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PROMPT AIR-SCATTERING CORRECTIONS FOR A
FAST-NEITOW FISSION DE1ECT0R: E n - 5 MeV

b y

Donald L. Smith

ABSTRACT

Neutrons which have scattered many tines in surrounding
air and in laboratory objects arrive randomly in tine at a de-
tector and can be discriminated by time-of-flight techniques.
Neutrons which have scattered only a few tines in air reach
the detector soon after the primary neutron burst and cannot
be distinguished fron the latter by tine 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 fron a point source. The energy, tine and angular
distributions of neutrons which scatter once in surrounding air
before reaching a fissicn detector have been calculated for
£ R • 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 t© a
correction of * 0.2 - 0.3t in a measurement at E R • l.S MeV of
the U-238 to U-235 fission cross section ratio if the badc-to-
back uranium deposits in a double fission detector are situated
10 an from the neutron source. Ihis correction is significant
since £ It accuracy is currently sought in fission cross section
ratio measurements.
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I. INTRODUCTION

We shall consider a predominantly fast-neutron field whose
source is for practical purposes a point (e.g. bonfcardment 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 neulrons which h a w 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. External 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 n fission detector
containing a deposit enriched in an isotope with a large thermal
fission cross section. Fortunately, tine-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
tliermalization. Since experimental techniques exist for minimizing
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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,0) e polar coordinates of the observation point with

the source situated at the origin. Air scatter-
ing exhibits no asimuthal dependence in a homo-
geneous medium.

ZT,AIR * macroscopic neutron total cross section for air.

f0(©)/*"" • vacuum flux (neutrons/cm / sec).

f(fjO)/^ * true flux at the observation point (neutrons/cm /
sec).

F(rto) • relative intensity of air-scattered and direct
neutrons at the observation point.

Then
f (r,0) = fo (O) fl + F(r,0)] exp(-rET A J R ) . (1)

Eq. (1) provides no information about the energies, arrival tines 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.lt) and oxygen (20.91) with a total density of 1.205 x
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10 grams per cm under normal conditions (temperature = 20°C
and pressure = 76 cm Hg) [l]. The only isotopes of nitrogen and
oxygen which are significant are N-14 (99.63% of natural nitrogen
and 0-16 (99.7591 of natural oxygen) [2}. The atonic densities of
these isotopes are 4.034 x 1019 atoms of N-14 and 1.066 x 1019

atoms of 0-16 per cm of air. The concentrations of the rare gases
(argon, etc.) are too small to significantly affect the neutron
scattering properties of air. The H^O vapor content of air is

variable, but amounts to 1.711S x 10 grams per cm of air for 20 °C
18at the saturation level II]. This corresponds to 1.145 x 10 atoms

17 3

of hydrogen and 5.724 x 10 atoms of oxygen per cm of air. The
presence of hydrogen in 'Ap vapor is likely to have a noticeable
effect on the thermalization of neutrons emitted from the source.
Oh 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, \\p vapor will
be ignored in the present work.

For E n - 5 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 £or E n < 6.13 MeV. Total, elastic
scattering and inelastic scattering cross sections from an evaluation
by J. H. Ray et al. 13] 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:

n
• (oE/**) I 1 • I (2k + 1) fjtPfcCcoseoP )w
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where P. (cosQgJ 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 (w.) were generated where

E

W
= (oE/Ain

m

* zk=
LAB

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 {w. } 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).

III. SIMPLE ANALYTIC FORMULATION

The analysis in this report assumes a detector which is essen-
tially a parallel-plate icnization chandler 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 havd 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 aonoenergetic 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.
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Let
FQ = relative intensity of singly-scattered neutrons to the

primary neutrons as computed by the method described
in this section.

Then _
F0 = (ZE AIRd2/4ir) * (1/d?) H ^ Q i (*)'ALL

SPACE
idiere

Zg . j£ - macroscopic neutron elastic scattering cross
section for air

and values for d, and d, as defined in Fig. 3 are computed for rp =

0 (GQQ = 0).
Azimuthal symmetry and the law of cosines may be applied to ob-

tain the formulas
d, = d2 + d.2 - 2d d, cosec, (5)

and

Fo ' (h^^j^ij^a^si x

Fn * (̂ P AT»d /2) f r m

X (d2 + dj 2 • 2 d dj cosflgj)"1. (6)

A change of variables and partial integra ion yields the expression

(HT) • m

From integral tables in Ref. 1 one obtains

f 6X .« / l *x\_ o fax . . / i » . x \ . T2
 ra1

Jo x- ln \m:)'z Jor '"(n/ 'r w
and consequently

F0 " C 2 ^E,AIRd/4^ C9>

The mean free path for elastic scattering A£ is defined to be the
reciprocal of the macroscopic elastic scattering cross section
lg AIR> therefore

F O$2.47 (d/AE). (10)
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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

A£ = [ (4.034 x 10"
£) aE N + (1.066 x io"

5 ) o E Q]'
1 (11)

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 FQ computed with Eq. (10)
and values o£ A£ from Table V for d = 5 cm. Notice the effect of
the oxygen scattering resonance at E n = 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 Ap, the average number
of collisions experienced by a neutron along a path of length L is
L/AJJ. The probability of the neutron experiencing exactly N
collisions is given by the Poisson distribution

N -L/Ap
PN = (L/AE) e

 b /tii (12)

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

is e"L'AE which is exactly what one would expect since e~L'XE is
the attenuation coefficient. The probability of experiencing any
sort of collision (without specifying the order) is just (l-e~L' *E).
The probability ?l of a single collision is (L/AE) e~

L'AE and, in
general, the ratio of PN to P N - 1 is simply (L/NxE). From Table V
it is seen that A£ = 6854 an for E = 1 MeV. On the other hand, a
reasonable time limitation imposed by time-of-flight discrimination
would be -v 20 nanoseconds. This implies L = 277 cm and a correspond-
ing ratio of ?2 to p\ °f ̂  °«02. Higher orders of scattering are
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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/AB [5J. Application of this

-5formula for E = 1 MeV and d = 5 cm yields a ratio of ̂  10 for
doubly scattered to primary neutrons and T-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. IS0TB0PIC SINGLE ELASTIC-SCATTERING FDFMJLATIGN

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 III.

