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ABSTRACT

The investigation reported herein was undertaken to determine primary
and secondary gamma-ray energy deposition rates, and radial and polar Compton
electron currents from specified monoenergetic neutron and gamma-ray sources
at specific altitudes in the intermediate altitude range. The magnitude and time
dependence of the gamma-ray energy deposition and Compton electron currents
were determined, by Monte Carlo studies, at point detector locations surrounding
each source position. The results at each detector location were analyzed to
provide a general description of energy deposition and Compton currents from
the considered sources. Energy deposition rates and radial currents from pri-
mary photon sources are {it to a two-exponential analytical expression. The vari-
ation of polar currents, from primary photon sources, with source altitude and
energy and source-to-detector orientation and separation distance, is described.
Also described are the energy deposition rates and radial and polar currents from
secondary sources of gamma radiation. A detailed description is presented of a
series of additional calculations, which, on the basis of the data obtained in this
program, are recommended to supplement this study.
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SECTION I

INTRODUCTION

The investigation reported herein has been undertaken to determine pri-
mary and secondary gamma-ray energy deposition rates, and radial and polar
Compton electron currents from specified monoenergetic neutron and gamma -

ray sources at specific altitudes in the intermediate altitude range.*

In this study, the primary photon sources considered were point isotropic
500-kev sources at 15,000 and 20,000 ft and a 5-Mev source at 15,000 ft. The
primary neutron sources were point isotropic 14, 10, 7, and 5-Mev sources at
15,000 ft and a 14~-Mev source at 50,000 ft. The seéondary gamma rays con-
sidered were those generated by neutron interactions at energies above the in-

elastic scattering threshold in nitrogen.

The magnitude and time dependence of the resultmg gamma-ray energy
deposition and radial and polar Compton electron curr?nts were determmed
by Monte Carlo studies, at point detector locations surrounding each source posi-
tion. The results at each detector location were analyzed to provide a general
description of energy deposition and Compton currents from the considered

sources.

*The intermediate altitude range is defined as the span of source elevations
above ground for which both air-ground effects and radiation leakage from
the top of the atmosphere are negligible.



In this report, energy deposition rates and radial currents from primary
photon sources are fit to a two-exponential analytical expression. The variation
of polar currents, from primary photon sources, with source altitude and energy
and source-to-detector orientation and separation distance, is described. Also
described are the energy deposition rates and radial and polar currents from

secondary sources of gamma radiation.

In the final section of the report a description is given of a series of addi-
tional calculations, which, on the basis of the data obtained in this program, are

recommended to supplement this study.



SECTION II

CALCULATIONAL METHODS

All neutron and gamma-ray calculations were performed with the United
Nuclear CORSAIR code,* a FORTRAN Monte Carlo system. For the primary
neutron problems, sources of secondary gamma radiation were génerated from

the neutron transport problems.

Time-dependent gamma-ray doses and fluxes were determined at specified
point detector locations. Subsequently, the United Nuclear CORREDIT computer
program was utilized to calculate the electron currents generated by gamma-ray

Compton scattering in the atmosphere.

SPATIAL COORDINATE SYSTEM

Fig. 1 shows the basic source-detector geometry used in the Monte Carlo

calculations. o } . & 7 —

A point isotropic source is located in a Cartesian coordinate system at
0, 0, Zg, where Zg is the source altitude, and a detector is located in Cartesian
coordinates at X4, Y4, Z24. The X and Y axes define a plane parallel to the
ground. The atmospl‘leric density varies only with altitude and thus the radiation

transport exhibits axial symmetry about the Z-axis.

*CORSAIR is a direct descendent of the basic United Nuclear air transport system,
AIRTRANS.! The only major difference in the two systems is that CORSAIR
tracks correlated mirror histories as described in Section 2.2.

3



7
(altitude)

Detector

Fig. 1 — Basic Source-Detector Geometry Used in the
Monte Carlo Calculations



Consider a vector score. F, at the detector position. This score can be
characterized by its projections zilong the Caftesian X, Y, and Z axes. This
is not the most convenient coordinate system, however. A more convenient
coordinate system is defined by three mutually orthogonal vectors _Ir, Tp. and
I_® where: I = the radial vector which is colinear to the source-detector axis:
I_p = the polar vector, where Tr andTp define a plane pefpendicular to the ground:

and_Id, = the azimuthal vector, which is parallel to the ground.

It is apparent that in an atmosphere which varies only with height, the
algebraic sum of all scores projected onto the azimuthal vector must vanish.
(Hence, in the Monte Carlo calculations, computer time was not spent projecting

individual scores along this vector.)

Variations of the transport medium with altitude, however, do produce net
scores along the polar axis, which would otherwise vanish in a completely homo-
geneous medium, (Because of the symmetry of the geometry about the Z axis, the
net polar scores do vanish at detector locations directly above or below a point

isotropic source.)

THE INTERMEDIATE ALTITUDE AND CORRELATED PARTICLE HISTORIES

In the 1ntermed1ate a1t1tude range (15, 000 to 50, 000 ft) of this study, the
escape of particles from the atmosphere and air- ground effects may be 1ghored
Hence, polar Compton currents in this intermediate range are produced entirely
by the density variation of the atmosphere. The density variations involved are

not drastic and thus polar currents are small compared to the radial currents.

Studies with the United Nuclear Monte Carlo air transport code AIRTRANS'
have shown that, if usual Monte Carlo particle tracking techniques are used for
sources in the intermediate altitude range, polar currents are calculated with

absolute variances about equal to the absolute variances associated with the

ot



radial currents despite the fact that the polar currents are often two or three
orders of magnitude smaller than the radial currents. Clearly, then, inordinately
large amounts of computer time would be required to determine, with reasonable

statistical accuracy, polar currents for the intermediate altitude range.

Hence United Nuclear developed a correlated sampling technique especially

designed to improve the computation of the small polar currents.

In this correlated sampling technique, a particle and its geometric *‘mir-
ror’’ image about the source-detector (radial) axis are tracked simultaneously
from collision to collision. The ‘“weight’’ of the mirror history is altered at
each collision point in a manner appropriate to the forced change in transport
necessary to maintain the geometric symmetry. This involves a multiplication
of the mirror weight by an e_AA term to account for the difference in mean free
paths which the mirror history was forced to fly, and by a p(mirror)/p(real) term
to account for the altered density and therefore the altered probability of collision

for the mirror history.

The adjusted weight of a mirror particle at any point in its history is the

cumulative product of all the weight alterations to that ;ioint.

Each time a score is made at a detector, contributjons ftom both the real
particle and the "weighted mirror particle are estimated, added vectorially, and
projected upon the radial and polar axes. With this technique, the @ correlated
polar component of the current is estimated directly every time a score is made
and the- fractional variances of the polar currents are reduced to the same order

of magnitude as the fractional variances of the radial currents.

Additional discussion of the correlated tracking technique is presented as

Appendix A.



COMPUTER CODES

The CORSAIR System

CORSAIR is a system of FORTRAN Monte Carlo codes used to track cor-
related (mirror) neutrons or gamma rays in the variable density atmosphere,
An option also exists to generate secondary gamma rays from neutron inelastic

scattering, (n,p) and (n,) events.

In CORSAIR, time- and energy-dependent fluxes are calculated at point-
detector locations in the atmosphere. The time and energy bins are specified
by the user. Uncollided fluxes are estimated analytically at each detector, where-
as collided fluxes are estimated by the once-more-collided flux-at-a-point®® or

flux-at-a-ring%® techniques.

The CORSAIR system uses an analytic importance sampling technique for
deep penetratiox} problems which is designed to keep nearly constant the number
of particles passing any surface of constant penetration (in mean free paths).
The importance sampling process can be terminated beyond a given penetration,

specified by the user.

Energy-dependent response functions are applied to the gamma-ray fluxes
to obtain energy deposition in air in units of rads. Thése response functiciis are

taken from Reference 7.

Parameters describing individual correlated flux estimates are written
on output magnetic tape. Subsequently, the CORREDIT routine (see below) is uti-
lized to convert gamma-ray fluxes to Compton currents and to obtain the com-

ponents of the currents along the radial and polar axes.

The CORREDIT Routine

Program CORREDIT reads in the individual correlated flux estimates

7



written on output magnetic tape by CORSAIR. Included with each flux estimate
are parameters describing the detector position and the energy, direction cosines,
and time of arrival of the incoming gamma rays. CORREbTI‘ utilizes this infor-
mation and the well -known Klein-Nishina formula to generate, by Monte Carlo
methods, the energy, direction cosines, and magnitude (weight) of the generated
Compton electron. The crow-flight distance traveled by this electron is then
calculated from tables of the range of electrons in air vs electron energy (see
Appendix B), and this computed distance is resolved about the radial and polar

axes to give an estimate of the radial and polar currents.

(In the CORREDIT calculations it is assumed that the time of flight of
electrons is negligible compared to the times of flight of the gamma rays and
also that all Compton currents may be localized to the detector location where
the electrons were born. Another assumption is that electron trénsport in the

nonuniform medium has negligible effect upon the polar currents.)

CORREDIT converts each flux estimate from CORSAIR to a radial and polar
Compton current estimate and stores this information in the proper detector-
energy-time-bin. When all flux estimates have been converted to currents and
these currents have been resolved and stored in their prdper bins, CORREDIT
algebraically sums the 1nd1v1dua1 current estimates and apphes a statistical

o
analysis to the results to evaluate the variance for each answer.

The output of CORREDIT is then energy- and time -dependent radial and

polar Compton currents at each detector location.



SECTION I

PROBLEM DESCRIPTION

PRIMARY RADIATION SOURCES

All primary radiation is assumed to be emitted instantaneously from point

isotropic sources. These are described in Tables I é.nd II.

TABLE I — PRIMARY GAMMA RADIATION

Energy Altitude, ft
500 kev ' 15,000 -
500 kev 50,000

5 Mev 15,000

TABLE II — PRIMARY NEUTRON RADIATION

Energy, Mev Altitude, ft
14 15,000
10 15,000
7 15,000
5 15,000
14 50,000

All calculational results are on a per unit primary radiation particle basis.

THE ATMOSPHERE

The density of the atmosphere as used in all transport calculations is a

continuously varying function of altitude. (A table of air density vs altitude,
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which was derived from Reference 8 and used in these calculations, is presented
as Appendix C.) The atomic constituents considered in gamma-ray transport
calculations are nitrogen, oxygen, and argon with atomic fractions of 0.784756,
0.210551, and 0.004693, respectively. Argon was not included in the composition
of the atmosphere in the neutron calculations, as studies at United Nuclear have

shown that its effect upon the neutron transport is negligible.

The atomic compositions used in the neutron and gamma-ray calculations
are assumed constant from ground level up to an altitude of 460 km; the latter

is taken as the upper limit of the atmosphere.

CROSS SECTIONS

The microscopic cross-section data were supplied to the CORSAIR system
by element data tapes in use at Unitéd Nucléar Corporation. The energy range
for neutrons is 3.841 to 14 Mev, since neutrons were not tracked below the in-
elastic scattering threshold of nitrogen. The neutron cross sections, listed in
Appendix D, are specified at 300 equally spaced (in lethargy units) mesh points.
The gamma-ray energy range is 1 kev to 10 Mev, with cross sections specified
at 99 equally spaced lethargy intervals. The gamma-ray data are derived from

References 9 and 10,

The probability tables for the generation of secondary gamma rays from

neutron charged particle and inelastic scattering events are given in Appendix E.

Energy-dependent response functions, used to convert gamma-ray fluxes

to air dose in rads, were derived from Reference 7.

OTHER INPUT DATA

The cutoff times for both the neutron and gamma-ray problems were long
enough so that none of the histories followed was terminated by exceeding the

time limit.
10



The cutoff energy for the neutron problems was 3.84 Mev, a value just
below the inelastic scattering threshold for nitrogen. The cutoff energies for
the gamma-ray problems were functions of the particular transport problem
under consideration. In all cases, however, the photon cutoff energy was low

enough so that less than 2% of the total dose was estimated to have been lost.

DESCRIPTION OF CALCULATIONS

A summary description of all the CORSAIR problems which were run for

this report is given in Appendix F.
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SECTION IV

RESULTS OF PRIMARY GAMMA RADIATION STUDIES

ENERGY DEPOSITION

The desire to obtain a relatively simple analytical description of the spatial
and temporal distribution of the energy deposition about a point isotropic photon
source has led to an examination of the applicability of homogeneous atmosphere
scaling to the inhomogeneous atmosphere situation. In the homogeneous case,
the total energy depositionper gram of air at a distance R from the source in
air of density p, D(pR), can be expressed in terms of the energy deposition atla

distance R, in an atmosphere of density p, as:

RZ .
D(pR) = D(pyRy) * ﬁg (1a)

where pR = poRy.
| < -
Similarly, for the energy deposition per reduced time interval:

R2
dppte) = dpr,(tr) 52 (1b)

where pR = pgR,

tr = reduced time
= (t-ty)/ty, and
t = real time

t, = uncollided flight time = R/c.

12



As discussed below, the data generated in this program are consistent with
the assumption that these relationships, which are rigorously correct for the

homogeneous atmosphere, are also applicable to the inhomogeneous atmosphere.

E ffects of Source-Detector Orientation

As indicated in Appendix F, point detectors were positioned at several
source-detector orientations about a source to assess the effects of the nonuni-

form atmosphere.

The calculational results indicate, for the sources of radiation and ranges
investigated, that the energy deposition at detector locations surrounding a source

is independent of source-detector orientation provided that:

1. Total (time -integrated) energy deposition is expressed in units multi-
plied by 47R? and energy deposition per second in units multiplied by

2

47R* Xt
2. Penetrations are expressed in mean free paths or g/ cm?,
3. Times are expressed in units of reduced time, t,

where R = source-to-detector distance, cm
t, = time of arrival of uncollided flux, sec
t. = (t-ty)/ty

t = real time, sec.

Variation of Energy Deposition, from a 500-kev Source, with Source Altitude

From the discussion above it is evident that the ratio of collided dose rate
to uncollided dose, i.e., the normalized collided dose rate, when multiplied by
ty and plotted against the reduced time, will be independent of the source -detector

orientation,

To determine the validity of this scaling as a function of source altitude,

normalized collided dose rates multiplied by ty, were compared for equal mean-

13



free-path (mfp) penetrations from the 500-kev sources at 15,000 and 50,000 it.

Fig. 2, for example, displays the normalized collided dose rates at detectors
located 3 mfp from their respective photon sources. The curves were found to be
indistinguishable within the Monte Carlo statistical uncertainties that were in-

volved.

Similar results were obtained over the range of source-detector penetra -
tions considered (up to 9 mfp). On the basis of these findings, if is concluded
that the energy deposition rates for the 500-kev source may be scaled to any
source altitude between 15,000 and 50,000 ft. The validity of this scaling pro-

cedure for higher energy sources should be tested.

Analytical Description of Energy Deposition

Histograms of normalized collided dose rate vs time, at various detector
locations surrounding the three considered sources, were constructed from the
Monte Carlo data and examined in detail to determine if they could be represented

by simple analytical fits.

