny

LCIny




8, " 3uipuied d 7 suonoval (d2'd) AYSTH 8G, ‘0T ‘Z "sAyd ‘onN
WNIS8B)0

0} BULION]I WOI] SOSSTI IIM [9]ONN U0 SU0I0IJ]

ADIN 68T Jo Hupaelgrog oriselaul ‘8g, ‘9% ‘9 ‘SAYJ ‘onN
uorsmMuUIy JBI[ONN UT §U0I0XJ AdY T'Q JO JULI8IBOS

‘I ‘epe ‘D ‘Il sOIXRS ‘00§ ‘sAYd Wy ‘Ing

. mmhsumhaﬁserﬁ JABIONN

B B10ads unJInoN UOISSLI ‘64, ‘L7G ‘I ‘AOY ‘8 Ayd

AN TV T J% sjuswalyy

BT woay Bupamyivos uoloag 19, ‘ZF9 ‘Sz ‘sfyd ‘onN
og Aq 8,0 AOIN 8% ‘S, AN PT

‘s,d A 2T jOo BulasnBos ‘86, ‘T6GT ‘Gul 'A0H ‘sAyd
Jaded '8G, ‘0F ‘T 19T "AdY ‘s.iyd

SU0JOI T

ABIN-06 JO BulasiiBOL OINT[GUL {96, ‘16T ‘FOT 'A9H ‘sAyd

SUCIOBINUI N-N B ‘N-N ‘N- L& Ul "pold .. 10§ [apoN
179[0NN 21I8qOS] 8Y) JO UOISUMIXY ‘19, ‘.¢€ ‘€31 'Aed ‘sAyud

Teuxnop

S,

7L

2L

L

118
0TS

68

8s

"ON
Aoy

(penunuo)) SHONTAAATY

fe19 ‘"H ‘usill

19 ¢ 1 ‘usakl

19 ‘' g ‘D ‘omsz,

P OlPaasy,

[e19 ‘94 ‘v ‘dorfey

DY D -saawing

Cp ‘teanyes

®319 'Yy ‘gonewas

2315 I ‘Y ‘ToWo|ULs

Toymy




sordaouy YSiH 98 suopoes-X ‘16, ‘AYNZ ‘TZT "AsY sAUd em 'S ‘Brequrom
_ 109J19 VICYJ AT 18Ug YOIl SUl WoIJ T8[ODN SNOLIBA

uj SuOdONN JO WNNUWONW ‘96, ‘OTLT ‘P0T "AdY "sAud Zm e 39 'V ‘BIaquUalien
KON €92-09 13 5 90 Ul suopoBnl (dZ2') B (N4 ‘C

ay) Jo suopjoumd uUOIBIOXA {19, ‘LBET ‘ZgY ‘Ao ‘sdud M 239 Y M ‘aTem
A9 01 > Ug -gucainap ;std J0] §U0[)oag-~X Burae)iuos
opEele] jo SUSLIGMEBIIN (96, ‘ADT “I0T "A9Y 'sAyd [A e 3o ‘p L ‘JSOT UBA
V6~-UNIODIYZ FIYOIIUF UO SU0J0dJ AN 0%8 pue
‘-0gT *-00T ‘-09 Icj swonosey (NS dg ‘J) % (N9 dz‘d)

oYy Jo suopoung UONENOXT ‘19, ‘GL8T ‘ZZT Ay °shyd 1191 1o * g ‘uaIesur}
uaBoxjiy pue ‘uoxog ‘wnjijdrer, ‘WMpBr[ uo s16j0Id

ASIN ¢8T )0 BupdejjBog oyjFeeul ‘8G, ‘Z8 ‘9 'sAUJ ‘onN 8L 819 ‘H ‘UL
uz put 8D ueemjled #IUeWsI Uo SU010I]

AOIN S8T Jo 8urdejievog opysBIoU] (8S, ‘7 ‘7 "8dyg ‘ouN ML 7819 ‘'H ‘usiil
uocIe)d ¥ ‘wnioe) ‘usBAx) uo suojoxd

ABIN g8T Jo Bupzevoy opsveul ‘LG, ‘LE9 ‘P "SAUd ‘onN 9X 1299 ‘°H ‘usail

euInop “oN Iepny
£33

(penunuo)) SHONAH AL ITYH

RRTRATRRRI Ry AL 2 b SR BRI, Lt o B i st i it o K] s s sy dtipnne Fole o TR e SRR 2w e s B B i Ik < s s SRR KT R o VIR R R SR AT

TP U U T —————.



usB0IpAH WOIJ SUOSOI~_ 4 AN L0
Jo Bur.aea@ onsei™ 9YL ‘LG, ‘GeC ‘S (Bsen\) dLar

SI18J Uoldg
10 °poad o1vuBeU-0aI0B[H (19, ‘62NZ ‘FZT 'A9Y ‘sAyq

SUOIOL I Busdi§ UL 3IUBLIBAUL uotjednfuoy-~edavy)
JO 1891, "7 103 98[} J19YY pUE d/A9g T9'T 1€ SUOTIORIONU]
O1IsBIAU] UOJOIJ -MOYOIUIIUY ‘19, ‘GLG ‘DgT '4oH 'SAYJ

uoryewixoaddy
orndw] 3y) ¢3 Bulpaovdy sNS[ONN L) opIST] SUVISI{[0D
UOSONN-UCIONN 10dIK(T ‘19, ‘§20T ‘22T "AsY ‘sAu;

JIONBIN JealonN

Jo gopnaadord syl ‘s offed ‘P1 ‘ToA ‘660z 1odeq ‘f3asury
OIWOlY JO §38(] [NJ80BAG U0 ‘JUOD ‘N ‘fl PIZ SY) JO ‘00X

BuInOp

ey
L da

TZ

X

SM

M

oK
A3

{panuaued) SHONTY IS T Y

T T AN LA S U B B g #1 1 b g A L8 600 b 51 sene. seresvre e e £ ot e

[e1e “'n A ‘aourz

I °D ‘Aqaeygz

[eas ‘N ‘Buony

[e 19 ‘T ‘Sasqsuim

A A ‘jdoyssrom

Ioymy

el oy samaaa sl




BLANK

PAGE




i
-

Fon o

4.0 RADIATION PENETRATION CODES

4.1 ELECTRON BREMSSTRAHDLUNG

The trapped radiation belts girating the earth contain electrons
whose origins probably include the decay of neutrons from cosmic
ray interactions and, possibly, injection along the solar magnetic
lires, The belts are generaily subdivided into an inner and an
outer belt, The mapping of these belts is in a preliminary stage
so that approximate flux ceutours must be relied on at present for
radiation studies. The energy spectrum of electrons in both belts,
as inferred from measurements ai low altitudez, is given in
NR-140(9* page 108, The spectrum of the outer bel: has been
revised as a resuit of measurements by instruments aboard
Explorar X,

The revised ouie ~ beit energy spectrum gives corsiderably more
importance to higher energies than do previous estimates, The
integral energy tlux at .ve 40 Kev is several orders of magnitude
lower ami the higl energy cut-cif is raised from about 1 Mev to
about 5 Mev, A revised integral spectrum which is consisient with
the Fxplorer XIf drta is shown in Figure 4-1,

The calculations of the electron bremsstrahlimg dose produced by
the revised spectrum is more difficult, for a number of reasons,
The Lockheed Electron Bre:asstrahlung Code (LEBC) presentiy in
1se is designed to treat eiectrons which are scooped in low =
eiements. A rather conservative modzl is used in that the elec-
‘rons are incident perpendiculariy on the slab and photons gencrated
by the bremsstrahlurg process are assumed to continue straight
ahead along the normal. Flectrons are stopped in one layer and
gamma raaiation is assumed to be generated at the next boundary
and to be attenuated through the followiag layers of material, This
model is valid for iow energies because the electrons are sivpped

* References are iistad at end of section,
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in the first few tenthe of a gram per square centimecer of shieid
and the gamma rays are produced in this thin layzr. However,
some electrons in the revised spectrum muy peretrate five gm/ cm?
of shield, leading to an in: ccuracy because of the relatively large
width of the layers.

This code treats the radiative energy losses as being negligible in
the slowing down process, even though a small fraction of electrons
lose a large part of their energy in a single collision. This condi-
tion is not met for high energy electrons in heavy elements. For
example, 6.9 Mev electrons in leac tose haif theiv energy in radia-
tive collisions. This eifect causes an overesiimate of photon
production.

The bremsstrahlung cross section used in the code is a Born
approxiination givei by Formula 3BN in a review article by Koch
«nd Motz(2). This approximate formula is not designed for heavv
elements and low electron energies, but ii is expectzd to be
accurate within a factor of two fcr the worst cases il che regicn of
interest,

The 1nitial specirum of the sacondary photons is given by the code.
It is possibie t2 perform a snecirum weighted dose buildup calcu-

lation with the aid of a table of gamma ray dose buildup factors!?),
This corvection: has been incorporated into the recnit: given below,

Desnite the approximations of the model, it:is instructive to use
it.to0 make preliminary estimates of the bremsstrahlung cose
peneirating = shield. The results should )¢ accurate within a

factor of five for shields ranging in thickness from 16 to 50 gm/cmz.
It is probable that the dose estimeates are high due to the straight
ahead nature of the cilculation.

The trajectery listed in NR-140, page 120, for a typical

cii cumlunar mission was reanalyzed with .mproved data, 1T"e
integrated proton and ~lectron fluxes are 1.5 x 106 p/cmz and

4.3 x 109 e/cm2 raspectively. The energy spectrum of Figure 4-1
1s usad for both inner and outer belt electrens, and the Freden-
White spectrum is used for the inncr beit protons. Materials
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examined include water, carbon, sluminum, iron, cesium, and
tungsten. Shield thicknesses range frem 10 gm/cm2 to 50 gm/cm?,
The results are shown in Figures 4-2 and 4-3. In all cases, it is
found that the proton dose, including secondaries, is a factor of

102 to 10 greater than the electron bremsstrahlung dose. It
appears that more elaborate calculations of dose due to electrons
are needed only for shields thinner than 10 gm/ cm? and for orbiting
missions within the radiation belts.

4.2 PROTON PENETRATION CALCULATIONS

The Lockheea Proton Penetration Code (LPPC) is an IBM-7090
program which calculates primary and seccndary doses behind
mullistrata slabs due to an incident proton flux, A number of
options ave available fo treat special cases of interest. Since the
code and inpui data have been described in a previous report(g),
only a brief description will be given here., Nevw features will be
Adescribed in more detail.

The code treats protens incident monodirectionally aloag the shield
normal, or an isotropic proton flux incident on the shield. The
treatment of the isotropic flux, a newly added feature, is described
in Sectior 4. 5.

Four options are available to describe the eneyyy distributicn of
the incident flux. Option 1 comrputes the differential energy spec-
trum from the power law giver in Equation 4-1. Option 2 computes
the differential 2nergy specirum irom an exponential form given .n
Equation 4-2,

DE)=A-E D 41

P(E) = A - Exp(-B + E) 4-2

A and B are input constants and E i3 energy. Low eacrgy and high
energy cutoffs may be applied tc spectrum Options 1 and 2,
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Option 3 reads 1 table of the differential energy fiax versus energy.
A linear interpolation routine automatically computes the flux at
the energy mesh points used in the calculation. Spectrum options
1, 2, and 3 treat a continuois ditferential energy spectrum.