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'ZA^ with oriSin CO,0,0) at the center of the uranium
deposit. The point neutron source is situated on the axis at co-
ordinates (0»0,d). The uranium deposit is taken to be a very thin
circular disk with radius

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

then
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where

- (13)

= rF/( d2) (14)

(15)

(16)

d ^ = (XA - r p r + Y A + Z A (17)

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 evaluation of F.. ThusrISK

6 r

f f *DISK

A (18)

where R. wAV and Z. MAV are limits on the coordinates rA and Z. vjhich
A,MAX AjMAX. A A

define a pillbox surrounding the uranium deposit. TJie integrals ap-

pearing in Eq. (18) are evaluated by a Monte-Carlo technique. The
expression

F l * r E , A I R RA,MAX ZA,MAX

NHIST

HISTj

j=l ^ j HIST

(19)

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

creased numbers NuIS™. and Hijcr °^ sampling histories. (HJTCT can
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be considerably smaller than NUTCT) • Choice of values for
and NUJCT is a matter of compromise between computational time and
statistical stability. Random values for r-, rA, Z A and <j>A were
computed for each history from the equations

rF = % S K "F P < nF K- U C20)

rF = RA,MAX "R^0 < nR S 1) CD

ZA = "ZA,MAX + 2ZA,MAXnZ (22)

(0 < nz < 1)

where nF, no, n? and n. are random nunbers.
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 ̂ . a n d £ . 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

TMIN " d/vn

where
v = velocity of the neutrons

and this corresponds to propagation along the axis. The longest
flight time for primary neutrons is given by

TMAX - W2 + *D&h\
an^ ^MWC " ̂ MIN^ *s usu^ly smaller than the experimental time res-
olution. The flight time for an air-scattered neutron (with no
energy loss) is given by

T - (dx + d2)/vn (26)
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which could be significant if (d, + d,) » d. During the process of
evaluating the numerator of £q. (19) one can conpute flight times T.,
each weighted by the appropriate value£., and thereby generate a
time distribution. In the present work, the time interval (0, T )
was divided into N™-j equal time intervals. If the following in-
equality

- CTj - TMIN> " [ k W W C27)

is satisfied for the jth history, thenj&. is added to the weight factor
^ ^ for the kth "bin" of the discrete time distribution function. Ihe

collection of values {&} obtained from following Nj,™, histories de-
fines the unnormalized time distribution function. Contributions front
histories for which (T. - T ^ ) exceed T ^ g 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 Oj for neutrons which scatter from air in
the vicinity of the point (XA»Y»,Z.) and subsequently reach the uran-
ium deposit at the point (rF,0,0) can be calculated by analytic geom-
etry (see Fig. 3). The angle-of-incidence distribution function and
the history average Oj 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 ^ J I S T

 = 20G0 anA ^usr = 2 0 0 0° were

found to yield sufficient statistical stability for the present work.
Values of F, computed from Eq. (13) should approximate corresponding
values of FQ from Eq. (10)—if finite uranium deposit size effects
are neglected--since both formulations of the problem are based on
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the same set of physical assumptions. To test this point and to
determine how large RA ^ and ZA ^ 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 FJ/FQ was computed for several values of RA ^
( * Z A >JAX) with E n = 1 MeVf R p j ^ » 1.27 cm and d • 5 cm.

b. The ratio FJ/FQ was computed for several values of d with
E n - 1 MeV, R ^ * 1.27 cm and 1 ^ - Z A > | W [ * 10 d.

The results of these sets of calculations appear in Figs. 5 - 8 .
From the values of FJ/FQ plotted in Fig. S one can conclude that
about half of the air-scattered flux originates from the region of
air space for which R. j ^ " ^A MAY " 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/RpisK > 3. This fact can also be deduced from Fig. 7
which is a plot of 6j vs. d/Rpjgjj' ©j approaches a limit of t 60°
for d/Rjjjsjc > 3. The variation in shape of the angle-of-incidence
distribution functions with <3/RJJISK 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/Rpjgjj *« 5. However, for larger values of d/Rpjgj( this
feature disappears and the distribution function becomes approxi-
mately linear in Oj.

Another set of calculations was made for various neutron ener-
gies with Rujsjj = 1.27 cm, d * 5 cm W/RnjSK

 = 3.94) and RA ^ •
Z^ My, > 10 d. The resulting values of F, are plotted in Fig. 4.
Except for some statistical fluctuation, the values of FQ and F,
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 direct-neutron
time peak.
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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:

F2 s 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 F. in
Section IV have been applied in calculation of F,. The parameters
rA' *A' ZA and rF were selected at random and computation was limited
to the region of space defined by RA ̂  and Z A ̂ as described in
Section IV. Thus

F2 * 2* RA,MAXZA,MAX

where for each j,

fS0 C O S 0SO
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with
fgQ * neutron source strength as a ftuction of angle

OQQ - neutron emission angle.

(E AIR, Ik J nornalized 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
"F1 designates a fission cross section. The subscripts "0", "1"
and "2" designate the neutron paths with respective lengths dp, d,
and &2 as sham ^ Fig. 3. The subscript "IT designates a process
involving the uraniun deposit. Finally the subscript "k" designates
a particular neutron scattering process in air 0c * 1: nitrogen
elastic scattering, k = 2: nitrogen inelastic scattering, and k * 3:
oxygen elastic scattering). All cross sections designated by a "z"
are macroscopic.

