NUCLEAR DATA AND MEASUREMENTS SERIES

ANL/NDM-2
Prompt Air-Scattering Corrections
for a Fast-Neutron Fission Detector: En £5 MeV

by
Donald L. Smith
September 1973

ARGONNE NATIONAL LABORATORY,
ARGONNE, ILLINOIS 60439, U.S.A.



NUCLEAR DATA AND MEASUREMENTS SERIES

ANL /NDM-2
PROMPT AIR-SCATTERING CORRECTIONS FOR A
FAST-NEUTRON FISSION DETECTOR: E 55 Mev

by
Donald L. Smith
September 1973

4.0

hyLeaen ot 30

d40/dQ, b/sr

ARGONNE NATIONAL LABORATORY,
ARGONNE, ILLINOIS 60439, US.A.



The facilities of Argonne National Laboratory are owned by the United States Govern-
ment. Under the terms of a contract (W-31-109-Eng-38) between the U. S. Atomic Energy
Commission, Argonne Universities Association and The University of Chicago, the University
employs the staff and operates the Laboratory in accordance with policies and programs formu-
lated, approved and reviewed by the Association.

. 4 “u P
A

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona Kansas State University The Ohio State University
Carnegie~Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University . The Pennsylvania State University
The University of Chicago Marquette University Purdue University

University of Cincinnati Michigan State University Saint Louis University L
Illinois Institute of Technology The University of Michigan “Southyern Illinois University. . )
University of Illinois University of Minnesota - The University of Texas at Austin
Indiana University University of Missouri Washington University © . .’
Iowa State University Northwestern University ~_ Wayne S“tate' Urii,v,ersi‘t'y‘:x,, L

The University of Iowa University of Notre Dame . .The University of Wis’c:o'h:sm

NOTICE

This report was prepared as an account of work sponsored’ -
by the United States Government. Neither the United States |
nor the United States Atomic Energy Commission, nor any
of their employees, nor any of their contractors, subcontrac-
tors, or their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information,
apparatus, product or process disclosed, or rep‘resents that .
its use would not infringe privately-owned rights.




ANL /NIDM-2
PROMPT AIR-SCATTERING CORRECTIONS FOR A
FAST-NEUTRON FISSION DETECTOR: En S5 MeV

by
Donald L. Smith
September 1973

Applied Physics Division
Argonne National Laboratory
g700 South Cass Avenue
Argonne, I1linois 60439
U.S.A.



NUCLEAR DATA AND MEASUREMIENTS SERIES
The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is
the dissemination of information in the comprehensive form required
for nuclear technology applications. This Series is devoted to: a)
Measured microscopic nuclear parameters, b) Experimental techniques
and facilities employed in data measurements, c) The analysis, cor-
relation and interpretation of nuclear data, and d) The evaluation of
nuclear data. Contributions to this Series are reviewed to assure a
high technical excellence and, unless otherwise stated, the contents
can be formally referenced. This Series does not surplant formal
journal publication but it does provide the more extensive informa-
tion required for technological applications (e.g. tabulated numerical

data) in a timely manner.



TABLE OF CONTENTS

Page
ABSTRACT. © & & v v v v o e et e e e e e e e e e e 3
I. INTRODUCTION. . v v v v v v v e e e e e e e e e e e 4
II. PHYSICAL PROPERTIES OF AIR. . . . « v« v v v v v v o - 5
III. SIMPLE ANALYTIC FORMULATION . . . . . . . . . . . . . . 7
IV. ISOTROPIC SINGLE ELASTIC - SCATTERING FORMULATION . . . 10
V. DETAILED SINGLE-SCATTERING FORMULATION. . . . . . . . . 15
VI. ONCLUSIONS . « « v v v v vt v e v e e e e e e s 20
ACKNOWLEDGEMENTS. . & & & & v v v v v v o e e e e e e e o 21
APPENDIX I: Listing of FORTRAN IV Code-AIRSCl. . . . . . . . 63
APPENDIX II: Listing of FORTRAN IV Code-AIRSCZ. . . . . . . . 69



PROMPT AIR-SCATTERING CORRECTIONS FOR A
FAST-NEUTRON FISSION DETECTOR: E S5 Mev

by

Donald L. Smith

ABSTRACT

Neutrons which have scattered many times in surrounding
air and in laboratory objects arrive randomly in time at a de-
tector and can be discriminated by time-of-flight techniques.
Neutrons which have scattered only a few times in air reach
the detector soon after the primary neutron burst and cannot
be distinguished from the latter by time conditions. Most of
the prompt air-scattered neutrons have undergone only one
elastic collision and it has been shown that the ratio of these
singly-scattered to primary neutrons increases linearly with
distance from a point source. The energy, time and angular
distributions of neutrons which scatter once in surrounding air
before reaching a fission detector have been calculated for
E =0.05 - 5 MeV using published cross sections. Data correc-
tions for prompt air-scattered neutrons are generally small but
not necessarily negligible in high-precision measurements. For
example, it has been calculated that this effect leads to a
correction of ~ 0.2 - 0.3% in a measurement at En = 1.5 MeV of
the U-238 to U-235 fission cross section ratio if the back-to-
back uranium deposits in a double fission detector are situated
10 cm from the neutron source. This correction is significant
since ~ 1% accuracy is currently sought in fission cross section

ratio measurements.



I. INTRODUCTION

We shall consider a predominantly fast-neutron field whose
source is for practical purposes a point (e.g. bombardment of a
lithium target with a focused proton beam from an accelerator) .

The neutron field at an arbitrarily distant observation point is
composed of primary neutrons and of neutrons which have scattered
in surrounding air and in laboratory objects. The response of a
fission detector to these neutrons depends upon the isotopic
constituency of the fissionable material in the detector as well
as on the characteristics of the field.

Air is a rather sparse medium and the ratio of air-scattered
to primary flux is generally small unless the observation point is
relatively far from the source. One of the best ways to minimize
the influence of air scattering in an experiment is to choose an
irradiation position which is as close to the source as possible.
Another approach which may be employed to minimize external scat-
tering problems is to irradiate samples and a monitor in the same
geometry. Extemnal scattering corrections tend to cancel for
these relative measurements unless the cross sections involved vary
considerably with energy.

Multiple scattering eventually generates a thermal neutron
background with weak spatial variation in the vicinity of the source.
Thermal neutrons can be extremely troublesome for a fission detector
containing a deposit enriched in an isotopc with a large thermal
fission cross section. Fortunately, time-of-flight techniques can be
utilized to reject thermal background in many fast-neutron experi-
ments. Otherwise, it is necessary to place the fission detector
close enough to the source so that the thermal correction is manage-
ably small. Hydrogenous laboratory materials such as water, paraffin
and concrete are very effective in thermalizing neutrons. Surround-
ing air and non-hydrogenous laboratory materials also contribute to

thermalization. Since experimental techniques exist for minimizing



the effects of thermal neutrons in most fast-neutron experiments,
this topic will not be considered further in this paper.

Neutrons which scatter only a few times in air in the vicin-
ity of the source and lose only part of their primary energy can
produce fissions and hence cannot be distinguished from primary-
neutron fissions by time-of-flight. One could minimize this
problem by placing the detector very close to the source, but this
is not always feasible. It is the influence of these prompt air-
scattered neutrons which has been investigated in the present work.
The term "air-scattered neutrons' as used in the remainder of this
report implies prompt air-scattered neutrons.

For a monoenergetic point neutron source, define:

(r,6) = polar coordinates of the obscrvation point with
the source situated at the origin. Air scatter-
ing exhibits no azimuthal dependence in a homo-
geneous medium.

zT,AIR = macroscopic neutron total cross section for air.

fo(e)/r2 = vacuum flux (neutrons/cm 2 / sec).
f(r,e)/r2 = true flux at the observation point (neutrons/cmz/
sec) .
F(r,0) = relative intensity of air-scattered and direct

neutrons at the observation point.
Then

£ (r,0) = £, (0) [1+ F(r,0)] exp(-rz (1)

T,ATR) *
Eq. (1) provides no information about the energies, arrival times and
angles of incidence for scattered neutrons reaching the detector.
These factors along with properties of the detector determine the
relationship between the observed detector response and the neutron
field which is to be measured.

II. PHYSICAL PROPERTIES OF AIR

For the present analysis, dry air is represented by a mixture of

nitrogen (79.1%) and oxygen (20.9%) with a total density of 1.205 x



1073 grams per an’ under normal conditions (temperature = 20°C

and pressure = 76 cm Hg) [1]. The only isotopes of nitrogen and
oxygen which are significant are N-14 (99.63% of natural nitrogen
and 0-16 (99.759% of natural oxygen) [2]. The atomic densities of
these isotopes are 4.034 x 1019 atoms of N-14 and 1.066 x 1019

atoms of 0-16 per cm3 of air. The concentrations of the rare gases
(argon, etc.) are too small to significantly affect the neutron
scattering properties of air. The Hzg vapor conten; of air is
variable, but amounts to 1.7118 x 10 > grams per cm” of air for 20°C
at the saturation level [1]. This corresponds to 1.145 x 1018 atoms
of hydrogen and 5.724 x 1017 atoms of oxygen per cm3 of air. The
presence of hydrogen in H,0 vapor is likely to have a noticeable
effect on the thermalization of neutrons emitted from the source.

On the other hand, the H,0 vapor is unlikely to have much influence
on the fast-neutron scattering properties of air (except possibly
near the oxygen resonance at 0.44 MeV) and therefore, HZO vapor will -
be ignored in the present work.

For En :s MeV, neutron scattering by N-14 proceeds predomi -
nantly via elastic scattering with a small contribution from in-
elastic scattering through the 3.945 MeV excited state. All scat-
tering from 0-16 is elastic for En < 6.13 MeV. Total, elastic
scattering and inelastic scattering cross sections from an evaluation
by J. H. Ray et al. [3] have been used in the present work. Selected
Cross section values from this reference are listed in Table I (nitro-
gen) and Table II (oxygen) .

Inelastic scattering from nitrogen is assumed to be isotropic in
the laboratory. Tables of Legendre coefficients for nitrogen and
oxygen elastic scattering angular distributions are given as a func-
tion of neutron energy in Ref. 3. These distributions refer to the
center-of-mass system and are presented in the form:

do n
E z

I CM(OCM) = (oE/4n) [1 +’=1 (2k + 1) kak(COSGCM) ] (2)



where P (coseCM) is a Legendre polynomial of order k. The center-
of-mass system angular distributions from Ref. 3 were transformed
to the laboratory system for use in the present work. Sets of
coefficients (wk) were generated where

dog
P vl (GLAB) = (UE/4")[ 1+
LAB

kgl kak (coseLAB)]. (3)

The shapes of the laboratory elastic-scattering angular distributions
were reproduced quite well at all energies by using fifth-order ex-
pansions (m=5). Sets of coefficients {wk} for various neutron
energies are given in Table III (nitrogen) and Table IV (oxygen).
Plots of the elastic-scattering angular distributions for selected
neutron energies appear in Fig. 1 (nitrogen) and Fig. 2 (oxygen).

IIT. SIMPLE ANALYTIC FORMULATION

The analysis in this report assumes a detector which is essen-
tially a parallel-plate ionization chamber with a thin film of fission-
able material in the form of a circular disk deposited on one of the
plates [4]. Fig. 3 is a schematic diagram which shows the relationship
of the fissionable deposit and the point neutron source and defines
several geometrical parameters required for calculations. Scattering
by other components of the fission chamber constitutes a separate prob-
lem which will not be considered here.

It is not hard to derive an expression for the relative intensity
of the singly-scattered neutrons to the primary neutrons at the center
of the deposit [coordinates (0,0,0) in Fig. 3] if the following ap-
proximations are made:

a. Emission from the source is monoenergetic and isotropic.

b. Energy loss by neutrons in elastic scattering from nitrogen

or oxygen is ignored.

c. Neutron scattering by nitrogen or oxygen is isotropic in the

laboratory.

d. Flux attenuation along the propagation paths is neglected.