The shape of the histograms, for penetrations up to 9 mfip for the 500-kev
source, and 7 mfp for the 5-Mev source, sﬁggested that an adequate analytical
representation of the data could be obtained in the form of the sum of two de- =

caying exponentials. The collided dose rate is then given by:

- 1tr + —aztr

Be
4TR ty

Ae

do(t) (rads/sec) = (2)

where A, B, a4, a, are functions of source energy (Ey) and mean free paths. (1)

only.
The uncollided dose, Dy, is:

14
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A —
e R(E
D, (rads) = ﬁé—i (3)

i
where R(E,) = 2.36 x 107!® rads/(photon/cm?), E, = 500 kev’
= 1.46 x 107° rads/(photon/cm?), E, = 5 Mev'

A -
-—e+ [A(Eo’)\) e aI(EO,A)t

u t,*R(E,)

- A
r + B(Eo,l\) e aZ(EO’ )tr] (4)

Plots of A, B and a4, @y vs A are presented for E;, = 500 kev and 5 Mev

as Figs. 3 and 4, and Figs. 5 and 6, respectively.

Examples of the adequacy of the fit to the Monte Carlo data can be seen
in Figs. 7 and 8 (500-kev source) and Figs. 9 and 10 (5-Mev source), which cor-
respond to energy deposition rates at detectors at various penetrations from the
photon sources. (The statistical uncertainty of the Monte Carlo results is shown
on all histograms.) On the figures, the solid curve represents the analytical fit

from expression (4).

It is seen in Figs. 7 through 10 that the analytical fit does appear to repre-

sent adequately the Monte Carlo data for the temporal rang(—.;g; investigated.

A limitation of the calculational results, discussed in more detail in Sec-
tion VI, should be noted at this point. The width of the time bins in the Monte
Carlo calculations was adjusted so that a sufficient number of scores could be
obtained to make the statistical results meaningful. As a result, the important
short temporal ranges, where the dose rates are at their maximum and are chang-
ing most rapidly with time, were represented by no more than two or three time
intervals. Hence, much of the detail of the dose rate behavior at earliest tem-
poral ranges was not obtained. Thus, the accuracy of the analytical fit at early

temporal ranges has not been determined.
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Comparison of Dose Buildup Factors with Moments Method Results

The time-integrated energy deposition from collided photons, obtained by the
integration of expression (2) over all real time, is given by:
A B

— F —
Gy Oy

De = e

The dose buildup factor, By, is defined as:

Bd=DLD:—9“— (6)

where Dy is given by (3) and D, by (5).

Figs. 11 and 12 display for 5-Mev and 500-kev sources, respectively, the
dose buildup factors in water as reported by Goldstein.!! The Monte Carlo results
of this study as well as the results obtained by expression (4) involving A, B, ay,
ay (““four-parameter fit’’) are displayed on the same figures. (It is assumed that

for these photon energies the moments method results for water are applicable

to air as well,)

The best fit through the ‘‘four parameter’’ points for the 5-Mev photons
yields a curve very close to that of Goldstein, The best fit through the 500-kev
‘“‘four parameter’’ data, however, yields a curve generally below the Goldstein
curve, with a maximum deviation of about 25% at A =~ 4 to 5. No explanation for

this apparent discrepancy has been found.
RADIAL COMPTON CURRENTS

Effects of Source-Detector Orientation

The radial Compton currents at detectors surrounding a photon source of
either 500 kev or 5 Mev also were analyzed to assess the effects of source-de-

25
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tector orientation due to the nonuniform atmosphere. It was found, within the
statistical accuracy of the Monte Carlo calculations, that the radial currents
also are independent of source-detector orientation providing that the units of

current are multiplied by 47R? xt,, and the times are in units of reduced time.

Variation of Radial Currents, from a 500-kev Source, with Source
Altitude

Curves of t; x (collided radial current/uncollided radial current) at an
equal number of mean free paths from 500-kev photons at 15,000 and 50,000 ft
were compared to assess the effect.of the source altitude in the nonuniform at-
mosphere. Fig. 13, for example, displays the normalized radial currents at a
penetration of 3 mfp from the respective sources. The two curves are indistin-
guishable within the Monte Carlo statistics. Similar results were found for other
penetrations. Hence, it appears that scaling wi-th altitude of radial currents from
a 500-kev source is permissible from 15,000 to 50,000 ft for penetration ranges

at least up to 9 mip.

Analytical Description of Radial Compton Currents

Histograms of radial currents from collided photons, normalized to cur-
rent from uncollided photons, at various penetrations from the photon sources.

were obtained from the Monte Carlo data and analyzed carefully.

“n , -—

The shape of the histograms indicates that the data can be represented by
a two-exponential expression similar to expression (4). Curves of A and B, aj,
and a, are presented as Figs. 14 and 15 (500-kev source) and Figs. 16 énd 17
(5-Mev source). The appropriate R(E,) terms for the radial currents from un-

collided photons are:

R (500 kev) = 1.648 x 107%*
R (5 Mev) = 3.258 x 107%*

*Determined by separate Monte Carlo studies at United Nuclear Corporation.

28



ty X (Collided Radial Current/Uncollided Radial Current)

10°

|
10t
|
' Source altitude
| 15,000 ft
. —— — 50,000 £t
|
|
1 |
Tl
[ I
|
1
13
|
- 1071 : f
“a
10-2 ! L 1 L : 1

0 02 04 06 0.8 1 1,2 1.4 16 1.8
Reduced Time (unitless)

Fig. 13 — Ratio of Collided Radial Compton Current to
Uncollided Radial Compton Current as a Function of
Source Altitude — (Source: 500-kev photons; Detectors:
3 mifp along the horizontal)

29



1073

D O -J00C0

W?

L N
]0"-; _\\ VR S
. N\ 1
5
T N\
3

f
!

\,

. 107
<

B e -3 e
fos]
L~

)
¢ ///

¥ 1 M ~I0KO
1

o
I

[ ]

1078 1 | \
0 1 2 3 4 5 6 7

o«
5=}

10

Mean Free Paths

Fig. 14 — Radial Compton Current — 500-kev Photons -
A and B Parameters

30



) /

30

28

26 | /

24

22 /

18

5 /
= 16
S //
14
12

10 7 ' /a—-“
° // //

e
6 7
4 1/
Ve “a
2
0

0 1 2 3 4 5 6 7 8 9 10
Mean Free Paths

Fig. 15 — Radial Compton Current — 500-kev Photons —
o4 and @, Parameters

31



100 lo-l

9
8
i
6
5_
4
3
2
10-l /\ 10—2
8F N
fim \A
6
5+
4
3

e

10-% M@

A

—

o
J
X}

LW B NG 1o
T
!

2]
P,

1073

1074
/

1 1 | | l 10'5

10~

Mean Free Paths

Fig. 16 — Radial Compton Current — 5-Mev Photons at 15,000 ft;
A and B Parameters

32



o /
s /
5_.

: /

3

2 / -

|
\
\

wool -] 00O
1

1 | ! | | |
0o 1 2 3 4 5 6 7 8.9 10

Mean Free Paths

Fig. 17 — Radial Compton Current — 5-Mev Photons at 15,000 ft —
a4 and o, Parameters -

33



Examples of the analytical fit to the Monte Carlo data are given in Figs. 18
and 19 (500-kev source) and Figs. 20 and 21 (5-Mev source) which represent nor-
malized radial currents at detector locations at various penetrations from the

photon sources.

It should be noted, once again, that the relatively broad time intervals at
short temporal ranges impose a limitation on our knowledge of the validity of the
analytical fit at very short temporal ranges. This is discussed further in Sec-

tion VI.

Comparison of Radial Compton Currents with Those in the
Literature '

The time-integrated radial currents as functions of penetration from the
500-kev and 5-Mev sources were calculated and normalized to R? X current (in
statcoulombs) at sea level air density. The results were superimposed on a
figure by LeLevier!? displaying radial currents from 1, 1Y, 2, 3, and 4-Mev
photons and are presented as Fig. 22. It is seen that the present values are con-

sistent with those reported by Le Levier.,

POLAR COMPTON CURRENTS

E ffects of Source-Detector Orientation : S , —_

Fig. 23 displays the time-integrated polar current as a function of source-
detector orientation, with penetration in mean free paths as the parametef. This
set of curves is applicable to detector locations surrounding the 500-kev source at
15,000 ft. (Note that in the frame of reference used in this report, net downward

flow of electrons is considered to be positive in sign.)

It is seen that the magnitude of the polar currents is at a maximum at and
symmetric about 90° (coaltitude source and detector), and that it decreases mono-
tonically to zero as the angle varies either to straight up oi' to straight down.
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The shape of the curve is seen to be a function of the penetration distance.
A reasonable fit to the polar current data as a function of source-detector angle, 9,

and penetration, A, is given by

1,(%,6) = I(},90°)-

X
(sin 6™ )| for 20° < ¢ < 160° (7)
where 6 = 90° corresponds to coaltitude source and detector.

n(A) =1.35~0.15X 1<A<5
- =0.60 A>5

For 8 <20° or 6 > 160° the polar current is very small and probably insignif-
icant for the temporal and spatial ranges of this report. A suggested fit fbr this an-
gular range is

Ic(1,20%) 6°

< 20°
400 0 0

Ic(h: 6) =
(8)

1.(1,20%)+ (180°-6)

200 6 > 160

IC (A7 9) =

The angular dependencies of polar current from the other two nrimary photon
sources were not studied in as much detail as were the dependencies for the ju0-kev
source at 15,000 ft. Although the angular descriptions obtained do seem to differ -
somewhat from those shown in Fig. 23 (particularly for the 5-Mev source at
15,000 ft where the angular dependence is more sharply peaked about 8 = 90°),
expressions (7) and (8) can also be used to describe, to a first approximation, the

effect of source-detector orientation upon polar currents for these two sources.

The time dependence of the variation of polar current with source-detector
orientation, §, was investigated by examining curves of polar current as a function
of 6 for reduced times of 0.25, 0.50, 1.0, and 1.5 at detectors positioned 3 mip

from the 500-kev source at 15,000 ft. These curves, along with the time -integrated
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curve (as in Fig. 23), are presented on the same set of coordinates in Fig. 24.
Surprisingly, it is seen that the functional relationship between polar current

and source ~detector orientation is not strongly dependent upon time.

The Monte Carlo data were not sufficient to allow examination of this depen-
dency over the range of penetrations involved in this study. Until more detailed
information is available (see Section VI), expressions (7) and (8) can be used to
describe both the time-integrated and time-dependent relationship between polar

current and source-detector orientation.

Polar Current as a Function of Penetration

Fig. 25 displays the complex behavior of time-integrated polar currents vs
horizontal penetration (mfp) from the 500-kev source at 50,000 ft. These data, of
course, can be scaled to detector positions off the horizontal axis by use of ex-

pressions (7) or (8).

At short ranges there is a net upward flow of electrons (negative current)
caused by the increased probability of scattering toward a detector for photons
emitted downward into the denser medium. As the penetration distance is increased,

it becomes harder for the downward-emitted photons to reach the detector through

the denser medium unt11 at about 2 mfp, the pos1t1ve and negatlve contributions

o
are equal and there is a null in the t1me ~-integrated polar current. Beyond thls

null position the net flow of electrons is always downward.

Figs. 26 and 27 display the same curves for the 500-kev source and 5-Mev
source at 15,000 ft. It is seen that the curves are different in magnitude although
the general behavior of each of the three curves with increasing penetration is
quite similar. Iﬁvestigations for source energies and altitudes intermediate to
those of this study are necessary before the functional relationships between polar

currents and source altitude and energy can be established (see Section VI).
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Fig. 28 displays the ratio of the time-integrated polar current to radial
current, for the three sources, as a function of penetration in mean free paths.

Several interesting relationships are revealed by examination of this figure.

First, the polar-to-radial current ratio is greater, over the entire range,
for the 500-kev source at 15,000 ft than for the 5-Mev source at the same alti-
tude. The explanation for this is that the differential scattering cross sectioﬁ is
decidedly less forward peaked for photons in the 500-kev range than in the 5-Mev
range. Hence, 500-kev photons have a considerably greater probability of large-
angle scattering and are more likely to arrive at a detector location at a large

angle to the radial direction.

Second, the polar-to-radial current ratio is considerably greater for the
500-kev source at 50,000 ft than at 15,000 ft. This is because the atmospheric
density varies much faster with changes in altitude at 50,000 ft than it does at

15,000 ft. Thus polar effects are magnified at this higher altitude.

Finally, it is noted that even for the 500-kev source at 50,000 ft (for which
the calculated polar-to-radial ratios are the greatest), the polar-to-radial ratio
at penetrations less than 2 mfp never greatly exceedé 1078, It thus appears from
Fig. 28 that polar currents are probably not important, for the source energies
and altitudes reported here, for penetrations less thar™8 mip. Beyond this pene-
tration, the ratios rise to the 1072 to 107t range where polar currents indeed may

be significant.

Time-Dependent Polar Currents

The time dependencies of polar currents were found to be complex functions
of source energy, source altitude, and sour ce-detector orientation. The statistical
accuracy of the Monte Carlo time -dependent polar current data was not sufficient -

ly high to determine whether any of the above functional dependencies could be
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separated out. For penetrations beyond 3 mfp (where polar currents are more
likely to be appreciable) and for temporal ranges other than the very smallest,

it appears that a simple exponential relationship may exist between polar cur-
rents and time. However, the two parameters associated with a Simple exponen-
tial (i.e., the normalization and decay constants) do not appear to exhibit any sim -
ple functional relationship, and more accurate and detailed data are required be -

fore any complete relationship can be established.

Figs. 29 through 44 display the time-dependent polar Compton currents,
normalized to the uncollided radial current, at various penetrations from the

three sources.

49



103

22

0 /Negative polar current

(i.e., net upward flow of
102
L5

-1

electrons)

24

53|
10!

Lz—? Positive polar
current

Collided Polar Current/Uncollided Radial Current, sec

38 S

s

0 2 4 6 8

Time, sec X 10-¢

Fig. 29 — Polar Compton Current [Source: 500-kev photons at
15,000 ft; Detector: 15,000 ft, 1 mfp (148.9 meters)]

50



104

17'[;6

]
3

—t
A
=

53
28

38

99

Collided Polar Current/Uncollided Radial Current, sec™! .

10?

Time, sec < 1078

Fig. 30 — Polar Compton Current [Source: 500-kev photons at
15,000 ft; Detector: 15,000 ft, 3 mfp (446.7 meters)]

51



Collided Polar Current/Uncollided Radial Current, sec™"

10°

25
24
26
104
33
19
25
3

10 36 _

102
o
46 10-6

1 1

0 2 5 6 7 8 9

Time, sec x 1078

Fig. 31 — Polar Compton Current [Source: 500-kev photons at -
15,000 ft; Detector: 15,000 ft, 5 mfp (744.5 meters)]

52



108

41 | |

25

38
30

104

Collided Polar Current; Uncollided Radial Current, sec™!

268

Dashed line: calculational results
not shown -~ computed statistics ex-
ceed 100%

| L | |

42

10%5 4 5 6

Time, sec ~ 1078

Fig. 32 — Polar Compton Current [Source:
15,000 ft; Detector: 15,000 ft, 7 mfp (1042.0 meters)]

93

500-kev photons at



Collided Polar Current/Uncollided Radial Current, sec-!