A digital computer was utilized for calculations of F2- A
listing of the FORTRAN IV code AIRSC2 employed in the calculations
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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-23S 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 17], from com-
pilations by W, G. Davey [8,9] and from measurements by Meadows [10]
(see Table VII for /allies 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 .^y • ZA ^ « 30 cm). Resultant ?2 values were corrected
for excluded space by means of data from Fig. 5. Fig. 10 is a plot of
FQ and F2 for both a U-235 enriched and a U-238 enriched deposit (see
Table VI) vs. source neutron energy. The agreement of F£ and FQ
[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
E n £ 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
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deposit respectively. Hie 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 uraniun deposit thickness OR 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 DC. Clearly, F2 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

were assumed and w, was varied from w^ * -1 (strong backward peaking)
through Wj • 0 (isotropic) to Wj • 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 ?2 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 < Wj - 1). However, the relative
contribution from air-scattered neutrons increases sharply if the
source distribution is more or less backward peaked (-1 - w. < 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-
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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 = 0
initiated by a projectile with mass equal to a neutron (Aj = 1.009
amu). Target nuclei with masses (in amu) Ay * 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^ = 1 ilfcV 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
?2 *s only moderately sensitive to target mass K^ 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 FQ from Section III and F, calculated for similar geometry and
neutron source characteristics is fairly good except for a U-25'
enriched deposit when E n - 0.85 - 2 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 F2.

A final application of the detailed single scattering formula-
tion was to calculate F, for a realistic neutron source reaction.

7 7Angular distributions for the Li(p,n) Be 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 Li(p,n) Be neutron groups than for an isotropic, mono-
energetic source. An exception is the set of F, values for a U-235

7 7
deposit and the Q * 2.079 MeV group from the Li(p,n) Be reaction.

VI. CONCLUSIONS

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 ju for elastic scattering. These
two parameters enter as the ratio (d/A£). 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 ti 2 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 slates 10 cm from an isotropic fast-neutron source.
From Fig. 10 we can deduce that the air-scattering correction is
'» 0.3% for U-235 and ̂  0.06$ for U-238 at E R = 1.5 MeV. 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 «v 12 in fission cross
section ratio measurements.
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TABLE I

Selected Cross Section Values for N-14a

Total Cross Sections

En °T,N En °T,N En ffT,N
(MeV) (barns) (MeV) (barns) (MeV) (barns)

o.ob

0.01

0.403

0.424

0.455

0.468

0.601

0.632

0.665

0.7

0.734

0.943

0.991

1.042

10.5

7.8

3.29

5.01

3.35

2.59

1.8

1.91

2.38

2.29

2.06

1.26

1.55

2.21

1.096

1.152

1.211

1.273

1.338

1.479

1.555

1.635

1.718

1.806

1.899

2.099

2.206

2.3?

2.48

1.73

1.61

1.86

2.83

2.07

2.37

2 .4

2.05

2.46

1.85

1.58

1.66

1.56

2.438

2.833

2.978

3.131

3.292

3.638

3.824

4.226

4.443

4.671

4.91

5.162

1.51

1.48

1.66

1.67

1.73

1.75

1.69

1.71

1.78

1.86

1.37

1.63
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TABLE I(Contd)

Elastic Scattering Cross Sections

E
n

(MeV)

o.ob

0.01

0.403

0.424

0.455

0.468

0.601

0.632

0.665

0.699

0.734

0.943

1.096

E
n

CMeV)

0.0b

3.945

4.02

ffE,N
(barns)

10.5

7.8

3.29

5.01

3.35

2.59

1.8

1.76

2.21

2.23

2.03

1.25

2.48

Inelastic

°I,N
(barns)

0.0

0.0

1.751 x 10"3

E
n

(MeV)

1.152

1.211

1.273

1.338

1.479

1.555

1.635

1.718

1.806

1.899

2.695

2.833

2.978

Scattering

En
(MeV)

4.226

4.443

4.671

*E,N
(barns)

1.72

1.596

1.84

2.73

1.95

2.32

2.35

2.0

2.3

1.77

1.25

1.24

1.39

Cross Sections (Q

ffI.H
(barns)

6.763 x 10~3

7.73 x 10"3

8.583 x 10"3

E
n

(MeV)

3.131

3.292

3.46

3.638

3.824

4.02

4.226

4.443

4.671

4.91

5.16

=-3.945 MeV)

En
(MeV)

5.0

aE,N
(barns)

1.36

1.36

1.34

1.37

1.33

1.24

1.23

1.35

1.46

1.05

1.32

(barns)

1.0 x 10-2
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TABLE KContd.)

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 0-16a

Total Cross Sections

En
(MeV)

0.0b

0.284

0.383

0.403

0.424

0.445

0.468

0.492

0.518

0.544

0.853

0.991

°T,0
(barns)

3 . 7

3.71

4.26

6.04

11.2

14.5

9 . 5

5.71

4.28

3.64

3.03

7.47

£
n

(MeV)

1.152

1.211

1.273

1.338

1.479

1.555

1.635

1.718

1.899

2.099

2.32

2.438

°T,0
(barns)

3.03

3.01

4.55

3.8

2.28

2.28

3.47

3.02

2.72

1.4

0.779

0.919

En
(MeV)

2.563

2.695

2.833

3.131

3.292

3.46

4.02

4.226

4.443

4.671

4.91

5.162

aT,0
(barns)

1.23

1.22

1.28

1.8

2.86

3.02

1.7

1.82

1.88

1.11

1.13

1.6
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TABLE II (Contd.)

Elastic Scattering Cross Sections

E
n

(MeV)

O.Ob

0.383

0.403

0.424

0.445

0.468

0.492

0.518

0.544

0.853

0.991

1.152

aE,0
(barns)

3.7

4.26

6.04

11.2

14.5

9.5

5.71

4.28

3.64

3.03

7.47

3.03

E
0feV)

1.211

1.273

1.338

1.479

1.555

1.635

1.718

1.899

2.099

2.32

2.438

2.563

°E,0
(barns)

3.01

4.55

3 . 8

2.28

2.28

3.47

3.02

2.72

1.4

0.779

0.919

1.23

En
(MeV)

2.695

2.833

3.131

3.292

3.46

3.638

3.82

4.02

4.443

4.671

4.91

5.162

CTE,0
(barns)

1.22

1.28

1.8

2.86

3.02

2.98

2.89

1.63

1.84

1.06

1.03

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 III

Legendre Coefficients for Nitrogen Laboratory

Elastic-Scattering Angular Distributions

W l

Wl A - Wl En
(Mey) V B e V' (MeV)

o.ob

1.0

1.02

1.15

1.3

En
(MeV)