Let
Fy = relative intensity of singly-scattered neutrons to the
primary neutrons as computed by the method described
in this section.
Then

By = (g appd /4m fALL (1/d) sd sag, (4)
SPACE
where
ZE,AIR = ‘macroscopic neutron elastic scattering cross
section for air
and values for d1 and d2 as defined in Fig. 3 are computed for Tp =
0 (eso = 0).
Azimuthal symmetry and the law of cosines may be applied to ob-
tain the formulas

2 _ 2 2
d2 = 4" + d1 2d d1 CosOg, (5)
and
FO = EAIR /2) l(’id E’JSlsinO X
X @ + dl -2dd coseSI)‘l. (6)

A change of variables and partial integration yields the cxpression

) 1+ X
Fo = (g arpd /Z)f ( > (7N

From 1ntegral tables in Ref. 1 one obtains

1
2
1+ X 8X 1+X Ll
f ( T-X ) Zfox ““(ﬂ)‘z— ®)

and consequently

F, = (n? % ard/4)- (9)

The mean free path for elastic scattering ig is defined to be the

reciprocal of the macroscopic elastic scattering cross section

ZE,AIR’ therefore

F, ~ 2.47 (d/x

0 (10)

E)'



The interpretation of Eq. (8) is that half of the air-scat-
tered neutrons originate from within a sphere of radius d centered
at the neutron source while the rest of the scattered neutrons come
from all space exterior to this sphere. The mean free path for
elastic scattering in air can be computed from the formula

-5 -5 -
g T L (4034 x107) op + (1066 x10°) o, 10 (1)

using cross section values in barns from Tables I and II (see Sec-
tion II). Values of Ag computed from Eq. (11) appear in Table V.
The solid curve in Fig. 4 is a plot of Fy computed with Eq. (10)
and values of Ag from Table V for d = 5 cm. Notice the effect of
the oxygen scattering resonance at En = 0.44 MeV.

Only singly-scattered neutrons were considered in the preced-
ing analysis. A rudimentary argument for neglecting higher-order
scattering will now be presented. Let us assume that time-of-flight
conditions preclude detection of any neutron which has propagated
along a path (not necessarily in a straight line) of length exceed-
ing L. By definition of the mean free path A;» the average number
of collisions experienced by a neutron along a path of length L is
L/AE. The probability of the neutron experiencing exactly N
collisions is given by the Poisson distribution

N -L/x

Py = Whge o (12)

From Eq. (12) it is seen that the probability of zero collisions Pb

is e L2 which is exactly what one would expect since e “/*E is

the attenuation coefficient. The probability of experiencing any
sort of collision (without specifying the order) is just (l-e-L/AE).
The probability P; of a single collision is (L/A;) e /L and, in
general, the ratio of PN to PN_1 is simply (L/NAE). From Table V

it is seen that Ag = 6854 am for En = 1 MeV. On the other hand, a
reasonable time limitation imposed by time-of-flight discrimination
would be ~ 20 nanoseconds. This implies L = 277 ¢m and a correspond-
ing ratio of P, to P1 of ~ 0.02. Higher orders of scattering arc



even more negligible.

Langsdorf has shown by means of an analysis resembling that
which led to Eq. (9) that the ratio of doubly air-scattered
neutrons to primary neutrons can be approximated by a relatively
simple formula for small values of d/>\E [5]1. Application ?g this
formula for En = 1 MeV and d = 5 cm yields a ratio of ~ 10 ~ for
doubly scattered to primary neutrons and ~0.006 for the ratio of
doubly scattered to singly scattered neutrons. This result indi-
cates that the rudimentary approach discussed in the preceding
paragraph may overestimate the importance of higher-order scatter-
ing. Consequently, only single scattering will be considered for
the remainder of this report.

IV. ISOTROPIC SINGLE ELASTIC-SCATTERING FORMULATION

The relative intensity of scattered and primary neutrons can
be estimated easily from Eqs. (10) and (11). The only additional
piece of information which the formulation in Section III provides
is that half of the air-scattered flux originates from within a
distance d of the source. A different approach is required to
study the effects of finite detector size and to determine the in-
cidence-angle and arrival-time distributions for air-scattered
neutrons. These additional aspects will be investigated in the
present section within the framework of the approximations stated
in Section IIT.

The appropriate geometry for the following analysis is shown
in Fig. 3. It is advantageous to define a set of cylindrical coor-
dinates (rA,¢A,
deposit. The point neutron source is situated on the axis at co-

ZA) with origin (0,0,0) at the center of the uranium

ordinates (0,0,d). The uranium deposit is taken to be a very thin
circular disk with radius RDISK' Let

F1 = relative number of air-scattered neutrons to primary
neutrons incident upon the deposit as computed by the
method described in this section.

then

-10-



‘l:;DISK Jl:“ .,’2" N ]
§ YA § d, ’ :z ’
/0 LY IR A sl RN

Fp = (g Arp/4m) (13)
ISK
[[v s (d, 1)

where
S, = rp/(rf + &) (14)
Ay 2000) = (rrp/dfa)) (15)
4 =xFey2. @, - 9° (16)
dzz = (X, rF)2 + YAZ . ZAZ a”

The indicated integration of Eq. (13) extends over the surface of the
disk and over all air space. Since most of the air-scattered neutrons
come from the vicinity of the source, it is reasonable to set limits
on the region of air space included in the evaluqtion of Yl Thus

st A /\ MAX
RDISK
St (d,rg) (18)

where R A, MAX and ZA ,MAX are limits on the coordinates y and ZA which

ee

1" (g ap/4m

define a pillbox surroundlng the uranium deposit. The integrals ap-
pearing in Eq. (18) are evaluated by a Monte-Carlo technique. The
expression [ N

HIST
(t BIN_

el
.

yA (19)

1Y Zg AR Ramax Za,max ’:

is an approximation to Eq. (18) which improves in accuracy with in-

Creased numbers NyrsT and Mizst of sampling histories. ORHST can

-11-



be considerably smaller than NHIST)' Choice of values for MHIST
and NHISI‘ is a matter of compromise between computational time and
statistical stability. Random values for Tps Tp» ZA and ¢, Were
computed for each history from the equations

Tr = Rprsk "p © <np < 1) (20)

T = RA,MAX nR(O < np < 1) 21

Za = "Zamax T 22, MAx": (22)
© < nz < 1)

¢A=21rn¢ (O<n¢§1) (23)

where Ng» MRs Ny and " are random numbers.

An advantage of this method is that it permits one to easily
calculate distributions and history averages of other parameters us-
ing the same weighting factors 3j :—.md,gj from Eqs. (14) and (15).
The arrival-time distribution for air-scattered neutrons is of
interest for time-of-flight applications because one wishes to know
to what extent the air-scattered neutrons straggle with respect to
the primary neutrons and thereby produce a ''late-arrival tail on
the time peak generated by a pulsed neutron source. The minimum
flight time from the neutron source to the uranium disk is given by

Ty = d/vn (24)
where

v, = velocity of the neutrons

and this corresponds to propagation along the axis. The longest

flight time for primary neutrons is given by
2 2 4
Tax = 7+ Rypg0 /vy (25)

and (TMAX - TMIN) is usually smaller than the experimental time res-

olution. The flight time for an air-scattered neutron (with no
energy loss) is given by

T=(d) +d)/v, (26)

-12-



which could be significant if (d1 +d,) >> d. During the process of
evaluating the numerator of Eq. (19) one can compute flight times Tj,
each weighted by the appropriate valuejjj, and thereby generate a
time distribution. In the present work, the time interval (O, TRANG)
was divided into Nrvg €qual time intervals. If the following in-
equality

[k-DTpaveNrpe! * (T = Typy) 1K TpaneMrne! (27)
is satisfied for the jth history, then}dj is added to the weight factor
& for the kth "bin" of the discrete time distribution function. The
collection of values E?k} obtained from following Nyrst histories de-
fines the unnormalized time distribution function. Contributions from
histories for which (Tj - TbﬂN) exceed TRANG are recorded in an "over-
flow" bin. Use of such an "overflow'" bin permits one to calculate how
many events will be lost as a result of air scattering when a "window"
is placed on the time peak during a measurement.

The angle of incidence 0; for neutrons which scatter from air in
the vicinity of the point (XA,YA,ZAg and subsequently reach the uran-
ium deposit at the point (rF,O,O) can be calculated by analytic geom-
etry (see Fig. 3). The angle-of-incidence distribution function and
the history average 51 can be computed in a manner similar to that
used for obtaining the arrival-time distribution function. The angle-
of-incidence distribution function is a useful aid in understanding
the air-scattering problem because it indicates the direction from
which most of the air-scattered neutrons impinge on the uranium de-
posit.

Calculations were made on a digital computer using the formal-
ism described in the preceding paragraphs. See Appendix I for a
listing of the FORTRAN IV code AIRSC1 which was written to perform
these calculations. The values MHIST = 2000 and NHIST = 20000 were
found to yield sufficient statistical stability for the present work.
Values of F1 computed from Eq. (13) should approximate corresponding
values of Fo from Eq. (10)--if finite uranium deposit size effects

are neglected--since both formulations of the problem are based on

-13-



the same set of physical assumptions. To test this point and to
determine how large RA,MAX and ZA,MAX have to be so that Eq. (18)
becomes a good approximation to Eq. (13) the following two sets of

calculations were made:

a. The ratio Fl/FO was computed for several values of RA MAX
(= ZA,MAX) with En = 1 MeV, RDISK =127 cmand d = 5 cm.
b. The ratio Fl/FO was computed for several values of d with

= 2
En =1 MeV, RDISK = 1.27 cm and RA,MAX = ZA,MAX 10 d.

The results of these sets of calculations appear in Figs. 5 - 8.
From the values of FI/FO plotted in Fig. 5 one can conclude that
about half of the air-scattered flux originates from the rcgion of
air space for which RA,MAX = ZA,MAX 2 d which is in agreement with
the interpretation of Eq. (8). From Fig. 6 it is evident that the
effects of the finite size of the uranium deposit essentially dis-
appear for d/RDISK > 3. This fact can also be deduced from Fig. 7
which is a plot of 6y vs. d/Rp;gy- ©; approaches a limit of ~ 60°
for d/RDISK > 3. The variation in shape of the angle-of-incidence
distribution functions with d/RDISK is shown in Fig. 8. The effect
of finite uranium deposit size is to produce a forward-angle dip in
the distribution function. This structural feature is still evi-
dent for d/RDISK
feature disappears and the distribution function becomes approxi-

~ 5. However, for larger values of d/RDISK this

mately linear in éI’
Another set of calculations was made for various neutron ener-

gies with RDISK =1.27 cm, d =5 cm (d/RDISK = 3.94) and RA VAX -

Za MAX
Except for some statistical fluctuation, the values of FO and F1

> 10 d. The resulting values of F, are plotted in Fig. 4.

are in excellent agreement. Corresponding scattered neutron arriv-
al-time distributions were obtained from the same set of calcula-
tions and these appear in Fig. 9. Notice that even for low
energies most of the scattered neutrons arrive at the uranium de-
posit within a few nanoseconds after the primary neutrons. It is
Clear that it is not feasible to eliminate the effects of prompt
air-scattered neutrons by setting a 'window' on the dircct-neutron

time peak.

~-14-



V. DETAILED SINGLE-SCATTERING FORMULATION

Several approximations found in Section III and IV can be re-
laxed in order to provide a more general treatment of air scatter-
ing. Those features of the problem which will be taken into con-
sideration in the present section are:

a. The angular distribution and variation of energy with

emission angle for neutrons from the source.

b. Attenuation of both primary and air-scattered neutrons by

intervening air.

c. Energy loss by neutrons in elastic and inelastic scatter-

ing from nitrogen and oxygen.

d. Angular distribution effects in elastic scattering from

nitrogen and oxygen.

e. Finite thickness of the uranium deposit in the fission

chamber.

f. Variations in the isotopic content of the fission deposit

and energy dependence of the fission cross section.

The quantity F2 is defined as:

F, = relative number of fissions produced in the fission
detector by air-scattered and primary neutrons.
Monte-Carlo methods similar to those used for calculation of F1 in
Section IV have been applied in calculation of E,. The paramcters
Ths a5 ZA and Tp were selected at random and computation was limited
to the region of space defined by RA,MAX and ZA,MAX as described in
Section IV. Thus

m/ Murst
o Murst|
. _
Fp v 2m Ra max?a,max ¢ N, . (28)
IST
_( L a'j> Myrst |

j=1
where for each j,
T

R = fg, coseg, (“agz) exp (-doZr arg,0) X (29)

-15-



T,U,0
and
B = £ cos o AF ) exp (-diZy a7p X
S1 I 312352 1*T,AIR,1
: § L ] exp (-d,z )
1., \sa ARk e hir org,2)X
_fi§425. 1 - exp(-tZ /cose.) (30)
T,U,2k I
T U,2k)
with

fyo = neutron source strength as a function of angle

Ogy = neutron emission angle.

(E—-AIR 1%) = normalized macroscopic differential cross
section for the k-th scattering process for
air.

T = uranium deposit thickness.

The subscript "T' designates a total cross section. The subscript
"F'' designates a fission cross section. The subscripts 0", "1"
and "2" designate the neutron paths with respective lengths do, d1
and d2 as shown in Fig. 3. The subscript 'U" designates a process
involving the uranium deposit. Finally the subscript 'k designates
a particular neutron scattering process in air (k = 1: nitrogen
€lastic scattering, k = 2: nitrogen inelastic scattering, and k = 3:
oxygen elastic scattering). All cross sections designated by a ':&"
are macroscopic.

