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F OREWORD

Volumes | and I, ER 7777, Data Compilation and Evaluation of Space Shielding
Problems, comprise a technical summary report of the study performed for Contract
NAS 8-11164 under the direction of the George C. Marshall Space Flight Center,
NASA, Huntsville, Alabama. Special acknowledgement is due the technical con-
tract moni.or. Martin O. Burrell of the Research Projects Division, who tuggested
the charged particle range approximation and the radiation transport method. Mr.
Burrell also fumished solar flare and other data. J. C. Whiten, Vehicle Propul-~
sion and Engineering, forwarded data on vehicle configurations and mission trajec-
tories. Frank T. Bly, Lockheed-Georgia Company, made several important contri-
butions to the design of the Geometry program and the approximation of range data.
C. C. Douglass, Lockheed-Georgia Company, performed the initial programming
of the Geometry program and the Geometry Test program. Mr. Douglass also devel-
oped DIP, the Data Input Program, which condenses and simplifies data preparation

for several of the computer codes described herein.
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1.0 INTRODUCTION

This report presents tabulations of proton and alpha particle range and stopping pow-

er data for 55 materials. The present effort differs from other compilatiOns]' 37,8,

16,20, 22, 24,28, 33,35 in that a detailed calculation is performed for both density
effect corrections and K, L, and higher shell corrections. Recent experimental
values of electron binding energies]3 for the Li subshell of elements with low atomic
number, 8 through 23, are incorporated in the calculations. Because experimental
data adequate to define empirical parameters exist for relatively few materials, an
attempt has been made to find smooth variations of these parameters over atomic
number and energy. The tobulated data generally agree with available experimen-

tal data within experimental accuracy.

The data tabulations are generated with the Lockheed Range and Stopping Power
CO'CUIGfOI’]é (LRSPC). The LRSPC code includes a library tape with sufficient data
to treat elements with atomic number one through one hundred inclusive. The code
will treat elements and mixtures or compounds of two to ten elements. Stopping
power is calculated from the Bethe-Bloch equation. The Bragg additivity assump-
tion is used in the case of compounds and mixtures. Ranges are calculated by inte-
grating the reciprocal of the stopping power from two MeV to the energy of interest,
and adding the two MeV range.

The mean excitation potential, |, (sometimes called the effective excitation poten—
tial or mean ionization potential) is tabulated for elements below carbon and select-
ed from a smooth function above carbon. The K-shell corrections are due to Brown]
and Walske:ﬂ . The L-shell and higher shell corrections are based on Walske's L-
shell c:(:orrecfions32 modified to improve agreement with experimental data. The

form of the higher shell corrections is based on L-shell corrections according to an
approach suggested by Bichsels. The density effect corrections are computed accord-

28, 29,30

ing to Sternheimer's method.




An approximation function to charged particle range data has been suggested by

12 . .. . . .
Burrell ~. This function is used in proton and alpha particle transport computational
methods described in Volume Il of this report. "Best fit" values of the parameters in

the Chebyshev sense are tabulated.




2.0 PROGRAM DESCRIPTION

The Lockheed Range and Stopping Power Calculator (LRSPC) is a computer code de-
signed fo estimate the energy loss, due to ionization and excitation, of charged porti-
cles passing through matter. This energy loss (i.e., stopping power) is calculated

as a function of kinetic energy for charged particles penetrating materials composed
of ten or fewer elements. Appropriate correction factors are introduced in the stop-
ping power calculation to account for the density effect and the shell effect. Pro-
tons with kinetic energies ranging from 0.4 MeV to 100 GeV and alphas from 2 MeV

to 10C GeV are considered in the calculations.

The range of charged particles in matter is given by:

R(E) = R(2 MeV) + / -5‘;%- (2-1)

E(2 MeV)

where  R(E) is the range of a porticle with kinetic energy (E):

R(2 MeV) is the experimentally determined range of particles with kinetic

energy of 2 MeV;
SP(E) is the calculated stopping power of particles with kinetic energy (E).

The stopping power, SP(E), is calculoted from the Bethe-Bloch formula.

4 Z p
_ dE 1 \_ 27T Ne k Pk
SP(E) = - <dx ><pt >- — ;32 AT, (BRAK)  (2-2)

where  -(dE/dx) is the charged particle energy loss rate due to ionization and

excitation in the material:




P, is the density of the stopping material in units of gm/cm3;

N is Avogadro's number in units of atoms/mole;

e is the electronic charge in units of (MeV-cm)]/z;

mc2 is the electron rest mass in units of MeV;

B is the ratio of the velocity of the incident particle to the velocity of light;
Z, is the atomic number of the I<‘\h element of the stopping material;

k
Py is the partial density of the k1+l element of the stopping material in units

3
of gm/cm;
Ak is the atomic weight of the kth element of the stopping material; and

BRAK is a term of convenience defined below:

2 .2
BRAK = In | B w _28%-.U-6 (2-3)
%01 - 8% max
where | is the mean excitation potential of the stopping material in units of MeV;

U is the shell effect correction term;
6 is the density effect correction term; and
w is maximum energy transfer from the incident particle to an atomic

max
electron.

W is defined by:

max

2 2 4
Et -Mdc
Winax 2 | ) (2-4)
pe” [/2m + /20) + (€ uc) |

where Ef is the total energy of the incident particle;

i is the rest mass of the incident particle;
c is the speed of light; and

m is the rest mass of the electron.




The mean excitation potential, |, isgiven by:

§(zk P/ AYiInk

Ek:(zk W

(2-5)

I = exp

: Lo e s e th o . .
where |, is the mean excitation potential of the k  element in the stopping

material .

2.1 SHELL CORRECTION

The shell effect correction term (U) is introduced to prevent an overestimation of the
stopping power of a material when the velocity of the incident charged particle is not
much greater than the velocity of the inner electrons of the elements present. For
one element, the shell effect correction term is:

U = ZCK/Z +2CL/Z-+ ZCH/Z

k

where  C_ is the correction term for the ineffectiveness of the K-shell electrons;

K
Z is the atomic number of the stopping material,
C, is the correction term for the L-shell electrons, and

L

C,, is the correction term for higher shells.

H

The total shell correction term for a mixture or compound is:

Z (2 py/A) Y,

VAN,

(2-6)




The stopping number (Bi) for any atomic shell when n, is large is:

where i indicates the atomic electron shell (K, L, . . . etc.};

9i is the ratio of the observed binding energy of the ifh atomic electron
shell to the "ideal " ionization potential, which ignores screening by the
outer electron shells;

n. is proportional to the energy of the incident particle divided by the
ideal ionization potential;

Si isan 7 ; dependent term and Ti isan 7 ; independent term when the
electrons of the ifh shell are considered motionless; and

. . .th . .
Ci is the correction term for the i shell electrons in motion .

The stopping number, B, for a material is determined by the sum of the stopping num-

bers of each shell from all elements present.

B

N.
M [
Z Z Bii(ei’ n.) (2-8)
=1 i=1

where Bii is the stopping number for the ith shell of the ]th atom;

. . .th
N. is the number of electron shells in the | atom; and

M is the number of elements in the material.