Option 4 treats a monoenergetic spectrum. The monoenergetic
option, a rew feature, is discussed in Section 4, 4,

The code treats a slab shield composed of cne to ten hemogenecus
strata. FEach stratum msay contain a single element or compound,
or may be built from five or fewer materials for which d=ta are
availaule in the library. The library at present contains data for
nine elements (¥, Be, C, N, O, Al, Fe, Cs, W) and several
hydrogenous compounds. Ezch stratum may be further subdivided
into a number of layers. Tke total number of iayers in a shield
may be as great as one hundred.

Each dose compoenent and the © tal dose are vomputed at zero
thickness and .:fier each 'ayer. This computation, when used in
conjuncticn with the meltistrata capability ¢ the code, permits an
estimation of dose versus depth in the receiver materia! simply by
treating the receiver material as an addilional siratum. The cal-
culation is slightly iraccurate since the evaporation neutrons
generated at a given layer in the receiver do not contribute to the
evaporation neutron dose at layers ~loser to the incdent face.
This error is negligible in nearly 2!l cases.

The input proton spectrun may be printed out, if desired. For

the case of protous inciwent along thz shield normal, the primary
and cascade nucleon specira may be output after each layer. The
spectrum printout option is not mac: availeble for the isotrepic case
due to the large volume of <ata involved.

The cnde calcwates the spectrum of primary and cascade rnucleons
after each layer hy employing a solution to a pair of coupled,
integro- differential equations, represented by Equatioas 4-2 ~nd
4-4,
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i@P(E,X)‘ s o @ _al_CDPgE,X)- S(E)]
+ ¢PP(E,X) + CI)NP(E,X) 4-3
0 @N(E,X)

—5—* EN(E) . @N(E,X) = d)PN(E,X) + <1>NN(E,X) 4-4

¢P(E’ X} = primary plus secondacy proton differential
energy flux. The code actually treats each com-
ponent separately.

@N(F., X) = cascade neutron {iux.
E = ¢nergy.

= position in shield.

ZP(E), Z)J(E) = inelastic cross section for protons (neutrons).
dE .
a(E) uX , broton stopping power,

@AB(E,X} = Tascade production term. or particles of type B
produced by particles of type A in the shield
layer.

Solutions to Equations 4-3 and 4-4 are given by Equations 4-5 and
4-6.

CDP(E,X + AX) = CDP(E' X\z-(E—‘ E\p!’—y(E') + y(‘Z‘;:l‘

S(E)
+ CIDPP(E,X;- + @NP(E,X) 4-5
QN(E,X+ Ax) =<I>N(E,X) Exp[ 2 A(E) - ]
+ <I>PN(E,X) + CPNN(E,X) - 4-6

where AX = laver hicknress, and E' is defined in terms of the
range, R(5).




R(E') = B(E) + AX 4-7
The terms in the exponent of Equation 4-5 are defined in Equation
4-3.
E 2 "
H(E™)

Ey= ——dE" 4-£
y(E) g‘ SE™

The production terms, ‘bAB(E, X), are given in Equaticns 4-9
through 4-12.

¢ + A Vo=
oplE: X + A%

X+AX !'_CD _lS(E \ 4-9
f | f @P[EI,X, ZP(EI) o plEp EQME, S(El)dx
X LE"

CDNP(E"’( + AX)=
X+AX[®
WS<ES>

> .
f f PoEpx - Z(E) p!Ep EE; Js«h

X O

s

. <1>PN(E,X + Axy = -
X+A ‘ i 411
.[ l f PpEpx) - ZED - Tou(B, EQAE, | dx
N ]

B W E X Axy =
X+ AX @ ‘ _i iz
f <I> JELX - EN(EI)- o (Ep EQAE, 14
X ts
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Wher?o E_=energy of incident particle suffering an
inele»tic collisicn at x, X £ x € X+ AX

E_ = enc gy of secondary particle emerging from
irelastic collision

T, _(E_,E_ )= number of secondary particles of type B per

AB'T S . : . . .
unit energy at Eg resulting from the inelastic
collision of a particle of type A with energy

EL

The reduction of the above equations to tractable form is given in
NR—140(9), page:s 58-65. The cascade nucleon sources are distri-
buted realistically through the layer. The flux of particles avail-
able for producing inelastic collisions is assumed ts be unaffected
by nuclear collicions within the layer. The fiux of caacade parti-
cles generated throughout a layer is also assumed to be unaffected
by nuciear collisions within the layer. These approximations are
valid as the layer thickness is usually only a few percent of an
inelastic raean free path. The effect of energy losses due tn
ionization inside the layer is taken into account, both fur proton
initiated reactions and for cascade protons produced i the layer.
Both nuelear attenuation and icnizaiion lesses of particles incident
on the layer are considered in calculzting attenuation within the
layer.

It is assumed that the yield of secondary nucleons is nearly
ccnstant over a range of energies corresponding to slowing down
within the layer. The cascade nucleons are assumed to be emitted
in the same directicn as the incident particles producing the reac-
tion. Furiher, it is assumed that the t-function can be represented
as the product,

L,EV)Y=FE)N-G 4-13
't'(EI ES) Fq F J(ES) 1

Equations 4-5 through 4-13 are reduced to a more traciable form
(see NR—14O(9), pages 64-65) befure being incorporated into the
code tor the normal incidence, coniinuous energy spectyiuin case.
Modifications of these equations used in the moncenergetic and
isotropic options are given in Sections 4. 4 and 4. 5 respectively.




"

FRp— /|

energy spectrum of the primary and cascade nucleons after each
: layer. The cnergy mesh may contain 250 points divided into four
: ranges with constant energy spacing within each range. This
arrangement permits the use of a relatively fine energy mesh at
iow energies, where the {iux and stoppiug power vary rapidly.

E The code proceeds step by step throvgh the shield, calculating the

One of the products of an 1nelastic nuclear ceilisions is a highly
excited nucleus. Nucleons and, infrequently, heavier particies

: are evaporsated as z resuit of this process. The heavy particles

[ are ignored due to their rarity and short range. The protons are
ignored due to their short range and due to the fact that the domi-
nant source is trequently close to the entrance face of the shield.
However, the evaporation neutrons are often quite significant.
The computation of the evaporatiou neutron source is explained in
; Section 4, 3.

Since the cude vields the energy distribution of primary a1d cascade
particles following each layer, it is possible to calculate physical
dose (rad) or dose rzte (rad/hr) in receiver material provided that
suitable flux-to-dcse conversion factors are available. Although
some work is proceedirg in this area, informatior is not couipletely
adequate at present, For this reason, the code calculates an
approximate lower limit and an upper limit on the physical dose

due to primary and cascade nucieons. The lower limit on proton
dose is obtained by considerirg ionization and atomic 2xeritation
energy losscs in the receiver, ignor.ng nuclear interactions. The
approximate lower limit on cascade neutron dose is chiained by

uee of an energy independent flux-tc-dose _onversion factor of

2.5 x 1079 rad/hr per n/em%-sce, The upper limit for these doses
is obtained from cata’} on the iotal coergy removed from beams

of high encigy protons ai-d neutrons due to interactions in tissuz,
These data are thougnt = form an upper limit on the volume dose

at the surface of the receiver uue to the fact thal it is assumed the
energy removed is deposited locally, whereas some of this esergy
actually goes into cascade particles which may penetrate some
distance, Thesa lower and upper limits are illustrated in Figure 4-4
for a typical case. Otherwise, all data presented in this report
represent the lower limit case,

T
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4.3 EVAPORATION NEUTRON DOSE

Protons incident on a material may suffer inclastic collisions with
the nuclei, Cascade particles - predorminately protons and neutrons -
are immediately knocked out of the nucicus as a result of direct
interactions. The residual nucleus is lert in a highly excited state,
and more particles may be ejected in the deexcitaiion process.

Since these evaporation particies possess relatively little energy,

the charged particies are stopped quickly. However. the evapora-
tion neutrons may penetrate and increase the transmitted dose
substantially.

The energy spectrum of the evaporation neutrons is continuous,
with an upper bound of 10 to 20 Mev. The data available indicate
that tne spectrum peaks below one Mev and resembles the fission
spactrum within experimental error.

The number of evaporation neutrons as a function of shieid thickness
is given by Equation 4-14 {or protons incident normally on the
shield.

e0)
sevap(x,\dx = dX f ‘:DP(E,X) ZP(J:.)YP(E)dE
0
@ 4-14
+ dX f D (B, X) I, (E)¥, (F)dE
0
where S ‘vap(X) = neutron source density at X (n/gm-sec)

P (E,X),P (E, X) = total proton (neutrcn) differcential
P N . .
energy flux at X (particies/cm“-sec-
Mev)

ZP(E), EN(E) = inelastic cross section for protons
(neutrons) (cm2/gm)

YP(E), Y, (E) = evaporation neutrcn yield per

N . . . .
inelastic collision.
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For isotropic incidence, an integration over solid angle is neces-
sary in order to compute the evaporation neutron source term.
This is illustrated in Equations 4-37 and 4-38 (Section 4.5). The
monoenergetic option of the code replaces the total protoa flux with
cascade proton fiux and adds a term to account for evaporation
neutrcns generated by the primary proton beam. The equations
for the coatinuous specirum may be used if the total proton flux is
underst~od to contain & contiruous cascade proton flux plus a Dirac
delta function term which, when integrated over energy, yields the
monoenergetic primary tlux.

The evaporation neutron dose at X is giveén by Equation 4-15:

{ = X! iR'dl 1
evap f TX-X')S, (X)X 4-15
0

where T(X-X'} is the dose transmission function for neutrons from
a plane isotropic source at X' to the exit surface at X. The source
term, Sevap(x') is calculated at X' = 0 and for each layer.
(Formerly, Seygp(?) = Zsevap(xl) - Sevap(xz) which led to an
erroneous starting value). Both the transmission function and the
source term are assumed to vary exponentially inside a layer.
Equation 4-15 is then approximated by Equation 4-16. The deriva-
tion is sketched in NR-—140(9), page 86.

m
D X= AX) =
evap' }-; ! 4-16

Mo - 3o Xy _ M

§ AX LT(Xm X Sevap‘xi) X Xi-l)sevap(xi-l)n_!
i In} 'T¢ - X\ -

i=1 hl: ‘Xm Xi)sevap‘Xi’/T(xm Xi—l)Sevap(Xi—l)]

The quantity still to be determined is the dose transmission
functicn, T{X - X"\, Even with the assumption that the neutrons
are emiited isotropically withk 2 fission spectrum, the dose trans-
missicn functior. is not essy to evaluate. Moments method data
are available for a fcw elements and compounds, However, these
data apply to an infinite homogenecus medium so that material
changes and boundaries are not taken inte account properly.




=y

—— ey
-

gE
H
4
3

Boundary effects are important near the entrance face, where the
source terms are largest for flare spectra and hear the exit fare,
where the dose is evaluated.

Monte Carle data are available for a fe'v elements and compounds
but the present data treat neutrons incident on a finite slab or on a
semi-infinite slab which possesses an exit face but no entrance
boundary. These two cases form lower and upper bounds respec-
tively on the desired transmissior function. It shouid be noted that
the dos= transmission function is represented by T(X - X'). Tk's
function will vary with X and X' even fcr constant differences,

X -X'

In addition, the proton penetration code produces a dictributed
neutron source in a shield composed of one to ten slabs of arbi-
trary composition. The moments method is not directly applicable
to this situation. It appears that the Monie Carlo method is the
preferred choice. It may be desiraktle to utilize a Monte Carlo

code to treat this problem more exactly, Present Lockheed neutron
Monte Cario codes ireat up to five layers with sources inside the
shield.