A digital computer was utilized for calculations of Fo A
listing of the FORTRAN IV code AIRSC2 employed in the calculations

-16~



appears in Appendix II. Changes in neutron energy following a
scattering process (e.g. Ref. 6) can be calculated with AIRSC2.
Thus it was possible to determine a distribution of fission events
vs. incident neutron energy. This distribution function is quite
useful since it enables one to deduce an average energy for scat-
tered neutrons incident on the uranium deposit.

Calculations were made for U-235 enriched deposits and also
for deposits which were enriched in U-238. See Table VI for the
deposit compositions used in most of the calculations. The deposits
were assumed to be uniformly thick. Fission cross sections required
for this work were obtained from the ENDF/B-III set [7], from com-
pilations by W. G. Davey [8,9] and from measurements by Meadows [10]
(see Table VII for values of these cross sections).

The first set of calculations was carried out with the intent of
comparing predictions from the detailed single-scattering formulation
with those from Sections III and IV for several neutron energies and
a fixed geometry. The parameters used for these calculations are
indicated in Table VIII. Unless otherwise stated, the parameters for
all other sets of calculations discussed in this section are those
from Table VIII. Integrations were carried out over a finite air
volume (RA,MAX = ZA,MAX = 30 cm). Resultant F2 values were corrected
for excluded space by means of data from Fig. 5. Fig. 10 is a plot of
F, and F, for both a U-235 enriched and a U-238 enriched deposit (see
Table VI) vs. source neutron energy. The agreement of F, and F,
[computed from Eqs. (10) and (11)] is reasonably good at most ener-
gies for the U-235 monitor. The agreement is poor over the energy
range 0.85 - 2 MeV for the U-238 monitor. The explanation for this
result is that the U-238 fission cross section increases sharply at
En % 1 MeV and those neutrons which are scattered by air generally
lose sufficient energy so that they contribute far fewer fissions per
neutron than the primary neutrons. At higher energies, the neutron
energies after scattering remain above this threshold region. Figs.
11 and 12 are plots of the number of fissions vs. the energy of in-
cidence of scattered neutrons at a U-235 enriched and U-238 enriched

-17-



deposit respectively. The effect of air scattering on the neutron
energy spectra is evident. Spectral plots for 5 MeV primary energy
show the effect of inelastic scattering from nitrogen. The in-
elastically scattered neutrons have very little effect on a U-238
deposit below ~ 5 MeV because the U-238 fission cross section is
small for the low-energy inelastically scattered neutrons.

Next, the influence of uranium deposit thickness on the calcu-
lation of F, was investigated. Calculations were made only for U-235
enriched deposits. Deposits with thicknesses ranging from 0.001 to
1000 times that for the deposit described in Table VI were considered.
Otherwise, the parameters employed were those indicated in Table VIII.
A primary energy of 1 MeV was assumed for this set of calculation.

The results appear in Table IX. Clearly, F, is insensitive to the
deposit thickness for all realistic deposits.

The detailed formulation is capable of taking the neutron source
distribution into consideration, so this aspect was investigated next.
In order to make a systematic investigation, hypothetical neutron
source distributions of the form

S(@LAB) =1+ w Py (cos o ,p) (31)

were assumed and Wy was varied from wp = -1 (strong backward peaking)
through Wy = O (isotropic) to wy = 1 (strong forward peaking). The
calculations were made assuming a monoenergetic neutron source of 1
MeV. Otherwise, the parameters of the calculation were as indicated
in Table VIII. Resulting values of F, are plotted in Fig. 13. The
conclusion from this analysis is that the ratio of fissions from air-
scattered neutrons and primary neutrons is only moderately sensitive
to the neutron source distribution provided that the distribution is
more or less forward peaked (O < Wy $1). However, the relative
contribution from air-scattered neutrons increases sharply if the
source distribution is more or less backward peaked (-1 5 Wy < 0).

In the latter case, the approximate treatments of Sections III and
IV do not give reasonable values for the air scattering correction.

In practice, most neutron source reactions tend to emit neutrons pre-

-18-



dominantly at forward laboratory angles.

The preceding calculations assumed monoenergetic neutrons
from the source. In practice, neutron energy varies with emission
angle because of the kinematics of source reactions involving
finite nuclei. In order to investigate the effect of neutron
source kinematic broadening, calculations were performed assuming
hypothetical two-body neutron producing reactions with Q = O
initiated by a projectile with mass equal to a neutron (A1 = 1.009
amu) . Target nuclei with masses (in amu) A2 = 2,5,10,20,50, 100
and infinity were considered. The neutron source distributions
were assumed to be isotropic. Other parameters of the calculation
were as indicated in Table VIII. Calculations were made with pri-
mary projectile energies E; = 1MeV and 3 MeV for both U-235 and
U-238 enriched deposits. The results of these calculations appear
in Table X. The conclusion to be drawn from these results is that
F2 is only moderately sensitive to target mass A2 for a U-235 en-
riched deposit. The sensitivity is somewhat greater for a U-238
enriched monitor, presumably because of the more pronounced energy
dependency of the fission cross section for U-238.

The influence of the nitrogen and oxygen elastic scattering
angular distributions cannot be very large because the agreement
of Fy from Section III and F, calculated for similar geometry and
neutron source characteristics is fairly good except for a U-238
enriched deposit when En = 0.85 - Z MeV. In order to check this
point further, calculations were made for several primary energies
with the nitrogen scattering assumed to be isotropic and then with
the oxygen scattering assumed isotropic. All other parameters were
as indicated in Table VIII. The results of this analysis appear in
Table XI. As expected, the substitution of isotropy for either
nitrogen or oxygen elastic scattering has a relatively moderate ef-
fect on F,.

A final application of the detailed single scattering formula-
tion was to calculate F2 for a realistic neutron source reaction.
Angular distributions for the 7Li(p,n)7Be reaction, which produces
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two distinct groups having Q-values of -1.644 and -2.079 MeV
respectively, have been measured for several proton energies by

S. A. Elbakr et al. [11]). Coefficients for these distributions,
expressed in the laboratory system, are given in Table XII for
reference. The results of calculations for a U-235 deposit appear
in Fig. 14. Except for the neutron source specifications, the
parameters indicated in Table VIII were used in these calculations.
Fig. 15 shows the results from a similar set of calculations for a
U-238 enriched deposit. Generally, the values of F, are smaller
for the 7
energetic source. An exception is the set of Fz values for a U-235
deposit and the Q = 2.079 MeV group from the 7Li(p,n)7Be reaction.

Li(p,n)7Be neutron groups than for an isotropic, mono-

VI. (ONCLUSIONS

The number of air scattered neutrons incident upon a fission
chamber is small relative to the direct flux for most experimental
configurations. The relative importance of air-scattered neutrons
is dominated by the distance d from the source to the fission
deposit and by the mean free path Ap for elastic scattering. These
two parameters enter as the ratio (d/AE). The effect of air scatter-
ing generally decreases with increased neutron energy; however, there
is a sharp increase in the vicinity of the 0.44 MeV oxygen resonance.
Since most of the air scattering occurs near to the source, it is not
possible to discriminate against the air-scattered neutrons by means
of time of flight. Kinematic broadening of source neutron energies
and the shapes of nitrogen and oxygen elastic scattering angular
distributions have only a moderate effect on air scattering. The
relative importance of air scattering is very sensitive to the angular
distribution of the source neutrons and is observed to increase
sharply if the source peaks toward back angles. The effect of air
scattering on a U-238 enriched deposit is smaller than that for a
U-235 deposit for neutrons in the vicinity of 0.82 - 2 MeV where the

U-238 fission cross section increases rapidly with energy. The ex-
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planation for this effect is that air scattering degrades the
neutron energies into a region where the U-238 fission cross sec-
tion is small. This phenomenon could introduce a noticeable error
in measurement of the ratio of the U-238 to U-235 fission cross
sections. For example, consider a hypothetical measurement made
with a double fission chamber containing two uranium deposits

(one enriched in U-235 and the second enriched in U-238) on adja-
cent backing plates 10 am from an isotropic fast-neutron source.
From Fig. 10 we can deduce that the air-scattering correction is

v 0.3% for U-235 and ~ 0.06% for U-238 at E =1.5MeV. Conse-
quently, there is a net correction of ~ 0.24% in the cross section
ratio. This is not a negligible correction since experimenters
are currently striving for accuracies of ~ 1% in fission cross
section ratio measurements.
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TABLE I

Selected Cross Section Values for N-14a

Total Cross Sections

n c’T,N En GT,N En c'I',N
(MeV) (barns) (MeV) (barns) (MeV) " (barms)
0.0° 10.5 1.096 2.48 2.438 1.51
0.01 7.8 1.152 1.73 2.833 1.48
0.403 3.29 1.211 1.61 2.978 1.66
0.424 5.01 1.273 1.86 3.131 1.67
0.455 3.35 1.338 2.83 3.292 1.73
0.468 2.59 1.479 2.07 3.638 1.75
0.601 1.8 1.555 2.37 3.824 1.69
0.632 1.91 1.635 2.4 4.226 1.71
0.665 2.38 1.718 2.05 4.443 1.78
0.7 2.29 1.806 2.46 4.671 1.86
0.734 2.06 1.899 1.85 4.91 1.37
0.943 1.26 2.099 1.58 5.162 1.63
0.991 1.55 2.206 1.66
1.042 2.21 2.32 1.56
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TABLE I(Contd.)

Elastic Scatteringfpross Sections

En oE,N En 0E,N En cE,N

(MeV) (barns) (MeV) (barns) (MeV) (barns)
0.0° 10.5 1.152 1.72 3.131 1.36
0.01 7.8 1.211 1.596 3.292 1.36
0.403 3.29 1.273 1.84 3.46 1.34
0.424 5.01 1.338 2.73 3.638 1.37
0.455 3.35 1.479 1.95 3.824 1.33
0.468 2.59 1.555 2.32 4.02 1.24
0.601 1.8 1.635 2.35 4.226 1.23
0.632 1.76 1.718 2.0 4.643 1.35
0.665 2.21 1.806 2.3 4.671 1.46
0.699 2.23 1.899 1.77 4.91 1.05
0.734 2.03 2.695 1.25 5.16 1.32
0.943 1.25 2.833 1.24

1.096 2.48 2.978 1.39

Inelastic Scattering Cross Sections (Q=-3.945 MeV)

En 0'I,N En cI,N En OI,N
(MeV) (barms) (MeV) (barns) (MeV) (barns)
0.0 0.0 4.226 6.763 x 107> 5.0 1.0 x 10”
3.945 0.0 4.443 7.73 x 1073
4.02 1.751 x 1073 4.671 8.583 x 107>
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TABLE I(Contd.)

a. Values taken from Ref., 3.
b. A "zero-energy' cross section value is included in the tables to provide a

lower limit for interpolation.
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TABLE II

Selected Cross Section Values for 0-162

Total Cross Sections

E °1,0 Ea 7,0 Ea °r,0
(MeV) (barns) (MeV) (barns) (MeV) (barms)
0.0° 3.7 1.152 3.03 2.563 1.23
0.284 3.71 1.211 3.01 2.695 1.22
0.383 4.26 1.273 4.55 2.833 1.28
0.403 6.04 1.338 3.8 3.131 1.8
0.424 11.2 1.479 2.28 3.292 2.86
0.445 14.5 1.555 2.28 3.46 3.02
0.468 9.5 1.635 3.47 4.02 1.7
0.492 5.71 1.718 3.02 4.226 1.82
0.518 4.28 1.899 2.72 4.443 1.88
0.544 3.64 2.099 1.4 4.671 1.11
0.853 3.03 2.32 0.779 4.91 1.13
0.991 7.47 2.438 0.919 5.162 1.6
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Elastic Scattering Cross Sections

TABLE II (Contd.)