To determine the stopping number (BK) of the K-shell electrons, the expressions for

GK and 7 K are:




K
6, = (2-9)
K mc2 Z-0.3 2
2 137.0372
where | is the observed binding energy of the K-shell, and the denominator

K
is the non-relativistic ideal ionization potential of the K-shell which

ignores screening by all but the K electrons, and

2
= B {(7%%7% (1-8) (2-10)

To determine the stopping number correction for the L-shell electrons, the expression

for 8, , which is the weighted average of the energy states of the L level, is

o - 2( 9“) (HOFU) + 3(6 2t 6L3) (HOFLZ)
L 2(HOFU) + 6(HOF

LI

(2-11)
L2

where 8 correspond to the three relativistic energy states in the

L1 9!.2' and 8

L electron shell,

L3

o - ' 5 (z-4a5\
Lt 2 2 16 \137.0372
mc Z-4.15
2 ) \137.0372
o - o 5 (z-4a5\% (2-12)
L2 ~ 2 2 16 \137.037 -
mc \(Z-4.15
2 J\137.0372
6,5 = '3 o (2-4.15)2
N[y _a15 2 16 \T37.0372
2 J\137.0372
7



lLl' IL2’ and IL3 are the observed binding energies of the L-shell electrons;
HOFL] is the Honl 8 oscillator strength for the 2s electron states of the L-shell,
and HOF

L-shell.

L2 is the Honl oscillator strength for the 2p electron states of the

The value of 7 L is:

2
n = B (2-13)

Y aog) (zzsas Y
37,0577

Values of 7 K are calculated using Equation 2-10, and values of GK are <alculated
using Equation 2-9, "Exact" values of the stopping number, BK(G K’ h K)' are
determined from data presentations of Brown]O and Walske ™ for 77K less than

ten. These values are subtracted from approximate values of BK(the first two

terms of each of Equations 2-14) in order to obtain CK(B K’ 7)K) Three

point interpolation is used to obtain the proper value of CK' For values

of g greater than ten, the asymptotic formulas for BK(G K’ 77K) given by

Walske are used;

-1 -2 -3
B (0.7,m,) = 1.8133In 7 + 2.4603- 2.066277 ' - 7.3246n " + 4577
B(0.75, 7. )= 1.72231n 5 + 2.4044 - 2.0999n 2} - 7.3194 172 + 459"
klO-79 )= 1. k4 : kK =7/ K K
B (0.8, n_) = 1.6457In + 2.3462 - 2 11967;" -7 3191n'2+ 457;'3
K& Tk : g™ “ . K =7 K K
B,(0.85, )= 1.5807In 9 _ + 2.2868 - 2.1290m ' - 7.32187 .2 + 457
l0-82 M )= 1. k" 2 : K =7 K K
(2-14)




-1 -2 -3

BK(O.‘?, nK) = 1.52501n % + 2.2273 - 2.130977K - 7.3263 ’)K + 457)K
(2-14)

where CK(G K’ n K) to order 7 ;<3 is the negative of the last three terms of the

asyptotic formulas.

Values of 7 g oase function of the kinetic energy of the incident particle, and 8 L’
as a function of the stopping material, are calculated, and o table of values of CL

versus M L for 6 L= 0.15, 0.25, 0.35, 0.45, 0.55, and 0.65 are used to determine

the correction to stopping number for the ineffectiveness of L-shell electrons.

The correction to stopping number for the higher electron shells (M, N, O, P, Q)
are scaled from the CL correction term of the L~shell electrons in accordance with
the approach used by Bichsels. A parameter (Al) is introduced to handle the energy
scaling and parameters (Ii) are introduced to handle the magnitude of the sub-shell
correction scaling where the subscript (i) refers to the various sub-shells (s, p, d, f,
etc.) of the electron shells. The correction term for the desired shell is determined

at a particular velocity (8) by using a table of L-shell corrections ot a velocity £,

which is,

(2-15)

where B is the velocity of incident particle,
IL is the average ionization potential of the L-shell, and

li is the ionization potential of the desired sub-shell.

Thus, for the full M-shell, the correction at any particular velocity is:

5
Cyy (B) = Y C (2-16)

i=1 i



where
2
2 B~
2 1-8 2 BN
‘MmTE T & AT
|
2
2 8%
_ 2 1-8 2 _ L -
Cm2= 8§ L€ 2 nd & = AT (2-17)
2
2
2 gl
4 1 -8 2 B
‘m3=® L& e o by = AT
3

XX
The correction term for the other higher shells are similar to the M-shell term when
the proper number of electrons per sub-shell and their corresponding ionization poten-

tials are used.

2.2 DENSITY EFFECT

The density effect is the reduction in the ionization loss of a charged particle due to
polarization of the stopping media. The density effect correction term to be applied
to the Bethe-Bloch formula is directly dependent on the value of the mean excitation

potential of the stopping media and is calculated by a method similar to that of Stern-

heimer.28’29’ 30. If differs chiefly in the large number of electron shells consider-
17,13
ed.
A[- 9B\ 27Ne* (_5) (2-18)
dx 2
mv

where  dE/dx is the energy loss rate,

N is the number of electrons per cubic centimeter in the stopping material,

10




e is the electron charge,
m is the electron mass
v is the velocity of the incident particle (v = B ¢), and

6 is the density effect correction term.

The density effect correction term § is given by:
N 2 2,2 2 2
6= ;Ek fikln [“ik+ I )/lik]_l (I—B)} (2-19)

where | is the solution of

| i
—— - 1= E — % (2-20)
B kv, o+
and lik is given by
2 1/2
o= (Tt 1) -2

. . .th e th
is the oscillator strength of the i transition in the k' element. Its value

f.
Here, e "
is given by the ratio of the number of electrons in the i subshell to the atomic num-
. . . .th
ber. The term v, s the effective oscillator frequency of the i shell electrons of the

h . .
k™ element in units of the plasma frequency up.

Yik
vik = (vp Gk> (2-22)

h
' transition frequency for the kth element. The plasma frequency of the

The Vi is i

mixture is given by :




hvp= h(N:e‘77’1rm)]/2
(2-23)
= 28.8203x 10°° [Z‘ (kaMAk)] 172
K

The symbol Gk represents a correction term due to the fact that transitions are made

into the continum. It is evoluated by normalizing the calculated ionization potential
. . _— . th

to the experimental effective excitation potential, Ik' for the k' element. For non-

conductors, the value of Gk is

- g fik In(h ”ik)

G, = exp ]i P < (2-24)
Z f,
i = ik i
For metals, the value of Gk is
r - -
Inlk—fik In hvp(f ; In(h v, )
Gk = exp 1 T - (2-25)
Z foy
. i=1 -

where i is the number of subshells,
i is the oscillator number of the conduction electrons, and

k is the element number.

A third correction is needed if the mean excitation potential is measured for a mate-
rial in a solid or liquid physical state, and the stopping power is desired for the gas-
eous state or vice versa.

199 _ lcondensed e Dl/z

S : (2-26)

12




l For metals the Dk term is

D = iz_;] foIn(l+ £ /72) + 26, In|hy (.) 7% (2-27)
' k = ik il/ ik ik p ik ik
' where Eik is the optical transition energy of electrons in a gas. For nonconductors
. the Dk term is

i 2

l D, = iz;] fy In(1 + £, /7)) (2-28)
l 13




3.0 DISCUSSION OF DATA

The objective of this study is to generate range and stopping power data for a vari-
ety of materials and to provide a computer code capable of calculating similar data
for materials not in the present tabulation. To this purpose, a library tape has been
prepared which contains atomic constants for elements with atomic numbers one
through one hundred. This section discusses the choice of certain porameters and

presents comparisons of experimental and calculated data.

3.1 MEAN EXCITATION POTENTIAL

The mean excitation potential is tabulated for carbon and lower atomic number ele-
ments where the value fluctuates rapidly. A linear interpolation in I/Z is used
from carbon to aluminum. For aluminum and higher elements, this value is taken
from Equation 3-1, suggested by Sternheimer and recommended by the Subcommit-
tee on the Penetration of Charged Particles of the Committee on Nuclear Sciences,
National Academy of Sciences - National Research Council as the "best smooth

3,20

curve”.

1z = 9.76+ 58.82 17 ev (3-1)

This choice of | appears to give satisfactory fits to available high energy range data.