It is not feasible to incorporate a Monte Carlo subroutine into the
nroton penetration code, since the cost in computer time would be
exorbitant, It would ke far better to use a Monte Carlo code to
gencrate basic data, and to use this data for neutron transmission
calculations. This method is deacribzd in NR—140(9), pages 84-90,
for a one material slab. In addition to being limited to the une 3lab
case, this method requires the user to set up his own dose trans-
mission function table for each material - a lahorious process for
bomogeneous shiclds composed of several materials. Foi these
reasons, the calculation of evaporation neutron dose transmission
factors has been generalized in the presert code.

The method now incorporated is a point kernel approach baged

npoa experimental removal cross sections for noun-hydrogenous
clements and upon a modification of a thecretical methiod for hydre
gen, plus other materials, proposec by Albert and Weltcn(4),
However, this method breaks down tor certain shield configurations;
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emp:rical inferences based on limited experimental dats and on
heuristic arguments are included so that the genera! trend of the
transmission function will be gualitatively correct,

The evaporation reutron dose transmission function is given hy
Equation 4-17.

1
l
T(X - X =% f —an—gl dicos 8) 4-17

GiX - X', 9) represents th2 materiai attenvation kernel., The
form of G for shields without hydrogen is given in Equation 4-18
The factor of 1/2 in t' . expopent is an empirical correction to the
removal cross section which is fairly consistent with experimental
and Monte Carlo results.

1
'l = —— z, -
GX - X', 9) C1 Exp ( 2 ; Si ri) 4-18

where C. = norm.alizing factor, 8.8C 1075 rad/hr per n/ cmZ-sec
and is obtained frorn normalizing to moments method
data and lid Tank Shielding Feacility data.

Si = removal cross section for the ith layer (cmz/ gm).
r, = slant penetraiion distance in the it layer (gm/ cmz)
i = layer number describing iayers between X ani X',
The form «<f G for shields with hydrogen distribution througacut is
given in Equation 4-18.
GX-X',8)=
r o
/ T, Ca ) C4 4-10
C /z H, = EXp|- C 2‘ n -Exp(—z S.r\
i \ : iP, i N 11
i i i
where the new ferms are:

(.42 =.29




C3 = ,83
= .38
C4
H, = hydrogen density in layer i relative to the
hydrogen density ia water,

P, = density of the material in layer i (gm/cm3).

The intermediaie case, where some slabs contain hydrogen and
some do not, creates a special problem. For example, the -
eneryy spectrum of neutrons emerging from an iron slab immersed
in vater is quite different from the spectrum of neutrons in water
alone as is evidenced by the data of Blizzard, Clifford, et al(8),
These data shown an initial ri=. of the thermal neutron flux behind
an iron slab in the Lid Tank Facility, followed by a rapid drop.

The slope gradually approaches the value it would bhave in water
alone. The initial rise is due to two factors. First, inelastic
scattering in iron reduces the energy of a large fractiion of neutrons
below one Mev. This low energy component is thermalized by

four to ten inches of water behind the slab. Second, the capture
cross section of iron is higher than that of water, which leads {0 a4
depression of the thermal flux in the neighborhood of the iron slab,
The latter factor is not important to fast neutron dose calculations.

The departure from a water equilibrium spectrum is most severe
divectly behind the iron slab. The slope of the thermal flux curve
indicates that cquilibrium is reestablished some four to ten inches
behind the iron slab, depeading upon siab thickness, The pile-up
of degraded neutrons arising from inelastically scattered but non-
thermalized neutrons leads to ar increased dose directly behind

the slab which is approximated hy applying a correction factor of
one-half to the removsl cross section as was explzined above.

The code adjusts this correction factor linearly from one-half to one
as the following hydrcgenous slab increases from zero to six inches
in thickness.

The methods descriked above enable the code to treat attenuation

ot evaporarion neutrons in non-hydrogenous and hydrogenous
shieids or in multigirata shields of arbitrary composition. Further
experimental and theoretical viork is required to test the validity
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of the attenuation calculation ana to examine the variations in
egporation nevtron spectrum as a function of atomic number and
bombarding energy.

4.4 MONOQENERCETIC SPECTRUM

The proton penetration code was originally designed to treat a
continuous proton energy spectrum. The spectrum option: has been
exiended Lo treat monoenergetic protors. This cption may be

used {o cieck against accelerator experiments, to generate
shieiding data for an arbitrary spectrwn, to pin point energy
regions important for secondary production, and to simplify
chicck-out procedures for new code options.

Thc monoenergetic optien is exact in tae sense that 2 true line
spectrum is used for primary protons whiie 2 continuous spectrum
is used for cascade secondaries. The straight-ahead approxima-
162 is assumed and the rather small energ- straggling is not
accounted for.

The equations vsed in ihe cude are substantislly the same as those
derived in N.’u—l“to{g), pages 58-65, with the additzon of several
new terms and z redefinition of one symbol. The derivation and
physical spprovimations for a continuous spectrum may be found
in the zbove report. The final cquations for the monoenergetic
case are presented below, Symbsls are defined as foilows:

D d
Px , -

\:(Ev X) = Number ot cascade protons (neutrcns)
. per cm2-ser-Mev at position X. In the
non-monocencrgetic case, the proton term

includes primary protens also,

P {E. X} = Number of moncenergetic primary
m c s
protons per cm2-sec at position X,

EI’ ES’ Em = Energy of incident, secondary, and
monoenergetic .:ucleons in Mev.

(2]
XP{E}, EN(E} = Inelastic cross sectins in ¢in“/gm

k“:a‘h’emmow, P
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P (E)dE, oo} . (EYdE = Number of protons per cmé-sec- Mev

PP NP s } .
producea within inerezneintsal siagb .hickness,
AX, by inelastic ccllisions of protons
(neutrons) and Laving energy lietween E
and E + dE at point of emergence
X+ QX Ppy(E)E and @NN(E)dE are
similarly defined.

T AB(EI’ E s) = Nutanber of secondary nucleons of type B
per unit secondary energy resulting from
collision of a nucleon of type A with
energy Ep.

ToplEp Eg) for assumed separability of

gEp - G
the secondary productien function.
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S{F\ = Sitopping power of siab material in
Mev—cmz/ om,

E' = Energy of a proton reduced by ionizafien
loss tu energy E in traversing sisb thick-
ness AX.

The equaticns are then:

R(E')=R(E Y+ AX =20
m nl

-2 (B ) AX
m

P (E ,X+4x)=P (E X} 421
m m m m
REEY=RE) +AX 4-22
. -2 (E) - AX
& ExrAx=¢C &, xEl, P
F P S(E) 4-23

+ B, (B) ¢ $  (E)

NP
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P pp®) = Ryp(E S(E) f FppEgldEg
E 4-24
G__(E') E'
_PP m N Y :
Y TsE 2EDP ELX) f Fpp(EgldEg
O
R, o(E") = f GpplE)p CD_P(EYX) ZP(EI;dEI 4-25
EY
. (E)—EE [ Ry p(Eg)Fy p(EQ)E 4-26
E
®
Ry plEg) = f Gy pEp D (ELX) Z (EAE, 4-27
EQ
-ZN(E)AX 4-28
CDN(E,X+ Ax) = QN(E’X)P' + CDPN(E)+ dDNN(E)
oo ’FI: EP‘“‘ ;—E" =
Ppn(E) = F o (E) f S(E)
£ _1 4-29
+ Fo(B)G (B ) ) (EL X)Z (E! ,X) Ax
s)
T B = Ax FrnE) j Gyn(Ep @N(EI,X) ZN(EI)dEI 4-30
E
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The equations given above are those used for protons inciuent
along the sl normal. The isotropic flux case utilizes similar
enuailcns plus an integration over angle of incidence.

The doses are computed in such a maaner that a simple hand
calzulation may be used to fold in an arbitrary spectrum. iet;

D (E,X) = Dose rate at positior: X due to a
m monoanergetic beam in rad/hr per
proton at energy E/cm2-sec,

q)l(E) = Differential energy spectrum in p/ em?-
sec-Mev,

| o . :
| $ 2(E) = Time integrated d‘l‘fferenual energy
E spectrum in p/cm=-Meyv.

D_(X) = Total dose rate at X due to @1(E) m
1
rad/hr.

. D, (X; = Total time integrated dose at X du: to
g = d’z(E) in rads.

Using these definitions, Equaticns 4-31 and 4-32 yield the dose
rate and dose respectively for arbitrary proton spectra.

00}
; D, (X) = f D_(E,X) ® (E)dE 4-31
0
L, @
Dy(X) =500 fDm(E,X) ‘1’2(E)dE 4-232
0

Two examples of monoenergetic data arc shown in Figures 4-5 and
4-6. These data are for protons incident normal to a slab of
aluminum, Resilts are presented for 10 gm/ cm? and 20 gm/’cmz.
- The narrow open peaks are due to the large stopping power of

i primary protons which are nearly stopped. An abrupt discontinuity
: cccurs at the energv where range is equal to shield thicknass,
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Figures 4-7 and 4-8 were obtained from this data by folding in the
Freden-White!”) spectrum according tu Equation 4-31. Figures
4-3 and 4-10 were obicined by folding in a time-integrated flare
spectrum according to Eguation 4-32,

Figure 4-10 is especiaily interesting because it shows that g soft
spectrum may generaie enough evaporatior nentrons to rival the
primary dose for this thickness of aluminum. The dominant source
is lccated in the first centimeter or two of aluminum. Also, the
minor peak in the secondary prcton spectrum near an incident
energy of 50 Mev is prircipally a tertiary effect. A fraction of
the incident proions entering with this energy are converted to
reutrons through inelastic collisions. Th~ neutrons peretrate part
of the shield with no ionization loss, and a fraction are then con-
verted pack to protons by means of a second inelastic collision., It
should be pointed cut, however, that experimental and theoretical
data are rather weak in these areas as regards production terms,
angular distributions, and secondary energy spectra. Properly

.designed accelerator experiments could yield a great deal of

interesting information on secondaries produced in shields by soft
flare spectra. This point acquires added significance if a crude
RBE of five to ten is assigned to evaporation neuirons. A 1lor 2
gm/ cm? layer of a different maierial on the outside surface might
materially raduce this ccmponent,

4,5 ISOTROPIC FLUX

The proton penetration code has been modified to include an option
which calculates dose angular distributions behind a slab shield
due to a plane isotropic incident flux. The isotropic option also
calculates doses at the center of a spherical shield. The primary
and cascade nucleons are assumed to continue straight ahead while
the evaporation neutrons are assumed to be emitted isotropically.
The straight ahead assumption is conservative for protons incident
normally on a slab but it may cause either an overestimate or an
underestimate of the dose for isotropic flux. It is easy to under-
stand the possibility of an underestimate, as charged particles
which are deviated towards the normal have a chance of escaping
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the slab in those cases where the straight ahead path would nc:
permic particles to escape. However, an overestimate is also
possible due to the variation of stopping power with energy for
charged particies. A proton proceccing straight ahead might escape
with relatively low energy and high stopping power while a proton
deflected towards the normal would emerge with highe energy and
lower stopping power. The dose at the slabk surf{ace is pi oportional
to stopping power. A proton which deviates frow the ncrmal might
emerge with a large stopping ncwer, thie partially compensating
for sherter path lengths, but it is also possible that the slant
thicknzes may exceed the range of the proton, thus increasing the
extent of the cverestimate of the dore. The above discussion is
somewhat acudemic since there arc rot enough data on cascade
angular and energy distributions to permil proper exploration.

The isotropic option has been coded in such a way that the above
effects may be invc stigated when daia become =zvailable.