En °E, 0 En °E,0 En %E,0
(MeV) (barns) (MeV) (barns) (MeV) (barns)
0.0b 3.7 1.211 3.01 2,695 1.22
0.383 4,26 1.273 4.55 2.833 1.28
0.403 6.04 1.338 3.8 3.131 1.8
0.424 11.2 1.479 2,28 3.292 2.86
0.445 14.5 1.555 2.28 3.46 3.02
0.468 9.5 1.635 3.47 3.638 2.98
0.492 5.71 1.718 3.02 3.82 2.89
0.518 4.28 1.899 2,72 4.02 1.63
0.544 3.64 2.099 1.4 4.443 1.84
0.853 3.03 2.32 0.779 4.671 1.06
0.991 7.47 2.438 0.919 4,91 1.03
1.152 3.03 2.563 1.23 5.162 1.54

a. Values taken from Ref. 3.

b. A "zero-energy" cross section value is included in the table to provide a

lower limit for interpolation.
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TABLE 1II

Legendre Coefficients for Nitrogen Laboratory

Elastic-Scattering Angular Distributions®

w

1
w W w
En 1 (igv) 1 En 1
(MeV) ' (MeV)
0.0b 0.14 1.4 0.58 3.0 0.2
1.0 0.305 1.48 0.48 3.4 0.2
1.02 0.19 1.62 0.75 4.25 0.8
1.15 0.66 1.8 0.25 4,95 0.5
1.3 0.3 2.25 0.74 5.4 0.51
%2
En wz En w2 E'n W2
(MeVv) (MeV) (MeV)
b
0.0 0.0 1.45 0.14 3.12 1.56
1.0 0.0 1.8 0.69 3.45 1.78
1.15 0.45 2.1 0.24 3.92 1.91
1.25 0.21 2.45 0.65 4.25 1.83
1.35 0.375 2.8 1.24 5.15 0.96
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TABLE III (Contd.)

3
B W3 Ea W3 En w 3
(MeV) (MeV) (MeV)
0.0° 0.0 1.65 0.2 2.7 2.7
1.0 0.0 1.7 0.11 3.3 Q.35
1.2 0.21 2.1 0.12 4.25 0.57
1.35 0.13 2.35 0.35 5.15 0.65

w
_4

En w4 En W4 En W4
(MeV) (MeV) (MeV)
0.0° 0.0 3.46 0.641 4.671 0.743
2.9 0.0 3.824 0.549 4.91 0.854
2.978 0.074 4.02 0.458 5.162 0.731
3,131 0.32 4.23 0.453
3.292 0.499 4.443 0.546
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TABLE III (Contd.)

Ys
w
B Vs En 5 En ¥s
(MeV) (MeV) (MeV)
0.0 0.0 4,443 0.136 4.91 0.498
4.4 0.0 4.671 0.303 5.162 0.534
a. Legendre coefficients are derived from data in Ref. 3. Angular distribu-
tions may be calculated from Eq. (3), however the coefficients listed
above or interpolated values may not yield proper normalization. The
computed distributions should be renormalized prior to use in scattering
calculations.
b. A "zero-energy" coefficient value is included in the table to provide a

lower limit for interpolation.
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TABLE IV

Legendre Coefficients for Oxygen Laboratory
Elastic-Scattering Angular Distributions?

M
En Wi En Wi En “&
(MeV) (MeV) (MeV)
0.0° 0.12 1.33 1.02 3.64 1.16
0.15 0.06 1.5 0.24 3.83 1.0
0.36 -0.59 1.7 0.0 4.05 1.01
0.46 1.32 2.05 0.42 4.25 0.77
0.8 0.3 2.5 0.08 4.45 1.39
1.0 0.22 2.95 0.34 4.85 0.4
1.05 ~0.06 3.13 0.73 5.17 0.38
1.2 -0.18 3.3 0.56

W2
En w2 En WZ En W2
(MeV) (MeV) (MeV)
0.0° 0.0 1.02 1.65 3.3 1.58
0.1 0.0 1.5 0.24 4.05 0.82
0.35 ~0.26 1.65 0.48 4.45 1.46
0.43 0.81 1.7 0.18 4.67 0.3
0.58 0.08 2.1 0.64 5.15 0.98
0.82 ~0.16 2.45 ~0.02
0.9 ~0.06 3.0 0.26
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TABLE IV (Contd.)

)
E_ LA E W, E A
(MeV) (MeV) (MeV)
0.0° 0.02 1.55 0.3 3.62 0.94
0.25 -0.095 1.64 0.62 3.85 0.94
0.4 0.24 1.75 0.3 4.15 0.6
0.65 -0.02 2.0 0.075 4.45 1.46
0.85 -0.04 2.7 0.02 4.7 0.82
0.98 0.38 3.0 0.18 5.15 1.22
1.15 -0.1 3.2 0.86
1.4 0.48 3.45 0.6

Wy

En wb En w4 En W,
(MeV) (MeV) (MeV)
0.0 0.0 1.1 -0.02 3.3 0.01
0.2 0.18 1.25 0.26 3.62 0.33
0.32 -0.08 1.4 0.12 4.1 0.04
0.43 0.14 1.52 0.8 4.5 0.56
0.52 -0.07 1.73 0.32 4.7 0.46
0.6 0.064 2.4 0.0 5.15 0.76
0.8 -0.04 2.55 0.065
0.93 0.16 2.83 -0.04
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TABLE IV (Contd.)

Y5
En w5 En w5 En w5
(MeV) (Mev) (Mev)
0.0° 0.0 1.05 0.02 3.62 0.18
0.15 ~0.04 1.4 -0.05 3.95 -0.06
0.35 0.24 1.63 0.8 4.22 0.04
0.5 -0.02 1.95 0.02 4.7 -0.1
0.8 0.06 2.55 0.04 5.7 0.32
0.95 0.52 3.1 -0.1

a. Legendre coefficients are derived from data in Ref. 3. Angular distri-
butions may be calculated from Eq. (3), however the coefficients listed
above or interpolated values may not yield proper normalization. The
computed distributions should be renormalized prior to use in scattering
calculations.

b. A "zero-energy" coefficient value is included in the table to provide a

lower limit for interpolation.
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Mean Free-Path for Neutron

Elastic Scattering in Air?

TABLE V

E, *E En e En ‘e
(MeV) (cm) (MeV) (cm) (MeV) (cm)
0.05 2973 0.55 8097 2.0 11030
0.1 3185 0.6 9052 2.25 13780
0.15 3429 0.7 7984 2.5 14920
0.2 3714 0.8 9490 2.75 15740
0.25 4050 0.85 10330 3.0 13760
0.3 4454 0.9 9495 3.25 12140
0.35 4947 1.0 6854 3.5 11570
0.375 5236 1.1 6876 3.75 11700
0.4 5111 1.2 10260 4.0 14470
0.425 3115 1.3 7445 4.5 13680
0.45 3461 1.4 7712 5.0 16890
0.475 5200 1.5 9338
0.5 6536 1.75 8568

(W)

Values of A

E

computed from Eq. (11).
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U-234

U-235

U-236

U-238

U-235

U-238

TABLE VI

Uranium Deposit Compositions Assumed for the

content

content

content

content

content

content

U-234

Calculations in Section V

U-235 Enriched Deposit

= 0.856% )
= 93.249%

= 0.332% ?
= 5.526% /

U-238 Enriched Deposit

0.415%

= 99.585%

Total mass

878 micrograms

Total mass

2398 micrograms

and U-236 contents are negligible
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TABLE VII

Fission Cross Sections Used in the Present Work

U’_:wa_) Cross Sections

E, F,234 En F,234 En 9,234
(MeV) (barns) (MeV) (barns) (MeV) (barns)
0.0 0.0® 1.0 1.092° 6.0 1.422°
0.01 0.01% 1.8 1.48% 7.0 1.773%
0.1 0.0242 2.0 1.508% 8.0 1.9722
0.25 0.06% 2.4 1.6442 9.0 2.012°
0.4 0.2622 3.5 1.383% 10.2 1.810%
0.6 0.6832 4.5 1.275% 12.5 1.813%
0.7 1.085% 5.0 1.261% 15.0 1.996%
0.8 1.26% 5.5 1.308%
U-235(n,f) Cross Séctions

B F,235 E oF,235 En 9,235
(MeV) (barns) (MeV) (barns) (MeV) (barms)
0.0 580.0° 0.8 1.133% 6.1 1.0982
1.0x1078 65.0° 0.85 1.15° 6.3 1.1642
0.001 8.05° 0.95 1.218° 6.8 1.413°
0.003 4.99° 1.0 1.235% 7.2 1.5522
0.01 3.21° 1.5 1.2472 7.6 1.6342
0.0175 2.7° 2.0 1.315% 8.5 1.7512
0.03 2.27° 2.3 1.3092 9.5 1.7532
0.055 1.91° 2.6 1.281% 10.5 1.72
0.1 1.635 3.2 1.177% 11.5 1.72
0.16 1.478 3.6 1.1462 12.5 1.822
0.24 1.32% 4.2 1.089% 13.0 2.0%
0.35 1.225 4.8 1.0562 14.0 2.13%
0.4 1.218 5.4 1.046% 15.0 2.16%
0.54 1.16% 5.8 1.068%
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TABLE VII (Contd.)

y-236(n,f) Cross Sections

Eq F,236 Ey %F,236 En %F,23
(MeV) (barns) (MeV) (barns) (MeV) (barn.
0.0 0.02 2.0 0.8282 7.0 1.43.
0.7 0.0272 2.4 0..882°% 7.85 1.73
0.9 0.2922 2.8 | 0.8722 9.0 1.84°
1.2 0.612 5.0 0.868% 11.5 1.72:
1.4 0.692 5.5 0.8222 13.5 1.65°
1.6 0.6882 6.0 0.903% 15.0 1.62:
U-238(n,f) Cross Sections

En 9F,238 E 9F,238 B °F,23¢
(MeV) (barns) (MeV) (bars) (MeV) (barns
0.0 0.0% 1.514 0.3458° 4.47 0.533¢
0.5 2.34x107%2 1.617 0.4169°¢ 5.08 0.5324
0.61 1.24x10738 1.72 0.4472°¢ 5.33 0.540%
0.75 1.98x10732 1.821 0.5122°¢ 6.0 0.618°
0.85 5.87x10732 1.914 0.5397° 7.0 0.936°
0.898 0.0123¢ 2.0 0.5371°€ 7.5 0.978"
1.005 0.0163€ 2.51 0.5573°€ 8.5 1.02
1.108 0.0273°¢ 3.08 0.525¢ 10.0 0.974%
1.205 0.0374° 3.28 0.5242°¢ 12.0 0.995%
1.306 0.0651°¢ 3.58 o 0.5352° 13.5 1.098%
1.401 0.1939° 4.08 0.5336° 15.0 1.25°%

4. Values obtained from ENDF/B-III evaluation [7].

Values obtained from Davey compilation [20,21].

€. Values calculated using ENDF/B-III values of Op 235 [6] and Meadows U-238 to

U-235 figsion cross section ratios 111}.
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TABLE VIII

Normal Parameter Set for Air Scattering Calculations
with the Detailed Single Scattering
Formulation Described in Section V

Total, elastic and inclastic scattering cross sections for nitrogen
(Table I).

Elastic scattering angular distribution coefficients for nitrogen
(Table III).

Total and elastic scattering cross sections for oxygen (Table II).
Elastic scattering angular distribution coefficients for oxygen
(Table 1V).

Fission cross sections for U-234, U-235, U-236 and U-238. (Table VII).
Uranium deposit masses and compositions. (Table VI).

Isotropic, monoenergetic neutron point source.

Geometric parameters (see Fig. 3):

d= Scm
RpIsk = 1.27 em
R
AMAX = Z, = 30 an
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TABLE IX

Variation of FZ with Thickness
of a U-235 Enriched Deposit?

Thickness Deposit

Multiple Weight (gm) FZ/FZ (Standard)

0.001 8.784 x 1077 0.965

0.01 8.784 x 1070 1.079

0.1 8.784 x 107> 0.995 4

0.5 4.392 x 107% 1.057

b -4 Standard

1 8.784 x 10 1 Deposit Realistic deposit

-3 thickness range

2 1.757 x 10 1.027

5 4.392 x 1073 1.014
10 8.784 x 107> 0.973

v

100 8.784 x 1072 1.083
1000 8.784 x 107! 0.987

a. Values of F, were calculated via the techniques of Section V and using the
parameters indicated in Table VIII except for the deposit thickness which
was variable.

b. The standard deposit is the 878.4 microgram U-235 enriched deposit described
in Table VI.
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TABLE X

The Effect of Neutron Source Kinematic Broadening on an

U-235 Enriched Deposit

Az(amu) El = 1 MeV FZ El = 3 MeV
2 .1980 x 1072 .1003 x 1072
1298 x 1072 .8325 x 1073
10 .1348 x 1072 .7209 x 1073
20 .1267 x 1072 .7046 x 1073
50 .1406 x 1072 .9163 x 107>
100 1714 x 1072 .7979 x 1073
Infinite .1644 x 1072 .9055 x 1072
U-238 Enriched Deposit FZ
A2 El = 1 MeV El = 3 MeV
2 .5975 x 1073 .5553 x 1073
.6581 x 1073 .7066 x 107>
10 .6199 x 1073 .8517 x 1073
20 .8130 x 1073 .8260 x 1072
50 .7485 x 1073 .8378 x 107>
100 ' .8714 x 1073 .8121 x 1073
Infinite .9975 x 1073 .8649 x 1072

a. Values of F2 were calculated via the techniques of Section V. Hypothetical
two-body neutron producing reactions with Q = O which are initiated by a
projectile with mass equal to a neutron (A1 = 1.009 amu) were assumed.
Various target nuclei with masses (in amu) A2 =2, 5, 10, 20, 50, 100 and
infinity were considered. The neutron emission was taken to be isotropic
and other parameters required for the calculations described in Section V

were taken from Table VIII.
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TABLE XI
Sensitivity of F2 to the Assumed Elastic

Scattering Angular Distributions for
Nitrogen and Oxygenu

U-235 Enriched Deposit

Normal Oxygen Distribution

F
2
El(MeV) Normal Nitrogen Distr. Isotropic Nitrogen Distr.
1.0 1644 x 1072 .1664 x 1072
1.8 .1390 x 1072 .1500 x 1072
2.5 .6691 X 1073 .7951 x 1073
3.0 .9055 x 1073 .9284 x 1073
-2 -2
3.5 .1323 x 10 .1072 x 10
5.0 .8964 x 1073 .8587 x 1073
Normal Nitrogen Distribution
F
El(MeV) Normal Nitrogen Distr. Isotropic Oxygen Distr.
0.45 .2880 x 1072 .3933 x 1072
1.0 1644 x 1072 .1607 x 1072
1.8 .1390 x 1072 .1510 x 1072
3.5 .1323 x 1072 .1208 x 1072
4.5 .9422 x 1073 .1463 x 1072
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TABLE XI (Contd.)