0 .0 b

1.0

1.15

1.25

1.35

0.14

0.305

0.19

0.66

0 . 3

W2

0 .0

0 .0

0.45

0.21

0.375

1.4

1.48

1.62

1.8

2.25

W 2
E —n

(MeV)

1.45

1.8

2 . 1

2.45

2 . 8

0.58

0,48

0.75

0.25

0.74

W 2

0.14

0.69

0.24

0.65

1.24

3.0

3.4

4.25

4.95

5.4

En
(MeV)

3-12

3.45

3.92

4.25

5.15

0 . 2

0.2

0 . 8

0 . 5

0.51

W 2

1.56

1.78

1.91

1.83

0.96
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TABLE I I I (Contd . )

W3

E n W 3 E n W 3 E n
(MeV) CMeV) (MeV)

o.ob

1.0

1.2

1.35

0.0

0 . 0

0.21

0.13

1.65

1.7

2.1

2.35

0.2

0.11

0.12

0.35

2 . 7

3 . 3

4.25

5.15

2.7

0.35

0.57

0.65

w
4

E
n

(MeV)

o.ob

2.9

2.978

3.131

3.292

W4

0.0

0.0

0.074

0.32

0.499

En
(MeV)

3.46

3.824

4.02

4.23

4.443

W4

0.641

0.549

0.458

0.453

0.546

E
n

(MeV)

4.671

4.91

5.162

W4

0.743

0.854

0.731
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TABLE III (Contd.)

w.

En
(MeV)

0 . 0 b

4.4

W5

0 .0

0 .0

En
(MeV)

4.443

4.671

W 5

0.136

0.303

En
(MeV)

4.91

5.162

W 5

0.498

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 Coeff ic ients for Oxygen Laboratory

Elas t i c -Scat ter ing Angular Distr ibut ions

En
(MeV)

o.ob

0.15

0.36

0.46

0.8

1.0

1.05

1.2

Wl

0.12

0.06

-0.59

1.32

0 . 3

0.22

-0.06

-0.18

En
(MeV)

1.33

1.5

1.7

2.05

2.5

2.95

3.13

3.3

W l

1.02

0.24

0.0

0.42

0.08

0.34

0.73

0.56

En
(MeV)

3.64

3.83

4.05

4.25

4.45

4.85

5.17

Wl

1.16

1.0

1.01

0.77

1.39

0 . 4

0.38

w2

E
n

(MeV)

o.ob

0 .1

0.35

0.43

0.58

0.82

0.9

W2

0.0

0 .0

-0.26

0.81

0.08

-0.16

-0.06

En
(MeV)

1.02

1.5

1.65

1.7

2.1

2.45

3.0

W2

1.65

0.24

0.48

0.18

0.64

-0.02

0.26

En
(MeV)

3 .3

4.05

4.45

4.67

5.15

W2

1.58

0.82

1.46

0 . 3

0.98
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TABLE IV (Contd.)

E
n

(MeV)

O.Ob

0.25

0.4

0.65

0.85

0.98

1.15

1.4

En
(MeV)

0.0

0.2

0.32

0.43

0.52

0 .6

0 . 8

0.93

W3

0.02

-0.095

0.24

-0.02

-0.04

0.38

-0 .1

0.48

W4

0.0

0.18

-0.08

0.14

-0.07

0.064

-0.04

0.16

En
(MeV)

1.55

1.64

1.75

2 . 0

2 .7

3 .0

3.2

3.45

En
(MeV)

1.1

1.25

1.4

1.52

1.73

2 .4

2.55

2.83

W3

0 . 3

0.62

0 . 3

0.075

0.02

0.18

0.86

0 .6

w4

W4

-0.02

0.26

0.12

0 .8

0.32

0 .0

0.065

-0.04

En
(MeV)

3.62

3.85

4.15

4.45

4.7

5.15

En
(MeV)

3 .3

3.62

4 . 1

4.5

4 .7

5.15

w3

0.94

0.94

0 .6

1.46

0.82

1.22

W4

0.01

0.33

0.04

0.56

0.46

0.76
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TABLE IV (Contd.)

En
(MeV)

0.0 b

0.15
0.35
0.5

0 .8

0.95

W5

0.0

-0.04
0.24

-0.02

0.06

0.52

En
(MeV)

1.05

1.4

1.63

1.95

2.55
3 . 1

W5

0.02
-0.05

0.8

0.02
0.04

- 0 . 1

En
(MeV)

3.62

3.95

4.22

4.7

5.7

W5

0.18

-0.06

0.04

-0 .1

0.32

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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TABLE V

Mean Free-Path for Neutron

E l a s t i c Scattering in A ir a

En
(MeV)

0.05

0.1

0.15

0 .2

0.25

0 . 3

0.3!>

0.3?5

C.4

0.425

0.45

0.473

°f5

A E
(cm)

2973

3185

3429

3714

4050

4454

4947

5236

5111

3115

3461

5200

6536

En
(MeV)

0.55

0.6

0 . 7

0 . 8

0.85

0.9

1.0

1 .1

1.2

1 .3

1.4

1.5

1.75

AE
(cm)

8097

9052

7984

9490

10330

9495

6854

6876

10260

7445

7712

9338

8568

En
(MeV)

2.0

2.25

2 .5

2.75

3 .0

3.25

3.5

3.75

4 . 0

4 .5

5 .0

XE
(cm)

11030

13780

14920

15740

13760

12140

11570

11700

14470

13680

16890

a. Values of A_, conputed fron Eq. ( 1 1 ) .