3.2 SHELL CORRECTION

The most difficult energy region to treat lies below 10 MeV. Here, the shell cor-
rection terms may become quite large, especially for high Z elements. Barkas and
Berger3' 20 use an empirical formula in this energy region with constants derived
from a least squares fit to range data. The approach taken in this study is also em-

pirical, but is based on stopping power data rather than range data.

15




. 31 . . .
The K-shell corrections of Walske™ ' are used directly as illustrated in section 2.1.
. . . 2
The calculation starts with the L-shell corrections of Walske .3 Values are obtain-

ed by extrapolation for 8, equal to 0.15 and 0.25. This is equivalent to guessing

L
an initial L-shell correction for atomic numbers less than 16. Higher shell correc-
tions, if any, are based upon L-shell corrections as explained in Section 2.1. The
resulting proton stopping power values are automatically compared to experimental
values for 26 elements. The comparison is tabulated as a function of N the en-

ergy parameter, and 6 , the element parameter.

LI
The L-shell corrections are then manually corrected to improve the agreement with
experimental data. This task does not lend itself to an automated approach because
of the coupling between L-shell corrections and higher shell corrections. A num-
ber of iterations are made; each time the correction terms are estimated and smooth-

ed before the succeeding iteration.

The final L-shell correction values are tabulated in Table 3-1. These values should
not be used as L-shell corrections alone, but only in conjunction with higher shell

corrections according to the procedure in Section 2.1.

The comparison of low energy experimental and calculated proton stopping power
is shown in Table 3-2. Discrepancies are generally within experimental error. The
fit might be improved somewhat by varying the value of | for individual elements

from that specif.ied by Equation 3-1.

The lithium data exhibits a severe disagreement over part of the energy region
which cannot be reduced appreciably with other values of I. Shell correction terms
are small. New experimental data in the region one to ten MeV would be useful

in resolving this discrepancy. Excluding lithium, the average deviation at two
MeV and above is 1.47 percent in Table 3-2. The average deviation for all data
from 0.4 to 6.0 MeV is 2.76 percent.

16




5

Table 3-3 shows a comparison of experimental and calculated proton stopping power
data, relative to aluminum, ot 19.8, 20.6, and 28.7 MeV. In most instances, the
difference between experimental values and calculated values is less than twice

the probable error. The large error for calcium may be due in part to oxidation of
the foil which was noticed during the experiment. It is not obvious what signifi-
cance should be given to the fact that calculated volues for heavy elements are
generally low near 20 MeV and high near 29 MeV. At these energies, shell cor-
rections contribute less than one percent to proton stopping power in aluminum and
three to five percent in the heavy elements. It would be necessary to change the
L-shell corrections by twenty to several hundred percent in order to obtain agree-

ment, depending on the energy region where alterations might be applied.

A comparison of experimental and calculated proton range data is shown in Table
3-4. Multiple scattering corrections may not be consistently applied to different
sets of experimental data. Some of the experimental emulsion ranges are derived
from range measurements for particles other than protons. Calculated ranges are
based on two MeV experimental ranges. Below two MeV, errors in stopping power
lead to relatively large errors in range due to the computational method. Exclud-

ing two MeV and lower energy proton ranges, the average relative error in Table

3-4 is 0.97 percent.

Table 3-5 compares experimental and calculated alpha stopping power. The calcu-
lation is identical to the proton calculation except for the necessary changes in
particle mass and charge. In particular, the shell corrections deduced from proton
comparisons are unchanged. Comparison with data from Reference 25 shows a def-
inite trend. Calculated values decrease relative to experimental values as energy
increases. However, the data from Reference 14 shows an opposite trend in the
energy region where overlap occurs, 3 to 4 MeV. If the former trend is genuine,
the cause may be electron pickup; i.e., partial neutralization of the bombarding

particle. This phenomonon decreases the average stopping power at low energies.

17




Theoretical shell corrections do not account for electron pickup. The empirical L
and higher shell corrections used here do include an approximate allowance for
electron pickup by protons because they are deduced from experimental stopping

power data. This allowance is probably inadequate for alpha particles.

Table 3-6 compares experimental and calculated alpha ranges. 1t is evident that
reduction of the two MeV and higher ranges in silicon by approximately 0.58 mil-
ligrams per square centimeter would greatly improve the comparison for that ele-
ment. The revised value would not be consistent with the initial range for alumi-
num. For those elements where several experimental ranges are available, the cal-
culated ranges decrease relative to experimental values as energy decreases. This
behavior suggests that electron pickup is appreciable up to ten MeV. The predom-
inance of positive differences near five MeV may imply that the initial ranges at

two MeV are sometimes five to ten percent too large in the calculation.

18
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TABLE 3-1 LISTING OF CL CORRECTION TERMS

”, a = .5le = 25|60 = 35|a - .4s|6 = 5506 = .65
0.0005 0.1 1.0 -19.2 -30.7 -38.9 -45.0
0.0007 0.1 1.0 _18.8 -30.1 _38.4 4.0
0.001 0.1 -1.0 -18.4 -29.1 -37.5 -42.5
0.003 0.48 -0.62 16.1 _24.2 _32.6 _35.2
0.005 0.72 -0.36 -14.6 -20.8 -28.9 -29.2
0.007 0.9 Z0.14 2135 182 23.6 -23.2
0.0 1.1 0.08 12,1 -15.1 -18.0 -17.4
c.03 1.81 1.02 - 6.9 - 597 | - 4.8 _ 2.9
0.05 2.21 1.55 - 3.3 - 2.4 - 0.7 1.0
0.07 2.49 1.94 - 1.3 - 0.3 1.72 2.92
0.1 2.82 2.38 0.46 1.7 3.95 4.39
0.11 2.9 2.5 0.74 2.27 4.37 4.72
0.12 2.98 251 0.99 2.71 4.7] 5.02
.13 3.03 2.68 1.2 3.16 5.03 5.3
0.14 3.09 2.75 1.4 3.49 5.3 5.55
0.16 3.18 2.9 1.5 3.99 5.39 5.69
0.18 3.25 2.93 1.51 4.21 5.38 5.73
0.2 3.29 2.91 1.46 4.31 5.3z 5.70
0.25 3.15 2.8 1.35 4.22 5.06 5.48
0.3 2.92 2.63 1.23 3.98 4.78 5.21

7 0.4 2.5 2.28 1.07 3.48 4.27 4.74

i 0.5 2.21 2.02 0.95 3.09 3.82 4.32
0.6 1.98 .81 0.85 2.79 3.4 3.97
0.7 1.8 1.67 0.78 2.54 3.08 3.62
c.8 1.62 .51 0.7 2.3 2.77 3.3
0.9 1.5 1.38 0.66 213 2.51 3.03
1.0 1.4 1.28 0.6 1.98 2.29 2.77
3.5 0. 46 0.32 0.15 C.62 0.69 c.74
10.0 0.1 0.08 0.04 0.13 0.2 0.243
25.0 0.0099 0.0099 0.0099 0.085 0.0899 0.0947

10C.0 0.0055 0.0055 0.0055 0.015 0.022 0.0232
100G.0 ¢.00055 0.00055 0.00055]  0.002 0.0021 0.06231
10000.0 0.00001 0.00001 0.00001] 0.0000] 0.00001 | 0.00001

100000.0 0.00001 0.60001 0.00001]  0.0000f ©.00001 |  0.00001
10000000.0 0. 00001 0.00001 0.00001]  0.00004 0.00001 |  ©.00001
19




.