108

42

59|

43
10°
83
29
63

v/

10¢ 36 _
64
103 1 L 1 1 1
4,5 5.0 5.5 6.5 7.5 8.5 9.5

Time, sec x 10-5

Fig. 33 — Polar Compton Current [Source: 500-kev photons at
15,000 ft; Detector: 15,000 ft, 9 mfp (1340.0 meters)]

54



108
23
102
h
<
[
%]
“ﬁ
=
(Y]
bl
=] 37
Q
=
° Negative polar current
_‘g (i.e., net upward flow of electrons)
g 76
= 1.
§ 10
5 57
=
@
2
S |
(=1 .
3 |
o \
® 33 | Positive
g 3{ polar
,3 \ current)
1.0
G
47
Dashed line: calculational results
not shown — computed statistics
exceed 100%
10t | ] 1 ] | ] 1
1 2 3 4 5 6 7 9 10

Time, sec x 107¢

Fig. 34 — Polar Compton Current [Source: 5-Mev photons at

15,000 ft; Detector: 15,000 ft, 1 mfp (469.1 meters)]

55



Collided Polar Current/Uncollided Radial Current, sec™

103

28
2
10 BEl
32
46 '65 71
\
\' il s
\
27 \ ] 38
|

10! - \

\ 46

\ -
\_31|

%
Dashed line: calculational results
not shown — computed statistics
exceed 100%
1 i | |
3.0 4,0 5.0 6.0 7.0 8.0

Time, sec x 1078

Fig. 35 — Polar Compton Current [Source: 5-Mev photons at
15,000 ft; Detector: 15,000 ft, 2 mfp (938.2 meters)]

56



Collided Polar Current/Uncoilided Radial Current, sec™!

Fig. 36 — Polar Compton Current [Source: 5-Mev photons at
15,000 ft; Detector: 15,000 ft, 3 mfp (1407 meters)]

10
41
27
10
54
57
37 3—‘;
10
1
\
26 \
\ 42
\
\
59
101 LY
71
Dashed line: calculational results

not shown — computed statistics

exceed 100%
1

4,0 6

8 10

Time, sec x 108

o7




10
3
s
_2.|7

T
<
» 32
E 103' Q==
(]
St
=
©
G
3
T
g .
3
13}
=
=]
\
-]
[3]
| 33
5
&}
-t
3
& o

10
T
=
=
[=]
O

33 - o
|23
70
10!
0.6 0.8 1.0 1.2 1.4

Time, sec X 1078

.Fig. 37 — Polar Compton Current [Source: 5-Mev photons at
15,000 ft; Detector: 15,000 ft, 5 mfp (2346 meters)]

58



10°
5
38
104
'y 43
[}
7]
o
[+}]
I 91
5
E 46 ﬁ
-
[}]
T
§ 103#
=] 39
j=]
2
-]
| ¥
| 7
5t
" 45
s r
[»]
By
®
g 73
g |
102
%= | 39
I .
10
1.1 1.2 1.3 1.4 1.5 1.6

Time, sec X 107° ‘

Fig. 38 — Polar Compton Current [Source: 5-Mev photons at

15,000 ft; Detector: 15,000 ft, 7 mifp (3284 meters) |

59



108

59 53

—
o
'

Lﬁlf

50
108 p—

Collided Polar Current/Uncollided Radial Current, sec™!

84

10

1.4 1.5 1.6 1.7 1.8 L9

Time, sec x 107°

Fig. 39 — Polar Compton Current [Source: 75-Me‘v photons at
15,000 ft; Detector: 15,000 ft, 9 mfp (4222 meters)]

60



10

Positive polar current
10-15 psec: 2.05 x 10 - 27%
15-20 usec: 7.33 28%
2
6 17
T
(9]
: []
- 103
E J
[:}]
n 25 -Negative polar current (i.e
= 28 P o Cuy
O / net upward flow of electrons)
2 30
-]
S
3 33] 50
a 21 | 44
e
Q
=
i1
=
O
3
o 102
o
o
QO
<
= 55
[o]
O
“
10!
2.0 3.0 4,0 5.0 6.0 7.0

Time, sec % 10~%

Fig. 40 — Polar Compton Current [Source: 500-kev photons
at 50,000 ft; Detector: 50,000 ft, 1 mfp (611.4 meters)]

61



Collided Polar Current/Uncollided Radial Current, sec!

104

[y
[
]

102

2L 20
13
45
21 22
99
38
3.37 x 10 (30%)
20 to 30 usec
“an
I I | | ] ]
8 T 10 11 12 13 14 15 18 17 18 19

Time, sec X 1078

Fig. 41 — Polar Compton Current [Source: 500-kev photons
at 50,000 ft; Detector: 50,000 ft, 3 mfp (1834 meters)]

62

20



108

33
37
27
104 3018 26 a
- ] U e
IU 16 - 1
b '
m T
= :
g 82 |
u ' I :
3 23 &3 Rk
s 10 "
°
o
[«
o
[}
:E -
E
=
S by
]
B o102
=~ 10 - —
6 55
[
S
& \
=}
3 \
3 \
° \
10 - .‘n
57
Dashed line: calculational results_
not shown — computed statistics
exceed 100%
1 ' I —
1 2 3 . 4 5

Time, sec x 107°

Fig. 42 — Polar Compton Current [Source: 500-kev photons
at 50,000 ft; Detector: 50,000 ft; 5 mfp (3057 meters)]

- 63



108

81
105
T 31 47
[S]
@ 64
iy
=
E 28
= bl
3] 62
= 104
g
& 58
©
[}
=)
2
(&)
5
) 41
5 108
1
j=1
@]
-t
S
[=]
B
9 39
=)
=
(=]
@]
10° - - . =
54
b
101 2 3 4 5

Time, sec x 107°

Fig. 43 — Polar Compton Current [Source: 500-kev photons
at 50,000 ft; Detector: 50,000 ft, 7 mfp (4280 meters)]

64



Collided Polar Current/Uncollided Radial Current, sec™!

108

65

105
99
51
L |
104
45 \
10% A\
\
58

Dashed line: calculational results

not shown — computed statistics

exceed 100%
102 ] 1 ]

2.0 2.5 3.0 3.5 4.0 4.5 5.0

Time, sec x 107°

Fig. 44 — Polar Compton Current [Source: 500-kev photons
at 50,000 ft; Detector: 50,000 ft, 9 mfp (5502 meters)]

65



SECTION V

RESULTS OF THE SECONDARY GAMMA RADIATION STUDIES

The effects of the secondary gamma radiation proved to be more difficult
to ascertain than had been anticipated. Apparently, the nature of the neutron and
secondary gamma-ray transport is such that CORSAIR does not obtain adequate
time-dependent results for the number of histories which can be tracked using
reasonable amounts of CDC-1604-A computer time (i.e., approximately 20 min-
utes per detector per 5000 histories — see Appendix F). Calculations of this
magnitude are sufficient to provide meaningful time-integrated energy deposition
and Compton current results, but it is estimated that it is necessary to track at
least 125,000 to 750,000 histories to obtain adequate detailed information on the

time dependence.
TIME -INTEGRATED RESULTS

Source Altitude of 15,000 ft

Both the dose and radial currents at detector locations surrounding the
14-Mev source at 175,000 ft were found to be independent of source-detector
orientation provided they are expressed in units multiplied by 47R? and the pene-
trations are expressed in units of g/cm? This is the same scaling which has been
determined to be applicable to the primary gamma-ray sources. This scaling
technique is expected to be valid for lower energy neutron sources at 15,000 ft,
since the gamma radiation fields which they produce extend over a smaller spa-
tial range and thus experience smaller variations in ;Ltmospheric density. A test
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problem for 5-Mev neutrons yielded results that confirmed this expectation.
Hence, all results for the time-integrated dose and radial currents are presented
for one source-detector orientation (i.e., coaltitude source and detectors), and

these may be scaled to other orientations as indicated above.

Figs. 45 and 46 display the time-integrated secondary gamma-ray doses
and radial currents, respectively, from the four neutron sources at 15,000 ft.
In both figures, smooth relationships are obtained between dose (or radial cur-
rents) and range. It is felt that the results at 5, 7, 10, and 14 Mev can be cross- |
plotted to obtain, with a sufficient degree of accuracy, dose and radial currents

corresponding to any source neutron energy from 5 to 14 Mev.

Fig. 47 displays the time-integrated ratio of polar-to-radial currents at
detectors coaltitude to the four primary neutron sources at 15,000 ft. These
results also can be cross-plotted to obtain polar currents at detectors coalti-
tude to any neutron source at 15,000 ft in the energy range of 5 to 14 Mev. No
attempt was made in this study to establish the dependency of the polar-to-

radial ratio upon source-detector orientation.

The polar -to-radial current ratios for all four ﬁeutron sources at 15,000 ft
appear to approach asymptotic values in the range 2 X 1072 to 5 x 1072, If the
results for the primary 500-keév and 5-Mev radiation aﬁ"‘15,000 ft are extrap-
olated to deeper penetrations (see Fig. 28), they also appear to have asymptotic
yalues in this ratio range. It thus appears that the initial neutron transport has
a limited effect upon the time-integrated polar-to-radial current ratios at deep
penetrations. Of course, the neutron transport has profound effects upon the

time scales of the time-dependent data.

Source Altitude at 50,000 ft

Secondary gamma-ray doses and radial currents were calculated at de-

tector locations coaltitude to a 14-Mev neutron source at 50,000 ft to determine
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whether these quantities can be scaled with altitude in the 15,000 to 50,000-ft
range. The 14-Mev source was selected for this study since it produces the
secondary radiation field which is the most extensive in space and which thus

experiences the largest variations in atmospheric density.

In Figs. 48 and 49, dose and radial current, respectively, from the 14-Mev
neutron sources at 15,000 and 50,000 ft, multiplied by 4mR?, are plotted vs source-
detector penetration in g/cm?. In each case the solid curve represents the
15,000-ft source altitude data (from Figs. 45 and 46). The data obtained for
a source altitude of 50,000 ft are plotted with vertical bars indicating the vari-
ance in the data. The results indicate that scaling with source altitude is possi-

ble for the neutron sources and altitudes of this study.

The same set of Monte Carlo calculations also indicated that the polar-
to-radial current ratio is larger at 50,000 ft than at 15,000 ft. The ratio is
greater than 0.1 at a detector located about 8 kilometers (158 g/cm?) from, and
coaltitude to, the source. However, the Monte Carlo statistical uncertainties
in the polar current are of the order of 50% and more particle histories need

to be followed before any quantitative conclusions are reached.

TIME -DEPENDENT RESULTS _
o & 7 —

The time-dependent data for the secondary gamma-ray dose rates and
radial currents are insufficient to establish analytical expressions for these
quantities. For example, Figs. 50, 51, and 52 display the calculated secondary
gamma-ray dose rate as a function of real time at several coaltitude source-
detector separations for a 7-Mev neutron source at an altitude of 15,000 ft.
Figs. 53 through 56 display the radial Compton current as a function of real
time from a 14-Mev neutron source. (Similar histograms of dose rate and
radial current as functions of time at detectors surrounding the 14, 10, 7, and

5-Mev sources have been presented in detail in Reference 13.)
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Secondary Gamma Energy Deposition Rate, rads/sec per source neutron

Fig. 50 — Secondary Gamma Energy Depqsition Rate (Source:
7-Mev neutrons at 15,000 ft; Detector: 15,000 ft; Source to
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Radial Compton Current, stateoulombs/cm?-sec per source neutron
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For a majority of the curves, one might suggest a ‘‘quick and dirty”’
single exponential fit to the data. It is apparent from these histograms, how-
ever, that the statistical uncertainties involved must be reduced and the num-

ber of time bins increased before meaningful fits to the data can be obtained.

A few examples of some of the better results for the polar Compton cur-
rents are presented as Figs. 57 through 61. Qualitatively, they are similar
to the results from primary gamma radiation with an expanded time scale;
that is, they are negative in sign at short times at detectors close to the source

and are only positive in sign at larger penetrations.

Clearly, however, an accurate description of time-dependent polar cur-

rents from secondary gamma radiation requires improved statistical accuracy.
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Polar Compton Current, stateoulombs/cm?-~sec per source neutron
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Fig. 57 — Polar Compton Current (Source: 7-Mev neutrons at
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Polar Compton Current, statcoulombs/cn.?-sec per source neutron
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Polar Compton Current, statcoulombs/cmi®-sec per source neutron
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SECTION VI

RECOMMENDED FUTURE STUDIES

EXTENT OF APPLICABILITY

On the basis of the information obtained by this study, it is ndw possible
to specify a program of supplemental calculations to be executed on a high-
speed computer which will permit the determinatioﬁ of photon energy deposi-
tion and Compton current components for arbitrary source energies, altitudes,

and detector positions within the following ranges of applicability:

Source altitude range 8000 to 50,000 ft

Primary gamma-ray source energy range 500 kev to 8 Mev
Primary neutron source energy range 5 Mev to 14 Mev
Source-detector range ‘Up to 10 mfp for primary

gamma radiation or for
the most significant sec-
“endary gamma radfation

Source-detector orientation Arbitrary

Temporal range From time of arrival of
~ initial radiation until
radiation is no longer
significant, with greatly
increased detail in the
time description.

The appropriate information will be presented either in the form of accurate
analytical expressions or in tabular form with interpolation schemes convenient

as input to engineering codes.
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The results of this proposed study will thus completely and conveniently
describe energy deposition and Compton current components in the intermediate

atmosphere for the entire range of radiation sources and detector locations

which are of interest.

PROPOSED CODE MODIFICATIONS

The experience gained to date with CORSAIR shows that these proposed
studies, described in detail on pages 92 through 103, can be executed most effec-

tively if some modifications are made to the existing code. These proposed code

modifications are discussed in this section.

Conversion of Code to-a CDC-6600 System

An analysis of the time-dependent data of this report suggests that the
average number of particle histories traced in a Monte Carlo calculation should
be increased by a factor of at least 25 in order to reduce the typical variances
of the output to acceptable levels. Clearly, it is impractical for such problems
to be run on the United Nuclear CDC-1604-A computer, since the average run-

ning time per problem is, at present, about an hour.

It is recommended that CORSAIR be converted to the CDC-6600 computer
to take advantage of its increased computation speed. For Zalculations of this =~

type a reduction in computer time history of a factor of about 40 is anticipated.

The increase in machine speed, however, is not the sole reason for recom-
mending conversion to a 6600 system. The additional fast memory available can
be utilized to increase significantly the overall efficiency of the CORSAIR pro-
gram by the elimination of much external magnetic tape reading and writing.

This is included in the discussions which follow.
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Internal Conversion of Photon Fluxes to Compton Currents

In the present version of CORSAIR the conversion of photon fluxes to Comp-
ton currents is performed, by necessity, rather inefficiently. Because of ma-
chine storage limitations, parameters describing all photon flux estimates first
must be written on output magnetic tape. Subsequently, Program CORREDIT
(see pages 7 and 8) reads in data from this tape and generates Compton currents.
The computer time required by CORREDIT, for a given problem, is generally
about 25% of the time required by CORSAIR.

With the increased memory available with a 6600 computer system, all
conversions of photon flux to Compton current components will be performed

internally.

Variable Time-Bin Structure

CORSAIR will be modified so that scores at each detector may be stored
in time bins unique to that detector. Optimizing the time-bin structure for each
detector in the time range important for that detector will reduce the machine
storage requirements and simplify the data evaluation. In particular, it will

be possible to examine results in adequate detail for irery short temporal ranges.

This proposed modification already has heen codqsd successfully into the

related AIRTRANS code.!