The isotropic option is compatible wita most of the other feartures
of the code. For example, the input Cdata for the energy spectrum
may be in the form o a power law, or exponential law, or may be
tabular, or monoenergetic. However, an mstr:ction to print out
the spectrum as a function of angle, thickness and energy is ignored
since .his would produce a huge quantity of data.

One aspect of the compeatibility requirement is midly inconvenient,
The code is desigred to treat plane shields compnsed of oue to ten
strata with arbitrary composition. Xach stratum mayv be further
subdivided into layers. Doses are caiculated after each layer. if
the shield iz homogeeous, the dose may be taken along the normal
for larsze thickness, and a transformadlion applied to obtain the
dose as a function of polar angle after ex.h layver as shown in
Section 4. 6. This method is nct vatlid for multistratz shields as the
stopping power and ¢ceondary production rate change abruptly when
a new material is entered. The positicn of the break depends upon
the angle of incidence. Raiber then treat the two cases in a dif-
ferent manner, it wus decided to 'veat them in the same manner.
This choice aiso permits the ~daition of a non-ctraight ahezd
secondary production aiud scazteving option when suitable datu
become availahle,
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The isctropic flux option of the code proceeds in 2 rather straight-
forward manner to calculate particie fluxes, doses, anil evaporation
5 4ron souree terms after each layer for each of ten angles of
ircidence, These guantities are then integrated over the hemi-
sphere. Thus the calculatiorn uses the same methods that are used
in th> nories! ineident fiux option except for normalizing factors

and ab integration over solid angle. These features will be
illusirsfed briefiy

Consi(‘ae}jan isotropic lux @2-'}«3) p,/’cmz—sec-Mev. Then the
angnar {1wx is given by Equatica 4-33.

, 1 -2
Ci:'l(E, Q‘, :-—_-; @2(_3) p/em -sec-dev-ster 4-33

The numoer of prcmns entering o smas. plane area, dA, in dfl at
angle 8 is
Nez) = @ (E, Q) cos 8 da d§l prsze-Mev 4 34

1
s

integration over tae hemisphere on one side of dA indicates that

174 ‘Po‘E) is the scalar current entering the plane surface, as is
expecied. A minor change in notation will be made to simplify

this illustraticn, thac is, CI31(}3, £y will be replaced by @1 X, E, 9)
where X is the perpen:i-cular distance thiough the shield in gm/ em?
and 8 is the argle between the incident profon and the normal to the
shield. The numker of protons entering one square centimeter per
secosd at an angle @ in # is then

Q)l 0,8, 6)cos B ddl

This current is aftenuated through a slant thickness X/cos 8 and
cascade secondayies are produced in the sarme wuay as in the
normelly incident fiux option (see NR~140). The dose due to
primary protons at X is then

Dose (Xj = 27 f :—82 d{cos 9; 4-35
0

e e
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i where
R ©
- DX, 0) = KJI' S(E) <I>1(x,E, 6) cos 8 dE 4-36
0
; and ¥ = dose conversion {actor rad/l;r
- Mev/cm -sec
i
| 8{E) = receiver stopping power Mev
gm/cm
The cos 8 factors in Equations 4-35 and 4-36 cancel. Cascade
proton and neutron doses are computed in 2 simila~ fashion,

The evaporation neutron source terms are calculated as follows.
Consider a flux of protons or neutrons incident at an angle 8 on
a lamina dX gm/cm? thick at X as shown in Figure 4-11.

e e

AN B Pyt A 47 e L
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FIGURE 4-11 GEOMFET®Y OF EVAPORATION NEUTRON
SOURCE CALCULATIOHN

The number o ,.articles per second penetrating one square

ceatimeter at X is P, (X, E, §) cos€ protons and P E, 8
cos 9 cascade reutrons. The number of evaporation neutrons
generated per unit area in dX is:

M‘:MI&‘&M e .
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N_ap® 8) dx = — efct‘ (X,E, 8) cos8 X p(E)Y(E) dE
4-37
m
dx N
+ COSBJ/'CD (X.E, 6) cos 6 I (E)Y, (E)E
0

where N (‘( 8) dX = number of evaporation neutrons in
eva
neuirons/gm-sec emitted isotropically
from volume 1 + dX at X due to total
proton flux P, (X, E, §) and cascade
neutror flux Cﬁ? X.E, 0.

T (E) = inelastic cross section em?2/gm
for particles of type A.
Y, (E) = number of neutrons pruduced per inelastic

A .. R
collision for particles of type A.

The total number of neutrons is:

evap(x)dX 27de.[N (X. e)d(COS 8) 4-38

The evaporation neutren dose is given by:

X
X )—j T - X8, (X)eX' 4-39

0

evap

where T(X - X') = cose transirission factor, i.e., dose rate at X
due to a unit plane isotropic source at X'
(rad/hr per n/cm?- sec).

The computation of dose transmission factors is described in
Section 4. 3.
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Caution should be used in running the isotropic option in
combination with the monoenergetic option. If the shield thickness
is less than the range cf the primary protons, but some of the slant
thicknesses are greater than the range, the situation depicted in
Figure 4-12 will arise. The solid curve represents the true
angular dose and the dotted curve delineates the curve which the
code integrates.

True Dose Curve

———=— Computed Dose
Curve

\
!
\
1
|
|

Relative Angular Dose

\
A S

1.0 0
cos B

FIGURE 4-i12 RELATIVE ANGULAR DOSE ©MERGING FROM
SHIELD THICKNESS X VERSUS COS 8 FOR
MONOENERGETIC ISOTROPIC FLUX

The troubles arisc because the numerical integration is performed
at fixed intervals over a function which peaks sharply due to the
Bragg effect. This difficulty is not serious in an integration over
a continuons spectrum because most of the ionization dose comes
from higher energy particles and sharp peaks in the angular dose
curve do not vceur.
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4.6 TUSE OF LPPC RESULTS

Lrm s PAPUAIR O LAY

gty

The proton penetration code treats the problem of protons and their

! associated secondaries, tertiarties, etc., which penetrate a

: rather simple shield geometry, i.e., a finite planar shield ot
inf‘aite extent. The question arises as to how these data may be
applied to 2 more realistic configuration. This section explains
the mocdel upon which the calculation is based for conversion from

slab to spherical geometries, and appropriate ways to utilize the

: results.

At present, LPPC cousiders four radiation components; primary
protons, secondary protons, cascade neutrons, and evaporation
neutrons. The first three compnnents are treated according to a
straight ahead approximation so that emergent dose angular dis-
tributions may be calcuiated. The fourth component, evaporation
neutrons, are assumed to leave the excited nucleus isotropically.
The emergent angular distribution of the evapcration neutrons is
a compiex fuction of source distribution, slab thickness, and
neutron cross sections of the shield maierial. For an irfinite
plane source, the flux angular distribution will te proportional

to 1/u where u is the cosine of the angle beiween the neutron path
and the shield normal. Slabs of finite thickness remove the dis-
contini..y at g = 0, and the angular distribution may approach an
izotropic or cos § form. Since sufficient data are not presently
available, it is preferred that simple forms be used to represent
this function; perhaps isotropic for relatively thin shields and a
cosine function for thick shields, The straight ashead components
: and the evaporation neutrons will be discussed separately.
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For the mcment, consider the primary and cascade components
only.

PRI MY O W

Let @l(El, ﬂ) = angular {lux, p/'cmz—sec—Mev-ster in the
direction

2

CI’Z(E) = isotropic flux, p/cm“-sec-Mev

Dl(ﬂ ,X; = angular dose rate at X, rad/hr-ster, due to
q)l(E, ) for all E
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DZ(X) = dose rate at the center of a spherical shell of
thickness X and radius R due to an isotropic flux
P ,(E) in rad/hr.

M = cosine of the angle 8 betweern Sl and shield
normal.

Then

d)z(E) = _[(PI(E, )dl = 47 O (g, Q) 4-40
g 1

Consider the proton angular flux, Cbl(E, .Q.) in afl, incident ou a
slab shield as shown in Figure 4-13. A primary and cascade dose
labeled Dl(ﬂ ,X) emerges on the other side.

M

D (&, 2)dQ =) D, Q. x)dQ

/Vv

FIGURE 4-13 PLANE GEOMETRY DOSE

The code is eminently suited to treat the case shown in Figure
4-13.

Next, consider a spherical shell embedded in an isotropic flux with
the receiver located at the center as shown in Figurre 4-14, The
thickness, X, must be much smaller than the radius, if doses are
to be computed at points other than at the center. The angular
flux incident normal to the surface along a radius at P delivers a
dcsn to the receiver. If §I does not point towards the center, as

at P', no straight ahead dosz reaches the receiver. Integrating,
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D, X) =[D (1 =1, Xl
1
aQ 4-41
= 4le(Q =1, X)

where Dy(X) is the straizht ahead dose component at the center of a
spherical shell shield due to an isotropic flux cX’z(E). The dose is
not crnstant within the sphere unless the emergent angular distri-
bution, (.Q. ,X), is isotropic. Standard methods availeble in the
literature(6) may be nsed to show that, in this idealized situation,
the wall dose is one half the center dose if Dl(ﬂ » X) has a cosine
distribution; and one-third of the center dose, if Dl(ﬂ, X) has a
cosine squared dist.oibution.

@1(5, Q#1dQ

Pl

491(13, L =1ad

Dl(ﬁ =1, X3d&}

X
FIGURE 4-14 SPHERICAL GEOMETRY DOSE

The dose components labeled Primary Protons, Secondary Protons,
and Cascade Neutrons in Appendix I are computed according to
Equation 4-41, That is, they represent doses at the center of a
spherical shell embadded in an isotropic proton flux CI)Z(E). The
dose component labeled Evaporation Neutroas is also converted to
a spherical geomeiry as will be explained laier.
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The spherical geometry deses 1. ay be used for approximate dose
calculations and parametric surveys. More exact calculations in
realistic geometries require the function Dl(.Q. , X) versus g, the
cosine of the angle between the direction ) and the shield normal.
There are several ways of obtaining this function. The method
suggested in this report is as iollows, First, sum the three
straight ahead components. Divide this quantity by 47 to obtain
D;(1, X) where the first argument implies that value of §l for which
M is one. The following polynomial is then used to define the
dose angular distribution.

.
2
Dl(,u.,X) = Dl(l,X)[a +bp +cpu j 4-42
or, more simply
D.(X) r J
Dl(,LL,X)= yp= [a+ bu + cu ] 4-43

The quantity, D9(X), is given by the sum of primary and cascade
components on the graphs in Appendix II. The parameters (a, b, ¢)
are obtained from a least squares fit to the proton penetration
code resuits. A table of these values is given in Appendix I

Some caution should be taken when Equations 4-42 or 4-43 are
used. In certain cases, the polynomial becomes negative. This
anomaly may occur for those values of i where Dl(ﬂ,X) is
several orders of magnitude below D(1,X). The dose may be set
io zero in this instance or extrapolaied to zero at K =0inan
appropriate way.

The simple formalism develcped above is convenient but is not
unique. For example, Equaiion 4-42 might be expressed in the
form of Equation 4-44.

D (p:X) =D (1L, X/u ) 4-44

The form of Equation 4-44 may serve multiple purposes. For a
simple slab, it may be used to find the angular distribution of the
straight ahead dose components for an isotropic flux using data

r
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from a normal incidence case. Conversely, the angular
distribution may be used to extend the data to greater thickness,

The evaporation neutron dose component is treated in a slightly

different way. The volume distribution of sources depends upon
the incident flux angular distribution in a way similar to that of

cascade nucleons. However, the isctropic nature of the source

complicates the situation, The additional notation necessary is

definea below,

D! (Q. X) = evaporation neutron angular dose rate at X in rad/hr
due to isotrapic flux @2(E) incident on a plune slab.
Note the difference in flux specification for this
quantity from that of Dl(.Q. , X) above,

D! (X) &= evaporation neutrcn dose rate in rad/hr at the center
of a spherical shell shield of thickness X due to an
isotropic flux ¢Q(E)

Dé(X) = evaporation neutron dose rate in rad/hr at the exit face
of a slab shield due to a (halfy isoti'opic proton flux
incideat on the entrance face.