6°0 1ol 4 49 A 8°/8 65 [ €765 ‘09 yol- L9 9 09
20 IAY Z9 €¢ ¥ 99 ‘89 0'tL- £°89 69 8°0- G'oL v 0°6
0°1 L€l R4 8L~ 978/ 08 € 1l- n°18 8 R £°€8 ‘68 o'y
0°t 6°06 06 8'¢- L6 ‘001 9" 1= y°00l "Z0l 67 1- 0°v0l 90! 0°¢
VAN (A 6L 6°C- 1'ogl el 97 1- L'vel el Nz 70yl el 0°¢
't v 16l 68l Sv- 0°60¢ ‘612 L= G /Ie "0ee AN €422 ‘0ee 01
'€ €°¥0¢ ‘861 8'¢- 0°vZZ R AX4 20" ["€eC %4 8'0- 6°eve v 6°0
9°¢ G661t R4t L'y~ L7 1ve Ty 870~ 0°25¢ 414 g l- 6°€9¢ '89¢ 80
671 G LEC €ee €'e- 6°¢9C R4 0t~ 1°6/¢ 724 0°¢- 0°88¢ vé6e 470
A 0°65¢ 95T 6°¢- €°68¢ 1o A ¥°'£0E “£0€ 8'¢- 0'8le WAAS 90
€0 6°6982 S8 0'v- JARAAY oge yol- 0°ove Sve 8¢~ 9°LS€ ‘89¢ g0
0°0 L'6le 61¢ L'v- ¥ 99¢ ‘z8e 8°¢- 6°88¢ 00y €~ 2°0ly 9y ¥°0
% 2dS¥7 dX3 % 245y dx3 % 24 dX3 % 2dsHT dx3 (ABW)
mcowZ .mcwmxxo Rcwmo:_Z m:on_cu 3
&
6°0- GLS 8% L°¢ ¥ 69 ‘89 S0 87861 861 09
8°0- G 99 L9 270 9°08 08 9°0 0°681 ‘¥81 0°¢
AN A 6L ‘18 91 G 96 66 ¥'0 6°¢ce R444 0'v
1z 6°86 1ol G0 971zl el ¥'0 1 €82 RA:14 0°¢
0°Z- el A 9'yi- oovlt ot €°0- G /91 891 S0 0°66¢ ‘€6€ 0°¢
€°0- €°6lC ‘0¢¢ 60 A% 0gg 671~ 9" %8 "06¢ 0°'¢ 9°689 A4 0l
2°0- v gee % X4 0°¢ °05¢ ‘eve o= £7/0¢ R435 81 Y évL 4 6°0
Z°0- S ¥se ‘66e v'e 0142 RAY4 9 1- 9°GEe Tlve 01 67128 ‘vi8 80
v'o cTLLe 744 8°¢ 1°96¢ '88¢ B £°69¢ G/E ) 6116 ‘0lé 20
£°0 8°60¢ soe 6" (AN T1ze e LTy K444 20 201 ‘020!t 90
4°0- ?°Cve ‘Sve 0l 9°99¢ ‘€9 67 1= 07 6%v =744 0°0 ‘o8l ‘o8ll S0
G'0 8 16E ‘06€ Z'0 681y ‘8ly vol- 6°GvS %) L"1- "G6E 1 0lrl 0
% DdS¥ dx3 % 2dS¥7 dx3 % 2dS¥l dX3 % 2dS¥T dX3 (AN)
NE::TCmm ZUnin HRH mcwmo:;r 3

V1VQ IVINIWRIIIXT HLIM ¥IMOd DONIddOLS NOLO¥d dILVvINDTVYD 40 NOSRIVAWOD  Z-€ 318Vl




09

0°¢

o'y

0'¢
0z,

c'e- £ IC! "9tl 0°1

£'e- 861 eyl 6°0

0'1- G 6Pl el 8°0

2°0- 6091 A L0

y'0- £'0sL VAl LT IAR74’ 181 g - v vel LL) 9'8 - 67081 ‘861 90
6 2’68l 9Lt vl- Z'¢él g6l 8¢~ 9061 961 89 - P 861 tle ¢'0
80 9°¢0¢ 102 €L~ £ 1L ‘822 9'¢- Z'0le ‘81¢ € - 0°0¢e ‘8v¢ ¥'0
% 2d4S$¥ dXx3 % 2dSA dX3 % 2ds¥l dx3 % 2dS¥ dX3 {A2W)

N:onou Nco: ¢l wammccm:o,z NEBEO.;U 3

L0~ YA 4 44 1'0 0°0% 0°0S 09

z°0- 6 &Y 08 0°0 €748 LAY 0°¢S

. 40~ Q'8¢ T66 t"0- G L9 QL9 o'y

v0- FARVA ‘eL 10~ 1'€8 '8 0°¢

ot~ 0'vé 66 v 0- £°0l1 4011 0°Z

9y~ 1'evl 0651 ¥ 0 L°EL Y4 0"}

0'¢g- 6161 091 10 2681 681 6°0

0'6- | axAd v 8'0 9°861 L6 8°0

L'y LAAYA v81 it v yiZ NATA L0

8'8 - 8°841 961 6°¢- £°90¢ Gl1e 8¢~ v 26l "00¢ vl AR %4 "0€¢C 90
¢'0l- 9961 61T £°0- ¥ 6CC ‘0ge G'¢- AN dYA ‘0ze 9l 6°662 RAY G0
9clL- 9°81¢ '£6e A ¥'85Z R4 o'e- S EVe BT/ 81 0'¥82 “64¢ v'0
% 2dsSy dx3 % 2dSul dX3 % 2aS¥N dX3 % 2dsS¥ dX3 (APW)

NE:_voco> NE:_u_cU n..:omhd‘ NNE:c_cS_q 3

nw:c:co-u.w
VIiVA TVINIWREIdXT HLIM ¥3MOd DONIddOLS NOLO¥d dILvINDTVD 40 NOSIHVdWOD  Z-€ 318v1

21




€70~ 6°0¢ e Gl G'ze 4% 0°0- 0°6¢ Ge 09
y°0- 8've G¢ 0°L- 9°9¢ e <= G'6¢E oy 0°¢
9°0 A4 o L0 A4 R44 ¥ 0- S 4 oy 0y
€0 (14 4 0 l- §'0s e - v°GS %S 0°¢
€0- 8709 19 v 0- £°€9 o 9°0- 9" IL 2L 0°¢
8- VL8 68 vy- 6768 ‘v6 A ¢°s0l ‘vol S'y- 87601 Ry 0l
0'¢- 1726 6 S'y- Gvé 66 vl 0Ll ‘601 9°€- LGl ‘ozt 6°0
L71- €786 ‘00l 8'v- 6766 ‘6ot v°0 Goll 9Ll 6°C- vzel 9zl 8°0
L°0- €901 A 8°6- G901 ‘el 0 ¢ ezl RXA ¢e- L7621 vel £°0
AN € ol ‘Gl 0°6- 6°Gl1L el 8'0- 0 Lel zel 9°€- 67LEL el ?°0
6" 1 v 6t 44 vv- 0°8Zl el 61~ e oVl vl vy- €Lyl P61 Y
L'y L8yl i VA a4 Tlel L'v- 0°¢Sl 661 VAR G 8sl ‘891 ¥°'0
% 2ds¥ dX3 % 2dS¥ dX3 % 2dS¥1 dX3 % 2d5¥ dXx3 (ABW)
mcﬁ mhw>:m mcoﬁx‘_v_ m_Ea_cw_mw 3
&
€ G 6t ‘6¢ 971 9"ty ‘Y 0°9
671 8"y 44 9270 A4 44 0°G
e L°es 1S 81 0°6% e (4
9"l 0'€9 Z9 £°0 G 99 ‘99 0°¢
LT '8 ‘08 271 G'98 ‘G8 0°¢
9"t 8° /11 ol €y [ARZA 4 A8 4 veel ‘8zl 0"t
€'l 9 ¥Cl €l ¢y 8 EC! ‘8elt ¥'9 S vt ‘gel 6°0
8l v el ‘0El G°¢ Gzvl GEL 0/ 6°061 4! 8°0
€°C ¢ ivl "8el 6°S G261 vyl 1"/ L7191 T1Gt 20
8°¢ ARt Uyl €°0- G191 79t 6°G L' yoL GGl LS 1874 5ot 90
£¢ £7¢91 661t 81 74 1Ll 9°S v Ll ‘891 6'¢€ 17681 K4:1 S0
£°0- 74! L Y €788l 881 'S 626l €81 00 6°60¢ "90C 70
% 2dSdl dXx3 % 2dSdl dX3 % 04SN dx3 %o 2dSHl dX13 (A2W)
¢ (Wniuowia9 Z°viz N\Np_wno“ou 2 7IPPIN 3
vwac:con&