Estimation of Uncollided Secondary Gamma-Ray Fluxes

The determination of uncollided photon fluxes from a distributed secondary
gamma-ray source presents some difficuities. A direct
-A
e
47R?

estimate from each source particle to each detector is not applicable, since
this method leads to infinite variances in the results because of the 1,/R2 term in

the estimator.14
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In the present version of CORSAIR, a test is made at each secondary
gamma-ray source position to ascertain whether the source photon is within
ah (input data) specified ‘‘exclusion volume’’ surrounding a considered point
detector. If it is not, the direct estimate is made. If it is located within the
exclusion volume, an estimate, averaged to an assumed uniform source density
within the volume, is made. It can be shown that this technique eliminates the

infinite variance of the uncollided flux,!®

This method is not entirely satisfactory since the exclusion volume must
be large enough so that a sufficient number of source particles are within the
volume, and at the same time must not be so large that the real source distri-

bution within the volume is far from uniform.!4

It is often difficult to meet both requirements simultaneously; even at its
best, the method yields approximate scores of the uncollided flux regardless of
the number of particle histories traced. It is felt that the use of this technique
is partially responsible for the relatively large statistical fluctuations encoun-

tered to date in the secondary gamma radiation transport problems.

It is proposed to modify CORSAIR so that uncollided secondary gamma-

ray fluxes are estimated by an improved method which alrg&dy has been used _ =

successfully in the United Nuclear ATHENA Monte Carlo code.!® With this
method, uncollided secondary gamma-ray fluxes are estimated in the neutron
transport problems. Each time a neutron goes into collision an estimate of the
uncollided secondary flux is made, at each detector, by a technique similar to
the once-more-collided calculation of the neutron fluxes.»® In effect, the method
biases the distribution of the sources of secondary radiation (with proper adjust-
ment of photon ‘‘weight’’), so that the infinite variance is removed from the un-

collided flux estimator.!%16
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This proposed estimation process requires that tables of gamma-ray
production probabilities and gamma-ray cross sections be available to CORSAIR
during the neutron transport problem. In the present CDC-1604-A version of
the code, this is not possible because of storage restrictions. The additional re-

quired memory is available, however, for the proposed 6600 version.

Elimination of the Neutron Interaction Tape

In the present version of CORSAIR, parameters describing all neutron inter-
actions which could possibly lead to the production of secondary gamma radiation
are scored on an output ‘‘interaction’’ tape. Subsequently, Program ASP reads
in the data from this tape, and, in conjunction with input tables of probability of
gamma-ray production, generates a secondary gamma-ray source tape. With
the increased memory available with a 6600 system, the production probability
tables will be read in as input in the neutron CORSAIR problems and the second-
ary gamma-ray source tape will be generated directly. Hence it no longer will

be necessary to run the intermediate ASP program.
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PROPOSED ADDITIONAL CALCULATIONS

This section describes the additional Monte Carlo calculations which should
be performed and analyzed in order to describe completely photon energy deposi-
tion and Compton currents in the intermediate altitude atmosphere from both

primary neutron and primary gamma-ray sources.

To determine adequately the variation of all components as a function of
altitude, the intermediate altitude range should be spanned by point sources of
radiation positioned at altitudes of 8000, 15,000, 25,000, 35,000, and 50,000 ft.
The primary gamma-ray source energies which should be evaluated to define
the dependence on source energy are 0.5, 1, 2, 4, and 8 Mev. The source altitudes
and primary gamma-ray source energies investigated in the preliminary study
and presented in this document were limited to a 0.5-Mev source at altitudes of
15,000 and 50,000 ft, and a 5-Mev source at 15,000 ft. It is recommended that
the primary neutron sources not be represented as monoenergetic sources, as
was done in the preliminary studies reported herein, since the many large reso-
nances in the nitrogen and oxygen interaction cross sections make the results
sensitive to the exact energy chosen. Instead, sources having uniform distribu-
tions from 4Y, to 5Y%, 6Y, to 7%, and 9%, to 10'/, Mev, and a narrow energy spect-

rum about 14 Mev will be used. '
- - i . . —

It is expected that calculations for coaltitude sources and detectors may
be required for all combinations of these source altitudes and energies, ﬁoW—
ever, it should be recognized that some of these calculations may not be required
to obtain a general description of the desired quantities, and care should be ex-
ercised in the performance and evaluations of the calculations to insure that un-

necessary problems are not treated.

The number of particle histories traced, per problem, should be of the

order of 125,000 to 750,000, Source-detector penetrations of 1/2, 1, 2, 3, 5,

92



7, and 9 mfp are recommended. The analyses of the results will provide general
descriptions of the desired quantities for penetration distances up to 10 mfp.
(For the secondary gamma-ray problems, penetrations listed above represent

mean free paths of the most significant secondary gamma radiation.)

The number of histories required for the proposed additional problems
depends upon two factors: the source-detector penetration distance and the source-

detector orientation.

More histories are required to obtain statistics at deep penetrations which
are comparable to those at small penetrations because of the geometry factors

involved.

For noncoaltitude sources and detectors, the flux-at~a-point technique
must be used to obtain the required answers, For coaltitude sources and de-
tectors, however, the more effecient flux-at-a-ring4 technique can be employed
to reduce the necessary number of histories by a factor of approximately two,
for detectors within 3 mfp of a source, and by a factor of three for detectors

at deeper penetra.tions.5

Based upon the statistical accuracy obtained in the calculations performed
to date and the more detailed time interval description guggested for additional
calculations, it is estimated that the required number of histories to be followed
to permit 10 to 15% statistical accuracy in individual time bins is as in Table IIL
This table is applicable for both the primary and secondary gamma radiation
problems, It is estimated that a secondary gamma-ray study will consume on
the average approximately twice the amount of computer running time, per his-

tory, as will a primary gamma-ray problem.

The functional relationship between polar Compton current from primary

gamma radiation and source-detector orientation appears, from the results of
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TABLE I

REQUIRED NUMBER OF HISTORIES FOR PROPOSED
ADDITIONAL PRIMARY AND SECONDARY
GAMMA-RAY PROBLEMS*

Source -Detector Penetration, AT

A <3 A>3

Coaltitude Source and )

Detector 125,000 250,000
Noncoaltitude Source '

and Detector 250,000 750,000

*In all cases, the number of histories represents the required
number of primary radiation histories.

TFor secondary gamma radiation problems, X represents mean
free paths of the most significant secondary radiatiors
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this report, to be not highly sensitive to source altitude or energy. Hence, com-
putations at noncoaltitude detectors can be performed for selected photon sources
only. It is suggested that the dependence of polar current with source-detector
orientation be investigated systematically for those photon sources, mentioned
above, which are either at an altitude of 15,000 or 35,000 ft, or which have an
emission energy of 1 or 4 Mev. For these sources, Compton currents should

be determined at coaltitude detectors, and in addition, at detectors located 30°
and 45° both above and below the horizontal axis. The results obtained to date
for the 0.5 and 5-Mev sources at 15,000 and 50,000 ft indicate that these sug-
gested source-detector orientations are sufficient to determine the angular de-
pendency. However, wherever initial results demonstrate that the functional
relationship may be considered to be symmetric about the horizontal (particu-
larly for the lower energy sources at the lower altitudes where the variations

in atmospheric density encountered are not large), detailed studies at 15° and
60° above the horizontal axis may be substituted for those 30°and 45° below the
horizontal, to establish, with increased accuracy, the dependence of polar cur-
rent upon source-detector orientation. These additional angles aléo should be
investigated for at least two of the high source energy-~high source altitude con-

figurations, e.g., the 2-Mev source at 50,000 ft and the 8-Mev source at 25,000 ft.

Tt is expected that the results obtained for the sotfrce-detector configira-
tions specified above, analyzed in conjunction with the results given earlier in
this report, will provide an accurate general description of polar currents, in

the intermediate altitude, from the primary photon sources of interest.

The functional behavior of polar currents with source-detector orientation
for secondary gamma radiation also is expected to be not highly sensitive to
source altitude or energy and should be investigated for neutron sources at se-
lected altitudes and energies only. Suggested are source altitudes of 15,000 and

35,000 ft. The source energy bands of 6Y, to 7%, Mev and the band about 14 Mev
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are suggested as representative of the source neutron energies. The results
obtained to date do not give a clear indication as to how many source-detector
orientations are required to determine the desired functional relationship. Hence,

the proposed study initially specifies that the noncoaltitude detectors be located at
15° 30° 45° and 60° both above and below the horizontal axis. Based on the

results which are obtained in the configurations investigated first, some of these
locations may prove to be unnecessary, so that they can be deleted from later

calculations.

The time-bin structure for all primary gamma radiation problems will
be specified so that the decrease of intensity of the radial Compton current across

any time bin will be limited to a factor of approximately v 2,

To determine the input time-bin data for the Monte Carlo calculations, ap-
propriate to intensity decreases of approximately V2 , the radial current will be
assumed to vary with time according to the model proposed by Schaefer!’ based

upon early time behavior calculated by LeLevier:17

I(t) = Ty exp [~V (t-t,)/K]

where K = constant with time; a function of source energy and source-detector
distance -

t = real time

ty = time of arrival of uncollided photons.

The Schaefer fit, while not providing an accurate description of the time depen-
dence after the early time intervals, does provide a smoothly varying dependence
which is a reasonable ‘‘average®’ and is quite satisfactory for prescription of

a suitable time=-bin structure.

Numerical examples of the time-bin structure derived from the Schaefer

model for the 5-Mev photon source, at an altitude of 15,000 ft, are presented in
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Table IV. Times are in units of retarded time (real time minus uncollided ar-
rival time). Comparison with the time-bin structure used in this report can be

made by reference to Figs. 20 and 21.

TABLE IV
TIME -BIN STRUCTURE BASED ON SCHAE FER MODEL
Source: 5-Mev photons at an altitude of 15,000 ft

Detectors: Coaltitude to source
Time Bin Boundaries:; In seconds™*

At 1 mifp At 5 mfp
(Uncollided Arrival Time = (Uncollided Arrival Time =
1.5637 x107¢ sec) 7.8183 x 10°% sec)

0 0

3.33 (-9)f . 4,34 (-9)

1.33  (~8) 1.74 (-8)

3.00 (~-8) 3.91 (-8)

5.33 (-8) 6.95 (-8)

8.32 (~8) 7 1.09  (-7)

1.20  (-7) 1.56  (-7)

1.63  (=7) 2,13  (-7)

2.13  (-7) 2.78 (-7)

2,70  (~7) _ 3,52  (~7)

3.33  (-7) 4,34 (-7)

4.03 (-7) 7 5.26 (-7) _
- 4,79 (=7) 6.25 (=7)

5.62 (~7) .34 (-7)

6.52  (=17) 8.51 (=7)

7.49  (=7) 9.77 (-7)

8.52 (~7) 1.11- (-6)

9.62 (=7) 1.26  (-6)

1.08 (~6) 1.41 (-86)

1.20 (-6) 1.57 (-8)

1.33  (~6) | 1.74 (-6)

1.47 (-6) 1.92 (-6)

1.61 (-86) 2.10  (-6)

1.76  (-B) , 2.30 (-6)

*Retarded time — to two significant figures.
T(-9) = X 10'9,‘ etc.
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TABLE IV — (CONCLUDED)

At 1 mfp At 5 mfp
(Uncollided Arrival Time = (Uncollided Arrival Time =
1.5637 x 10~% sec) 7.8183 x 107% sec)
1.92 (-6)* 2.50 (-6)
2.08 (-6) 2.71  (-6)
2.25 (-6) 2.94 (-6)
2.43  (-86) 3.17 (-8)
2.61 (-86) 3.40 (-6)
2.80 (-6) 3.65 (-6)
3.00 (-6) 3.91 (-6)
3.20 (-8) 4.17 (-6).
3.41 (-6) 4.45 (-6)
3.62 (-6) 4.73 (-6)
3.85 (-6) 5.02 (-6)
4.08 (-6) 532  (-6)
4.31 (-6) 5.63 (~6)
4.56 (-6) 5.95 (-6)
4.81 (-86) 6.27 (-6)
5.06 (-6) 6.61 (-6)
6.95 (-6)
7.30 (-6)
7.66 (-6)
8.03 (-6)
8.41 (-6)
8.79 (-6)
9.19 (=) —
9.59 (-6)
1.00 (-5)
1.04 (-5)

*(-6) = x10~8, etc.

From these and similar examples we have concluded that time-bin struc-
tures determined on the basis of the Schaefer model are appropriate and suffi-
ciently detailed for radial currents over the entire temporal range, and also are

appropriate for the energy deposition rates and polar currents as well.
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Evidence obtained to date indicates that the temporé.l behavior of secondary
gamma-ray energy deposition from primary neutron sources can be represented

by a simplified model illustrated in Fig, 62,

Log (intensity)

— [a] [2p)

= = =

> > >

~ - -

2 3 2

5 = 5

s Real time

(tw),

Fig. 62 — Temporal Behavior of Secondary Gamma-Ray
Energy Deposition from a Primary Neutron Source

Photon energy deposition occurs initially at time t = (ty)y, corresponding
to the time of flight of photons which are generated by ypcollided neutron inter- -

actions at the source at time t = 0, and which fly uninterrupted to the detector.

Initially (interval 1 of Fig. 62), the energy deposition rate decreases with
time in a manner which can be approximated by a simple .exponential. The de-~
cay constant, associated with the energy deposition vs time, is insensitive to
source energy, source-detector orientation, and source-detector separation,

except as noted below, for very small separations.

The 1/e decay period of the exponential is about twice the time flown by

a source neutron before it suffers a nonelastic scattering collision. (This be-
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havior is not unreasonable since neutron flight times dominate the temporal
behavior of the deposition of energy by secondary gamma radiation, and since
most secondary gamma radiation is produced by the first two nonelastic inter-

actions of 5 to 14-Mev source neutrons.)

(For detectors positioned close to the neutron source most of the secon~
dary gamma rays are born at penetration distances beyond the detector, and the
most intense gamma radiation arrives at a detector later than the arrival of
the uncollided neutron pulse. Hence, the initial exponential decay period, dis=-

cussed above, will not be present.)

At some time following the arrival of the initial photons the uncollided
neutron pulse passes through the detector., Commencing at some time preced-
ing this event and terminating at some time afterwards (interval 2 of Fig. 62),
the energy deposition rate falls away less sharply with time, and indeed, the
energy deposition rate may increase while the pulse passes through the detector.
(In the limiting case of a monoenergetic neutron source emitting all of its radi-
ation instantaneously, the energy deposition rate actually becomes infinite at

the time of arrival of uncollided neutrons at a detector.)

After the uncollided neutron pulse passes through the _détector, the energy
deposition rate continues to decay with time in a manner which resembles the
initial exponential decay (interval 3 of Fig. 62), but which was not determined

accurately enough in this study to describe with a decay constant.

It is proposed to set up the time-bin structure for the Monte Carlo secon-
dary gamma radiation calculations to take into account the three temporal ranges

which have been discussed.,

For the shortest temporal range (i.e., interval 1 of Fig. 62), 10 equally

spaced time bins will be specified.

100



The number of time bins will be increased for those distant detectors for
which the exponential model, discussed above, predicts a decrease in intensity

in this time range which exceeds a factor of 30.

In addition, the initial time bin will be further subdivided, for at least four
representative initial problems, to determine whether any unsuspected temporal
structure exists at the earliest fimes. )

The temporal region which surrounds the time of arrival of the uncollided
neutron pulse (interval 2 of Fig. 62) will be investigated by calculating a time-bin
width equal to one-half the time spread in the arrival of uncollided neutrons at
the detector. Five time bins of this width will be specified on each side of the

average time of arrival of the uncollided neutron pulse.

The third and final temporal range will be described by time bins, each
wider than its predecessor by a factor of V2, starting with an initial bin width
equal to those in the ‘“‘neutron pulse’’ temporal range and terminating at times
when the intensity is too low to be measured accurately by these Monte Carlo

calculations. A final ‘‘catch all’’ time interval will be included for each detector.