Consider an isotropic flux Py(E) incident on one side of a plane
slab shield as in Figure 4-15. The code calculates thz dose

emerging frum the other side D§(X). Assume this dose is emitted
with a cosine distribution.

X X .

FIGURE 4~15 PLANE GEOMETRY EVAPCRATION NEUTRON DOSE
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Then:
Dy(X) = f D'I(Q,X)dﬂ 4-45
§/2
where
] —E—- /] - D
Dl(Q,.X) =—p 4- 46
Ly = N -
Dy(X) = f pdfl =N
§i/2
or
D3(X)
D', X)=———p 4-47
1 ki

The dose D'z(X) at the center of a spherical shell shield is:

Dy(X) = fD'(l,X)d.Q
qQ 1

D' (X "Z—TED'(X) lﬂ.'
2 =" Dy f o
-1
l - ! -
D} (X) = 4D}(X) 4-48

D'z(XL the evapcration neutron dose at the center of a spherical

shell shield due to an isotropic incident flux of protons, is the

quantity presented in Appendix JI.

The datz presented may be converted to the dose emerging from a
plane slab due te an isotropic flux incident on the other side by
meaas of Equation 4-49.

D5 (X) |
Di(.Q, )= 4-49
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A distinction ex:.ts b2twzen the Dy function of the straight ahead
component and the Di function cf the evaporation neviron component.,
Dl(ﬂ,X)d.Q, is due to the angalar flux Cpl(E, .Q)dﬂ while
Di(.Q,,X)d.Q is due to an isotropic flux incident on one side of a
plane shield.

A complex geometry shield may be treated hy representing the
configuration with a pciyiiedror made Lp cf sirall plane slabs.

- The dose at an inside point may ther be computed by incorporating
the results of Equaticns 4-43 and 4-49 plus data in Appendix I into
an appropriate integration over the surface.

A major uncertairty in iue estimstiorn of space radiation doses is
due to lack of knowledge conceraing space radisiiop sources. The
results presented in Appendix II for solar flares should be regarded
as tentative, but conservative values. in the case of the 10 May
1959 flare, the spectrum measured at 33 hours after onset was
extrapolated back te cne hour according to a -2 law. The actual
spectrum ard intencity variations during the early part of the flare
are unknown. It is probable that flare particles arrived in the
vicinity of the ezrth five hours after onset and reached a maximun
approximately seven hours !2ter. ™ the case of the 23 February
1£56 flare, the prompt spectrum at nre hour after onset was
assumed to decay according to a t"% law alsa, The spectrum
measured eighteen hours later was much softer, Both spectya,
when extrapolated accerding to t"zs yield approximately the same
dose behind five {o ten gm/ cm? of shiciding. The prompt spectrum
was used for data presested in Appendix 1.
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5.0 SUMMARY AND CONCLUSION

5.1 RADIATICN SOURCES

Data on radiation sources in the trapped ratura!l radiation zones
are being sunplemented by continuirg satellite and rocket probes.
Flux maps are avaiilable which are probably accurate within a
factor of three for high thrust escape trajectories. Improved
mapping supplemented by aralysis of particle motion within the
earth's magnetic fieid, should yield results sufficiently accurate
for most shielding calculaiions. However, information ca spec-
tral and temporal variations is rather sparse. Very little data
have been published as vet on the new eiectron belt produced by
high altitude nuclear weapon bursts.

Solar flares appear .0 offer the major space radiation hazard for
missions outside the geomagnetic field, At present it appears that
the hazard irom frequent smali fleres is less than from cosmic
rays {about 20 rem/yr). Gigantic flares, however. may produce
doses of thousands of rem behind thin shieids. A recent estimate
of the time and spectra!l history of gigantic flares yields doses cf
4000 rads, 700 rads, and 300 rads bebhin2 alum’num shields of

1 gm_/cmz_. 3 gm/cmz, and 5 gm,/cm2 respectively, While this
esiimate yields doses generally lower than the t”“ mod2i (see
Appendix I}, the doses are still seriously large.

The incidence ¢f gigantic flares has not been observed long enough
to obtain good staiistics. Sparce data indicate that these flares
are iikely to occur oa the rising and falling portion of the sunspot
cycie. It would be helpful in prediction studies ii flares could be
correlated with some feature of the Babcock racdel,

5.2 KRADIATION TRANSPORT

The proton shielding code developed during previous studies hzs
veen extended o trect isotropic fluxes as well 4s monodirectional
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fluxes and monoenergetic specira as well as continnous spectrs,
Shield gecmetries include plane slab shields and spherical shell
shields. Angular distributions of the primary and cascade
secondary doses are calculated using the straight ahead approxi-
mation for cascade nucleon producticn. Multistrata shields may
also be analyzed.

Secondary radiations include cascade neutrons, crscade proions,
and evaporatior neutrons. The code will probably be extended to
estimate gamma ray production in certain elements in the aear
future. Pion arnd muon production appears to be small for shields
less than 100 gm/ cm? thiek.

The cascade nucleon production and spectral data are taken from
the work of Metropolis, et al. This Monte Carlo calculation was
performed for aluminum and heavier elements in the energy range
82 o 1840 Mev. Extrapolations to iower energies and lighter
elements may be somewhat risky. It would be desirable to check
the calculation against experimental data. Unfortunately, the field
of nucleon-nucleus cross section measurements has been rather
quiet for the past seven years and few systematic studies are
available.

Analysis of electron bremssirahlung produced by electrons in the
naturzl - -mation belts show tnat this compcuaent is small compared
to the pro.on dose for escape missions. However the electrons
resulting from nuclear weapon bursts may pcssess energies of
seven Mev cr higher. Thus, pcnetratirg eiectrons may be important
for thinly shielded vehicles. It wouid be desirable to develop
transport methods {or electrons in this energy range.
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APPENDIX 1

DOSE ANGULAR DISTRIBUTIONS

The folivwiag tables present least squares fits to the sumof primary
proton dose, secondary proton dose, ahd cascade neutron dose as
a functicn of emergent angle for isotropic flux incident ca a plane
siab shield. The functional form is a second degree polynomia!l in
M . the ccaine of the angle between the emergen: dose and the slab
acrmal. Nurmalizingfactors are giveninSection4.6, Equation 4-43.




ITTL°0- |SPE9°T | C€90°0 | 8B8RR "0 | €802 °0~ | L96Z ‘0 ¥HI0°0 | SOF0°'T | 62%C "0~ 0°0g
282L°0~ 16T¥9°T ) LOLOO0 | T896°0 | £0G2°0~ | 1892 °0 IT€0°0~ | 8890 "1 | 08%0 "0~ 0°82
€GEL°0- [ TLEQ'T | 20800 | 88¥0°T | 20TE 0~ [0OE€PT°0 | 82.0°0- | OTILT'T| 91S0°0- 0°9¢
61£L°0- [S679°T | 2260°0 [ P2¥I'T | £€8€°0~ { 0812°0 | 6ITT0~ | 90LT Y| 8E€S0 0~ 0%2
8LIL°0- | €68G°T | 90T 0 | TORZ'T | LZ9¥ "0~ | ¥26T°0 | 88PT°0~ | L902Z ‘T | ¥¥G0 ‘0~ 0'zg
T969 "0~ | 218G 1 | €22T°0 | T6EE T | #8¥C 0~ | PBLIO | PSST°0- | 8I¥Z T | 9¥SO "0~ 0°02
£999 "0~ 1220G°T | 80PT 0 | 2EEV°T | 9%28°0~ | 810y 0 | 6122 0~ | ¥SLZ T | 8290 "0~ 0°'81
91€9 "0~ |¥29F ‘T { $6ST°0 | 86TS°T { 9665°0~ | O8PT 0 | 6T92°0~ | STIEL T | LGP0 0~ 091
£965°0~ | 166 "T | G6LT "0 | 9869 °T | 6TLL“0- | LLET'0 | ZZ0£°0- | L¥¥E "T | 9%$H0 ‘0~ 0'%vT
G09S °0- [SSYE T | €86T°0 | SPLO°T | 6P¥P8° 0~ | OTwT 0 | vLEE 'O~ | 969€°T | 29€0 0~ 02T
£22¢°0- {6062 °T | 8STZ "0 | 22EL'T | 9668°0~ | 9G2T°0 | 899€°0~ | S¥8E "1 | ¥¥30 0~ 0°0T
296% ‘0~ | 1682 °T | $922°0 | 80¥L" 1 0068 '0~ | Z8TT "0 098¢ "0~ | €068 °T | L9100~ 06
8TLY 0~ | 1222°T | #9€2°0 § Z8TL'T | 92%8 "0~ | DBOT°0 | LC6E "0~ | S¥BE "T | 9L00 °0- '8 m

Sy 0~ [6¥61°T | 9GP 0 [ 2L¥P9°T | €TIFL 0~ | L98O™® [ €OI¥P‘0- | 8OOF T | €29070 1)
PEET "0- [ S69T "1 [ BZSZ "0 | 80L8°T | 0TS9°0~ § 80LO"» | 323e¥ 0~ | €00V 'T| TPT10°0 99
60T% "0~ | TZPT T | ¥8GZ°0 | 822C°T | 6¥6S°0~ | 91200 | 0SEP"0- | 1668 ‘1| €820°0 0°S
6S8€ "0~ |SYIT'T | SY9Z°0 | 90LP°T | €68S "0~ | LTS0°0 | L6S¥ 'O~ | 980% "1 ! GET0 0 14
S9LE "0~ |8O0TT T | 0482°0 | 89%E€°T | PTLE "0- | €8TO Y | 998% 0~ | 681, "T| $290°0 0t
226¢€ "0~ | 6SET°T | 969¢°0 | 82YT'T | 9180°0- | ¥800°0-) 4L22S°0-| 1827 ‘1| ¥660°0 02
26EP "0~ {GCS8T'T | 62%2°0 | OTIV 0 | LTTL'O0 | STOT "0~ | LSEO 'O | 93LP 1| 8IVI'O 01
LOJ% °0- | TSST T | LE%2°0 | ¥EE€Z°0-f OPLE'T | 88€T°0-] TLIO'0- | LIBE " | €BIZ "¢ g°0

b} q B o q L] b} q _ ;] wo /w2
umaoedg axeld umxoeds a2ty umayoedg %
, REOWOTY.L
9961 AaBniqed €g 6561 s8I 01 . UM ~uepe.1 g

HALVM - SNOLLNYIVIRIA HVINONY A80d
I~ ITEVL P

AL o Nt i et e e PN . . e “ . “ . S e PRI B e s e ey S D S e
Lok i

Bl . N




t@.v ¢ .