U-238 Enriched Deposit

Normal Oxygen Distribution

El(MeV) Normal Nitrogen Distr. FZ Isotropic Nitrogen Distr.
1.0 .9975 x 1072 .1008 x 1072

1.8 .9673 x 1073 . .8453 x 1073

2.5 .6568 x 1072 .6878 x 1073

3.0 .8649 x 1073 .1129 x 1072

3.5 .1312 x 1072 .1016 x 1072

5.0 .7637 x 1073 .7266 x 1073
Normal Nitrogen Distribution F
E, (MeV) Normal Nitrogen Distr. ‘ Isotropic Nitrogen Distr.
0.45 2814 x 1072 .3364 x 1072

1.0 9975 x 1072 .8696 x 1073

1.8 .9673 x 1073 .9059 x 1073

3.5 .1312 x 1072 .1272 x 1072

4.5 .8446 x 1073 .8709 x 107>

4. Values of F2 were calculated via the techniques of Section V. The para-
meters indicated in Table. VIII were employed except for the substitution
of isotropic elastic scattering angular distributions for nitrogen and

oxygen where indicated.

-42-



TABLE XII

Coefficients for the Neutron Source Distributions

Corresponding to the 7Li(p,n)7Be Reaction®

First-Group Neutrons (Q = -1.644 MeV)

Proton

Energy (MeV) 1 2 3
2.8 1.19 0.5687 0.1619
3.0 1.113 0.4518 0.1075
3.2 1.054 0.4437 0.1121
3.4 0.9617 0.4044 0.1044
3.6 0.8843 0.3655 0.4093 -0.1598 x 10~
3.8 0.7795  0.3440 0.7762 x 1072 -0.3394 x 10~
4.0 0.6877  0.3714 0.1662 x 1072 -0.4365 x 10~
4.2 0.6097  0.4622 -0.6456 x 1071 -0.9487 x 10~
bob 0.5802 0.5519 -0.3219 x 10°% -0.8957 x 10~
4.6 0.5612 0.6674 0.4624 x 1071 -0.6359 x 10~
4.8 0.5207 0.6743 0.1318 -0.1948 x 10~
5.0 0.4674 0.7297 0.3098 0.6363 x 10~
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TABLE XII (Contd.)

second Group Neutrons (Q = -2.079 MeV)

Energy (MeV) " "2 " "
3.2 0.38 -0.1695 -0.1773 -0.7445 x 10T
3.4 0.2859  -0.1582 -0.1427 -0.5812 x 107t
3.6 0.1832  -0.443 x 107  -0.4813 x 107> -0.495 x 107
3.8 0.114 0.517 x 1071 0.7592 x 1072 0.1545 x 107>
4.0 -0.3831 0.2217 0.6469 x 107> 0.755 x 1073
4.2 -0.4815 x 1073 0.223 -0.2205 x 1072 -0.5722 x 107t
4.4 -0.3763 x 107F  0.2364 0.6162 x 1072 -0.6 x 107}
4.6 -0.9986 x 1071 0.2952 0.2167 x 101 -0.5371 x 107!
4.8 -0.7796 x 107> 0.3609 -0.6173 x 1071 -0.1084
5.0 -0.7609 x 1071 0.4322 -0.8369 x 107 -0.1287

Laboratory angular distributions for the 7Li(p ,n) 7Be reaction were obtained

by transformation of the center—of-momentum distributions given by Elbakr

et al. [11]. These distributions were fitted with the Legendre expansion

n

S(OLAB) = 1 +ki1wk Pk (cos GLAB)'

A fourth-order expansion(n=4)was found to be adequate for this purpose.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

FIGURE CAPTIONS
Laboratory neutron elastic-scattering angular distributions for
nitrogen computed from the Legendre coefficients given in Table
I1I1. The curves were all plotted using the same ordinate scale.
The neutron energies shown are in MeV. The negative cross sec-
tions appearing at 2.5 MeV are nonphysical and such values were
excluded from the scattering calculations. (ANL Neg. No.
116-1904).
Laboratory neutron elastic-scattering angular distributions for
oxygen computed from the Legendre coefficients given in Table IV.
The curves were all plotted using the same ordinate normalization.
The neutron energies shown are in MeV, Notice the strong forward
scattering near the 0.44 MeV resonance. (ANL Neg. No. 116-1912).
Schematic diagram of a thin uranium deposit in a fission chamber
which is placed near a point source of neutrons. (ANL Neg. No.
116-1909).
The solid curve is a plot of FO computed from Eq. (10) using
values of AE from Table V for d = 5 e¢m. The individual points are
values of Fl for d = 5 cm and RDISK = 1.27 cm computed via the
Monte-Carlo techniques described in Section IV. (ANL Neg. No.
116~-1906).

Plot of the ratio F1/FO computed from Eqs. (10) and (19) for

several values of RA,MAX (= ZA,MAX) with En =1 MeV, d =5 cm and
RDISK = 1,27 cm. (ANL Neg. No. 116-1905).

Plot of the ratio Fl/FO computed from Eqs. (10) and (19) for several

values of d with En = 1 MeV, RDISK = 1.27 cm and R Z

A, MAX ~ “A,MAx

10 d. (ANL Neg. No. 116-1913).
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Fig. 7.

Fig. 8.

Fig. 9.

Fig.10.

Fig.11.

Fig.12.

energies with RDISK =1.27 cmy d = 5 cm and R

Plot of the average angle of incidence 51 for several values of d

with En = 1 MeV, RDISK = 1,27 cm and R > 10 d. Com-

A,MAX " Za,MAX
putations were performed according to procedures described in
Section IV. (ANL Neg. No. 116-1908).

Plots of the neutron angle-of-incidence distributions for several
values of d with En = 1 MeV, RDISK = 1,27 cm and RA,MAX = ZA,MAX

> 10 d. Computations were performed according to procedures
described in Section 1V. The distribution function becomes nearly
linear when d/RDISK becomes large and the effects of finite uranium
deposit size are negligible. (ANL Neg. No. 116-1911).

Plots of the neutron arrival-time distributions for several neutron

A MAX T Za,max > 10 ¢-

Computations were performed according to procedures described in
Section IV. (ANL Neg. No. 116-1910).

Plot of FO and of F, for a U-235 enriched deposit and for a U-238

2
enriched deposit. Calculations were performed according to the
methods of Sections III and V using the parameters indicated in
Table VIII. (ANL Neg. No. 116-1907).

Plots of the relative number of fissions vs. the energy of neutrons
incident upon a U-235 enriched deposit. Notice the appearance of an
inelastic contribution in the plot for 5 MeV primary energy. Cal-
culations were performed with the methods of Section V and the
parameters indicated in Table VIII. (ANL Neg. No. 116-1915).

Plots of the relative number of fissions vs. the energy of neutrons
incident upon a U-238 enriched deposit. Notice the appearance of

an inelastic contribution in the plot for 5 MeV primary energy.
Calculations were performed with the methods of Section V and the

parameters indicated in Table VIII. (ANL Neg. No. 116-1914).
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Fig.13.

Fig.14.

Fig.15.

Dependence of F2 on the shape of the neutron source distribution.
The insert figures show the neutron source distribution shapes
S(OLAB) =1+ Wy Pl(cos OLAB) for wy = -1,0 and 1. Calculations
were made for a primary energy of 1 MeV and additional parameters
of the calculations were as indicated in Table VIII. The calcu-
lational procedure is described in Section V. Notice that FZ is
very sensitive to the value of Wy for -1 = Wy < 0 (back angle
peaking). (ANL Neg. No. 116-1903).

Plot of F, and of Fz for a U-235 enriched deposit. Calculations
were made assuming an isotropic, monoenergetic neutron source as
well as the Q = -1.644 MeV and Q = -2.079 MeV groups from the
7Li(p,n)7Be reaction. Other parameters required for these calcu-
lations were obtained from Table VIII and the methods of Sections
ITT and IV were used in the analysis. (ANL Neg. No. 116-1916).
Plot of Fq and of F2 for a U-238 enriched deposit. Calculations
were made assuming an isotropic, monoenergetic neutron source as
well as the Q = -1.644 MeV and Q = -2.079 MeV groups from the
7Li(p,n) 7Be reaction. Other parameters required for these calcu-

lations were obtained from Table VIII and the methods of Sections

IIT and IV were used in the analysis. (ANL Neg. No. 116-1917).
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APPENDIX I

Listing of FORTRAN IV Code AIRSC1

This program was used in conjunction with an SEL 840 MP com-
puter equipped with an extended arithmetic wnit to perform the
calculations discussed in Section IV. The interpolation tables
included in the input provide basic physical data, such as cross
sections, which are required for the calculations. Unit 1 refers
to a teletype I1/0 device, Unit 4 is a card reader while Unit 5 is
a line printer.
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a0 (@] aa

aaon

aOao

aaa

aooaoo

aco

AIRSCy

DIMENSIGN ENE<50).SIGNE(SO)-EuE(SO).SIGaE(So).TH((S&).YSA(36>.RA
1(36).T(ZO).YST(ZI)oRT!ME(Zl)

DATA ATMDN'ATMDG.AVGG.PII.PIZ/-4034E*20oo10665020n-15-23:3-14159:
1.233313/

VALUE(ioVHIN.VMAX)IVMIN*Z'(VHAX'VMIN)
CONTRoL

READ(4,2) IC
F@RMAT(11)

GO 70(10u20030040)tlc
10 PAUSE

GO T2 1

N

READ INTERPBLATION TABLES

20 READ(4,31) NNE

READ(4,21) (ENEC1),SIGNE(]), 121, NNE)
2l FORMAT(8E10,4)

READ(4,31) NOE

READ(4,21) (EGEC(1),SIGRBE(1)y»]=1,N2E)

READ AND WRITE BAS]C PARAMETERS

30 READ(4,21) D,xDISK
READ(4,31) MRIST o NHISTINTIME,NANG

31 FORMAT(1615)
READ(4,21) ZAMAX,RAMAX,TRANG
WRITE(5,35) D,RDISK

35 FaRMAr(1H1.7HD.RD!SK/2£10.4>
WRITE(5,36) MHIST)NHIST)NTIME, NANG

36 FGRMAT(Z?HMHISToNHISTpNTIME.NANG/416)
WRITE(S5,37) ZAMAX,RAMAX, TRANG

37 FaRMAT(17HZAMAx.Rnnax.TRANG/3510.4>
WRITE(S5,38)

38 FARMAT(/5H 444, 0)

READ AND WRITE E

- 40 READ(4,21) E

WRITE(5,42) E
42 FORMAT(LHE/EZ10,.4)

CALCULATE MACRZSCAPIC ELASTIC SCATTERING CRZSS SECTIEN AND MEAN
FREE PATH Fax ELASTIC SCATTERING

CALL [NTRPL(~VtoENEnSIGNE.ErVSNE)
CALL INTRPL(NmE.EnE.SIGQE.EoVSBE)
SIGM¢=AVMJ¢(ATMUN“VSNE*ATMUG'VS@E)
FREE:l.OISIdwE

CALCuLATE INCIDENT ANGLES THI(D)

JQ 43 J=21,Nang
48 THI(I)=180.0¢FL@AT(I)/FLZAT(NANG)
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C CALCULATE T(1) AND TMIN
DO 50 1=1,NTIME
50 T(I)’TRANG.FLG‘T(I)IFLUAT(NYIME)
TMIN=TIME(E,D)
00'oo'CALCULATE YD IR