Based on the model and procedures described above, the time in structure

for all combinations of sources and detectors should be adequate to determine,
- - - . % . -—— . -
in sufficient detail, the temporal behavior of energy deposition from secondary

gamma radiation.

A numerical example of the time-bin structure deﬁved from this model,
for a 68Y% to 7%, Mev energy-distributed neutron source at an altitude of 15,000 ft,
is presented in Table V. The detector is coaltitude to the source at a penetration
of 1620 meters. Times represent the boundaries of the time intervals in which
data are accumulated, in units of real time. A comparison with the time-bin
structure used in this report can be made by reference to the ‘“1620-meter”’

histogram of Fig. 51, for a primary 7-Mev neutron source,
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TABLE V
TIME -BIN STRUCTURE BASED ON THREE -REGION MODEL

Source: 6% to 7Y,-Mev neutrons at an altitude of 15,000 it

Detector: Coaltitude to source at 1620 meters

Earliest Arrival Time of Photon Flux: 5.40 x 107¢ sec

Arrival Time of Average Energy Uncollided Neutron Flux: 4.43 x10~° sec

Time Bins, sec™*

5.40 x 107¢ )
8.52

1.16 x 107° ,
1.47 . Exponential region (model
1.79 predicts decrease in
2.10 ; intensity by V2 every
2.41 1.0 x 107° sec)

2.72

3.03

.34

3.65 x 107°

3.81
3.96
4,12
4.28
4.43 -
4.58

4.74

4.89

5.05 o

5.21 x 107° )
5.36
5.58
5.89
6.33
6.93 ; Final decay region
7.78 '
8.98

1.07 x 1074
1.33

1.67

Uncollided neutron pulse
region

*To two significant figures.
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The data presented in this report indicate that the general temporal be-
havior of radial currents from secondary gamma radiation resembles that of
the energy deposition rates except that the peaking, corresponding to the time
when the uncollided neutron pulse passes through the detector, is absent and
the amplitude decreases very rapidly thereafter. Hence the time-bin structure

discussed above is appropriate for radial Compton currents as well,

Polar Compton currents from secondary gamma radiation initially rise
rapidly with time and then vary less rapidly with time than do the energy deposi-
tion rates or radial currents. The time-bin structures described above also

should be sufficient for the determination of the polar Compton currents.
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APPENDIX A — ANTITHETIC CORRELATION OF FLUX
ESTIMATORS IN THE ATMOSPHERE *

A.1 THE PROBLEM TO BE SOLVED

Given a point isotropic source at ¥, we wish to estimate the polar com-
ponent of the flux at a detector point D. If we try to solve the problem using
standard Monte Carlo methods, we expect to run into difficulty since particular

histories will give either positive or negative contributions to the result. The

Z
|

£

net result is expected to be a small difference between these large negative and
positive contributions. We therefore use an antithetic correlation technique to
obtain, as far as possible, a direct estimate of the difference between positive

and negative contributions.

#Taken from UNC internal memo Phys/Math-5048, by E. S. Troubetzkoy (June 29,
19686). 107 .



A.2 A ONE-DIMENSIONAL EXAMPLE

Let us examine a one-dimensional analogue to the problem. Suppose we

have to evaluate an integral

F

1}

1
[ f(x) p(x) dx (A-1)
-1

where p(x) is a probability distribution function for -1 < x < 1 and f(x) is an es-

timator.

Let us assume that

f(x) = ~f(-x) | (A-2)
and that p(x) is almost symmetrical with respect to x = 0.
p(x) = p(-x) (A-3)

If Eq. A-3 was an exact equality, F would be identically zero. Let us con-

sider the case where Eq. A-3 is only an approximate relationship.

If we were to evaluate the integral (Eq. A-1) by standard Monte Carlo meth-

ods, the variance would be given by

@ =F - (F)
where

1 .
F = j )P p(x) dx (A-4)
-1

Let us now introduce a specific form of antithetic correlation, and correlate a
point x with the point (-x).

The calculation of the mean correlated estimator fc and of the mean square
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correlated estimator F2 is as follows:

x)

~ ) + £(-x) p(( )
F. = -[1 3 p(x) dx

(~x)

f(x) + (- x)p( ):]
ff:= f 5 p(x) dx
-1

where F, obviously is equal to F.

Taking Eq. A-2 into account, we can write:

1 (—X)
Fc=f f(x)[ ] p(x) dx

1

1- p{(-x)
f [f(x)]z[ X)J p(x) dx, (A-5)

With probability p(x) we estimate the quantity

- P(=x)
£(x) [ —2"‘3"—] - . o

It is seen from Eqs. A-4 and A-5 that Gg << g% (that is that the technique is a great

improvement), if

—X)

-Swl !

that is if relationship (Eq. A-3) is indeed approximately satisfied.
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A.3 SOLUTION TO THE ACTUAL PROBLEM

Restating the problem of Section A.1, we have to evaluate the integral

FOE) =/ (20)s@B0E) dry (A-6)

where u is the polar direction at D, 01U is the estimator of interest, and
¥ (D, ?2, E) dr( is the probability of a unit vector © to be within drg (drq is an

infinitesimal element of solid angle around %).

Y satisfies the Boltzman equation:

e

$(P,0,E) =8(@,8,E) + [ (¥, %,E) T(F'~ P) I(E") C (¥ ~%E ~E)drpr,d7g,dE’

(A-7)

Let us now correlate each point _15, ﬁ, E to a point -ﬁi, ﬁi,E, where _ﬁi, ﬁi
are symmetrical of -f’,?'z with respect to the line ZD. As the line of reflection
passes through D, we obviously have D; = D. We also have §u = -?31-_1.1, and we
achieve a correlation of the type described in the example of Section A.2.

¥(B,,%,, E) satisfies an equation identical to Eq. A-T: |

d)(-P‘iyai;E)_ = S(-ﬁisﬁiaE) +
+ [ y(B},B,E) T(B]~ By I(E") C(¥~ Ty, E' ~E) drpy d7gy dE’

which we can rewrite in the form;
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¢(-151,§1,E) = s(ﬁ,ﬁ,E)M 3

S(P,5%,E)
+ [ (B, 5%,E) T(B'-B)I(E) T(,Pi"f‘)'(E')c(ﬁ'..ﬁ,E '-E)Cmi"ﬁi’E"’E) d7p, d7g,dE "
T(P'~P)I(E") C(V. D E'-E;
(A-8)

Eqgs. A-7 and A-8 can be solved simultaneously and in a correlated way —
Eq. A-T7 being solved directly, and Eq. A-8 indirectly, with ratios of source
densities, transport kernels, and collision kernels being interpreted as weights.

Before we describe the method of solution, let us calculate these ratios.

As we deal with an isotropic source, the source density function does not

depend on §. As we deal with a point source at Z, and as the line of reflection

passes through the point, the ratio

S(-ﬁlaﬁi;E)
S(P,%E)

needs to be evaluated only for _P’I =P = 3, and is therefore equal to unity.

The transport kernel is given by

S

r
- f .u-(S’E’)dS

0

T(P'-P)I(E) = u(P,E’) exp

where the line integral is along P P’

The ratio of transport kernels is therefore given by
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54
- f u(s,E’) dsy
T(B-B)IE) _ pB,E)e

T(B'-B)I(E’) f 6B
u(P,E’) e 0

W (P'-P)I(E’) = (A-9)

The collision kernel does not depend on position (since all space contains
the same material). The angular dependence is on §£’+$ and, as reflection pre-

serves angles, §}+%, = £+ The ratio of collision kernels is therefore

C(R-YE'-E) _ 1
C(SV-Q,E'-E)

Let us introduce the notation
¢1(§3§’E) = w(-ﬁpﬁl:E)
where ﬁl, ?51 are mirror images of B, %,

Using all the results obtained, we can rewrite Eq. A-8 as

5, (B3, 0,E) =sB,RE) + | (B, %,E) T®-BIE) W,(P'~PIE)C(¥'-ZE'-E) -

ca 7 _—
Y AT dE’ (A-10)
where W, is given by Eq. A-~9.
Eq. A-6 can be rewritten in the form
F((D,E) = [ &4 ["’(D’ .E) 2¢‘(D’ ) dTg (A-11)

Eq. A-10 can be solved by using the kernels T(_ﬁ'-f! E’) and C(ﬁ’-—Q,E’-—E), and

by evaluating the cumulative product of weights W,(P'~P!E’) giving a total weight
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w(P,,E). In this sense we can redefine ¥, as
(B, %E) = ¥(B,%,E) W(B,OE) (A-12)

and rewrite Eq. A-12 in the form

F(B,E) = [ @-T [l_—Wé—D—’@] ¥D,%,E) drg (A-13)

A.4 LIMITATIONS OF THE METHOD

We have shown that the method of antithetic correlation reduces the variance
of Eq. A-3 if the one-dimensional analogue is satisfied. In the actual problem,

this corresponds to
wWD,%E) ~ 1.

This is actually only a sufficient condition. It corresponds to the case of

a nearly homogeneous atmosphere. The complete condition is

@y [EVOREN w5 0p) arg << (@0 (B, BE) drg

We suspect, and we have shown by actual numerical calculations, that the meth-
od does indeed lead to 1mproved statistics for rather h:Ehly varying atmos:;ilemc
density. It is clear, however, that the method should fail for some large enough
variation of the atmospheric density. Indeed, we can show that it can lead to an

infinite variance, i. e., to

[ [W®D,%E)]? $(D,%E) drg
diverging. This is easiest to show on a simple one -dimensional analogue.

Let us consider the case
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Y=pue
w=mir
ue #

and the integral

2 = _— - —
AT UE o e
0 ' 0

The integral clearly diverges for 2u; < p.

In the actual problem, this indicates high variance in the case where the
normal history traverses regions of density much higher than the mirror’s his -
tory, or, in other words, in regions of high density gradient. It is comforting to
realize that in these regions the direct Monte Carlo approach is expected to work

at its best.

A.5 CONCLUSION

.

We have indicated the desirability of introducing antithetic correlation in -

estimating the polar component of flux of radiation in the atmosphere.

P
P’ D

Py

Py

We have shown that a way of achieving this was to generate, by normal

Monte Carlo methods, rcints coming out of collision, with density ¥(P,%,E), as
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well as a set of corresponding weights W (P,8,E) generated by computing the

cumulative product of factors W, given by Eq. A-9 for each flight path. The

corresponding estimator is given by Eq. A-13.
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APPENDIX B — AVERAGE FORWARD ELECTRON RANGE IN AIR
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APPENDIX C — CORSAIR AIR DENSITY TABLE
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MORSAIK A1R NENMSTTY TAKLE

ALTTITHIGE ATR DFNSITY
(KM, ) (AM/CM3) -
n L 1,2280E-U3
2 1, 0MpaF=1i3
4 B.,1925F=1ig
é hehI11Felg
& 5.P57¢F-lg
1N 4,1351F=-04
12 3.1194F<=t4
14 ?2.77%6F=-lg
16 1.,r647F=lig
14 1.271x5F=lg4
20 S.R9THF=lg
22 hoaB1 1Rl
24 4.69T8E-VSG
26 2,4287F=U5
PR 2.,8"76F=ll5
xn 1,8411F=lig
32 1,3555F=05
24 9.R874F=Hg
L1- R 7.2579F=Hg
¥} 5.36c6F=1¢
4 3c°957F'“£‘
42 ?.0948F =g
44 2.7589F=1tg
a6 1,7141F =1
a8 @ e 1,31 ’*7E_:._UA
%L 1.02p9F=Tg
52 R,N007Fel7
54 6.3127F =17
56 4,9762E~17
58 3.,0084F=U7
&0 .. 3.M532F-07
~2 ' 2,3931F=i7
44 2,UMM3F=l7
Y . 1,5643F=U7
68 1.2140E=-U7
70 R,7535F=Ux
.22 L .Bah993E=0g
74 5,M151F=ig
76 3,7341E=1g
78 2.75 HF=iy
a(l 1,0901iE=lig
n2 1.382:F=lg
R4 9,hp3 FE=ty
"6 hoal7iiFelyg
Y 4,579"F-ilg
30 3.17 “F=iig
og 2,137"F=ug
cq 1,4%09 iF=Uy
a6 1, NianNF= g
GH 7,044 F=11
100 4,074uF=1u
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APPENDIX D — NEUTRON CROSS SECTIONS
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NEUTRON CROSS SECTIONS (barns/atom)

I TROGES UXYGEN
EMEFGT THTAL¥ NoNPRIME _  agS0RP, TOTAL* Ny NPRIME ARSURF,
3.741E LA [T LY i 3.675Eayl 2.4Y96E LD i H,501E=03
3.557F A 1.adyn v S,771Eal) 2,422 LI v 1,063L-02
J.R74E - Y11 e 3.450E=01 ?.3%2E L0 i 1.3d8E=02
3,491k - & i.0875 - v 3, v494E~01 2.787E ut v 1.52dE=02
3,908 4 PR O 0 4,U19E=01 2,240 UL v 1,927Ewl2
3,725k ‘A 1,-85= 4. T3 4, X10E=-01 P.91ag U0 T T &7 2, Tqleelz
3,926 A 1,-256= o7 v 4,1747=01 2,374 V0 v 2.K7hEw=02
3. 80 .6 1.R91= u 1,7381E-V4 4,253E-01 2,128 OU v X.a75kr02
3,708 TH LUKTIIE G 5,214g-04 4,214E-01 2,194 0D v 4.724lgrd2
3.793E  » L.yAUF v H,661E-04 4,412F=01 2,0y U0 W 5.193c~-02
4,%11n 8 2.030F 3. 1,212¢-03 4,582F-01 1,954 UD o £,220g=02
4,"2KE A 2,.54% 1,560ea03 7 "1,734F=0L 1.764€ CO o i 7.076E0?
4,"40E A 2, 2kE - 1.509£=03 4, ,823k=01 1,45%1F VY v 7.34/Er02
4,163E A 2,328 2,541E-UZ 4,976F=01 1,299 bU U 7.572ErV2
4,7R1E 4 2oLtk 3,539E-U3 5,198E=ul 1,16RE UL b 7.R15E=U2
4,"9RE 16 2,179E o 4, R4RE-DI 5.210F=01 1,110 un u q,p2Er)2
a,116E & 2,1428 N 5,022£-03 5,153€=31 1,100 90 Lo M R 3RZE-02
4, L3aF "4 2.187% © 7 A, ve7e-03 T 3,722g-01 1,233 U0 ] A.HyeErU?
4,157k 5 2,174F - 6,204E-03 4,y37F=01 1,492E Y0 v A, RY3ErI2
4,170F .4 R2.102F .- Ae345E=03 4.924E%01 7 T 1,A51E U0 3 0.163E=42
4,148k A 2,184F 0. fhe48R2-03 4.056E=01 1,993 uO0 u a.448EF0
4,216k A 2.1R2F heb34E=03 4,817F=01 2.N43E U J 9,753E~02
4.728E 4 2,171c L3 5,784E-03  4,309F=01 1,932 40 Y 9,080E=U2
4,743% .4 ?7.J3%9E . 6,947E-03 4,.71/F=01 1,644€ U1 [ 9,371g=-J2
4,761 "6 2.415% . 7,443e-03 4.558E=01 1,439 U0 ti a,61oe~dd
4,270+ 14 1o9TeF v 7.115:-03 4,565E=01 1,480 N0 Y 7.023E=-U¢
4,798 -6 1L, E76F 7.188c-U3 4,485E=01 1,878 YO . I 7.277k=0¢
4,117F n 1,821F . 7.261¢-03 4,417E=01 2,538 WU u A, rpbE=Ue
4,335k - 4 1.7495 = 7,335£-03 4,311£a01 2,R99E YU L9 pl1ale-02
4,356 . 1,700 . 7,411g=03 4,230E=DL 2.724E UU U B,0842EmdZ2
4,173k A 1.691% @ /,4R4£=33 4,161E=01 2,325 V0 Y 5.184E~02
4,100k A 1,674F L 7.50.4n=U3 4, 179F=01 2.197€ 00 El 4,764E-87 7
4, .11k A 1.064F . 7,660r=03 J.7838~01 _2.Np5E U0 B u 4,37 /erd2
4. 4" p 1.653E . 7,7.8E-03 3927501 1,R59E VD & v a,l22gmU7
4,40k A L,046% - 7:797E=-03 _ 3,yU9Ea«01 1,690E LD ¥ x,Ha3keUl
4.4n9F & 1,627 - 7837603 3, 978E~01 1,499 UL 4 1, 0udErel? .
4,38HE - A 1,s12% - 7.875E=03 4, 91EmN01 1,284 U0 i X,984ERUZ
4,50kF -6 1,6M4F . 7.915E=03 4,2v3E~-D1 1.281E 00 v a.,65e"U2
4,327 A 1,675F b 7,954E-03 4,850€=01 1,479 00 v 4.1a9kr02
4,547 A L.oME N 7.993E~U3 4,461F =01 1,757 00 . 4,2354E=u2
4,566E .4 1,5%43% 4. o 165E=03 4,514£=0 1,72. V0 U 4,322erY2
4,666k A 1.513% ¢ H,144E=33 4,010F 1,2caz N ' u a,a0hbE-0u
A, n06E  n 1.495F 4,724£-03 G,656E=U1 uy o 4,4vhp=y2
4, ,72E 1,456F 1. heIJAE=UZ 4,0v3E=DL o ° A, 59VEel2
4,40 A 1,408 " ° A,4a68E-03 4,4uHE=UL uu v 4,k84E=02
4,060k & 11,3428 o 3,665£-03 4,142F=01 = o u 4,78% =02
dunbht b 1.2R2E . h,h46E-03  3,072g-0L 1,027 U ) 5.U59E-02
4,707 A 1.227F - X,74UE-73 3.,546E-01 Q,82aE=U1 u G,ad9E=u?
4,727k 1.13p7F - q,H62E-03 3, 2u9F=01 9,304F11 " 5.,738k=12
A,7aKe & 1,188 AL,9nb6k-U3 5."99E=NL 9.,045E=U1 ) A ESE=U2
*op = Oy n? + Oa + T
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NEUTRUN CANSS=SECTIONS .. _ -
Y TROGEN DXTSEN