9608 °0- | 09G.°T [ 8830°0 | TLES 0 | £%80°0~ | $2€2°0 68%0°0- | 1821 °1 i 6%90 "0~ 0°0g
GG0B 0~ | TEPL T | CTPL 0 | ARD6°0 1 0BETI'0- | 1€TZ°0 8480 °0- | TICT T ! L990 "~ 0°82
€66L°0- |90cL "1 | €960°0 | 8066°0 | 6%0% 0~ | TS6T "0 G6ZT "0~ 1 €86T"T | LL90°0- 0°9a
L88.°0~ |0L89 T | T€L0°0 | 8080 T 8082 "0~ | LBLT 'O 29T 0~ | 9¥PEE T | LL90 "0~ 0°ve
€Z9L°0~- 10LPQ°T | LTI6D°0 | PLLTT {£G9C "0~ ; 2¥9T1°0 0T10Z2°0~ | 20L2°1 ; 8890 "0~ 0°%¢
276L°G~ 1996S°T | €2IT°0 | 31I82°T | £1I9% "0~ | ¥261°0 86T "0~ | LE0E T | ¥¥90 "0~ 0°08
€169 70~ | ZTPG'T | LEST 0 | LLBE'T | LSLS 0~ | 9PFT°0 9TLE "0~ | TIES "T | TO90 "0~ 0°'eT
0889 "0~ [OISP T | 29ST°0 | 6TTIS T 9069 "0- | L6ET 0O gp0g "0~ | 1968 T { TvSN "0~ 097
ZIT9°0- | 98T% T | Z6LYT°0 | $PZ9°T | €S08°0~ | ABET 0 28¢2€ "0- | L89% " | 0S%0 "0~ 0°%1
4T19G°0- | 8298 T | TT0Z°0 | 8¥1L°T 1888 '0- | 9¥ET "0 85%E "0- | R, "T | ¢LEO O 0°g1
TLIS 0~ | %182 °T | €02T°0 | L6EL°T | 2888°0~ | €041°0 S¢LE "0~ | SLBE T | L0200~ 0°0T1
066% "0- [ BLYZ T [ GTIEET 'O | 6L0L Y | €%%8°0—~ | 8S0T 0 9T16¢ '0- | 6668 T | £€TO "0~ 0°8
TGLY "0~ | 8TIZZ2°T | PTIPZ2°0 | GSE9°T | ¥#T2L°0- | $GB0O 0 LETY 'O~ | GCTP "T | 1600 "0~ 08 g
L9690~ | 0G6T°T | 062 °0 | €HFSS°T | 9432 °0~ | L8I90O N T7e¥% "0~ { €0%%F T | 1S00°0 0°L -
298% "0~ | FLOT 'Y | LLSZ°0 | PPOS T 184G °0~ | 2090 0 69%% "0~ | LIV 'T | PLTIO'O 69
80TIP "0~ | T9ET'Y | 9892 °0 | YELP T | L8BEG 0~ | $$S0O°0 BE9Y "0 | €¥EF "1 | FIE0°0 0°¢G
€L88°0~ | BITT 'Y | GG92°0 | I22%'T | $OLY '0- | 2%%0°0 SP8Y "0- | 8L2F "T | GLPO 'O 0%
LBLE "0~ | 260T°T | €092 °0 | G682°T | €908 °0- | S020°0 280S "0~ | 082% "1 | 6R90°0 0°¢
SrO¥ "0- [ 9PPT T [ €2SC°0 | LOPO'T | 9900°0- | 88T0°0~| 2Z26%G 0~ | L2V 'T | $960 0 0°2
I82% "0- | 989T°T | I8F2'0 | 9%0€°0 | €L28°0 TTIT0- | €9%F9°0- | 98LF "1 | 63ST "0 0°1
¥82¥ "0~ | 808T T | ATPZ 0 | 0G0E "0~ | £EFDH °1 # L268T°0-| T2T9°0- | TOLL T | 6522 °0 S0
0 q B b} ] q B b} q € wo /w
wmajoedg axerd E?soom.m (e 04 um.ajoedg ¢
_ S82UNOIYL
9661 A18naqeq gz 6S6T ABIN 0T 9TUM ~uspaxd
NOAHVD - SNOILNIIHLSIAd dY¥IAONY JSOd
2-1 37T9vVL

gm%&t%..,;i«ii?ii :,..z......l,....}.,i.




2

0668 °0- | SIT6°T , £2E0°0- | L0TZ°'T | LS8BT G~ | Z290°0 | 98%1°0- (€695 °( | €I 0~
0688 °0~ | €288 °T | 06100~ | 9€9Z°T | 89%C "0~ | ¥BSO0'0 | 68T °0- | £30€ T | 23T 0~
072870~ | SE¥8 T | TTO0°0 | 2026 T |SITH°0- |6%90°0 | 6TZE°0- | 1SEE€ T | 2601 'O~
898%8°0- |, L66L'T [ 9820°0 | €28E°T |€328¥%°0~ | T2L0°C | €697 °0- ! €992 "1 | 2SOT1 0~
0818°0- | 29%L°T (29%0°0 | SLP¥°T | PLGG°0- | 86LO'O | 0¥6Z°0- | OV6E T | 8660 0~
2S8L°0~ | TO69°T | €0L0°C | 6LIC°'T | 60%9°0- | 8880°0 | SLZE°0~ |E£6T¥ "1 | 16600~
08%L°0- {8829°1 {6960°0 | €98G°T | Z6TL"0- | 6960°0 | 19S€°0- | 9LE%° T | S¥8D "0~
9%0L°0- | €09S°T | $2ZT°0 | LBYPY°'T | B68L°0- | 6E0L°0 | 128% ‘0~ | CTSH T | LELO "0~
1989 °0- | GUGF T (Z6PT°0 | LTOL'T | 19%8°0~ | L8OT0 | TOO¥ "0~ | 9€S¥ T | 0090 "0~
9709 °0~ | TL0%°T | 8SLT'0 | 8IEL°Y | T698°0- { €80T°0 | 8ETI¥ 0~ | 90SP ‘T | OP¥0 "0~
8PS0~ | TTEEC'T | S002°0 | TOOL'T | €91870~ | LS€0°0 | €¥3F 0~ |9T¥F "1 | 6920 °N-
O0LIS"0- | 1882 T | 8€T2°0 | 6099°T | €6SL°0- |¥¥80°0 | 0LE¥ 'O~ { 82E® 'T | O¥T0°0-
PLEY "0~ | LLPZ°T | BG2Z°0 | T609°T | 6€69°0- | 9%L0°0 | 882%°2- | 428% T | C200 "0~
PLSP "0- | G802 °T | 2982°0 | LLBS'T | 9962°0- | 6890°0 | TIEY°0- [ STIP T | $0T0°0

L¥ey0- | L29T°T [ 16P2°0 | 6625°T | S£09°0- | 9190°0 | g£0¥¥ "0~ | 0607 °T | S€20°0

GG6E "0- | 9PET T | S092°0 | TOBH'T | G8ES 0~ | 0290°0 | 86S5H°0~ | 8STF T | G9€0 "0

T9.€°0~ | 99TT°T | S092°0 | 998€°T | $LTIP "0~ | EPE0°0 | EELY 'O~ [ €2T¥'T | €8S0°0

”m

.
N N

N

5 ]

4]

0 O~ D DS PO DD N DD
-t =t i i 4
166

N OO O OO0 O OO OCO O

LZ28°0- | €6TT°T | LOPT'0 | 8EEZ'T | 8SEZ "0~ | 8600°0 | 6967 "0~ | 09T% T | 6TLO0 §
ELTH 0~ | SBLT T [£9€2°0 | LS06°0 | SI9T"0 | €2%0°0- | 869S 0~ | 8E9% T | 8S60 *0 k4
L20% "0~ | 67ST°T |99E€Z°0 | 829T°0 | 8LL6"C | ¥2ZT°0- | 2959 °0- | PEBF ‘T | 2951 °0 "1
8L66°0- | 6L6% T | $022°0 | 89%L°0- | 6SL6"T | LTBT"0- | S8T8'0- | SE09 ‘T | S€BZ 0 ‘0

o q B ] q ® o q B wo /1w

umxjvedg exelq umajoedg exsld wmn.ayoedsg d

SSOUNO YL
9561 Areniqeq gz 8961 48 01 SIrYM ~uepey

WANINNTV - SNOLLNSIYLSIA HVINDNY dS0Q
-1 ATEVL

B R e AR B A e S At o D

v e 5 IV MK, SRS M G Bl P uw,mw_u ¢




80£L°0~- | ,28L°1 | 9TL0°0~ | G8SP T | TTLS "0~ | T280°0 | SIBI ‘0~ | 1882 T | IO '0O- 0'0g
eh2L "0~ | TTI9L 'T | 89C0 “0~ | 6TOG"T | GS29°0- { 9280°0 | 6602°0- | Y2TIL'T | LOOT ‘0~ 0°8Z
SPIL 00— | L¥PEL T | 90070~ | 96%S°'T | 6089 °0~ | €€60°C | 882 "0~ | ONEEL" T | 9960 ‘0O~ 0°9g
€T0L U~ | TGOL T | S€20°0- | £66S°T | LBEL'0~ | £660°0 | 86920~ | T¥E "1 | 2160 0~ 0%z
8689 "0~ | 0ZL9 °T | $S00 "0~ | 0269 T | 0008 °0- | 8C0T "0 | 988Z°0- | STLE "I | 1G80 0~ 0°2¢
9899 °0- | €9€9 T | 66T0°0 | $86Y T | LBPB°0- | TOTTI'0 | 0ZTE "0~ | OLBE T | 6240 "0~ 0°0%
PLPS "0~ | GG6S T | SPE0°0 | TIEL"T | 9088°0~ | 0ZTTI0 | 928€°0- | 846€°1 | 1690 ‘0~ 081
G8%9°0- | L0SS T | LGSO'0 | €O0SL'T | 9¥68°0- | ETIT0 | €¥SEL "0~ | LBO¥ T [ 0650 '0- 0°91
L¥6S°0- [ 900S T | C8L0°0 | €8FL°T | 80880~ | Z90T°0 | 8¥LE0- | OLIF T | BLP( 0~ 0'%1
€¥9G6°0- | 98%P "1 | 800T 0 | SOTIL'T | 691870~ | ¥C60°0 | SC6EL°0~ | STZH"T | LEEO 0~ 0°21
9286 °0- | T96€ ‘T | L22T1°0 | £0€9°T | 9STL°0- | 29L0°0 | L9OF "0- | 9L1%°T | 8LTO "0~ 001
EPIS°0- | $99€ T | 9PEL "0 | 6S6S'T ! S8L9°0~ | 80L0°0 | 9ZTH 0~ | 6E1IF T | £800 0~ 0°6
066% "0~ | GECE T | ¥IPT 0 | 089S °T | 69%9°C- [ 6990°0 | $28% 0~ | /8TH°T | 0200 0 0'8
169% "0~ | 6862 1| I861°0 | 26€S°1T | S€19°0- | 3390°0 | SS8% 0~ | LSTF'T | L2T0°0 072
Go9%P "0 | PO9Z°T | 989T°0 | 096% T  08SS°0- | €$GO°0 | LSSV "0~ | LP2P ‘T | 8ETZO "0 09
U6ZH "0- ( 22PT T { €9LT°0 | 9BIP'T | 98GF '0- | L6E0°0 | 8TLY "0~} 092%°T | TLE0 70 0°s
80Z% "0~ | 88%T T | 9TIBT 0 | ZT0L°T | QLIE ‘0~ | 2020°0 | 006% "0~ | 0LZF "1 | €EC0 "0 (14
8ICH '0- | L9ET"T | OLBT 0 | #8211 | $OTIT"0- | 8900 0~ | 2628°0- | 29¥¥°T | €£LO "0 0'e
GI6H "0~ | T9PC T | $E6T 0 | 6LOL°0 | T9BE 0 | L690°0-| B8ES "0~ | 6E8F T | G201 °0 0’2
TLLE 0~ | 209T°T | €90Z2°0 | 90T0°0 | A6TT°T | 08T 0~} L9T9°0~ | S9Z% 'T | LTILT O 0T
PETO'T- | B€EPP "2 | QLLT 0 | LLBE T~ | 2¥BL°E | 63GE "0~ ! 826G T~ | 8CLE'C | 9F2C 0 g0
2 q ® b q ® b} q ® %bo)hw
unJgioadg 3I81d wnajoads axery ummoadg SEOOIYL
9361 Axenxqed £2 6G6T A8 01 2JIYM ~uspa.Ly