V1IVa TVINIWIIIdXI HLIM ¥IMOd ONIddOLS NOLOYd ILVINDTVD 4O NOSRIVIWOD  ¢-€ 318VI




9L~ 9°vZ 0'6¢ 0'9
piL- ¢ L2 6'LL 0°'6

6°1- Z'1e 8'l¢g 0’y

6°0 8'9¢ g9t 0'¢
'¢ 6'Sy S'yy 0'¢
£'e- 8°¢9 ‘99 'C vy €9 01
8°Z- 0°£9 69 6°0 QL9 L9 6°0
L'C- 0L YA 20 G 1iL "1 8°0
VA Gv/ 6/ g'¢- 176/ LL £°0
LAV 96 ‘98 g'e- 1'08 ‘£8 9°0
G'8- 0°'98 "v6 6°¢- G'98 ‘06 g0
6~ 'v6 ‘vOl ¥'G- 9°v6 001 ¥°0

% 2dS¥ dX3 % 2dSyt dX3 (ABW)

m_ftaEm_m N‘Nncﬂ El
&

0°'z £°6Z 8'vz e°zZ- 7762 oe 0°9
1 £°8 YA L'g- 6°Ct Ve 0°s
£z £z Q" iE A4 6 /€ T6E o'y
LY '8¢ v ot 0'v- 1'Gy Ly 0'¢
'8 LY 844 9"y~ £°96 T66 0°¢
'8 £°89 '£9 AN A £°08 /8 Ll 0'¥8 16 01
6'8 6" 1L ‘99 174~ G's8 b L7l 988 "96 6°0
9°'8 0°9L 74 0'¢£- 116 ‘86 £ 9~ 9°¥6 “l1ot 8'0
L9 0°'08 ‘6L 9°L- 67 L6 901 L6~ 6°101 ‘801 £'0
L°g 1'G8 ‘18 L aR4 VARV 618 YAVAS /7901 Gl 8'9- 0" tll 611 9’0
e 6°06 ‘88 9'vl 67101 6°88 VA 67/ | 19" AR YA A §'0
90 9°86 ‘86 A Y Z°66 39~ ¢ 'eel eyl 24 6°6€1 id! ¥ 0

% 2ds¥l dX3 % 2dSa dX3 % 2dS¥ dX3 % 2ds¥ dX3 (ABW)
N\Nv_oo NED_O_U_. R:o:wx m_xco,::cd\ 3

panuiuod)

VIVA IYINIWINIIXT HUM 33IMOd ONIddOLS NOLOYd AILVINDIVD 40 NOSIHVIWOD  Z-€ 314V1




%E 1z
%S -Z/1¢ Gl
%€ F4
%0l - 1 /
‘_O‘Ew w_QDLO._& mwucw‘_wmwx
dX3 R
00 %3 -oqem ~ %
_rEm - NS.., - AW 84D sjiun
<
o~
vZ- 9'9¢ G /€ Z°0- (SA7 v Ly "0~ €4S ¥ L5 0°¢
0°Z 1"0¢ 662 0z~ 7°6¢ 0°or 9°0 8705 ¢ oS "0~ 0729 0°Z9 Sy
6°0 £°Z¢ 0°Z¢ ¥ol- €Ty &'y Lt 0°5S v ys 20 G /9 v /L9 0¥
4 0°6¢ 0°ve 6°0- 0¥ ¥ op £°1 09 €65 £°0 vy A2 G'g
vy 1°8¢ G 9¢ ¥ 0~ ¢ 05 /705 L1 G99 ¥ 6o v°0 L"e8 878 0°¢
9°¢ 4% 0'ov £°0- 7796 v oG 81 8 ¥/ [ 770 9°v6 'v6 G2
£°8 9Ly 0¥ ¥'0- L°€9 0°¥% [N G'98 9°¥8 v°0 £70t! 67601 02
L L- 0¥/ 8 v/ v'e Z'¥01 8001 60 0°vel g ect 61
1 - 668 £°€6 FAS v eel 8921 80 LTSl vzl 01
% DdS¥l X3 % Ddsyl dx3 % DdSyl dx3 % DdSyl dX3 (ASW)
o] IBALL 9D1 wnuilwn
_NE 3) 1z TS _N_ IN 122 3

(panunuod)
V1VQ IVINIWIEIXI HLIM ¥3IMOd ONIddOLS NOLO¥d dILVINDTIVD 4O NOSRHVIWOD  Z-¢ 318Vl




% 1-2'0 61
%2 ~ S0 /2
%L -€°0 [
._O.:u m.QOQO‘_& mwu:w_wwwm
oot x un_mxm__x.umxu %
L0 096" £00°+ 966" 9
£l 014" 900"+  8E8S” 2'z- S/8” %00'+F 885" L0~ 245" £00 "+ 046" ay
viz- 925" ZI0°F 065 £ 0~ 1708 200°F 98T id
62 GE09" L100°F  9986° 8°0- o Z00°F 06§ M
v £909° 9€00°F  186S" 9°Z- 166" 900°+t  £09° £ 1- 686" 600"t /66" o}
9°0- 9L9° Z00°7T 089" ug
60 1ezs tZ00'¥  ¥olIL° 8'0- wa %00'7 1L 8'0- 602" £00°F Sl By
50 £z8’ 200+ 618" uz
A 0£es” 0z00°+  €££28° £ 1 5Z8” %00°'%  9g8’ v°0 vzg" Z00° 7 128" D
870 19/8" ZZ00°F  1698° 01 898" ¥00'F 4GB <) /98 Z200°F  £98° IN
v'0- 998" 1200°F  tose- o)
Z'0 868" Z0o'+ 968’ a4
£0- 6£58° ZZ00°F  6098° Z'1- 058" 700°'% 098 A
6 1= 1648° 2200°F  69648° L= £/8° 900"+ 888" 1
£ v- 596" 0Z0°F 8001 0D
/- 608" | 4200°'F 0680 | 61 £60°' 1 G00'F  €£0°1 aq
% 2dS¥ juaw1adxy % DdS¥1 fuswpiadxy % DdS¥1 juawpiaaxy
61 £2 1 Juswal3
AW /82 = 13 ABW 907 = 3 AW 8761 3

WANIWNTY Ol 3AILVIIY d3MOd ONIddOLS SSYW NOLOdd A31VINITIVD ANV TVINIWRIIXI 40 NOSIRVAWOD £-€ 318V

25




dX3
001X Ly oaewm
z wo - wbw 2.0 syun

1'0- 67867 27662 A R LAKAN4 £°9t¢ 0°¢- 8708l c.wmﬁ 0°6

1'0 £°8ve 08¢ 8'0- 9" 161 0°¢6l yi- g 8yl o.Nn—— 0°8

2’0~ 97102 0°20C L0~ 67 €G! 07661 A 781t o.mmﬁ Q'L

L0~ 67861 07091 Z2°0- 86!l 0°0Z!l £e- 68716 00°6G6 0°9

yoi- £0C!l (yeq €0 97768 00°68 8°C- £0°89 0070 0°S

81~ Gy'G8 00°/8 YR VA QA 10729 yrl- e LY 00°8v o'y

€ 1L- LL°6S 05" 95 91 Yo" 6¢ 00°6€ 8 1- 9L 62 0¢°0¢€ 0°€

0'0 10" tE o°1e 0°0 00712 0012 0°0 0s°61 0L°GL 02

AN 97t 00°2!1 0°€C- ¥e6 "0 00076 28" 8lo'¢ 611°9 0!