\ x :- .••/ • I
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TABLE VI

Uranium Deposit Compositions Assumed for the

Calculations in Section V

0-234 content

U-235 content

U-236 content

U-238 content

U-235 Enriched Deposit

0.856Z

93.249%

0.332%

5.526%

Total mass

878 vicrogrants

U-235 content

U-238 content

U-238 Enriched

0

99

.415%

.585%

Deposit
1

I

Total mass

2398 micrograms

U-234 and U-236 contents are negligible
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Fission

TABLE VII

Cross Sections Used in the Present Work

U-23«(n,f)

En
(MeV)

0.0

0.01

0.1

0.25

0.4

0.6

0.7

0.8

U-235(n,f)

E

(MeV)

0.0

l.OxlO"6

0.001

0.003

0.01

0.0175

0.03

0.055

0.1

0.16

0.24

0.35

6.4

%..54

Cross Sections

°F,234
(barns)

0.0a

0.01a

0.024a

0.06a

0.262a

0.683a

1.0853

1.26a

Cross Sections

°F,235
(barns)

580.0b

65.0b

8.05b

4.99b

3.21b

2.7b

2.27b

1.91b

1.6353

1.478a

1.32a

1.225a

1.2188

!.«•

E

(MeV)

1.0

1.8

2.0

2.4

3.5

4.5

5.0

5.5

E
n

(MeV)

0.8

0.85

0.95

1.0

1.5

2.0

2.3

2.6

3.2

3.6

4.2

4.8

5.4

5.8

°F,234
(barns)

1.092a

1.48a

1.508a

1.444a

1.383a

1.275a

1.261a

1.308a

°F,235
(barns)

1.133a

1.15a

1.218a

1.235a

1.247a

1.315a

1.3093

1.281a

1.177a

1.146a

1.089a

1.056a

1.046a

1.068a
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E
n

(MeV)

6.0

7.0

8.0

9.0

10.2

12.5

15.0

E
n

(MeV)

6.1

6.3

6.8

7.2

7.6

8.5

9.5

10.5

11.5

12.5

13.0

14.0

15.0

aF,234
(barns)

1.422a

1.773a

l,972a

2.012a

1.810a

1.813a

1.996a

°F,235
(barns)

1.098a

1.164a

1.413a

1.552a

1.634a

1.751a

1.753a

1.7a

1.7a

1.82a

2.0a

2.13a

2.l6a



TABLE VII (Contd.)

U-236(n,f) Cross Sections

En
(MeV)

0.0

0.7

0.9

1.2

1.4

1.6

U-238(n,f)

En
(MeV)

0.0

0 .5

0.61

0.75

0.85

0.898

1.005

1.108

1.205

1.306

1.401

a. Values

°F,236
(barns)

o.oa

0.027a

0.292a

0.6la

0.69a

0.688a

Cross Sections

°F,238
(barns)

0.0a

2.34xlO~4a

1.24xlO~3a

1.98xlO"3a

5.87xl0"3a

0.0123c

0.0163°

0.0273c

0.0374c

0.0651c

0.1939c

. obta-ineH from EMTiP/l

En
(MeV)

2 .0

2 . 4

2 . 8

5 . 0

5 .5

6.0

En
(HeV)

1.514

1.617

1.72

1.821

1.914

2 . 0

2.51

3.08

3.28

3.58

4.08

F!-TTT p v a l n a H

°F,236
(barns)

0.828a

0.882a

0.872a

0.868a

0.822a

0.903a

aF,238
(barns)

0.3458c

0.4169c

0.4472c

0.5122c

O.5397c

0.5371°

0.5573C

0.525c

0.5242C

0.5352c

0.5336c

En
(MeV)

7.0

7.85

9.0

11.5

13.5

15.0

En
(MeV)

4.47

5.08

5.33

6 . 0

7.0

7.5

8.5

10.0

12.0

13.5

15.0

°F,236
(barns)

1.432 a I

1.73a

1.84a

. 1.722a !

1.657a

1.625a

CF,238
(barns)

0.5339c

0.5324c

0.5403c

0.618a

0.936a

0.978a

1.0a

0.974a

0.995a ]

1.098a

1.25a

b. Values obtained from Davey compilation [20,21].

c. Values calculated using ENDF/B-III values of a

U-235 fissica cross section ratios 111].
_, 16] and Meadows U-238 to
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TABLE VIII

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

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

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

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

(Table IV).
5. Fission cross sections for U-234, U-235, U-236 and U-238. (Table VII).
6. Uranium deposit masses and compositions. (Table VI).
7. Isotropic, monoenergetic neutron point source.
8. Geometric parameters (see Fig. 3):

d = 5 an
^ISK - 1.27 cm

RA,MAX- Z = 30an
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Thickness
Multiple

TABLE IX

Variation of F- with Thickness
of a U-235 Enriched Deposit3

Deposit
Weight (gnO F2/F2 (Standard)

0.001

0.01

0.1

0.5

i b

2

5

10

100

1000

8.784

8.784

8.784

4.392

8.784

1.757

4.392

8.784

8.784

8.784

x 1O'7

x l 0 " 6

x 10 "5

x 10"4

x 10"4

x 10"3

x 10"3

x 10"3

x 10~2

x 10"1

0.965

1.079

0.995

1.057

, J Standard
1 Deposit Reali
L thid

1.027

1.014

0.973
1

;tic deposi
oiess range

1.083

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

U-235 Enriched Deposit

Ay(amu) = 1 MeV 3 MeV

2

5

10

20

50

100

Infinite

.1980 x 10*

.1298 x 10

.1348 x 10

.1267 x 10

r2

r2

-2

.1406 x 10-2

.1714 x 10
-2

.1644 x 10
-2

.1003 x 10

.8325 x 10

.7209 x 10

.7046 x 10

.9163 x 10

.7979 x 10

.9055 x 10

-2

-3

-3

-3

-3

-3

-3

U-238 Enriched Deposit

1 MeV 3 MeV

2

5

10

20

50

100

Infinite

.5975 x 10~3

.6581 x 10~3

.6199 x 10

.8130 x 10

.7485 x 10

f3

r3

-3

.8714 x 10.-3

.9975 x 10,-3

.5553 x 10

.7066 x 10

.8517 x 10

.8260 x 10

.8378 x 10

.8121 x 10

.8649 x 10

-3

-3

-3

r3

-3

-3

-3

a. Values of F- were calculated via the techniques of Section V. Hypothetical

two-body neutron producing reactions with Q » 0 which are initiated by a

projectile with mass equal to a neutron (A. - 1.009 amu) were assumed.