YDIR=),L
D2 1230 IDIR=s1,MHIST

SELECT RF AT KANDQM

OO0

ZasRANF(=l)
RF=VALUE(2,0,0,RDISK)

CALCULATE THS AND DO

aaoa

THSSATAN(RF/ D)
DO=D/CAS(THS)

100 YDIR=YDIR+(RF/D0O/DO)
CALCJLATE HISTURY AVERAGE
YDIR=YDIR/FLZAT(MHIST)

veer s «CALCULATE YSA(I) AND YST(I)

aOaa aaQa «

D2 195 [=1.,NANG
1J5 YSA(]l)=0,Q

NBINayTIME+L

D@ 110 I=1,N3IN
110 YST(l)=0.0

SUMNTHz0,0

SUMD=g.,0

DO 9u0 ISCAT=L,NH]ST

SELECT RF,RA,ZA AND PHA AT RAND2 M

aan

Z!RANF(CI)
RFsVALUE(Z2,0,0,RDISK)
Z3RANF (=1)
RASVALUE(Z,0.0,RAMAX)
Z=RAVF(=~1)
EASVALUE(Z,=2AMAX, ZAMAX)
2aRA.F(=1)

PHASvaLUE(Z, Je.0,P12)

@]

C CALCULATE XA,YA,D1 AND D2, SKIP TRIAL IF D1 @R D2 TOOQ SMALL

XASRAeCAS(PHA)
YASRA#S ] N(PHA)
D13S9RT(xAeXA+YARY A+ (ZA=D)#(ZA=D))
IF(D1e.1E<10) 900,900,120

120 DZBSQHT((XA'RF)'(XA-RF)*YA'YA+ZADZA)
IF‘DZ'.lE'lO) 90U)900'130

C CALCULATE THINC aAnND INDXA
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aoon

EeEoNeYe

aao

130 CALL aNGLE(O-nO.IO3'°.00..D0RF'00)00'x‘DYAD!‘DTHINC’

960

905

¥10

920

100

1509
2vl9

26u0

24u1

20ul
SGuo

2uu?

THINc:57.29b7795oTHlNC
INDXA:THINCOFLBAT(NANG)/180.001
INDXA=INDXA*1

CALCULATE 11,72 AND INDXT

T1aTle(E, D1)
T23T11E(E,D2)
INDXTI(T1072-TMIN)0FLUAT(NTIME)/TRANG
INDXTaINUXTe1

IFCILUXT  GT NG IN) INDXTaNBIN

YLD'PAORF/Dllul/UZ/DZ
SUMNT~=SUMNTH+YLD-THINC
SUMD:SUND*YLU
YSA(IJDXA)=YSA(INDXA)*YLD
YST(INDXT)=YST(IN0XT)*YLD
CANT InUE

MULTIPLY 3Y SIGME AND AIR PARAMETER SPACE VpLUME, CALCULATE

HISTERY AVERAGES

Do 905 IzliNAﬁG
YSA(I)=RAMAX'EAMAXOSIGMEOYSA(I)/FLGAT(NHIST)
L@ 910 [=1,NBIN
YST(I)=RAMAXngAMAXOSIGME¢YST(I)/FL@AT(NHIST)
THINCV:SUMNTH/SUMD

CALCULATE RANG(I)aRTIME(I)oTﬂTRAToFTl AND FT2

D2 920 l=2t,vav6
RANG(X)sYsA(l)/YDIR
TOTRAT=0,Q

D2 10u0 T=21,n5IN
RTIM:(I)=YST(I)/YUIR
T@TRAT=TZTRAT+RTIME(I)
FTZIQTIME(NBIN)/TdTRAT
FTiz1,0-FTr2

WRITZ RESULTS

WRITE(5,1500) YUIR
FBRMuT(ddYDIR/Elu.4)
WRITE(5,2000) TMI1,FREE
FWRMAT(QHTMIVJFR&E/2510-4)
WRITEe(5,2440)

FJPMAT(&ATHI(I))

WRITE(S,S8000) (THI(I).1=1,NANG)
HRITE(5-2401)

F@RMAT<7HRAMu(I))

NR[YE(S.&JOU) (RANG(I).I:l.NANG)
WRITE(5,2501)

FORMAT (4HT (1))

WRITE(S5,3000) (T(I),I:l.NTIME)
FQRMAT(4E1U.4)

WRITE(5,2gC2)

FBRMAY(BHRTIME(Z))

WRITE(5,3500) (RTIME(I).Izl.NHIN)
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uud
2u(4

2uy5

100
200

W N

J &

1V

11
12
13

HRITE(SlZUOS) YﬂTRAT.FTl.FTZ
FORMAT(14HT2TKAT,FTL,FT2/3E10.4)
WRITE(S5,2004) THIWNCV
FORMAT(OHTHIWCV/ELD,4)
WRIT=(5,2005)

FORMAT(/54~ewas=)

G To 1
END

FUNCTICH TIME(ZLN,R)

E3ElI./939,549
Va(o.2997925t+1l)oSQRT(1.0'(1.0/(501-0)/(E*i.o)))
TIMEaR vV

RETURN

END

SUBRJUTLNE ANbLE(KlHquHleHoXlT:YlT:ZlTosz-Y2Ht22H|X27pY2T022T0'
1H)
V1=S&RT<(le-xlT).(xiH-x1T’*(Y1H-Y17)0(Y1H-Y17>+(21H-21T)9(21H-21
i
V2=SQHT((X2H'X2T)0(X2H'X2T)0(Y2H-Y2T)0(Y2H‘Y2T)¢(Z?H‘EZT)O(!ZH'ZZ'
1))
DaTx(le'XlT)i(XZﬁ'XZT)*(YIH-YlT)O(YZH'YZT)+(21H'217)0(Z2H'22T)
CTHIDST/VLV/V?

THBARCCAS(CTH, <)

RETUt

END

FUNCTIPMN ARCCuS(X,K)

ARCC2S81 45707403

IF(Xax ,GT,1.0e"7Q) ARCCHSSATAN(SQRT(L./X/X=1,))
IFCX,.LT7,3,) ARCCYS=23,1415926=ARCC2S

Gt T3 (100,233)sn

ARCCAS3ARCCASe57.,2957795

RETURN

END

SUBRVWUTINE InTRPLINSXToYT,XsY)

DIMENSIZ Y XTC(H),YTIN)

[F(X=XT(1)) 1,3,4

WRITEC(L,2)

FERMAT(8HIANG ERR)

PAUSE

YsYT(1)

G® YTv 24

IF(X=X1(N)) 7,5,1

YaYT ()

GR Tw Z2¢

1=0

J=N

Kz0,56F  PAT(u=1)+0.1

KsK+ |

IF(X=xT(K)) 9,10,11

JTK

Gg v, 12

YaYT(K)

Go T. 22

1=K

IF(u=]=1) 13,13,8

I=y

Jzley

DENZXT(J)=XT(])
Cl=(\T(J)oYT([)-XT(I)bYT(J))/DEN
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Co(YT(J)=YT(I))/LEN
YaCleC2e)

24 RETUHXN
EnD
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APPENDIX II

Listing of FORTRAN IV Program AIRSC2

This program was used in conjunction with an SEL 840 Mp computer
equipped with an extended arithmetic unit to perform the calculations
discussed in Section V. The interpolation tables included in the in-
put provide basic physical data, such as cross sections, which are
required for the calculations. Unit 1 refers to a teletype 1/0 device,
Unit 4 is a card reader (or punch for output) while Unit 5 is a line
printer.
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aa

aoaa Q

10

20
21

22
23

231

24

25
26

27

AJRSC?2

DIME . SIEN WS(S5)sATHU(A)4NUT(4) EUT(4,20),SIGUT(4.,20),NUF(4),EUF(4,
150)sST1GUF(4,350)sBNTISN)»SIGNT(50),ENEC50),»SIGNE(50) s NWNE(S)» EWNE(S
2:30),#NE(5s3C)eCitl(3),NNIC(3),ENT(I220)»SIGN]I(3,20),EAT(50),SIGAT(S
30),EE(50)+5]ulE(50) ,NWRE(S) ,EWDE(S,30),WOE(5,30),081(3),NRI(3),EC
41(3,20),51GP1(3,20),T¢20),YSCAT(21),RATI(21),THIC(36)+sYSANG(36)F
5ANG(36),ENER(L100), YSENC(100),RENC100),A(50),8(50),WARK(50)

DATA ATMDN,ATMDC ,AVES3,PI1,P12/.4034E+20, 1066E+20, +1E~23,3.14159.¢
1,2831b6/

VALUE(Z» VMIN,VMAX)BVMIN* 2o (YMAX=VMIN)
CANTRIL

READ(4,2) IC
FBRMAT(11)

G2 T2(10,20,30U,40),1C
PAUSE

Go T2 1

READ INTERPOLATIUN TABLES

D@ 22 1=1,4

READ(4,21) NUTCID)

FORMAT(1615)

NahNUT(I)

REALD(4,23) (ELTC(I,J)H,SIGUT(I,J)rJ31sN)
FORMAT(BEL0,4)

D@ 231 1s=1,4

READ(4.,21) NUF(I)

Na3NUF(T)

READ(4,23) (EUF(T1,J) SIGUF(]sJ),rJdslsN)
READ(4,21) NNT

READ(4,23) (EnTCI),SIGNT(I)»131,NNT)
READ(4,21) NNnE

READ(4,23) (ENECI)»SIGNECT),» [31,NNE)
D@ 24 1s1.5

READ(4,21) NwWwECD)

NsNWNE (1)

READ(4,23) (EWNECI »J),WNE(I,J)sJ31sN)
READ(4,21) NN

IF(MNTWEQ,O) Gk T 26

READ(4,23) (GNICI)s]=1sMNT)

DA 25 Is1,MNI

READ(4,21) NNIC])

NaNNI(D)

READ(4,23) (ENICINJ)LSIGNIC(T,U)»J=1sN)
READ(4,21) NUT

READ(4,23) (EQT(1),SIGOT(I)»I21,NBT)
READ(4,21) NUE

REAL(4,23) (EQEC(TI),SIGRE(CI)»[21,NBE)
Dp 27 1=s1,5

READ(4,21) NwW2EC(])

Nxnwdgl]l)

READ(4,23) (EAREC]IWJI)WHBE(T»J)»Jz1sN)
READ(4,21) Mel

IF M2l 6G.0) 8¢ T 30

READ(4,23) (ol(I)s1310M21)
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aoaa

aoaa

28

30

31
$2
33
34
35
36

37

40
41

42

43

50
o1

52

DA 28 [31,M@]
READ(4,21) N&I(])
NENBIC(])

READ(4,23) (Eglel,d)eSIGAICI0J)Jz1,N)

READ aND WRITE BASIC PARAMETERS

READ(4,21) MHIST NHISTLsNTIME,NANGINENR

READ(4,23) ZAMAX,RAMAX
READ(4,23) Ds)RDISK
READ(4,23) (ATHUCI)H»131,4)
READ(4,23) TRANG
READ(4,23) A1,A2,GS

WRITE(5,31) MHIST,NHISTL,NTIME,NANG,NENR
FARMAT(1H1,28HMMH ST, NHISTL/NTIME,NANG, NENR/516)

WRITE(5,32) ZAMAX,RAMAX
FORMAT(11HZAMAX)RAMAX/2E10,4)
WRITE(5,33) D,KkDISK
FORMAT(7HD,RDISK/2EL10Q.,4)
WRITE(5,34)
FORMAT(7HATMUC]))
WRITE(S5,23) (ATMU(I),1%1,4)
WRITE(5,35) TRANG

FARMAT (SHTRANG/E10.4)
WRITZ(5,36) Al1,A2,0QS
FORMAT(8HAL,A2,GS/3E10+4)
WRITE(5,37)
FARMAT(/5H o, 0. )

READ AND WRITE VARIABLE PARAMETERS

READ(4,41) E1,NKWS
FORMAT(E10,4,15)

IF(NAS.GT,.0) READ(4,23) (WS(!
WRITE(S5,42) E1NRKS
FBRMAT(/64EL1 NWS/E10.4015)
IF(NAS,EQ.,0) GB T2 50
WRITE(S,43)

FORMAT(5HNS( 1))

WRITE(5,23) (WS(I)sl=1sNHWS)

CALCULATE T(1I)

Dg 51 I=z1,NTINE

)+ 131 9NKS)

TOI)=TRANG®FLOAT(I)/FLBATINTIME)

CALCULATE THIC(I)

DA 52 1=1,NANG
THIC(1)=180,0#FLRAT(I)/FLOAT(

CALCULATE FLIGHT TIME SPREAD F@R DIRECT EVENTS,ENMAX AND ENER(!)