% 2dSyt dX1 % DdS¥1 dx3 Y% 2dS¥l dX3 (APW)

omtomj 57 ut} owhwao_ou 3
¥°0- €Ll (YA 1’0 0 tvl Lty ¥t ARt L7611 S'0- 0SEy €LEY 0°6
G 0- gyl 0"yl 10 AN oGt 8"l Ly 86 29796 [ G0°s¢ i GE 0°'8
8°0 6°Cll 0°Zll A 8Z 16 05" 16 671 19°2L 179/ L' L= Sy /L L7 L2 0°/
£°0 0e°/8 0048 1’0 90 0L 00°0Z 0z L0765 16" LS - 1£°0¢ ¥6°0C 0°9
6°0 VAIS 2 66°€9 9°0 12\ G0’ 1S 90 12°AY 65y L t- 98 ¥l ¢0°¢l 0°¢
v 0- 08 vv 00°SY 0l 07°6¢ /8°Y¢ 9°0 00°6¢ 28°8¢ 0 t- €166 10701 (V4
- LL1"82 16°82 £'0- LL7\C VANT4 90 228741 €6 /1 80~ 006G 1Y6°G 0'¢
0'0 0/'¥1 0LVl 0'n 1z tl 1z 1 0'0 £€8°8 £€8°8 0°0 £98°2 £98°¢C 0°¢
A 190°S 008°¢ [ 66/4°¢€ 188°€ gre- ¥08°¢ 20672 1€ £08°0 LE£870 0"l
% 2d3s¥H dX3 % 2dS¥l dX3 % 2d4S¥1 dX3 % DdS¥l dx3 (A2W)
AthO: n\,NE:c_E:_< ONED:_?wm om:wmohvxr 3

viva TYINIWIEIdXT HLIM IDONYY NOLO¥d dILVINDTVO 40 NOSIHVIWOD t+-¢€ 318VL

26




ABJaua saUWIBIBP PIOPUDS WNUWN)Y

£9°0 + L0V SEY 06 °Zty £0° 154
¢ »
% 2dS¥1 dx3 (ABW)
vE:mcED 3
80°0 + ¥96°S LY (42104 20° 1S4
% 2ds¥l dX3 (ASW)
,Po° 3
Ge 0~ 18°€lE 6'vie £0° 152
% 2dS¥1 dX3 *
(A®W)
v._mnaou 3

(panupuod)
Viva IVINIWIEEIXT HLIM 3ONVY NOLO¥ aILvINDTVD 40 NOSIHVIWOD ¥-€ 318VL

oot x ——dK_— - o

dx3 - 2ds¥
NnEu - wb 2.0 s41un
<670~ 9€°€£8 1408 0°98¢ 004
perl- 8Y°261 LU0 F 1°661 "0Fy
€71 Slz'eé 860" + BE'¥6 ‘ore
ge" - £08°8¢ £20° ¥ €E 6L 002
£5°0- ¥£20°¢ ¥800° + 680°2 GG 9t
¥0°0 + 89v8.” 6100° ¥ yv8L” 1z2°1z
2071+ yo18e’ 8200 + 0/4L€" 96°¢€l
8€°0 + 2861Z” 66000° ¥ iz’ 00°01
¥Z°'Q- v128L0° Zv000° ¥ 0v8L0° Ly's
12'o+ v1280° ¥Z000' ¥ 608.C° V74
09°0+ 661/90° 9£000° ¥ 08990° 000°G
- ez- €LL020° £1000° ¥ ¥Z120° Sv'¢
1670~ €L8020° £2000" ¥ 95020° 1Zv'e
v i- G11EL00” 9/0000° F  Z68/00° S6C° 1
o« JdSyt INIWRIIdX3 (ASW)
mco_m_:Em SO Pojj) 3

27




0°6 - g'ele 6°vel £y- 0¥ 454 y's - G 18 97L6 9 - £°78C G 10€ 070!
'y - 0°/2¢ 0°£LEC v e 0°8€C £ o%e L' - £710€ g elE y'ro- 6°20€ L791€ 06
L€ - ¥ eve 8'16¢ 9'¢- L' ¥62 8°09¢ 0'¢ - 7 9¢ YARA%> ¢'¢ - 77LE L°GEE 0°8
£'e- G 09¢ G 69¢C A 6°CLL 8764 €0 - 9°66¢ 9795¢ 8°0 - £745¢€ €09¢ 0/
6°C - 0°Z8C €06L 0°¢- 1°G6¢ 0" 10t €¢ + €268 £7€8t VAN £ ¥6t 8'/8E 09
¢ - L0l VALY 0'¢- 1443 6 8CE 8y - ¥ 8EY v 8ly AR S lvy g8 ey 0'¢
8°0 - ¥ 8¥E ALY G- 9°8G¢E 1" 99¢€ S'L + £ gey G'eoy 1z + 87206 v 69Y 0¥
0'¢+ 8'90Y 6" 86€ £°0- 60y g'ely €0l £7085 ARTAY 00l + €7£8¢ 8'€LS 0'¢

% 2dS¥l dX3 %o Ddsyl dX3 % Ddsyl dX3 % DdSdt dx3 (APW)

mmcﬁ mN‘_m>:m mmuc_N mm_wanou 3

8'v - 0°86C 0°¢tle £°0C G 69y L "C65 070l
6°C - 0°6l¢€ ¥ 8¢t 6L - 1°Gov 668V v 81 27605 AN 1A% 0°6
gL o- ¥ yye 6°8YE 6'G - L"eve G e9e 6°6 - AN 134 L7 99Y 6°G1l- ANAS ¥°299 0°'8
90 + 8°G/E G ELE ey - YARAA) ¥ 68E 8t - 018y Z 005 el L7619 €760 0/
AR RS L'Siy £ cor o'l - 6" L1y 9 81Y g0 - ¥ ees 6°GES 9'6 - 17069 [ A4 09
8’6 + 9°G9¥ ovy AN £709% v LSy £+ 67009 €7/85 G'6 - 288, € ¥e8 0°¢
€6 + G LES ¥ 98Y LY+ 6°0€S 0°£0S G'9 + 17269 8 6¥9 ¥ 0+ 0°vZ6 27026 o'y
€Zl+ €729 L"¥SS ¢'8+ G 6z9 "985 g'eL+ 9°1Z8 ARV WA €L+ 69211 "0601 0°€

% Dds¥ 4X3 % DdSyl dX3 % Dds¥ dX3 % 24 d4Xx3 (AOW)

mw_mxu_z mmco‘__ mmE:EE:Z mmE:_fj 3

v1va IVINIWIEEdX3

HLIM ¥IMOd ONIddOLS I1D1L¥Vd YH4TY d3iv1

N1V 40 NOSIEVIWOD 6t 119vi

28




dX3

0L "3 -oas1 ~ *
TEm - NEu - AW 240 s41un

%01 ¥l 32UBI543Y 9°8 9242 152 LAY 9786t £SE 14
%8 G¢  B°udia4ay v'e g£°ole 00€ 6°6- 6°0lY 9ty €
10113 2]9oqoL4 $32UB.9)0Y 671~ 0°€9¢ 0/E L ¢ ols 399 4
9°€C v 69Y 6.8 v 81 0°092 A4 t