Various target nuclei with masses (in amu) A, - 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 F, to the Assumed Elastic

Scattering Angular Distributions for

Nitrogen and Oxygen

U-235 Enriched Deposit

Normal Oxygen Distribution

E^MeV) Normal Nitrogen Distr. Isotropic Nitrogen Distr.

1.0

1.8

2.5

3.0

3.5

5.0

.1644 x 10-2 .1664 x 10-2

.1390 x 10

.6691 X 10

.9055 x 10

.-2

-3

.1500 x 10

.7951 x 10

-2

,-3

.1323 x 10

.8964 x 10

-2

.9284 x 10

.1072 x 10

-3

-2

-3
.8587 x 10

-3

Normal Nitrogen Distribution

E1(MeV) Normal Nitrogen Distr. Isotropic Oxygen Distr.

0.45

1.0

1.8

3.5

4.5

.2880 x 10-2

.1644 x 10-2

-2.1390 x 10

.1323 x 10"2

.9422 x 10-3

.3933 x 10-2

.1607 x 10-2

.1510 x 10-2

.1208 x 10

.1463 x 10

-2

-2
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TABLE XI (Contd.)

U-238 Enriched Deposit

Normal Oxygen Distribution

E (MeV) Normal Nitrogen Distr. Isotropic Nitrogen Distr.

1.0

1.8

2.5

3.0

3.5

5.0

.9975 x 10"3

.9673 x 10~3

.6568 x 10"3

.8649 x 10"3

.1312 x 10

.7637 x 10

.1008 X 10

.8453 x 10

-2

-3

.6878 x 10-3

.1129 x 10-2

r2
.1016 x 10

.7266 x 10

-2

-3

Normal Nitrogen Distribution

EUMeV) Normal Nitrogen Distr.
Isotropic Nitrogen Distr.

0.45

1.0

1.8

3.5

4.5

.2814 x 10-2

.9975 x 10

.9673 x 10

.1312 x 10

.8446 x 10

-3

-3

-2

-3

.3364 x 10

.8696 x 10

.9059 x 10

.1272 x 10

.8709 x 10

-2

-3

-3

-2

-3

a. 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.
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TABLE XII

Coefficients for the Neutron Source Distributions

Corresponding to the Li(p,n) Be Reactiona

First-Group Neutrons (Q = -1.644 MeV)

Proton
Energy (MeV)

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

Wl

1.19

1.113

1.054

0.9617

0.8843

0.7795

0.6877

0.6097

0.5802

0.5612

0.5207

0.4674

0

0

0

0.

0,

0,

0.

0.

0.

0.

0.

0.

W2

.5687

.4518

.4437

.4044

.3655

.3440

.3714

.4622

.5519

,6674

6743

7297

0

0

-0

-0

0

W3

0.1619

0.1075

0.1121

0.1044

0.4093

.7762 x 10"2

.1662 x 10"2

.6456 x 10"1

.3219 x 10"1

.4624 x lO""1

0.1318

0.3098

-0

-0

-0

-0

-0

-0

-0

0

.1598

.3394

.4365

.9487

.8957

.6359

.1948

.6363

w
4

0

0

0

0

x 10"1

xlO"1

xlO"1

x 10"4

x ID'1

x 10"1

xlO"1

x lO"1

-43-



TABLE XII (Contd.)

Second Group Neutrons (Q - -2.079 MeV)

Proton
Energy (MeV)

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

-0.

-0.

-o.

-0.

-0.

0.

0.

0.

0.

-0.

4815 x

3763 x

9986 x

7796 x

7609 x

Wl

38

2859

1832

114

3831

lO"3

io-i

io-i

10"!

io-i

-0

-0

-0

0

0

0

0

0

0

0

W2

.1695

.1582

.443 x 10"1

.517 x 10"1

.2217

.223

.2364

.2952

.3609

.4322

-0

-0

-0

0

-0

-0

-0

0

-0

-0

wW3

.1773

.1427

.4813

.7592

.6469

.2205

.6162

.2167

.6173

.8369

X

X

X

X

X

X

X

X

io-3

io-2

ID"1

lO"2

io-2

10"!

ID"1

io-i

-0.7445

-0

-0

0

0

-0

-0

-0

-0

-0

.5812

.495 j

.1545

.755 j

.5722

.6 x :

.5371

.1084

.1287

W4

xlO-1

x 10"1

K 10"2

x 10"1

K 10"3

x 10"1

x 10~

a. Laboratory angular distributions for the Li(p,n) Be 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

A fourth-order expansion(n«4) was found to be adequate for this purpose.
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FIGURE CAPTIONS

Fig. 1. Laboratory neutron elastic-scattering angular distributions for

nitrogen computed from the Legendre coefficients given in Table

III. The curves were all plotted using the same ordinate scale.

The neutron energies shown are in HeV. The negative cross sec-

tions appearing at 2.5 MeV are nonphysical and such values were

excluded from the scattering calculations. (ML Neg. No.

116-1904).

Fig. 2. 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).

Fig. 3. 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).

Fig. 4. The solid curve is a plot of FQ computed from Eq. (10) using

values of A,, from Table V for d « 5 cm. The individual points are

values of F. for d • 5 cm and.R-.-gg • 1.27 cm computed via the

Monter-Carlo techniques described in Section IV. (ANL Neg. No.

116-1906).

Fig. 5. Plot of the ratio F-/Fo computed from Eqs. (10) and (19) for

several values of R. „.„ (» Z. „.„) with E • 1 MeV, d « 5 cm and
A, MAX A,MAX n

RjJISK - 1.27 cm. (ANL Neg. No. 116-1905).

Fig. 6. Plot of the ratio F|/FQ computed from Eqs. (10) and (19) for several

values of d with En - 1 MeV, R ^ - 1.27 cm and

10 d. (ANL Neg. No. 116-1913).
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Fig. 7. Plot of the average angle of incidence 9_ for several values of d

with E n - 1 MeV, R ^ - 1.27 cm and ^ ^ - Z A ^ > 10 d. Com-

putations were performed according to procedures described in

Section IV. (ANL Heg. No. 116-1908).