NOHI - SNOILNYIY.ISIA ¥ VINONV IS0d

-1 JTHVL

PR

e,

E -

167




LEGS "0~ [ LATS'T | 92T0°0 | TL9L°T | 9LE6°0~- | 6921°0 €3L1°0- | 88%2 T | 9890 "0~ 0°0¢
SIS0~ [ 99TS T ! 2T1Z0°0 | 06BL T | S096 '0- | GL2T1°0 | £T0Z°C- | SBIZ T | 9990 °0- 0°'8g
L6%S°0- | 8S0G T J£080°0 ; €LOB'T | 6946°0~ | ZLBT°0 | €928 "0~ | €062 "T | 8¥90 *0- 0°9%2
6¥¥S°0- | ZT6% T | 20%0°0 '} 68T8°T | 6584670 | EP2T°0 | 96%2°'0~ | 2608 "1 | L090 "0~ 092
988G "0~ | ¥PLF T | TIS0°0 | 6908°T | 88660~ | I6IT "0 BELZ 0~ | 882E "1 | L9600~ 0°¢gc
0265 "0~ | 99G% °T | G290°0 | 2L8L°T | ¥#926°0- | 61110 G862 °0- | LLFET | 916070~ 9°02
TEZS 0~ | LGP T | 9PL0°0 | LPSL'T | 6GL8°0- | 6T0T'0 | €628°0~ | 8G9C 'Y | 9G%0 "0~ 0°8T
PTG 0- {8ZTP 1 | 9480°0 | 900L°T | 886L°0- | 2880°0 | 98PE "0~ | 69LE T | GLED O~ 0°91
800S°0- | 9L8€°T | ETOT 0 | 6L£9°T | 292L°0- | 99L0°0 | S¥96 "0~ | $LBE T | 2820 "0~ 0PI
08Li% "0~ ;€098 °T {9STT "0 | 8909°T | £269°0~ | 2LZL0°0 09L5°0- 12988 "1 | LST0 O~ 021
9PSY "0~ | 9612 °T | PL2T°0 | L9L8°Y | #8699 °0- | 649070 8T0P "0~ | TIOP "1 | 6%00 "0~ 6°0T1
LBEP 0~ | 9262 "1 1 6%LT 0 | OPSS T | #6239 "0~ | LEOC O L8T¥°0- | OTIF°T | 1800°0 0°6
ePZP "0~ | ZZTLZ T | SYFT°0 | €LIC° T 2185 °0- | 9960 °0 1ZeEP°0- | 8%TP T | $0T0°0 0's
OSTIP "0~ | 98ST T | 99%1°0 | LLSHP'T | P0G °0- | ESPO°0 | €9%P G- | 68TP°T | 8610°0 0°L
g80%°0- {6172 °T | 608170 | 66LE°T | GOIP "0~ | 283€0°0 919% "0~ | 922% "1 | 80€0 0 09
68Ty "0~ { ETSZ T | 0SST 0 | 98L2°1 g8z 0~ ) L¥FTO'0 988% "0~ | GLE¥ "1 | ¥EPO O 0°¢
00%% "0~ | GELZ T | 169T°0 | 080T 'Y PILO°0- | 9€T0°0- | 08€S "0~ | 0TLY "1 | PLSO°O 0%
009F "0~ | SERZ "T | £99T°0 | 689L°0 262¢ "0 8%90 °0~ | T$09°0~ { BEIS T | 1620 °0 0'g
882% "0- | 8S€Z°T | ¥08T°0 | 6FIE 0 | 31280 | AELT "0~ | $T199°0~ | SLZS'T | 68TIT "0 0'g
$829°0- | 669% T | 65410 | TTGS 0~ | TLSLT | 98400~ | 9294°0- | 0L9G T | TH6T "0 0°1
08G0 °Z- | 9816 "2 | 81EP "0 | 6GE9°E~ | 0695 °F | SETT°0- { ¥E88°T- | $6LZ'C | 08050 g0
0 q ® b q ] b q L wio /w8
wunIoeag orerd unoadg axBly umajoedg mwoﬁoﬁh
9361 A18naged €3 6961 A3 0T NIYM ~H3pSI

NILSONNL ~ SNOILNHIY.LSIT ¥VINONY Is0d

§-1 I'TEV.L

5

s

B AR

i Al A BT R

168




APPENDIX II
169

A ISR et R X0 40 ST YO | e el b L Ly i G EA R S 349 b 4 Tt - e




B s LA LI AL

e R e

et sethss

-

R R e e

gt Mg RSB EA T

Ao S e e Ve s st e b 1

Rad/Hr Per Unit Flux

19

10

10

19"

Material:
Spectrum: {reden-White
t

Water

L Total -4

Prirﬁary ~

.

Protons -

Secondary

Protons

b e

Cascad

e Neutrg&____

"

"

—

FIGURE 1I-1

Gm/

124

2
Cm

\\‘ ]
/ B
Evaporation Neutrons

0 10 15 20 25 30

DOSAGE AS A ¢UNCTION OF THICKNESS




N Material: Water
ﬂ Spectrum: 10 May 1959
\
\
J
10—} 10°
LY
——
L —
\
\ NN
\\ SN\
\ NS
\ D
\ Primary \ Total
\ Protons
4 S -
10 o J, - 102
| o Lz
| AN =]
| \
\ Cascade
) . W
5 \ Neutrons i
& ' \ 2
~
2 N—> :
primary N ' \ Secondary . =
3 Frotons \{”“" \Pl‘olons " ]
10 ’ \T\ — 16’
Y
RN {\
L\ N
\ N
\ N
\\ Secondary \ |
Q‘\ Protons N Evaporation
Protons
10° \\ 10°
P AN . —
- . N AN
i Evaperation ~
' Protons _— N
LI} N\‘ \\‘
g N =
2t ’/\< Cascade N
4 Neutrons —
/ N
/ N
11 ™~ -1
10 N ~No
0 5 10 15 ) 20 25 30
3 | Grn/Cm?2
i
2 FIGURE -2 DOSAGE AS A FUNCTION OF THICKNESS




Raittainll

SENEIPN Uy b s o TR U s RN OO N YN W FR g

ehgn bt 3
R

gy

sy €0,
SRy

R

g

AN

i

g T g,

BPA e

g

ek

A

oH o
B M

Rad/Flare

102

Material: Water
Spectrum: 23 Feb. 1956, Prompt

N

— e cr———

R T

e 1
\1\4'_\

Prizhary Protons

Secoviary Protous

et

Cascade Neuirons

—t

.
3
i

1

10

Evaporation Neutrong-—

S5 10 15
2
Gm/Cm

20 25 30

FIGURE II-3 DOSAGE AS A FUNCTION GF THICKNESS

- 172




e

oot s boand

Rad/Hr Per Unit Flux

Material: Carboa
3 Spectrum: Freden-White
10 X iLL
A W o — ¥
A i I SR S
\ -
‘\\§
- %\\
3 0-—4 —
- -
} T __t_Primary
i Protons
H
Secondary Protons
] —
7
107 / - 5
. = uvnporation Neutrons -
Pl i
7 i -
7 r Cascade Neutrons
/ /___,,—-—— »
/
l g =,
/ ' i
-5 yd i
10 = ,
7
7
/ I S B
Fi
/
i !
107" i ! ! ;
0 o5 10 15 20 23 30

FIGURE II-¢

<
-t
th/Cm

DOSACGE AS A FUNCTION OF THICKKESS




3
~
3
E
.
": !06
3 : jT - —}—Material: Carbun
T —4--Spectram:; 10 M 23
— 4 \pel ay 19
\ | i
- i i
= 1]
’ 5 : : | R :
Z 10 A . i + i
H X S, — {
t —t -
.; S
: ¥ = T
2w v i ! ——t .
: ; ] :
, ) — i
: 3 : N
: \ | ;
X : ! ' i
- ! ! i
,3 i \ ] T ‘
10 \— ; v =]
g + —
: ! FO —
E: : AN N H L
& NN ; |
3 ) i | L
i \ i ' : ;
. | S P
Y N : : | L
P ‘X - H : ~— +
kY S~ —_— i
L \ H
: / X 1 ; ' 3 7 t ~==—Total
N TR
] N v g \ i T Evaporation
= 1 H R i —|Neutrons —|
H 1 ' : \ | [
1 | > -
H N = s ——
/ — - Piotons
z N - - T Primalry_"‘
- Cascade .
b
. —~t - Neutrons —
T i : \\ | Secondary
1 -
16 b 3

S 10 15 20 25 35

om/ sz

FIGURE iI-5 DOSAGE AS A FUNCTION OF THICKNESS

174




! Matertal: Carbon
Spectrum: 23 Feb. 1956, Prompt

2
10 A Y ‘—
.
AN
\\\ S— H
\‘:“‘“—— Total
\\
o
’\—“{\_M
1 Primary Protons
10 = —
Secondary Protons
7/ ~—t
/ . S
// —
_—"_ | Evaporation Neutrons
B 7Z
=
& f g Cascade Neutrons
g 0 e et
§ 10 7 |
4 e
4 ol _
7/ | -

\\
N\,
N

L N ﬂ
—,i— ———— ———
5 I
i
l i
-2 | i
0 5 10 15 20 25 30
3
Gm/Cm

TIGURE 1I-6 DCSAGE AS A FUNCTION OF THICKNESS

Lo




Ll izl
TR A g s

< ORI

IR R IR SN BT R

r Unit Flux

5
o

Rad/Hr Pe

10

10

Material: Aiaminum
Spectrum: Freden-White

10

10

R
T~
\l’:_: -
\\\ o ——— | \;I‘o?.al
- Primary
Protons -
Secondary Protons
=

.l
Y Evaporation

/1 Neutrons

Cascade Neutrons

T
™~ N,

[oey
[+

FIGURE II-7

:=
P el
//
/
¥ -~
j’
Yy, —
/
!
0 5 i90 18 . 20 . 25 30
Gm/Cm*

DOSAGE AS A FUNCTION OF THICKNESS




R

EETEe— -‘n#MWWW

Wt rAT v

=

s s e

sax

PR e

g

ISR

5
10
4
10
o
te
=
ey
~
hel
a
=
10

ll’)l

g Material:  Aluminum

Spectrum: 10 May 1959

I KL F | ——

Evaporalion

FIGURE 1I-8 DOSAGE AS A FUNCTION OF THICKNESS

Neutrons
, h,
Primary
Prrotons
N,
S,
] +
\ §
"_ . I
\\
-
N Casearde
T — Neuwtrons _
i \\ Secondary
¥
i Prrotans
- 10 13 20 25 30 35
Gin, em?