£ Ebar TATAL 1P AE, AJdSURP, TOTAL Ny WPRIME ANSUar.

4.7R"E 4 3,254c=U3 3. U2pE=1 8,464E=U1 v f.hlée=Ur
4,789k 4 9.114E-93 3, U05F=01 8,n3NF=01 J 7.Lp7E~02
4,410E 6 9,179€-03 2.9415=01 1.Migg U0 u 7.653kmd?
4,131F A 7,241g-U3 2.940F-01 1.374E QU J 4,1 76EmV2
4,n51E A 9,3246-03  2,928E~0l  1.78% OO i, _A.edore0?
4,473k A 9. Rb7E-TT 2.V61E~NT 1,450 U0 U T PsbrruR
4,494F -A 1, ud26-02 2.994EwN1 1,24AE U0 B 0, hhdE-u2
4,91% & 1,39E-02 3,.41E=01 1,094 VO J 1,014E=d1
4,950k ‘b6 1,478E=02 3, l445=N1 9.6Y2E=U1 U Q.R24E=U2
4,966 LA 1.,117g=-02 3,143F=U1 A,R15E=01 J 0,871 ru2
4,479 A 1,159E-02 J.180F=U1 R,a31E~U1 u H.93bE-D2
5,01k -6 “1,202e-02 3. 218F=01 B.91ag=01 T 6 "' 53lewu2
5, 1226 4 1,.29ug-02 3.324F=01 Q,R1aE=U1 i a,152p=U"
S5.744L 6 1,383E-02 3.4U1ze01 1,196 Ul v 7.784E-J2
S.ikbE it 1,413g=02 3,424F~01 1.a4%7g Ut v 7.414p=02
S.NGHE 4 1,418g-02 3,3HEE~01 1,740 U0 4 7. hoE=02
5,110 -4 1,491E-02 3,2B8E~V1 2,475€ U _ doL e 7S7ES02
5,1325 -4 T, 56TE-07 3, L38F=01 2.960E U0 E h.d3ZEeUs
5,154k -4 1,851=-02 2,9926-01 2,041E U Pl AL 13nERUZ
5.177k b 2,U625=02 2,810F=-01 1.490E 00 u 5,32dkwU2
5,199 "4 2,298£-02 2,659€-01 1,234E VO y 4.053E=02
5,022 4 2.569E-02 2.517E~01 1,17¢€ ut u R, 678E=-42
5,744F A 2,A52€E=02 2,580FE=01 1,138 VO J T, l48E=U2
S.267E A 2.976E-02 2.261FE=01 1.08% 00 d 2 ,827E~02"
5,290 A 3. U37g-02 2.162gm01 1,025 U0 4 2.695E=02
5,113 & $.,101g02 2,736F=01" 7 9.517E-014 0 1,737:-32
5,130k o 84165E-02 1,9866E=01 1,000E UL u 1.447e#02
5,359 & 3,231g-02 1,913-01 1.287¢ 00 1 1.702E«02
S,THIE ' A 3.29RE-02 1,794E-01 1,040 UD . 4 3,Rg4E~D3
5. 4N6E -6 T3,37UELD2 T, 725F~01 A,734€~01 - - T 7R T yreaT3
H,u29F LA 3.4576-02 1,769E=01 R,A9NE=UL u 7.5/ 2=dd
5,453k .A 5.545£-02 1,8U2E-01 9,251£=U1 ¢ 2,b30-e03
B.<TRE b 3,636E-02 1,832F=01 9,72%E=U1 u 1.14%e=02
5,500 4 3,730ga02 1,8687E-01 1,020 U0 v 1.461lewV2
5,524E 'A "$,730E=02 1,977F=01  ~ © 1,07%E Sdl M 1,p875e02
5.54RF -6 3,730E-T2 2.970R~01 1,232 UU U 7. xpepmle
5.572E A 3.738g-32 2.176E=01 t,51AE UO J 3. ln3e-02
5,596k ‘& 3,780g~02 2.,218E~04 1,477€ UU u 1,A1HE-D2
5.2 A 3,7u2e-92 2.290E=01 1,754E 0 u 4. N5khEaiZ
5.nAFE A 3.A46E=02 2.1728«91 T 1,744F vl b ho1gaE=02
5,466F 6 4,U56E-02 2,U68En01 1,610 J0 N 7.kp4eal?
5,n0dc A 4, 303E=5D 2,7846=01 1.480E Gii’ . B 9, 4ukE-U2
5,719 4 4,4URE=02 2,"56E=U01 1,381 L0 u 1.04bg=01
5,743 A 4,91d8-02 2, 128E=01 1,292 0o u 0. RKRYE~)Z
5.768F A $,314E-02 2, 126F=~01 1,192 Ui v 9,71 /E=0?
S,79% 6 5,782E-02 2.46Ug01 1,12&¢ GO ¢ 7.723k=d2
S,al8g A 6,291g-02 2,796E=01 1,103 Uy W 7.0.2ER42
5,043 ' & 6 RASE<DT T Z,1858enL  T1,115 G0 r PRLY 1N P
b IRYE A H.69UE-L2 2,2U0E~0L 1,179 VU } R.§olr-02
5,494 A 5.291g=0? 2,259F=01 1,757 b ” = ,412pw0?
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5.72%
5,345k
5.271¢
5.997k
6 M23E
6. 1449F
6,"75k
6,102¢F
6.12RE
6,155k
6.181F
6,708
b, 30k
6,707k
b, 7HIE
6, "16E
6. %44k
6,171¢
6,194k
6,427t
5,455k
&4 1R3F
h,311k
5.539%
6,507k
a,5986F
6.~24F
6.n53E
6.482F
6,7L1F
6,740k
6.76%
6,799k
6, ARt

6, A5kE -

6.9R7¢
6.17F
A.R47k
6.977F
7."CRE
7. '38F
7,"6RE
7. %Ak
7,130k
7.'61E
7.1022
7.223¢
7.554%
7.7h6k
7,117k

T PR P RP T I I NI I RIFPINRNFIIRNPOIDNFIIFFIAPTIT I IIITI IR P

MEUTRUN CROGS=SECTIONS
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JITHOGEN OXYokN
TuTal a,MPRIME  AgSORP, _ToTaL N, MPR|ME aHSURP,
1,3978 . A kddE-U2 2,298F=U1 1,810 dU n 4,914cmV2
1,474F 7.2676=-02 2,453g~01 L.047€ U 3 a,a06E=02
L,479E 7.949E-02 2,324F=01 a,588E=U1 [ 4, llndik~U2
1.6422F 4,6956-02 2,275F=01 1,740 U0 0 3,772e=02
A,eA7F 9,L73E-02 2,215E-=01 1,010g LD I A Aplpeu?
1.454F o G, a0:g-02 7 T, = T I5ME-UT Y q.081E-T2
1,478 - 9,7566:-32 1.162F U v L34 E-U2
1.4M3F 1.ubur-01 2. JpaE=ui 1,192 LU pl 4.554t-0?
1,4878 ¢ 1,122¢-01 2,191F=01 1,118 WU i 4.7715-02
1,477 J. 1,U45g-91 2.323;-u1 T 9.587E-01 v LU27e=02
1,644 o 1,l6%e-01 2,473e=-01 9, 005E~U1 u &,297ceU?
1.383F - 1, I92ESTT 2.549E~111 A h2PE=01 T ’q‘ETREIOz
1,810F o 1,112g-01 2,0L8E=-01 8.5A2F=01% u 5,876Eel2
1,330F [ 1,133E-01 2,681g-01 B.7%93E=U1 [l s 1912
1,507F 1,154E-01 2,744g=01 B,600E~01 1,34RE=Ub A.B21ErU2
1,406E 1,171g-01 2,4U2F-01 “’é'yan-u1 2.U40En04 ﬁ.ﬂi7bnu2
1,3R7E - 1,198E-01 1.879£-01 9.987E~V1 5.4R8E=04  7,073E~02
1, 350F i,230e-01 1,697c=01 1,318 D0  B.926E=14 7.325b-u2
1.8M8E « 1,254g-01 1,.594E~U1 1,410E UD 1,238E~03 7.629E297
1.2750 o 1,774g-01 1,743F-01 " 9,4372g=-1 1,945E=U3 7.PB6E-U?
1,247% ! 1,295E=01 1,758Fanl _7.300E~u1 1.933E=13 R,3151Er02
1.2%3F ¢ 1, 3156-01 1,798E=01 65.50RE~U1 2.2R3IE=U3J a,445Enl02
1,279k 1,335E-01 1.54GE=04 6,417E=01 2.634E=D3 H,748E=42
TIVERGET T, 354€-01 1,064E=01 7 11AE=U1 3, WRZE=US 9,0/cErl2
1.281F ¢ 1,373g-01 1,898E«01 R,A37E=U1 4,4U7E=U3 0,392kw02
1,248F u: 1,393€E-01 1,355F=0L T9,500E=01 b.451EwIY 9.,727E02
1,206 o 1,404g-01 1,/95F=(1 9,A04E=04 9.276E=UJ Q,992E-02
1,2165 = 1,415-01" 1.gu2g-il "~ 1.041E b0~ 1,170E=u2 o, RyYE=02
1.242E W 1,4278-01 1,8U8E=0L 1.012E NU 1.416E-02  9,¢21E-02
1,273% o "1, 439e-01 1. 719E~01 Y, 9SE=01 1,713E~02 9. 3b7E=u?
1,102k 1,4456-01 1,627E=91 1,U69E 00 2.0726m02 9,104k=y4
1.104F -« 1,452E-01 1,579%a01 1 .P9SE uD 2,507E=02 %, P53E-02
1,217 1,375E-01 1,620E=01 1,45RE GO S.U33E=U2 A, tl9cwue
1.2:4€ 1,375E-U3 1,027E=U1 1,194 YU J.641E=02 R, A75E~02
1,176E = 1,375E-31  1,$77E=01 9, 32NE=ul 4, 28E02 . A, 156E-42
1, 1667 1 375e-01 1.752F-ui 8.727E-U1 4,823Ewi2 7.926E=U2
3, 1ant 1,375e-01 1.835F=01 8,612~V 5.525E=02 7,769e.U2
1,179F . 1,375&-01 1,.383E~01 B,hpLlrE=U1 6.3729E=02 7.a97E=0?
1,104F © 1,375e-01 1,968E=01 a,gsoe-ua 7.,171g=02 7.882~02
1.232F ¢+ 1,375E-01 1,935En01 9,s8%E~-01 7.7V5F=u2 7.634E=d?
1,294 o 1,3756-U1  _ 1,992E«~01 1,Ub1E U6 H,319k=02 7.Rn3EwH?
1,34%F 1,375c-01 PR YT 1,107 uU B.9N2E~U2 q,N7RE=-Ue
L,3+078 " 1.]755-01 2,121F=01 1,30 Ud 9,698E=i2 a, X Ug-02
1.34098 1,3756-01 2. lb9F-01 1.1UtE ud 1.047E-u1 R.BHTE=U2
1,401k ¢ 1,292:-01 2,257F =01 1,444 VD 1,121E=dl R M2 =02
1,4721€ 1,2%2-01 2,.3LUE=01 1,634E VU0 1,1A8F=ul Q.149E=-U?
L.4R6E 1 1,292c-01  2,41dE-01 1,481E 00 1,249E=u1 0, 3:i9gal2
1,4R727 o 1,292€E-01 2.02%F=U1 1,371E UU 1,318E=01 0.5/ SEvG?
1,505F U 1,792e=U1 2,6V2E=U1 1,300 Ul 1,391FaUl 0,kg/e=UC
1,522F 1.292E-Ul 2,029F=41 1.2678 VU 1.469E=u1 1.Hu9n—ul
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7. %i0¢
7.%%1¢e
7,41%E
7.445E
7,377E
7.510g
7,547k
7.R78E
7. 500k
7,46l
Torn?dE
7.70 7
7.?4%k
77740
7R
7.44%E
7,376k
7.71%k
7.,u44¢
7.476k
a,'12%k
R,t40m
3,143
B, 1lRE
&, !53E
8, luRE
a,224F
A6k
8,295k
8,331k
R.l67¢
a,106g
A.44CF
H.277E
A543
8.550F
B,8587r
Kern2BSk
A,~47t
ALT00E
8,737
R.775%E
R, AL
BesBlE
A nGNE
A, IR
BdnTk
CIRUNITN
9."45e
9,1 KAk

J"I‘i-)?-".‘h-?‘-’-?‘
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TiTal

q
b

1
1

e

i

1.
1,
1.
1,
1,

.

1
1,
1.
1,

.533F
.5a0¢
579+
JL51RF
L475F
Laa1F
LGP UF

<"2F

3827
J3ALF
LSALE
,Inl=
J3ark
L4DF
WELL
Ju72E

Q1kE
YhEF

Lah5E
. 398k
. 394F
L3428
J276F

242F
241E

239F
Z?9E
22VE
2ngF

220k
244K
233JE

u.