Fig. 8. Plots of the neutron angle-of-incidence distributions for several

values of d with E - 1 MeV, R^,™ - 1.27 cm and R, „._. - Z. M A V
; n DISK A,MAX A,MAX

> 10 d. Computations were performed according to procedures

described in Section IV. The distribution function becomes nearly

linear when d/IL.,™. becomes large and the effects of finite uranium

deposit size are negligible. (ANL Neg. No. 116-1911).

Fig. 9. Plots of the neutron arrival-time distributions for several neutron

energies with R ^ « 1.27 cm, d - 5 cm and R A m * Z A > M A X > *° <*•

Computations were performed according to procedures described in

Section IV. (ANL Neg. No. 116-1910).

Fig.10. Plot of F and of F2 for a U-235 enriched deposit and for a U-238

, 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).

Fig.11. 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).

Fig.12. 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).

" ' • • . • • - " - ' ; - 4 6 -



Fig.13. Dependence of R, on the shape of the neutron source distribution.

The insert figures show the neutron source distribution shapes

S(0j-g) = 1 + w. P,(cos ©TAD) for w, - -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 F, is

very sensitive to the value of w, for -1 - w. < 0 (back angle

peaking). (ANL Neg. No. 116-1903).

Fig.14. Plot of FQ and of F- 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
7 7

Li(p,n) Be reaction. Other parameters required for these calcu-

lations were obtained from Table VIII and the methods of Sections

III and IV were used in the analysis. (ANL Neg. No. 116-1916).

Fig.15. 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

Li(p,n) Be reaction. Other parameters required for these calcu-

lations were obtained from Table VIII and the methods of Sections

III and IV were used in the analysis. CANL Neg. No. 116-1917).
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APPENDIX I

Listing of FORTRAN IV Code AIRSC1

Ihis program was used in conjunction with an SliL 840 MP com-
puter equipped with an extended arithmetic unit 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 I/O device, Unit 4 is a card reader while Unit 5 is
a line printer.
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C AIRSC1
C

DIMEMS10N E N E ( 5 Q > , S I G N E ( 5 O > » E 0 E ( 5 O > , S I G 0 E { 5 O » . T H H 3 6 > » Y S A { 3 6 > # R A N G
1(36>,T<2O>»YST<21>#RTIME(21>

DATA ATHDN,ATMD0.AV0G,PI1,PI2/.4O34E*2O».1O66E*2O..1E-23,3.1<159.6
1,23310/

C
VAUJS(2»V«IM»VMAX)cVHIN+Z«(VHAX-VMIN)

C
C C0NTR0L
C

1 READ<4,2) IC
2 F0RMATU1)

G0 T0(1O,2O»3O»4O)»1C
10 PAUSE

60 T# 1
C
C READ 1NTERP&LATI0N TABLES
C

20 REA0(4»3D NNE
READU.21) (ENE( I ) ,SIGNE(I

21 F0RMATOE1O.4)
READ(4,31) N0E
READ(4,21) (EBE<I)»SIG0E(I

C
C READ AND WRITE BASIC PARAMETERS
C

30 READC4,21) D,HDISK
READ(4,31) MhlST«riHIST»NTlME»NANG

31 F0RMAT(16I5)
READ(4»21) ZAKAX»RAKAX*TRANG
MRITE<5»35) DtROISK

35 F0RMAT<1H1»7HD*RDISK/2E1O.4)
WRIT£<5.36) HH1ST,NHISTtNTIMg.NANG

36 F 0 R M A T ( 2 2 H M H 1 S T » N H I S T * N T I H £ * N A N G / 4 ! 6 )
MR!TE(5»37) 2AMAX,RAKAX,THANG

37 F0RHAT(l7H2Ar!AX*RAHAX»TRANG/3ElO.4)
WRITE(5.38)

39 F0RMATC/5H )
C
C READ AND WRITE E
C

40 READ(4*21) £
WRIT£<5f42) E

42 F0RMAT<1HE/E1O.4>
C
C CALCULATE HACRiJSCgPIC ELASTIC SCATTERING CR0SS SECTION AND MEAN
C FREE PATH MR ELASTIC SCATTERING
C

CALL l-\TRPL<>NttENE.SIGN-E»Ef VSNE)
CALL I

C
C CALCULATE Î ClDEiMT ANGLES lH l ( I )
C

30 48 Ial (NA«G
48 THK n»13O,O»FL0AT(I)/FLZAT(iJANG)

C
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C CALCULATE TCI> AND
C

00 50
50 T ( I

TMINsTIM£(E»D>
C
C CALCULATE YDIR
C

D0 100 IOlRsl,MHlST
C
C SELECT SF AT H A M J 0 H
C

C
C CALCULATE THS ANQ 00
C

THS«ATAM(RF/D)
OO«D/C0S(THS>

C
100 YDIR=YDIH*(RF/DO/DO)

C
c CALCJLATE HISTORY AVERAGE
c
C
C, CALCULATE YSA<I> AND Y S T ( l )
C

00 105 I * I , M A N G
YSA(I)sO.O

00 110 1
110 Y S T { I ) s 0 . o

SUMNTMsO.O
SUMD»0.0

00 9UJ 1SCAT«1»NHIST
C
C SELECT RF,RA»2A AND PHA AT RANO0H
C

RFxVALUE(Z*0.0»ROISK)

RA3VALUE(2»0.0#RAMAX)
EsRAMFC-1)
2AsVALUE(2»*2AMAx,ZAMAX)
2«RA <iF(-l)

C
C CALCULATE XA.YA.D1 AND D2. SKIP TRIAL IF 01 0R 02 T00 SMALL
C

XAaRA»C2>S(PHA>
YA*RA*SIM(PHA)
01«SjST{XA«XA*YA»YA*(2A-D)»(2A-D))
I F ( D l - . l B - l G ) 900*900,120

liJO D2«SQKT((XA-RF)»(XA-RF)*YA»YA*2A»2A)
IF(Di i - . lE - lO) 900,900,130

C
C CALCULATE THl.\|C AND INDXA
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c
130 CALL *NGLtiO.,O.,O.»O.»O.,D.Rr-.O.,O.,XA,YA»EA,THlNC>