THSa ATAN(RDISK/D)
DO=D/CBS(THS)

CALL <INAM(AL,A2,1.0087,QSsEL1, THS,ENN,EDUM)

TMAX=TIME(END,DU)

CaLlL KINAM(AI.A2v1-0087:QSDE10D-OpENOoEDUM)

ENMAX=1,000019ENQ
TMIN2TIME(END, D)

NANG)
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DTaTMAX*TMIN
Da 53 I=1,NENR
53 ENER(I)SENMAX®FLOAT(])/FLOAT(NENR)

CALCULATE ZERU-DEGREE MEAN FREE PATH

aona

CALL INTRPLUNNT.ENT,SIGNT,ENO,VSNT)
CALL INTRPL(NOZT,E@T,S1GAT,ENO,VSOT?
SIGAIR3IAVOG® (ATMDN®VSNT*ATMDQevSOT)
FREEs1,0/SIGAIR

CoeersCALCULATE YDIR

YDIR'U.O
D@ 100 IDIR31,MHIST

SELECT RF AT RANDZM

aan o

ZERANF (=1)
RFSVALUE(2,0.0+,RDISK)

CALCULATE THS,D0 AND ENO

QOO

THSsATAN(RF/D)

CSaC@S(THS)

Do=sD/CS

CALL KINAM(A1,A2,1.0087,0S,E1,THS,ENO,EDUM)

CALCULATE SOURCE FLUX

aaa

CALL DISTR(NWS WS, THS,FS)
CALCULATE ATTNO

QO Q

CALL INTRPLONNT.ENT,SIGNT,ENO,VSNT)
CALL INTRPL(NOT,EQT,SIGBT,ENO,VSBT)
SIGAIRSAYAGH* (ATMDN®VSNT¢ ATMDQ#VSQT)
ATTNO2EXF(=SIGAIR«DO)

CALCULATE FUT AND FUF

aao

FUTa0,0

D2 61 !=1.4

NaNUT(I)

D@ 60 Jsi,N

ACJI=EUT(],J)
60 B(J)sSIGUT(],J)

CalLbL INTRPL(N!AIBOENODVSUT,
61 FUTSFUT+ATMU(])®VSUT

FUTsFyTeAy G

FUFs0,.0

D@ 63 [=1,4

N=NUF(T)

Do 62 J=1,N

ACYYSEUF (], J)
62 B(J)sSIGUF (L.}

CALL INTRPL(N,AsB,ENQ, VSUF)
63 FUFsFyUF+ATMU(])eVSUF

FUF3FUF®*AVOG
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aoa eXeNe

QOO

(eNelel IeRe N ]

aOaaQ aaQ

100

10
111
112

113

120

130

YDIRsYDIR4 (FS#CSeATTNO®RFeFUF«TRANS(FUT,P11,RDISK,CS)/D0/DO/FUT)

CALCULATE HISTORY AVERAGE
YOIR=YDIR/FLYAT(MHIST)
CALCLLATE YSCAT(]),YSANG(I) AND YSEN(])

NBINzNTIME *1

Do 110 I31,N3]N
YSCAT(1)=30,0

De 114 |31 NANG
YSANG(I)’0.0

D2 112 131,NENR
YSEN(1)=0,0
SUMNE=0.,0
SUMNTH:DoO
SUMD=Q.0

NHISTs0
CONT INUE
NHISTaNHIST+1

SELECT RF,RA,ZA AND PHA AT RANDOM

iuRANF(-l)
RF3VALUE(2,0,0,RDISK)

28 RANF (=1)
RASVALUE(Z2,0,0,RAMAX)
2aRANF (=1)

BASVALUE (2,=ZAMAX, ZAMAX)
2aRANF(=1)
PHASVALUE(Z2/,0.0.,P12)

CALCULATE XA,YAsD1 AND D2, SKIP TRIAL IF D1 @R D2 T@¢ SMALL

XA3RA®CAS(PHA)

YASIRASSIN(PHA)

D13SQRT(ABS(XA®XA+YARYA+ (ZA=D)#(2A=D)))
IF((U1/D)='1E=05) 113,113,120

D23SQRT(ABS((XA=RF )® (XA=RF)+YA®YA+ZA®ZA))

IF((D2/D)=41E-05) 113,113,130
CALCULATE THS,EN1 AND T1

CALL ANGLE(Uo-O.-0'00.nO.,D-XAoYA.leOopOovD'THS)
CALL KINAM(AL,A2,1,0087,QS,E1,THS,EN1,EDUM)

T1sTIME(ENL,D1)

CALCULATE S2URCE FLUX

CALL DISTR(NWS»WS, THS,FS)
CALCULATE ATTw1

CALL INTRPL(nNT,ENT,SIGNT,ENL,VSNT)
CALL INTRPLINUT,E€T,»SIGRT,EN1,VSAT)

SIGAIR=AVIGR(ATMUN®YVSNT+ATMDOVSAT)
ATTNL3EXF(=S]GAIRK®D1)
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TN MR AR LR

CALCULATE THA, THI, THINC AND JNDEX, SKIP TRIAL IFf THINC Toe CLasE
T@ 90 DEGREES

ano

CalL ANGLE(RF.C..OoaXAoYA.EA.XA.YA-!A.O..O..D.THA)
CALL ANGLE(O.oOo.0--0.oO..DnRF.O.oO-.XA.YA.EA.THI)
CI'ABS(CZS(THI))
TH[NC:57.29577950TH1
IF(ABS(THXNC'?0.U)'0o01) 113,113,131

131 JNDEX’THIVC’FLﬂAT‘NANG’/IBOo001
JINDEXaUNDEX+1

XX CONTRIBUTION FRoM NITRBGEN ELASTIC SCATTERING
CalCuLATE EN2, T2, INDEX AND KNDEX

Qo0

CalL KINAH(l-0087.14.003o1-0087p0.oENivTHA'ENZoEDU")
KNDEXﬂENZ’FLﬂAT(NENR)/ENMAX

KNDE XaKNDE X1

T23TIME(EN2,D2)
INDEX=(Tl*TZ'TNIN)'FLDAT(NTIHE)/TRANG

INDEXx=z INDEX*1

IFCINGEX.GT,NgIN) INDEX=NBIN

DETER4INE NIRMALIZED NITRPGEN DIFFERENT]AL ELASTIC SCATTERING
CROSS SEcTIeoy

0O aao

CALL INTRPL(NNE:ENE.SIGNE.ENi.VSNE)
Da 141 131,5
N3NWNE(T])
D® 1490 J31 N
A(J):ENNE(I:J)
140 BCU)3uNE(],4)
141 CALL INTRPL(N.A:B.EN1.NZRK(I))
CaLL NBRH(NZRKaCZNST)
CALL DISTR(B.NQRK.THA.Sl)
DESN=CBNST0VSNE-51'AVBG/PI2/2.0

CALCULATE ATTNZ

aQoaoan

CALL [NTRPL(NNToENToSlGNT.EN2:VSNT’
CALL INTRPL(NET»EUT:SIG@T;ENZ'VSOT)
sxeA1R=AV@G~(ATMDN-vswroArhowovsz)
ATTN2=EXF(-SIGAIR¢D2)

CALCULATE FUT AND FUF

aaa

FUT=0,(
DB 151 1=1.4
NSNUT(])
De 15y usqi,n
ACU)=2UT(],4)
150 B(U)=s1GUT(], )
CAlL INTRFL(».A.B.ENz.VSuT)
151 FUT:FuT+ATMU(I)¢VSUT
FUTSFUT®AV2G
FUFziy,¢
D@ 153 1=ln4
M=NUF (1)
De 152 y=1,n
ACYZEUF ([ 2y)
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aQaaa QO UoNoNeNe

Qaa

ao o

152 B(JIsSIGUF(]l,.J)

i53

160

lol

162

163

CALL INTRPL(N,A,B,EN2,VSUF)
FUFSFUF+ATMU (] )*VSUF
FUFzFFeAvYG

YLD3FSeCleATTH10AT TN2eRF #RA®ATMDN®DESN®F UF 8sTRANS(FUT,PI1,RDISK.C]
1/D1/771/D2/7D2/FUT

SUMNExSUMNE+ YL D®ENZ

SUMNTHESUMNTH+ YL DeaTHINC

SUMDsaSUMD+YLL

YSCAT(INDEX)=YSCAT(INDEX)+YLD

YSANGC(JINDEX) aYSANG(UNDEX )+ YLD

YSEN(KNDEXISYSEN(KNDEX)+YLD

CONTRIBUTIWON FR&M NITRBGEN INELASTIC SCATTERING

IF(M:MT.EQ.0) G@ Ty 209
D@ 2uo INI=1,mM]

CHECA IF REACTI¢N 1S ENERGETICALLY ALLPWED. CALCULATE T2,INDEX
AND K:DEX

CALL AINAM(1,0087,14,003,1,0087,QNICINT),EN1,THA,EN2,EDUM)
IF(E:2) 200,200,160

T2=T1"E(EN2sL2)

KNDExsEN2#FLLATI(NENR) ZENMAX

KNDE x3KNDE X+ 1

INDEXa(TL1eT2«TMIN)SFLZAT(NTIME)/TRANG

INDEXsINDEX®1

IFCINDEX «GToNBIN) INDEXsNB IN

DETE=“INE N@FR+ALIZED NITRQGEN DIFFERENTIAL INELASTIC SCATTERING
CR@SS SECTION (ISPTR@PIC)

NaNNTCINT)

DB 161 J31.N
ACJYSENTCINTL,U)
B(JY3SIGNICIN]»J)

CALL INTRPL(N,A,B,ENL,VSNI)
DISM=VSNI®AVUG/PLI2/2.0

CALCULATE ATTn«

CALL INTRPLCO~uT,EnT,SIGNT,EN2, VSNT)
CALL INTRPLINAT,EUTsSIGOT,EN2,VSET)
SIGAIR=AVAGe (ATMDN®YSNT+ATMDR2VSIT)
ATTN2=EXF(=S]GAIReD2)

CALCULATe FUT AND FUF

FUTay,C

D2 163 12144

NaNLTC(])

D8 162 JUsiN

ACJ)Y=EQLT (1 ,J)
BOJ)=SIGUT(T,» )

CALL INTRPL(MN,AsBsEN2,VSUT)
FUTSFUT+ATMU(] ) ®VSUT
FUTEFUT®AVRG

FUFaQ0,0
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Do 16> [=21.,4

NsNUF(])

DU 164 U=zl,N

ACJ)sgUF(T.J)
164 B(J)sSIGUF(l,J)

CALL INTRPL(N,A,E,EN2,VSUF)
169 FUFEFUF+*ATMUC] Y®VSUF

FUFsFUFeavRG

YLD=FS#C |aATTR1I®ATTN2#RF®RACATMDNSDI SN®F UF #TRANSC(FUT,PIL1,RDISK,CI)
1/C01/7L1/702/7De/FLT

SUMNEaSUMNE+YLDeE L

SUMNTHISUMNT He YL THING

SUMD=SUMDeY L

YSCATCINDEX)3aYSCAT(INDEX)+YLD

YSANG(JNDEX) 3YSANG CUNDEX )& YLD

YSEN(KNDEX )= YSEN(KNDEX)*YLD

<00 CaNTIUE

X X CONTRIBUTION FROM EXYGEN ELASTIC SCATTERING
CALCULATE ENQ,TZ2,IMDEX AND KNDEX

<09 CaLL ®xINAM(1.6G067,15.,995,1.0087,0,+EN1»THASEN2,EDUM)
KNDE xakEN2#FL¢a TCNENR )/ENMAX
KNDE xakNOEX+1
T23T IME(ENZ, D2)
INDEX2(T14T2=THMIN)SFLCAT(NTIME)/ TRANG
INDEX3INDEX+1
IFC(INCEXGTL,NRIN)Y INDEX=NBIN

DETEW4INE NORMALIZED OXYGEN DIFFERENTIAL ELASTIC SCATTERING
CR@ASS SECTIUN

iskeNoXe)

CALL IMTRPL(NCEZEZE)SIGOE,EN1,VSQE)
DB 211 31,5
N3INWSEC(])
D8 210 J=1N
ACU)ZEVWRE( ], J)
210 BCJ)sLEE(] )
<11 CALL INMTRPLIN,)AsBsFENTL,WBRK(I]))
CALL NPRM(WRRKICUNST)
CALL DISTR(5,W@RK,THA,S1)
- DES@=CcenSTevVSaEeS1#AVRG/PI2/2,0

C

C CALCULATE ATTNZ

C
CALL INTRPLUNNT,ENT,SIGNT,EN2,VSNT)
CALL INTRPLINECT,ECT,SIGAT,EN2,VS2T)
SIGAIR=aAVPGe(ATMDNOVSNT+ATMDZVSZT)
ATTNZIEXF(=SIGAIReD2)