“

1958 -
L212F

NEUTRYM CH

10SS=SENTIONS
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N TKOGFWN UXTREY
sanPATHE anSUNP, T0Tal N HPRIME | ARSURE,
1,7452e-01 2.511E=01 1,75RE WU 1.576k~ul 0,756p=Y2
1.792g-01 2,447E=01 i,265€ VU 1,714F=01 2,155L007
1.,792e-01 2,511g=01 ".2475 gn 1,874F=U1 A, ALlopeU?
1,2926<01 T 2.eU4EaA01 T 1,154E uD 1,8R7E=l1 PRRTRVLTo
L1,2928-01 2,431E-01 1,098 0N 1.951E=u1 7.6L2ewl2
T1,562E-C1 T 2,266F-01 1, 0ene o 7T 2, 01RERTI T N T )
1,4C1E-01 2,136E-U1 1,104 vu 2.Jn7Ewil fn,72bE=02
1,447e=-01 2,:49Ew01 1,127 00 2.158E=i1 f.325ERDY
1,747E-01 2,0UBE=DY 1,344 U 2.282E=U1 5,647E-47
2,552p-01 Z.J34gw01 1,1e0g Un 2,3066=41 5.59lg=U7
2.15Lg=-U1 2,119E=01 1,194 9 2.3R7E=vl 5,250E%d?
2.155¢g-01 Z.1654e-01 ~ 1.927E 00 Z.a36€-ul 5, rloevi2
2,161e-01 2,2V1F =01 1,258 00 2.4V0E=U1 5 1UnEgwy?
2.169e-01 2.261F=01 1.328e VU 2.3n0E=01 5,177
2,1786-01 2.3UYF=Nl 1,382€ 40U 2.421ke01 5,249E«U2
2,167e=01 ‘2.412E=01 1,411 U0 ?.2R2E=ill 2. I83Ewl?
2,202g-01 2,6226=01 1,361 Ul 2,245E=01 5, a86L.07
7, P1hE=01] 2 .63UEvUL 1,200 0D S AT4EaWL G RESENU2
2,239e-01 2.,099E=01 1,031 B 2.183EmVUl 5. A84E U2
2,2628-01 2,745E-01 9,089E~U1 2.153E=n1 5.704cwe02
2,252E-01 2,763E=01 8,676E=U1 2,123km4l 5,R7yceb?
2,743-01 2.068E~01 R.649E~01 2,093Eav1l G, ogagwii2
_2.,234E-01 2,592E=01 9.349E=U1 2,0h4EwU1 h.N1B7E-UZ
226k~ L53BEmD 1,051 vl 2. 095E=U 5.124c"
Z,211g-01 2,4B7Em=01 1,138 0v_ 2,1R4E=i1 6.118Ea02
2,197€-01 2,450 1,226 0U° T 2,277Eeul PR TP
. 182E-01 2,429E=01 1,280 00 2,374E~ul f.1%Ea02
z.1678-01 2,422Ew01 1.334E 00 2.476Eu1 A 11ub.u2
2,151e-01 2,427E~UL 1,348 00 2.582E=u1
?2,126E-01 2. 35UF=01 1,341 VT 2.692E=d1
2,195g-01 2,4B0F=01 1,703 00 _ 2.816E=-v1 hy go_—m
2, 66YE-01 z2.511g=01 1.242g U0 2.995E=01 6.077em02
2,.49E-01 2.549EwU1 1,177 QU 3.1L2E=U1 A, JUEwU2
2,u34E-01 2.542E~01" 7 "7 1,iUsE 0§ 3. 255Fell A HaEel?
2,'18g-01 2.532E=-04 1,np8g U _ 3. 3B4ERUL o i00ELD2
2, 0H2g-01 2.551F=U1 1.048E UU 3.3A3E="i1 *,31i7c=02
1,986£=-01 2.941F=UL 1,050E up 3.367E=U1 h.lllcvac
1,970E-01 2,959E~01 1,587 90 3.351E=11 h.725E=U7
1,954E-91 2,586Ew01 1.1576 U0 SoddnEeul A.P79EwU2
1,934E-01 2.611E=01 {.254€ 0 3,320E=u1 4,339 ru?
1,922E-01 2,038E=U1 1,239 U0 W;!387E~U1 nr.Rdu:qJZ
TP 2. 66bE~11 1,323 00 3.2935=i1 4. A8uac=02
1,89ug-01 2,70Ug~01 1,75cg U0 3.2798=111 A,505EmU2
1,875E-01 2,762E=01 1,148 0D 3.2605=111 A EnlE=U?
1,359E=-Y1 2,764F=01 1,074 0L 3,261E~u1 A.hlbewl?
1,R14E=L1 2.796F=01 1,.it44E G0 3.2%4k=ul o JRE=UZ
_1,324E-~01 2,829E~02 1.088g_vp  3,250E~01 &,7alewu?
T1.p108-0T 2,857F~U1 T,ng8g G0 3.250R=011 A, R3hpeu?
1,792£-01 2,885F=01 1.1535 b 3,25UF~01 A, ul2p=U2
L.77§;-dl 2.715E=01 1, 2278 U0 3.2bU0k="1 AL, GhoEwy?



- NEUTRUN CRNSS=SECTIONS

NI TROGEN OYYHkE!

[ TuTal W APRIME AgSURF, TUTAL C NGNER[ME  puSURP.,
Q124w 1,339F = 1,75HE-01 2.998%=01 1,172 dU 3,250kenl 7.080g-02
9163k LA 1,32uF - 1,741g-901 2,977F=01 1,070 UU 3.250g=111 7.137e-02
9,%h3% LA 1,301k u’ 1,724g-01 3, 08E-01 1,023 LU 3,250F=~11 7. 19102
9,243F A 1.3Me 4. 1,707e-02 S, v47F=01 T i,007 OO $.250Emu1 7.7 402
9,782 vah 1.310aF L. 1,69UE=-T1 3, J83E=01 1,050 90 3.25lanl 7.774Ewd2
9,723 1k 1.376F 07 0 1,674c-T1 3,.127¢=01 T, 092 007§ 250 i 7.3476=02
9, p4E A 1,314 1,656E-01 3.161Em01 1,094 I8 3,250yl 7.455Ew37?
9.4Nag A 1,312F U 1,n42E-01 3.2UbEa0l 1,107 O 3,251l 7.560E=07
G IARE A 1,.209% I 1,654E-G1 3,226%n01 1,91%E J0 3.,25BEw~ul 7.5/ Eed?
Q dBFF A 1,280F Y A72E-01 3,254F«01 1,124 (0 3.267FE~ul 7.72bg=d4
9.527F 6 1,2R7F U+ t,689e-01 $,26UFm01 1,138 UW  3,279E=01  7,773Eeu?
9.T6RE A 1, 3a9F ’ 17707E-087 7 53,292Fa01 1,150 U0 3.294F=il 7.AnPEw0?
@,~30E A 1,415E 1,725€-01 3,394R=01 1.16%E 0O 3.30RE=11 7.,451E=U2
Feanle A 1.415F 1,743E=-¢1 3.372e~01 1.17%F Un 3,328E=11 7,057k
9,093 A 1.,407F 1,762E-01 J.4U3E~Ul 1.1ARE YU 3.338E=VL A, a3Emuvl
9,735 € 1,399F o 1,73UE-01 3.435E~N01 1,701E vo 3.354Em01 9,143kwd?
Y7776 -6 1,39UE &~ 1,799€=-01 3.468F=01 1.213g U9 3,371E-01 A,213~U2
9,r2BE ‘A "{3AIE u- 1,8lne-01 3.476E=01 1,222 un 3.3B4EmUTL R, P9ig-u2
9,.8APF 4 1,308E 4. 1,#37E=01 $,522e=01 1,224 U0 3.394E~U1 R,37BEmUR
9,008 h 1,605E b 1,p45E-01 3., 555F=01 T1.231E U 3.,411ceu1 A 421Eau2
G, Q4HE . b 1.416F 1,831E-01 S$.587F=01 1,238 00, 3,442E=Ul R.46bkrU2
9.991F ' A 1,477F 1 l.8l6E-01 3.608E=01 1,240 b0 3.473E=u1 R,R1lg~U7
1,n03¢ -7 1,439F . 1,AU2E-D1 J HPOF~01 1,254 U0 J,49UE=il R,377er02
1,0li8p 77 T, 4A%E T T T, 7ERE-UL 3.656E=01 1,271 UD 3.508EanT A.171exr02
1,126 .7 1,459F « 1,774E-01 $.676F=01 1,291 V¢t 3,517Ewil A,146Emr0?
1,717 7 1,&59F U 1,76lE-01 3,694F=01" 1,313 00 3.530Ea01 A.0Y1gwUZ
1,221 .7 1.457F U 1,747E-0% 3.716F=01 1,324 90 3,543E~U1 7.998k.02
1,758 7 =L 1,734E-01 3.738F«01 " 1,314 00 3,556En="1 &, 127E-42
.78t 7 1,729e-01 3.762E~01 1.29RE 00 3,57VE~U1l = a,283EmUZ
1,084k 7 1,707e-01 S.80lFs01 1,269E 0N 3.583E~ul R, 621gwd2
1,039 .7 1,694E-vl 3,d302F=01 1,239 08 3.596Fk«UL R.951E007
1,843 7 1.482g-01% 3,422E=017 " T 1,21y 00 3,4602E~u1 9,100EwV2
1,0apg 7 1,67VE-01 3, u3vE=01 ~ 1,199E Y0 3,6lgE=ul 9.227k=02
1,982F 7 . L, A59E=01 . 3,861F=0l 1,18%E U0 3.612p=11 9.325EwU2
1,757 7 1,399% u . 1,r48E=01  3,d70E=01 1,196 00 3,622EAWL 9,403k~ 02
1,367 7 1.6413F & 1,,37€-01 $.n96F=01 1.15%g 00 3.633€=U1 9,490E-U2
LefwueF ' 7 L,q78% - 1,624E-02 3,91aEal1 1.142€ 00 3.644E=VUL 9.6N5cel2
1,01 7 1.433% L,h15E=-01 J.743R~U1 T1,131E 00 3.655E=~11 Q,714E=92
1,78 -7 1,410 ¢ 1,604E-01 3.749FE«01 1,135E Ub J.66bE=11 0,A%4qE=D2
1.0t 7 1,387F 1,595c=01 $.968F=01 T 1,161E WU 3.077Emil 3, U02kall
1,nRS5E -7 1,373F .. 1,5828=-901 3,969F=01 1,197 U0 3.688E=UL 1.021Ee01
1,780 7 i.3kqE ¢ 1,67Te<017 7 74, 1UgF=01 1,538 07T 3. e9BEAUL T 1, n4UEaul
1,"04 7 1,356F o 1,558E~01 4, |UbEey} 1.308g U0 3.7V2E=L1 1,079kEeU1
1,740 .7 1,369F i 1,544g-01 4,94UF=01 1,3828 GO 3.704E=1L 1.699g=31
1,104 07 1,3826 v - 1,530e-01 3.U54E=01 1,473E LU 3,711E~U1 1.125cw01
1,1¢he "7 1,394F ¢ 1,516E=U1 "4 _969Ea0L 1,567 UL 3.720E=1L 11,1950
1,113F 7 1, athe . 1,5036-01 4,l83Fw01 1,60T Gu 3.730€=vl  1,19UE=Ul
1,04PE "7 1,277 L, 489E-01"  3,999€~ul T.60aF d0 " T3,739E-n1 1, 729g-01
1,123 7 1,4P6% - 1 A76E-D1 4,114F-01 1,422 Gy 3.74BEUL 1,271E»01
1,12 7 1,435F 1,463E-91 4,129z=01 1,61 Un 3,798E=Y1 1,%2ug=U1
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EERGY

1,'33¢c
1,7 308
1,743
1,147k
1,152
1,157k
1,167k
1.7k
1,178
1,179¢¢
1,183k
1,148
1,193
1.19A8
1,703
1,2ucg
1,7214¢
1,790¢
1,224k
1,030k
1.245¢
1.24"¢
1,240k
1,751
1.257k
1.982¢
1,780k
1,275k
1.2/9¢
1,28af
1,790
1,298
1,tnic
1,0
1,%12¢
1,11pF
1,%0ae
1,%2¢F
1,33%¢
1,341
1,347F
1.387%
1,750k
1,364t
1,270k
1,174
1.387¢c
1,38FE
1, 394F
1,00

-

'-l\l'\I\I\I\J\.I\l'\l‘\]‘\l‘-‘\l\l\!\l\l‘d"\j\"s“d‘d\l\‘\J‘J‘-—‘\l\‘\l\l\l\l\l\l\l\l‘d\l‘d\l‘s’l\dﬂ‘i\l\I\J‘J