% 2dS¥l dX3 % 2dsSHl dX3 (ASW)
v.EoO v_.m>__m 3
L9 9699 )44 6°'¢ 8°20S 14°14 9t |4 989 5°9 17269 266 14
24 6°P¥S (749 > €°/85 695 £°¢ 0°sv8 98 1’ 9°1Z8 4:74 €
vo G 6v9 V9 £z 6' /0L 269 (Y 0°1501 0501 8'¢- 60201 0601 l

'8 6°£08 LyL y'6e 8'/98 269 2Ll 0°Esyl oret 4 9°£9¢! ovel | e

% 2dSH dXx3 % 2dsT dx3 % 2dS¥ 43 % 2dS¥ dXx3 (ABW)
wnjuobwWia o) v_hwao_ou v_cou_:m EE:EE:.( 3

6°¢- 1729l 67991 S0+ v 891 97491 9°Z + ¥ 0s\ 17991 0°0l

YA L7141 ATA €1+ 8841 G'9ll '+ v 081 8/ 0°6

L 0°esl ¥ 981 91+ 2061 27481 Q€+ 226l 97681 0'8

9% 1= £°961 G 661 0'¢+ £'¥0C 9°00¢ €+ 27202 9°'861 0/

9" 1= AT 9'ylie 0'e+ vae S 4 'g + JAR 444 L°¢lL 09

AN L71€2 9°vel e+ £'yve 8'6EC 1'9+ S v creee 0°¢s

AN b £°95¢ 6662 v+ 9z G 19¢ AV 17242 G 85¢ 0¥

8°0- L4 9967 'y + £°0i¢ 07262 0'8+ 6°/L1E €'v62 0°¢

% 2dsi dX3 % 2dS¥1 dX3 % Jds¥ dX3 (ASW)
mmvom._ mmn_oo mNEactoE 3

ﬂﬁNJC_:LOUv
VIVa IVINIWEIdXI HLIM 33MOd ONIddOLS 310114Vd VHATVY QILVINDTVD 40 NOSRIVAWOD 6-€ 318Vl




30

S I T BE O AR I G S BE EE I A R B D IR BN e
L€~ £96°6 9€6°6 grol 208°¢S S
L' v- £6C°L 909"/ 221 j a4 304 4
6°Z- ote"¢c L9%°S 6° /1 £60°¢ €
/1 £€29°¢ 196°¢ G 1E GZ6° 1 4
% Dds¥l dx3 % dx3 (A3W)
%01 14 FLITEITES) 3
10113 2|gpgoyd | 535UBI343Y 0°0 8/0" I 80" 1t 9.L°8
¥°0 2EL6°8 ¥€6°8 089" 7
Nch - wbhw 210 sp1un 971 AT 821°¢ ¥60°9
8'y Z¢90L°S ¥/8'V 8'0 evl’s 001'S 86¢°S
001 * dx3 = o % 2dS¥1 dx3 % 2dS¥1 dx3 (A2W)
dX3 - 2dS¥ oV ,2PIX0IQ UogIsS 3
9/L°8
0°9 eLi9 s 8t/ 9°C GGe oe 9762 1" 1- 880°6¢ v 6 S'g 689°€C oy e 089°L
¥50°9
_ 8701 9L vl 64721 86C°G
% 2dS dX3 % 2dS¥ dXx3 % 2dSyt dX3 % 2dSH1 dx3 (A3W)
£z '24OM czPP1 ¢zP199 g 1UoUsX 3
9LL°8
S'0- 066°0Z 1"1Z £'v- GZ6 '8l GE'6! 9°0- G619 €91 6°7- yreE'Gl 8°G1 0897/
$60° 9
ZoLT e 11 86C°6
% 2dSa dx3 % 2dSH dX3 % 2dS¥l dXx3 % 2dSy1 dX3 (A3W)
ez M!S o\ocoa?v_ mmbwamou czIPPIN 3
6°1 90€°91 00°91 671~ €64°ClL 0 €1 20~ 8EES [ 1 96 L1 /L8
'€ £2E°E1 £6°¢C1 £°0 yE8 11 81l 2 1= G/y 0l 09°01 €0 96/E°6 SYE'6 089/
k4 ¥06E "6 $66°8 80 y8EY/ 687/ LKA GGGG ™9 or°9 y50°9
LY LE9L L Z0v L 22 1961°9 590°9 'y YooY G /81°G 862°G
% 2dSa dx3 % 2dSdT dX3 % 2dS¥dT dX3 % 2dsa dX3 (A3W)
ocom‘_«\ czunuwn Y (UOIN &cwmxxo 3
6°0 6Z6°01 £8°01 £ 9- G601°8 969°8 L '¥- 606 € 2L9°¢E 9//°8
91 20¥8°8 €0/°8 'z- £60E°8 G'8 £°6- L1EG°9 8689 Ly- $/08°¢ 926°C 089"/
8°¢ eIz 9 256°S 6°¢- ce0s v 189°¥ 6°¢- 9€68° 1 166" 1 $650°9
9°¢ 6E10°S 68"V 6°¢- 6069°¢€ t08°¢ b= €626 | Y571 86C°G
% 2dS¥l dX3 % 2dS¥1 dX3 % 2dSy1 dX3 % DdS¥T dXx13 (A3W)
ocwmo:_z cz WY ¢Un1PH m:wmohvxI 3
VIVA TVINIWREdXI HLIIM IDONVY 31D114Vd VHATV GILVINDTIVD 40 NOSRVIAWOD 9-¢€ 318Vl




4.0 LOCKHEED RANGE & STOPPING POWER

CALCULATOR - DATA PREPARATION

4.1 GLOSSARY OF INPUT DATA TERMS

IN
NTB
BIN
BIN1
NS
HNU

EJ

H
NBK

EBK
BK

NCL
ECL
CL

name of tape unit on which library tape is mounted

name of tape unit on which working tape is mounted

physical storage location of library tape

physical storage location of working tape

number of subshells per element

observed binding energy of the atomic electrons in each subshell in
units of MeV

principal quantum number of the outer shell electrons for the ith ele-
ment

number of electrons in the ith subshell of the ithelement

number of enteries in the K-shell electron stopping number table per
QK.
energy dependent variable, Nk

stopping number of K-shell electrons for ’7K < 1o0.

BK(1) - value of stopping number when GK is 0.7;

BK(2) - value of stopping number when GK is 0.8;

BK(3) - value of stopping number when GKis 0.9.