C

C CALCULATEZ FUT AND FUF

C
FUT=),0
Do 221 1=1.4
NENUTC(])

D@ 220 J=s1N
ACUY2EUT (] +J)
¢20 B(J)=sIguUT(i.,J)
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aaoaan

aagoan

QOO

21

22
23

290

<91

CALL INTRPL(N,AWB,EN2,VSUT)
FUTsF_TeaTMU(])oVSUT
FUTSFUTeAV2G

FuFso,0

D& 223 131,4

NasNUF (1)

D@ 222 JUs1i,N

ACJYagUF(T1oJ)
BOJU)2SIGUF(I,J)

CALL INTRPL(WN,A,B, EN2, VSUF)
FUFBFUF*ATMU(])®VSUF
FUFaFyFeAvdG

YLU‘FS'CIOATTwl'ATTNZQRF'RA’ATMD@.DESG’FUF.YRANS(FUT:PlloRDISK!CI)
1/D1/01/D2/0D2/F0UT

SUMNEsSUMNE+ Y LegEN2
SUMNTHz=SUMNTH+YLD# THNC
SUMDaSUMDe+YLD

YSCATCINUEX) sYSCAT(INDEX)+YLD
YSANG(JINDEX) sYSANG (IJNDEX )+ YLD
YSEN(KNDEX)SYSEN(KNDEX)+YLD

CONTRIBUTION FRU!t BXYGEN INELAST|C SCATTERING

IF(MZ1 . EQ.0) GJ T2 900
Do 3ug (2131,mM0]

CHECK IF REACTION IS ENERGETJCALLY ALLAWED. CALCULATE T2,INDEYX
AND KnDEX

CALL «INAMti.0087.15.995.1-0087.QZI(l@l)oENl.THA.ENZ.EDUM)
IF(E~N2) 300,300,290

T23T IME(EN2,D2)

KNDEX2EN2#FLCAT(NENR)/ENMAX

KNDEX=KNDEX+1

INDEX:(T1¢TZ'TMIN)’FL@AT(ATXME)/TRANG

INDEXsIHUpEX®]

IFCINDEX«GToNEIN) INDEXsNBIN

DETERHINE NOR4ALIZED @XYGEN DIFFERENT]AL INELASTIC SCATTERING
CROSS SECTION (ISATRQPIC)

N=NDIC(IZ])

DB 291 usiawn
ACD)=gel(lel. g

B(J)=515¢1 (Ll

CALL XNTRPL(NoAOS:ENloVS@I)
DISO=vS2leAvVys/P12/2,0

CALCULATE ATTN2

CALL INTRPLA(NGTLENT,SIGNT,EN2, VSNT)
CALL INTRPL(N2T,CYT,SIGDT,EN2,VSRT)
SIGAIN=AVWG'(ATMJH’VSNT’ATMDO'VSﬁT)
ATTNZ23EXF(=S5]CAIReD2)

CALCULATE FUT AMU FUF

FUT=G,0
DO 293 1=21.4
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NRNUT(])

DO 2v2 ysg.N

ACU)SEUT(].J)
€92 B(J)sSIGUT(],y)

CALL INTRPLC YA, BrEN2,VSUT)
c93 FuTtruToATMU(x)OVSUT

FUT3FuUT® v 025

FuFs3d,o

D2 255 31,4

NaNUF(])

DY 294 y=1,N

AlCJYa-UF(1,J)
€94 B(UIaSIGUF(],y4)

CALL INTRPL(n,448,EN2,VSUF)
€95 FUFBFUF+ATMU(] )®VSUF

FUFsFFeAVOG

YLD:FSOCI#ATTulﬁATTNZGRF'RADATMDG&DISﬂ*FUF'TRANS(FUT.PIioRDISKnCl)
1/D1/p1/0z/sD2/FUT

SUMNEaSUMNE+ Y[ DeEn2

SUMNTA2SUMNTH+YLD@THING

SUMD=3UMD+YLD

YSCAT([NDEX):YSCAT(INDEX)*YLD

YSANG(JUNDEX) zYSANG(JINDEX )+ YLD

YSEN(KNCEX)IYSEN(KNDEX)*YLD
20U CoNTIwUE

Y00 CoNTI..UE
CALL SSWTCH(1,K1)
IF(K1,EQ.1) uu T¥ 905
IFANSIST-VRISTL) 113,905,905

-

CALCULATE HIST@KY AVERAGES AND MULTIPLY BY AIR PARAMETER SPACE
VaLun~e

aaoacaaoa

“U3 VBLU=2 ,0%RAMAX®ZAMAX®P ]2
D2 905 Is1,NaNG

706 YSANG(1)=VBLU¢YSANG(I)/FLZAT(NHIST)
D@ 937 1=21,NgNR

207 YSEN(I):szU‘YSEN(l)/FL@AT(NHIST)
DA 919 I=1,NSIN

¥v10 YSCAT(l)=v0Ld'YSCAT(I)/FLJAT(NHIST)

CALCL_ATE RATIU(I)nRANG(I)aREN(I)oTUTRAT:FTi AND FT2

aQaa

TGTRAT=0.G
00 1240 I=1,46]N
RATIA(1)=YSCaT(l)/YDIR

1.u0 TZTRAT:TQTRAT¢RAT10(I)
D# 1001 [=1,NANG

1701 RANG([)=YSANG(I)/ZYDIR
D? 1002 1=1,NENR

1.02 REN(1)=YSEN(])/YDIR
FTZ:QATIE(NBIN)/TGTRAT
FT1=1,0=FT2

CALCLLATE AVEKAGE EN2 AND THINC

aooa
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(e 2A

EN2VaSUMNE/SUMD
THINCvaSUMNT A/ SUMD

WRITE RESULTS

WRITE(S5,1900) YDIR

1500 FORMAT(4H4YDIR/ELG,.4)
WRITE(S5,2000) TMInN.DT,FREE

2,00 FORMAT(12+TM]NoDT,FREEZ/3EL10.4)
WRITE(S,202C) HIST

2020 FARMAT(EHNHIST 3 ,16)
WRITE(S,4000)

4. U0 FORMAT(7HENERC(]))
WRITE(S,3000) (ENERCI) 131 ,NENR)
WR1IT2(5,4001)

4yl FORMaT(HHRENC(]I))
WRITE(S,3000) (REN(I), I%1,NENR)
WRITE(5,4302)

4 U2 FORMAT(7ATHIC(I))
WRITZ(5,3900) (THIC(I) 131 ,NANG)
WRITE(5,4a009)

4.05 FARMAT(7THRANG(I))
WRIT=(S5,3000) (RANG(]I),121,NANG)
WRITE(5,2001)

2.u1 FORMAT(4AT(]I)) .
WRITE(S,3000) (T(1),121,NTIME)

S.U0 FORMAT(4ELU. Q)
WRITE(5,2002)

2..2 FORMAT(BHRATIV(L))
WRITE(S5, 3000) (RATIGB(1), 123, NBIN)
WRITE(5,2003) TUOTRAT,FTL,FT2

2:03 FORMAT(14HTATRAT ,FTL,FT2/3E10,4)
WRITE(S5,2004) EN2V,THINCV

2,04 FORMAT(L11H4EN2VsTHINCV/2E10.4)
WRITE(5,2005)

209 FIRMAT(/SHmmm===)

[F(K1,EQ.1) PAUSE
Gd Ty 1
END
FUNCTION TIMECEINSR)
E=EIN/939, 549
[F(E,5T.0.) a¢ TO 1
V=0, .
G T 2
b Y V=(*.2997925&*11)'SQRT(ABS(l-U‘(l.O/(E’l-0)/(E*I.O)’))
TIME=]/V
2 RETUS
END
SUBRAUTNE KI‘VAM(AlvAZDASpQD El:TH:ilES],OESZ)

W1s931.473%a1
W2=2931.473@A2
W339351.,475%A3
WASWLI* W2 =Ad 3= 4
EF2e.0(1.,0%(W1/W2)=(0,583/W2))
EB2e 8 (1 0+ (AL/{W2=W3))=(0,54Q/(W2=K3)))
IF(EL=-EF) 1,1,2
1 E3130.,0
11 E32=0,0
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1V
11
12

G2 T2 6

CzCasS(TH3I)

AS2, 0@ (W3I*WAeEL*Q)
Be2,0eEL18(WleWd=Q)=(2,00W48Q+QeQ)
NsEle(El1+2.,00nl)eCeC
TERMz(Be3=2,00n3ea®Be¢4,00w3e3eD)0EL0(EL+2.0KW1)
IF(TERx) 1.1,3

DENzA®sA=4,0a]

Uz (4 ,7eW 3eD=Ae8) /DEN
V32,5eCeSQRT(ABS(TERM) )/ DEN

ES1s eV

[F(E1=EB) 4,4,5

[F(T+43=1,5707963) 41,11,11

E323 eV

GO To 6

£32=531

RETUR";

END

SUBR, ITINE ANGLE(XAH,Y1H,Z1H,X1T,Y1T7,217,X2H,Y2H4,22H,X2T,Y2T,227,7
iH) .

V1S )3T(ABSI(X1H=X1T ) (X1HeX1T)+(Y1H=Y1T)®(Y1H=Y{T)*(Z21H=Z21T)a(Z21H
1-217)))

V2sS i<T(A3SC(X2HeX2T ) (X2H=X2T )¢ (Y2H=Y2T)®(Y2H=Y2T )+ (Z2H=22T e (22H
1-227)))

DATE (ALH=X1T )@ (X2HeX2T )¢ (YLH=Y 1T ) (Y2H=Y2T )+ (Z1H=21T )& (Z22H=22T)
CTHeZ. Tysvi/V2 ’
THSARCCAS(CTH,2)

RETY=RN

END

SUBR/LUTI 32 NdRM{m,C)

DIME~SIZY W(5)

SyMsu, U

Do 1 1s=1,36

TH33,1413598F L AT(1)/36.0

CALL LDISTR(5,weTh,S)

SUMzS MeSeSIn(TH)

SUM=,N8726648SUM

Cz2,0/5U"

RETURN

END

SUBRAUTINE DISTRINW, W, TH,V)

DIMELSI2ZN w(z)

Vsl.u

IF(NA,ER.C) G2 T2 4

D3 2 l=1,N4

VaVere (1) ePoLYL (20 ] TH)

IF(V) 3,4,4

vz0,7

RETUR

END

FUNCTIZN PALYLC(I AP ,N,ANGLE)

X = An§L=

Gd T, .(1U,11,32),12P

X 2 ,21745382939X

X = C23(X)

NBIG = n=1

IF(NBT3) 1,2,3

PaLyL = 1,0
G@ T2 100
PaLyL = X
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GO T¢ 160
3 PL = ¥
PLMl = 1,0
Do 4 | =21.,NBla
POLYL = (FLOAT(2aL¢1)exepl = FLOAT(L)OPLML)/FLOAT(L*Y)
PLM1 3 PL
4 PL = PolvyL
10 RETURL
END
SUBRQUTINE INTRPL (N, XTosY¥T,X,Y)
DIMENSIZY XT(N)2YT(N)
IF(X=xT(1)) 1,3,4
WRITE(1,2)
FORMAT(8.1iRANG ERK)
PAUSE
Y2YT(1)
GO Tz 24
4 IF(X=XT(N)) 7,5,1
5 Y=YT(N)
Ga T2 24
7 1=s0
J=N
8 Ks0.58FLQAT(Y=1)+0,1
KsK+]
IF{X=XT(K)) 9,10,11
9 J=K
Go T2 12
10 Y=YT(K)
GO T¢ 24
11 =K
12 [F(J=1=1) 13,13,8
13 IsJ
J3ley
DENsXT(J)=XT(]) _
CL=2(XT(J)®YT(I)=XT([)wYT(J))/DEN
C2=(YT(J)=YT(]))/DEN
YSCl+C2eX
24 RETURY
END
FUNCTION ARCCAS(X,K)
ARCC25=1,5707963
IFCABS(X),G6T7,,999999) X2,99999%#X/ABS(X)
IF(XeXx.GT+s140E=70) ARCCOSzATAN(SQRT(ABS(1,/X/X=1.)))
IF(X,LTe0,) ARCC2S33,1415926=ARCCZS
G3 T2 (100,200)+K
150 ARCC23=ARCCAS56e57.2957795
240 RETURN
END
FUNCTIJN TRANS(H,P,R,C)
VasF/FP//R/C
IF(V=,.031) 1,1,2
1 TRAN =zvV=(0).,50ysy)
52 T2 3
2 TRANS=z1,0=EXF(=V)
3 RETUR,
END
FUNCTIZN £xXF (£)
IFCZ) 1,1,3
1 XF(E.LT0'7000) £='70.0
[F(2.5T,=,12-C4) 30 Ta 2

w 0N
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