T TRUGEN 0XYGen
ks NPHRTUE asSURP, TOTAL NaWPRIME ak 30k,
L, 45VE-01 4,151c=01 1,573 U0 3,767E=01 1,375e=01
1,4876-01 4,162E«01 “T.550g 00 3.77bE=1 1.437c=01
1,4242-01 4,l79caul 1,578 UU 3,7%hFeanl 1.897g»01
1,411E-01 §4.197€-01 77 1,435 U0 $.790E=01 1,5p/E=01
1,41Ue.01 4,205E=01 1,A85E UU 3.BY4E=~IL 1.643c01
1,210 ° G, 193c<01 1, 5a0E 90 3.811e=01 71 AsRESTI
1,433e-01 4.1988-01 1,438 00O J.slaE=-N1 1,A95E-01
Ry 1,444g-901 4,197e~01 1,n15g 00 3.826F=i1 1,723g-01
51 v 1,455E.01 4 ,2U2F~04 1.62ng 00 $,833Em0U1 1.754E=01L
1,5811% t,466E-01 4,197e-01 1,236 UV 3.840g=41 1.787E-01
1,516 . 1,474E-01 4,197E-01 1.s2%E U0 3.8498E-J1 1,622Ewd1
1,519 o “1,390E-v1 4.199E=0L 1,597 0N 3.8058=01 " T RpRe=01
1.522c . 1,501e-01 4,201Fen1 1.5%2 UV 3. 8H68E=U1 1,9)nE=U1
1,525E v 1,%13E-01 q4,1y8E=0L 1,513 Gn 3.870e-11 1,03ye=01
1,5%aF 1,525£-01 4,2G9g=01l 1.4B3E UU 3.882R=111 1,07%~91
1.543% 4 1,5378-31 q4,217e=01 1,457 OU 3,896E~Ul v, 15801
1,551F i 1,5636=-91 4,218F=111 1,43AE_ VD 3.9U3E=UL  2,0356~01
1,582 o7 TR 9de-0T 4,22CEmUL TT1,43eE U0 5.907E~01 2.054E~vi
1.554F . 1,426E-01 4,228E=01 1,440E U0 3.911E=ul 2.675%em01
1.556F o1l 1,659E-01 4,235F=01 1,450E 0V 3.9156=0d 2. 096g=~d1
1.5ANF U 1.692g-01 4,242E-0U1L 1,463F UU 3.919E=Ul 2,124Ea01
1,564F u’ 1,727€-01 4,250E=01 1,46%E UU 3.923E=u1 2.154-u1
1,56UF &, 1,761-01 4,257E=01L 1,468E U0 3.927E=U1 2.183E=01
L, e®RE 0™ TIUTYTESTT 4,266Ew01 T.471E 00 TL9ITESTT TR IS T
1.543E i - 1,R35E-01 4,271F=01 1,477 UD 3,940€6=U1 2.745£001
1..539E u- 1,870E-~01 q,279=u1" 1.484€ 00 I.94BEmU] 2.279:--01
1.53E ! 1,9C8E-01 4,284E~01 1,495 00 3.956E~U1 2,31l6e~-U1
1,534 o 1,936e=01 T ,294E~T1 “i,80vg.00 " ILELE~UL 7.364E«01
L. 5P9E o 1,957-01 4,3U5E~01 1,500 UU J.983EmUL 2.,42Upw01
1. 5282 v T,579e-~01 7, 3TIE~D1 T.521E 00 3,965€=01 7.479e=-01
1,521F u: 2, 10uga0l q,316E=01 1,538 0V 3.967€U1 72.54lga0l
1,521 0° 2,n22¢-01 4,325Ew04 T 1,543 00 T 3.9AYE=l1 2.,4M4Ew=01
1,520 o 2,144g-01 4,532E=01 1.514E V0 3.971E=01 ?.h72EwVL
1,513% u. 2,064E-01" 4,338E=-01 T {ad%e 00 3.977E-ud 72,7400l
1,499 u: . 2,'88E~-U1 q,345E-01 1,46RE Wy  3,982EwUl 7, RI7Esud
1.486F ». 2,311E201 7 7,351g-01 T.a54F 00 3L9REESUTT T o TRG9ET
L.6765 N 2,134€-01 4,355E~01 1,450 0h 3,994k=11 ?.042pwd1
1,446F 90 2,1b76=-01 © 4,3B6fe014 {,450E 0U 3.999E=ul 3.030Ee01
1,457% ¥ 2,1p7E=-U1 4,352e-01 1,480 On 4,UL0E~IL 2, t02pedl
1,4mAF v 2.,176e-01 q,3879E=01 Ty L4B4E BO q,U41c=ul T,119e=V1
1,4770 0° 2,184E=01 - 4,387dF=U1 1,457 VO 4,UD1E=U1 1, %4lcy01
1.4087 07 TEVIRTESTTT 3L 397FaN1 1.365E 90 4,J04E=T1 vorulewdl
1.485E ¢ 2,201g-01 4,389E=01 1,477 VU q,Ul0E=n1 3.74lga01
L. 6n25 2,209E-01 4)3848E-~01 1,4RRE 00U 4,015k~ul 1,28lg~01
1,4849F 3 2,217E-01 4, 3452€-01 1,500 =0 4,021E~11 3.321£-02
1.5127 wu 2.226E=01 4,39C0k~01 1,509g UGN 4,U27e-U1L 2.36bErVl
1,544 1 2,234E-01 4,393e=01 1,518 “o0 4,U33E=I1 3,813Ee01
2.57eE STV TR 43ELTT 3,411f=01 1,527 90 “4,03yE=0l 1,a57e901
1,5048 2,252g-01 4,393E=01 1,51ag N 4, Ud4r=111 EPLDLETT A
1,620 2 2,2plikail 4. 367E=01 1,500 yn a,U50e-cl X.c55grUl

-...NEUTRUM CRNSS-SECTIONS
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APPENDIX E — GAMMA -RAY PRODUCTION PROBABILITIES
FOR NITROGEN AND OXYGEN
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‘GaMMA RAY PwODUCYTON PR0O3AcILITIFS
FUR VvITRDGEN

GAMFA PAYS FROY NeUTHUM CAPTURE ahD CHARGED PARYJCLE REACTIONS

NEUTRNN ENEWGY HAKGE 2.33LUE=D2 TA

GAMYA RAY ENERGY

?2.5400F 04
PRAPACILLITY NF PRPLNUCTION

(NITHUGEN)

(EV}

e L La7900E Ve 1,5700¢=02 e

2.50LUE Ug 3.1900E=-03

3.5LvLE Ug 1,3940F=12

4.50ulE Ug t£,8000F-03

5.500C0F U6 3.6100F«02

6.5000F Ug 7.7C00F-03

. 7.50GGE Ue —_— 31,8000E-03

a,500CF Vg 1,7C00E=02

9.50ulF Ug 5,8C000E~03

9.5730E-02

NEUTRDN ENERGY RaNGE 2.34LCE 04 TN

4.,0000F 06 {(EV)

TATAL PROUULTION PRUbEHILITY

GAMMA KaY ENERGY PROBALBILITY OF PRGCOUCTION
0 1ATAL PRODUCTION PRUbSHILTIY
WFUTRON ENERGY RuNGE _ 4,90t 0E 06 __ TO 4,9100F 06 {EV)
GAMKA HAY ENERGY PRNBASILITY OF PRORUCTION

2,5000F Vg

1,3600E-01

NFUTKON EMERGY =anGE__

GAMMA hAY EMERGY PHOBABILITY

_.9.312UE D6 ™

1,3800€-01

6.6300F_06

{EV)

6F PRODUCTION

2.5000¢ up 1,6800E-01
4,5000g bg . 1,6800E=04
3.3600E=0%  TOTAL PRQUUCTION PROBAHILYTY
T 'NEUTRON ENERGY HANGE 5.4340E 06 0 8.8100F 06 (EV) -

gl MMA KAY BN - ...PHOBAMILITY AF PRODLCTION
. 30U0E D¢ | s ..946000E-02
<.5000F Ug , 1,6900E=-0% éh
. 5,50U0F 04 2,5900E=-01 -
6,5000F Ug 9,0000E-02

- - -

NFUTRNN ENERGY RANGE
GAMMA HAY EMERGY

8,51L0E 06 T

2.566ue G
3.5C00€ vg
4,500C¢ Ug
_ S5,B0UNE Ug
6,50LUE UB

NEUTFON_ENERGY KANGE 1.,09u0E 07 10

T h.L406E-U1

1,0900F 07
PRNBAWILITY nF PRODUCTION

4,R000E-02
f,5000E=02
1.2100E~01

. 1,3700€-014

1.,1200g-01

5. 0300€=01

1.4000F 027

TATAL PRUUUCTION “RUsABILTTY

tFV)

TAtaL PROUUCTION PHOBABILIITY

LYY

GAMMA KAY ENERGY

2,50U0F 0Og

3,5000F Ug

4.,5060F D¢
—_— .._.B.50C2g 0

6.5000F Ug

2.9U00F02
1,6300F-01
1,1300¢-01

. #,3000E-02

1,5200E-01

r,2'0aF-01
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GGAMMA PAYS FROM MNENTRyN [WELASTIC SCATTERIMG __ (NITRQGEM). .. . . -

NEUTRAN EMFAGY HANGE 1.0020E=04 0 4.U000F U6 (EV)
Gammp RAY ENERGY PROBAYILITY OF PRODUCTION

TR 1ATAL PRUDUCTION PROBABILTTY

NEUTHOK E*ERuLY NaMGE 4,4J00E 06 T 5.1500E U¢ tev)
GaM“aA HAY EMERGY PROBABILITY nF PRONUCTION
’ 1,50C0F Ug a,4000E=01 . ooom T
Z2,50uCF Ug 9.4000E-01
3.50C0F Ug &, 0000F=02

1.9400F 00 TATAL PROUUCTION PRUEBAoILYTY

WFUTPON EMERGY HAMGE S.16u0F 06 TC . &.6300F U (EV)
GAHMMA HAY ENERGY PHOBABILITY OF PRADUCTTON
1.5000F Dg R.9300F=01
2.,5900e ug 8,9300F=09 _ e —————t —a -
3.5000 Ng 5,7000E~02
4,5050g Ug 5,U000E=-02

1.8930E N9 TOTAL PRQUUCTION FRCHABILITY

NEUTHOM ENEHEY RANGE 6,4300F 06 Te A,5100F 06 {EV)

GAMMA RAY ENERGY PROBABILITY AF PRODUCTICN

1,5000g Up —— 2.5000E=01

2.50V0F Ug 7.4600E=01

. 3,5000F Us 4,9600F=01 . — e —————

4,50U0F Vg 1,400NE=01

5.50U0E L . . e .. .. .£.6000Fe02 S

6,5000F 0O¢ 4,B00DE=D2

1.7440E 00  TATAL PROVUCTION PRUWABILITY

NFUTRNN ENEKGY RANGE 8,5140E 06, . 10 _ . 1,0900F 07 _ (EV)

GAMHMA KAY ENERGY PROBAYILITY OF PRODUCTION

1,500V Ug 2.9600€-01 & -~

o 2,50L0 Ug 6.4700E=0% . . _.. . [,

3.50GUF Ug ?2.3900E~01

a,c000fF Ug R t1,8500FE=01

5.50G0E Vg 9.50N0E=02

6.5UG0E Gg ?.,1000F=01

v — _1.4720F 008 1ATAL PRODUCTICH _PROu:nllITY _ |

NEUTHAN ENERGY RANGE 1.0YUUE 07 ™ 1.,4000F 07 tEV)
GAMMA WAY ENERGY_ _ . PRDHABILITY OF PRODUCTION
- 7.5L4GE U5 1.7200€=03 e
1,2500F Ug 1.54G0F=01
1,50U0F ug . 2,4000E-01
2.5V0U0F Ug 4,0300E-01
3.56L08 Vg £ ANN0E=02
4,5060¢ Dg 1,99U0E-01
5.5000e Ug 1, U500F-03 | L [
T el s0T0E Ts ?,2500F=11
7.0000g Ug 1.2500F=-01

1.6910E O¢ Tn1aL MRUDUCTIOrN PROSEBILITY
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RAMMA BAYS FOUM NEUTUUS CAPTURE wnQ CHAKGED FAPTICLE REAGTIUNS _  t  QXYGEM)

GAMA RAY PRODUCTION PRUZA<ILITIES
OXYWEN

FUk

NEUTHON EXcRGY =aNGE

SAMMa HAY EMERGY

LevutOF=04 rn
PROBAWILITY

7,3300F Uk {(EV)
nF PRODUCTION

NFUTRNN ENEHGY wakbE

GAMML HAY ENERGY

T 3.5RCUF B

NEUTKON ENEHGY hARGE _

GAMMA HAY ENERGY

3.o0060F 06

7.33u0F g In
PHNBAGILITY

U TATAL PRODUET1GN PHOBAWILITY

7,700LF Up  (EV)
nf FRODUCTION

"1, 0C00E~01,

4 UNDOE~D1  TOTAL PRODUCTION PROBZBILITY

7.7.uUE Ve __Tn

PROBAGTILITY

_8,1000e 6o (EV) -
nF PRODUCTION

4.00C0E~01

4.0000E-01  TATAL PROUDULTION PROBAHILITY

NFUTKNN ENERUY HaMGE

GAMYA RaY ENERGY

3.00vlg Ug

NEUTRNN ENERGY *ARGE

GAMYA HAY EMERGY

a.1050E Ug 0
PROBABILITY

A.5L1L0E Ye (EV)
nF PRODUCTYON

4,5100E=01

8.51NUE 0p TN
PRNABAHTILITY

4. 5000F=01  TnTAL PRUUUCTION PRUBABILITY

.. .B8.9500E Op LEV?
nf PRODUCTION

3.50009 ir

NFUTRON EMERGY ~ANGE

8,3500F 06 TN

a4,4800E-01

4.4800E=01  TATAL PRUDUCTION PROMAMILITY

0,4100F Up_ _ {EVY

GAMMA KAY ENERGY

3.5000¢ Ug

PROBAHTLITY

nF PRODUECTION
4.,2800E=01

4. 2R0DE=01  TATAL PROUTBTrON PROBEEILITY

NEUTKAN EMERGY RANGE

GAMMA RAY EMERGY

JJBULYE Wb

NFHTRON ENERGY FANGE

GAMMA HAY EMERGY

9,41LUE be . TO.
PROBAUILITY

9.8yL0E O ™
PROBASILITY

3,500uF Ug

__NEUTRNN EMERGY RANGE

_.1,L4vUE 07 rO

GAMYA RAY ENERGY

3.,5%UUF Jo

PROBARTLITY
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. .9.8900F O¢ (EV)
AF PRODUCTION

4,29U0F=01

4,2900E-01 TATAL PROUUCTIOM FRUmABILTITY
1,0400¢ 07 (FV?

NF PRODUCTION

4.44U0E=01

4,44N0F=N1 TATAL PROUUCTION PRGLABMILITY

_1.0900& 07  (EV}

nf PRODUCTIOM

4,1600E-01

4.16U0E=N1 TATAL PROUULTION PROBADILITY



NRUTRNN ENERGY HaMGE 1.iguUE 07 TH 1,1500g 07 tev)
GAMMA ~aY ENERGY PROBAMILITY NF PRONUCTTION
3.5000e Up 1.44U0F=01
T oot T S VAT P TATAL PRUDUCTIOY PROBABILTTY
NFUTRAN ENEHGY Ha*GE 1,150 07 7n 1,2700F uy (EV)

GAMMA RAY ENERGY

3,59L0F ug

NEUTRON ENTRUY_HANGE 1,7700e 07 1A

PROBAHILITY oFf PRONUCTIDN

3.3600E~01

3,360NF01 TATAL PRONUCTION PrOpas[LITY

o 1,3300g_ U7 (EV)

GAMIEA RAY ENENGY PROBARILITY AF PRCDUCTION
3.5000F U 3.1400E=U1
3,1400E=01 TATAL PROUVULTION FRUpAHILITY
NEUTRON ENERGY WANGE 1,3340E_ 07  Tn 1,4000g U7 (EV)
GAMMA RAY ENERGY PROBAGILEITY OF PRODUCTION
3.50U00F Vg o 3.3700E-01
- TR, 37U0E«DP1 TATAL PROUUCTION PRUBAQILITY
SuMpe RAYS FROM NEUTRON [NELASTIC SCATTERING t . OXYGEM)
NEUTRAN ENERGY WANGE 1,0 :0E=10 710 h.1400F 06  (EV) -
SAMHA HAY EMERGY PROBABILITY OF .PRODUCTION
o b] TATAL PROUUCTYON PRUBABILITY
NEUTINM ENERGY WANGF _ by14UPE 0& . . TN 5.9700F uq . {EV)

GAMMA RAY EMERGY PROBAGILITY

nF PRODUCTION

6.14L0E Up 1.60006 00
1.,00006 00 TATAL PROQUUCTION PROsAHILITY
AFUTSAN ENERGY HAMGE h.I/LUE D4 0 7.3303F U, Qng) —
GAMMA RAY EMERGLY PROBAYILITY nF PRODUCTION ’
i Thelqule 9 T T T g,RAN0E-01 - T/ T
6.9240E Uy 9,5"00E=-0%
7.12L0E Jg 2., 20G0E=03
9,9970E~01  TATAL PROUUGTION PRURSHILITY
NFUTRON ENERGY RanGe 7.33.0E 06 TN 7.7000E 06 tEv)
GAMMA HMAY EMERGQY PRABADILITY NF PPOOUCTION
6.14V0F Jp o, 1100F-01
6.3200¢ ug o .. t,9600E-02 B _—
7.12uv0F Ug 2, 0400F~02
1,090 00 TATAL PRODULT Iy~ PROSARILTTY
NFuTRAN EHERGY salbE 7.7l 0E o __T0 JBLlQQIE ue  (FV)
34aMMA HAY EMeRaY PHNBAGILITY NF PROANUCTION

6.145LF veo
6,92L7F ve
7.120UF ug
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NFUTRAN EMEHGY HaNGE

GAMMA RaY ENERGY

8,1:40E 06

™

PRABAGILITY

a,5100F 0% (EV)
nF PRODUCTTQON

6.1400E
6.920UF
7.12u0g
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APPENDIX F — DESCRIPTION OF MONTE CARLO PROBLEMS
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