Where GK is the energy difference between a K electron in the ground
state and the lowest unoccupied state in units of Zf(eff RH; RH is the
ionization potential of hydrogen.

number of entries in the L-shell correction term table per 9L

energy dependent variable, N

L-shell correction term as a function of ‘)7 L(l)

CL(1,1) - value of CL correction term when OL = 0.15

CL(2, 1) - value of CL correction term when 6 L= 0.25
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CL

NZZ

Y4

Ozi

0z2

NTPR
ZR
TPOR
NFIZ
FIZ
FIZP

NEB
EMIN
EBR
DE
HD

KMAX
I 2

(continued)

CL(3, 1) - value of CL correction term when 8 L= 0.35
CL(4, 1) - value of CL correction term when 8 L= 0.45
CL(5,1) - value of CL correction term when 8 L= 0.55
CL(6, 1) - value of CL correction term when 8 L= 0.65

number of elements in the Honl weighting function table for L-shell
electrons

atomic number of the elements in the Honl weighting function table
for L-shell electrons

Honl weighting function to correct for relativistic effects in the 2s
electron energy states

Honl weighting function to correct for relativistic effects in the 2p
electron energy states

number of elements in the initializing 2 MeV range table

atomic numbers of the elements in the initializing 2 MeV range table
values of range for charged particles at 2 MeV in the elements, ZR
number of elements in the table of ionization potentials

atomic numbers of elements in the table of ionization potential
values of the experimentally determined ionization potential in units
of eV

number of fine mesh energy points

minimum energy of mesh

major energy break points in fine mesh

step size of fine mesh between major energy break points

heading information to identify each case (i.e. name of element or
material)

number of elements present in material 1 S KMAX =10

physical state of material; if

| 2 = 1 material is a metal

| 2 = 2 material is a condensed non conductor
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2 (continued)
| 2 = 3 material is a gas

11K state of element when |/Z measurement was performed; if
1IK = 1 element was a metal
1IK = 2 element was a condensed non conductor

1IK = 3 element was a gas

Z atomic number of the element
AW atomic weight of the element
FIP ionization potential of element in units of eV. If FIP is zero, the

code will interpolate in the FIZP table
RHO density of element, or partial density in the case of a material, in
units of gm/cm
ACK energy scaling, factor for electron shells above L-shell
BCK magnitude scaling factor for
BCK =1 K shell electrons
BCK =2 L shell electrons
BCK =3 M shell electrons
BCK = 4 N shell electrons
BCK =5 O sheli electrons
BCK = 6 P shell electrons
BCK=7  Qshell electrons

4.2 INPUT DATA PREPARATION

NOTE: The following cards follow the asterisk data card which is directly be-

hind the binary program cards.
CARD TYPE 1 Columns 1-5 contain the name of tape unit (IN) on which li-

brary tape is mounted. Columns 6-10 contain the name of tape

unit (NTB) on which working tape is mounted. Columns 11-16
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CARD TYPE 2

CARD TYPE 2A

contain the physical storage location (BIN) of the library
tape. Columns 17-22 contain the physical storage location
(BIN1) of the working tape.

FORMAT (215, 2A6)

Columns 1-5 contain the number of fine energy mesh points

(NEB). Columns 6-15 contain the minimum energy of mesh

(EMIN).

Continuation card - contains eighf‘fields of nine columns per
field. Columns 1-9, 19-27, 37-45, and 55-63 contain the
major energy break point (EBR) while columns 10-18, 28-36,
46-54, and 64-72 contain the step size of the fine mesh be-
tween major energy break points (DE).

FORMAT (15, E10./(8E9.))

NOTE: The total number of EBR and DE entries on card type 2A must equal

the number in columns 1-5 of card type 2.

CARD TYPE 3

| CARD TYPE 4

Columns 1-72 contain alphameric informafion to identify the
case (HD) such as element or material name.

FORMAT (12A%)

Three fields of five columns per field followed by four fields
of ten columns per field. Columns 1-5 contain the number of
elements present in a material (KMAX), columns 6-10 contain
the physical state of element or material (12), and columns 11-
15, the state of the element at the time its ionization poten-
tial was measured (l11k). Columns 16-25 contain the atomic
number of the element (Z), columns 26-35 contain the atomic

weight of the element (AW), columns 36-45 contain the
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CARD TYPE 4  (continued)

ionization potential of the element (FIP), and columns 46-55

contain the density or partial density of the element (RHO).

CARD TYPE 4A Continuation card for card type 4. Columns 1-10 are left in-

tentionally blank and columns 11-15 contain the state of the
element ot the time its ionization potential was measured (I11k).
Columns 16~25 contain the atomic number of the element(Z),
columns 26-35 contain the atomic weight of the element (AW),
columns 36-45 contain the ionization potential of the element
(FtP) ond columns 46-55 contain the density or partial density
of the element (RHO).

CARD TYPE 5  Continuation card for both card type 4 and card type 4A. Eight

NOTE:

NOTE:

fields of eight columns per field. Columns 1-8 contains the
energy scaling factc;r for higher than L-shell electrons (ACK),
columns 9-16, 17-24, 25-32, 33-40, 41-48, 49-56, and 57-
64 contain the magnitude scaling factors for the electron shells
(BCK)

FORMAT (315, 4E10./8E8)

Case input dota cords are read in order of one card type 4 followed im-
mediately by a card type 5 ond then by zero to nine cards type 4A
with a card type 5 for each card type 4A until the number of card type
4 and card type 4A is equal to the number of elements composing the
material, KMAX, columns 1-5 on card type 4.

The ionization potential, FIP, in cards type 4 and 4A may be left

blank. In this circumstance, a value for FIP will be determined by

interpolation in the FIZP table of the library tape.
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4.3 OUTPUT FORMAT

The typical printed output from the Lockheed Range & Stopping Power Calculator

consists of two sections, the heading and the calculated values.

The heading consists of an identification of the element or material being evaluated.
A listing of the atfomic number, atomic weight, excitation potential divided by the
atomic number, the density or partial density, the total ionization potential, and
the total density of the element or elements forms one of two subheadings. The
second subheading consists of the atomic number, the energy scaling factor for high-
er shell electrons, and seven magnitude scaling factors for the shell electrons of

the element or elements being evaluated.

The main body of the printed output consists of the calculated values as a function
of energy of the particle and is listed in nine columns. The first column lists the
kinetic energy of the incident charged particle. The second column lists the ener-
gy dependent variable 7 L The third column lists the shell correction due to the
K-shell electrons. The fourth column lists the shell correction due to L-shell elec-
trons. The fifth column lists the shell correction due to the electron shells higher
than the L=shell. The sixth column lists (BRAK) from equation 2-3. The seventh
column lists the density effect correction terms. The eighth column lists the stop-
ping power and the ninth column lists the range. The stopping power values have

2 - .
units of MeV - cm™ - gm ! and the range values have units of gms - cm




.-

5.0 RANGE FUNCTION

It is sometimes convenient to treat charged particle range as an analytic function.
The function given by Equation 5-1is often used and is generally accurate to + 5
percent in the energy range 10 to 250 MeV for protons in low-Z materials if the
value of a ond r are properly chosen.

-

R(E) = aE (51

1
Burrell 2 has suggested an alternate function, Equation 5-2, which is equally good
from 10 to 1200 MeV.

R (E) = 2—‘; In(1+ 26 E) (5-2)

The values of a and b are dependent on material; the value of r is slightly material

dependent. The expression for stopping power in terms of these parameters is:

S(E) = (E"+ 2b).

E
a-r
A parametric search was conducted on the range data to find suitable values of a
and b for several values of r. Those values of a and b which minimized the maxi-
mum relative difference between Equation 5-2 and the LRSPC results from 10 to
1200 MeV were chosen. Typical error curves for proton range data are shown in
Figure 5-1. Typical error curves for alpha range data are shown in Figure 5-2.
Relative errors in the alpha data are about twice those in the proton data, reflect-
ing the more rapidly changing shape of the alpha range data ot low energies. The
same parameter values give fairly good results for stopping power. Figures 5-3 and
5-4 show relative differences between Equation 5-2 and LRSPC results for typical

proton and alpha stopping power data.
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Tabulations of the best values of a and b for several choices of r are shown in the
Appendix . The maximum error is also given. These tables include data for 55
materials for both protons and alphas. The best value of r for one or more materials
may be chosen by examining the error columns. Figures 5-5 and 5-6 show the gen-

eral trends of the error band magnitude for proton and alpha range data.
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APPENDIX A

PROTON AND ALPHA
PARTICLE RANGE AND STOPPING POWER DATA
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APPENDIX B

SAMPLE PROGRAM
INPUT AND OUTPUT
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LRSPC
INPUT DATA
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LRSPC
OUTPUT DATA
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