10

Material: Aluminum
«Spectrum: 23 Feb, 1936,
4 Prompt

[]

L HHRAG I U 613 06T 2090 s S o i b g i W ke e pa

: 10? '/\

\Lf‘\._____ Total

\-\_\

! . Primary Protons,

Secondary

; Protons
: / Evaporation

/ Neutrons

Rud/ Flare
N\

” 4 ——
/i‘ - — Cascade
/ L Neutrons
107! v
s
I
Vi R
l —
i
-2
10 5 10 15 20 25 30 35

1
Gm/ Zm

FIGURE 11-9 DOSAGE A5 A FUNCTION OF THICKNESS

£ 3
- £
- §
%

178




-.rnyﬂm”
R

lo-d
N - Material:  Ir:n
! A\ Spectram: - Freden-\White
i
3 \
\ T ———
—] ‘—\
\\\\ Total
l')“‘ T~ | Primary
Protons —
Evaporation
" Neutrons ]
Secondary
Protons
-5
= ,/
] LI 7
™ / |
2 [/
£ [ 7/
' 1 3
& [ / Cascacde —
= / /"‘.—-—-—"—‘-—_‘ Neutrons
= y et
z‘ //
-G
' 10 - //
i 2
i
L — Z/
, 2 {
1
: . / |
i . |
: 10 1 2 e : _
1 H
— et : {
- ]
; |
i i i
) | | a
H ' ’ I
,
1 t !
- | ! | l
1]
o o o 10 iH 20 L 30 35

Gy Cm

FIGURE 1I-10 LOSAGE AS A FUNCTION OF THICKKNESS

179




Material:

i, SR, RYSRY SRR A S s gy

Iron h
Specirum: 10 May 1959

Evaporaticn
Neutrong ——

N TN G eSS AR 1

Cascade =]
Neutrons
Secondary |

Protons —.]

7y
i

Rad/Flare < ew oo

1

Y
o~
%Tmnl
N .
I
N Primary
Protons
25 30

FIGURE II-11 DOSAGE AS A FUNCTION OF THICKNESS

10

Rad/Flare



3
i
1.03
Material: Iron
Spectrum: 23 February 1956,
Prompt
102 r\‘
o
~
N
L ‘*\N Total
\\
T— ] Primary |
Protons
10l
Evaporation
Neutrons
- —1 -
$ 1 | Secondary
, 5 __,__,_______ Protons |
7 )
SN
o L
y 4 —
y JL Cascade -
7 — ===~ Neutrons —
/ ’/"
[ / 4
J //
107! j/
y4
4
V4
VA
/[
L I/
| 107
"y S 0 5 10 15 20 25 30 35
| Gm/Cm? .
- FIGURF II-12 DOSAGE AS A FUNCTION OF THICKNESS

181




£ oy ksl

Rd/Mr Per Unit Flux

108
Material;  Tungstcn
o~ Spectrum:  Freden-White
10 3L
. £
— 3
N~
o e )
. \ ‘ Total
.;,.
\ - Primary
10.4 Protons

Evaporation ]

Neutrons =
——

T Secondary

e Protons
ll
7
N av.d
i
! , - Cascade
, | / e F Newtrons ™
10-6 . /
. —
/ A
1077 |
¢ 10 15 20 25 30 3
Gm/ cm2

FIGURE I1I-13 DOSAGE AS A FUNCTION OF THICKNESS




10

10 o
Matertad:  Fungsten

Spectran:  10-3ay 1959 4

[> <t
-+ 1

P 4

P 4

10° Y ' : : i 10

\‘ — - — ;&ﬁ Evaporation

Neutrons

7 i
| a
l N,
g . \ ) \
E 10 » 10
: , >
? 17 — ANY
: ' | 4 ~ N
% ’ \ ™
{ NN
.’ ! \‘QQL\
: o ST ©
| 5 - 5
3 ; ~ ~ . ~ = ~ s‘"""'""f"-" I:
: ] -~ ~ o Prctons E
' 2 3 ! Mo Mot ol -
| 10 e rimary =
Rl > Jrrotens —

? /’! Casenide
E ‘ Neutprons
| 7
j /
l

Y 0
g 10° - — : - —j10
' wl - 10"l
R EE 0 5 10 15 20 25 0 %6

Gm/cm

FICURE ILi-1:. DOSAGE AS A FUNCTION OF THICKNESS




L

e e S

PP

Her v e e

APPENDIX [II

VT L s ey e e by

g

F kit O 28



e T e - 7 -
Lﬂﬂ\wwnﬁa VB St o s S e ke e e e s e e

NERAIES SOURCE TERM PACKAGE FOR LPPC
DIMENSIONH(iZ!-FEIISG)’EI(‘0%9A(49.oB:#?);FEJ(ZSO)o

__".cF!A(25u:;FIT(ZSO)-EJ(ZSO)oAL(Q9}’FEIg(50)cKu(Bl.-“

__READINPUTTAPEIN,1080+H

Lt49)¢Ll10)sFI(250sR{50IsPIRIT0)9E(25014ETLI5D)
CALLTAPE(39INsiOT+IPH)

C1=1876e/20
C2=Cl%x2

IPT=1, IMNTEGRAL RIGIDITY SPECTRUM

'

rwncﬁ?wr\n:ﬁi

1PT=3, DIFFCRENTIAL RIGIDITY SPECTRUM,

_IPT=5, INJTEGRAL ENERGY PCWER LAW

iPT=2, INTEGRAL ENERGY SPECTRUM

IPT=4, RIGIDITY POWER LAW

_READINPUTTAPEINsYO02NE1IPT .

12

11

__ READINPUTTAPEIN,1001#(R01}eI=10REL

GO TO (10s 11s 1%y 100s 10%5: IPT

0012I=1sNET
CEI{IY=SQRTF(R{I}*>2+C21~C1 i

GOTO13
{1ielI=1,NE])

13

] :1?
 READINPUTTAPEIN»1GC1s(PIR(I)si=]

3

READINF ‘TTAP"'¥-1Q§
READINPUTTAPEIN, OO
GOT015

T TREADIMPUTTAPEINS10GIs (RUTH

1o (EL]
1o (FEI(I)sI=1oNED)

DG161=1.NE]
FEJI1)=PIR(I)#SQRTFIR( 11 #¥2+C2) /R(T)

300

"GOTO0186

_FEI¢T)=tAA=ET (1) **(=3B)3

CONTINUE

EJ(11=SARTFIRIII##2+4C21-C1
NEJ=NEI

_READ INPUT TAPT INs 1001y Aty BB (RII}s I=1sNEI)
DO 101 I=1aNEI

1 FEI(I)=(AA®R{T)¥*(-88)
T DC 102 I=1.NEI
EI¢i)=SQRTFIR(I1#*2+C2)=-C1
GO TO 15

READ INPUT TAPE IMs 10C1: AAy BBs (EI(1)y I=1,NEI)
DO 1064 I=LeNET T

CONTINUE _

LG 200 I‘l-wc!
EIL(I)=LOGFIET(T}?
T OFEILII)=LOGFIFE Tt1

B oiiast d



NY |

READINOUTTAPE N9 J001 s EMAX+EMINLIEBL 4ED2rERBILELLIPDELZy
_ 1DEL340DELS
A=Ce
______SENSE LIGHT. O __ . e
EJU1:=EMIN
o d=2 o
20C IFUEJ(J-1)1-ERB112054206»201
201 IF(EJty- IJ:EMZ)ZOG-ZVJJ}QE_ o
202 IFIEJ(J-11-CE31207+2002203 corTrm o T
203 IF{EJ(J-11~EMAX)20822044204

294 NEJ=J-1 T T I
c0TC210
205 ‘EJzJ)=5J731131DEL1““ T T
GOTO20
’?§6ﬁ"EJ(q,£hJ(J-;)+‘:L2 T eeme e
IF(SENSE LIGHT 233065307
AGT CONTINTE T )
SENSE LIGHT 2
OCISVER; T e e T
396  CONTINYE
T GeTo209 -~ T T T
207 EJ{J)=EJ{J-1)+DELS

IFUSENSE LIGHT 313085306
309 LONT;NUE

SENSE IuHT 3
__ . KDU2)y=4 e R
308 CONTINUE
__~_»,§QLQ££3M.__ [ — —
208 CJ(JiICJ J=11+DELS4
I {SENSE LIGHT 4}310, 311 L ) ) )
31i (WNTTNU:
_ SEN§£_£L9HT 4 B - o o
KOt3) =0
310 CONTINUE e
11 NN 'S
IF(J=25012004200+204 o

Z10 <CNTINUE
D0 301 J=laNEJ L e -

M:(‘\“LOCF(EJ(J‘!
(1;=x OCF(LL1))

(Z1=XLOCF(EIL()Y
L( 3y=XLOCF{FEIL(LYY _ o

B e
Libi=3

L \ l = N t'_ i o O
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&b raavisias 4

i .
¥
£ e S
: FIT(JIETABECE(IY L1
H o 1E=Lt8)
H TGO TO (312,313)41
s o 313 CONTINUE
S WRITE QUTPUT TAPE IGT,1008
i e 1008 FORMATU(16HITAB FAIL FIT(J)) .
: CALL EXIT
. 312 CONTINVE e
C
C : _ —
FIA(JI=EXPFIFIT(J))
301 CONTINVE .
C
- C . CALC_FIRST POINT ___. o R
C=E(1)-E(2}
DFII=FITL1)=-F1T12)
FEJt1)==FIA(1)%DFIT/(EJ(11*DE)
R S I
N‘J“ NEJ- 1
o . O 376 Jz2 NEIM
ZF((JJL) KD{1)1303,31%4 15
314 CONTINUE _
DD=DEL1
__..GO Y0 320 B
315  CONTINUE
o m O IFUUU+13-KD12)1303,316217 _
7316 CONTINUE
DD=DEL2 o
G0 10 320
317 CONTINUE o o ) _
T T T T TR U411 -KD(3)1303,318,31%
. L 318 COWTiNUE _ _
: DD=UFL3
! 319  CONIINUE L
: - T 6070 303
! 320 CONTINUE
: A=FIT(J+1
. EE= LOGF(EJ(J)+05)__ e
L e T OFIT(J+1)=TABF{EE,L(11)
| _ _ DE=E(J-1;-EE L
3 GG TO 3031
i T
i 303 CONTINUE
: . DE=E(J-1)-E(J+1y
o B 3031 CONTINUE
i DFIT=FIT(J-1)-FITtY+1y
H T T T FE Iy =~FIACIIRDFIT/LEJT O *CE)
;
-
|
g —
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IF(A)3214304,321
321 CONTINVYE . e e e ;
FIT(J+1)=A
o A=0e_ . e S
2306 CONTINUE
NE J=J
DE=E(. ~-1)=-EtJt } L _ B, .
DFIT=FIT(J=1)~FIT(J)
FEJUJ)=—F1A{J)*DFIT/(EJ(J)*DE ) S S
C
18 DCA4J=1,NEY = - o L

N=NEJ+1-J

4 FIiJy=TRINTF(XLOCVF(FEJIJ)) s XLOCVFIEJ(JI)oN;

WRITEQUTPUTTAPEIOT 1003 +HaIPT
GO TO (1991942091919 sIPT

19 ARTITEDUTPUTTAPEIOT 21005, (ET(T)9FEI(TI ) wI=1sNEL)

20  WRITEGUTPUTTAPEIOT, 1007 (EJII)eFEJ(IV9FILi)el=1aNE.S}

T WRITEOUTPUTTAPEIPHy10069NEJsH

G0T02

1000 FORMAT{(12A6)

1C01 FORMATIBES.)

(EJ(T)oFEJLI s Il eNED)

1002 FORMAT(14i5}

1003 FORMAT(1H112A658HOPTION

=12)

1005 FORMAT{6HOINPUT /6 X1HETX8HINTEGRAL/ {1 1P2E1244))
006 FORMAT(13,12A6/11P6E10e3))
lCO7 FOR MAT(7HOOUTPUT/6X1hr9X6HPHI(E)hXBHINTEGRAL/(lp3t12 4)1

END - - _—
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