TH
I N D X A = I N D X A * 1

C
C CALCULATE T1,T2 AND
C

T2«TIME<E.D2)

YLD»RA»RF/D1/D1/U2/O2

YSA{l.jDXA)«YSAUNOXA)*VLD
YST( 1. \JDXT)*YSTIINDXT)*YLD

90 0 CONTINUE
c
C MULTIPLY 3Y SlGME AND AIR PARAMETER SPACE VOLUME. CALCULATE
C HISTORY AVERAGES
9

00 90? l*lttiAi-4\a
V05 YSA(l)*RAMAX»ZAMAX#SIGHE»YSA<l)/FL0AT{NHrST>

D0 9lti
910 YST(I

THINCV«SUMMTri/SUMD

c
C CALCULATE RA.\U(I)«RTIriE( I ) »T0TRAT»FT1 AND FT2
C

00 920 I»1»-JA^G
920 RANG<i)«YSA(I)/YDlR

T0TRAT«O#O
00 IUUO I*l»fiiSi*
RTlHt(I)»YST(I)/YDIR

1000 T0TRAT»T0TRAT*RTIME(1)
FT2«RT IKE(N
FT1«1.O-FT2

C
C WRITE RESULTS
C

F0RMAT<4nYDlR/EU.4>

MRlTt(5,24!iO)
24U0 Fi9RHAT(6HTHl<I)>

I T H I ( I ) , I = 1 , N A N G )

24U1
HRITE(

20U1 F0RHAT(4HT(I>)
«RITE(5,3OOO) <T<IM*1#NT1ME)

30U0 F0RMATC4E1U.4)
WRITE(5,2002)
F0RMAT(8HRTIM£C!>>
WRITER,300U)
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WRlTe(5»20G3> T0TRAT.FT1.FT2
T A T T T e

F0RMATC/5-t — — -

G0 T. 1
FND

TIME««/V
RETU3K-
END

1H)
Vl*SasT((KlH-XlT>»(XlH-XlT>*tYlH-YlT>»tYlH-YlT)*(ZlH-EiT)»(ZlH-HlT

D)

1 ) )

END

lFCX»X.GT.t.at-7u> A R C C « S = A T A ^ ( S Q R T ( 1 . / X / X - 1 . ) )
IFtX.LT.G.) AHCCiOS*3
Gfc Td tiuC»2Su)«K

100
2U0 RETUR\

END

DlME.-iSli^J *T<.\'),YT<N>
IFCX-XT(D) l » i # 4

2 FBRMAK8HRANG
PAUSE

3 YsYT(l )
G0 T/-. 24

4 IF CX-X1 ( \i>) 7 , 5 . 1
6 YsYTU)

G0 TV" 2*
7 UQ

IF(X-XT(K)J 9 , 1 0 # i l
9 J*K

G0 T? 12
1U Y*YT(»\)

60 T** 2<
11 1=K
12 I F C J - I - D 13.1«S»6

DEN*XT(J)-XT(|)
C1*(XT{J)»YTU )-XT(I J»YT(j)>/DbN
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EfuD
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APPEJDIX II

Listing of FDKTRAN 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 I/O device,
Unit 4 is a card reader (or punch for output) while Unit 5 is a line
printer.
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C AJHSC2
C

OIKE'iSlC^' »*S(5>»ATHU(4>,NtjT<4>,eUTC4,2O)»SIGUTC4.2O>,NUF(4>,5UF<4,
150>#SIGUFC4,5&}»fef<T(50).SI6NT<5G),ENE<5C)»SlGNE(50>.MWNfc<5),6WNE(5

4I(3,i;c)#SlGPI(3,20),T(20),YSCAT(2l)#RATlB(2l) .THIC<36)»YSANG(36),R
i>ANG(36)/ENE«{lf iG),YS£.\(l00)*REN( i .00).A(50),B(50) ,W0RKC5O)

DATA ATMD,N»ATr9£,AV03,PIl,PI2/.4334E+2O, .1066E+2O, . lE -23 ,3 .14159.6
1.28316/

C
VALUE(H.VMIN,VHA»)=VMIN*2*(VMAX-VMIN)

f-
C C0NTR3L
C

1 READ<4,2> IC
2 F0RMAT'.!1>

G0 T^(1O,2O»3U«4O)#IC
10 PAUSE

G0 Te i
C
C READ INTERP0LAT14M TABLES
C

20 00 22 ] « l f 4
READU'21) NUT<i>

21 F0RHAT(16I5>
N»NUT(I)

22 READ(4,23> (EUT(|«J)»SIGUT(I ,J>#J»l .N)
23 F0RHAT(8£lO.4>

D0 231 1*1#4
READ(4*21) NUFtU
N«NUF<D

231 &EAD<4«23> (EuF( I ,J) ,SIGUFU*J>»J«l»N)
READ(4,21J NNT
REA0(4»23) ( E N T ( 1 ) , S I G N T ( I > , I x l , N N T >
READ(4»2l) NNE
READ(4»23) (E«E(1)»SIGNE(I»#Is
D0 24 is i»5
READ(4*21)

24 READ(4.23) (EwNE ( I #J>,MNE( I . J)
READ(4«21> HHiI
IF(MNI.EQ.O) QC' Tl 26
READ(4»23) (ON I ( I ) , I *1»HM )

: D0 25 1*1,«NI
READ(4»21) NMCi )
NsNNIU)

2b READ(4#23) C'ENK I» J> #SIGN! ( I »J)# Js l .N)
S6 READ(4»21> N0T

READ(4>23)
READ(4.2i)
READ(4,23) <£0E(I) ,SIG0E(I)»I31,N0E>
D0 27o1*1,5
READ(4,21)

27 READ(4#23) <E*0E< I , J) ,U0E( I» J) # J*1»N)
READ(4,21) Midi
,IF(H0I ,EQ.O> G£ Te 30
READ<4*23) < a j H I ) » I * l * M 0 I )
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D0 28 I - l t H 0 I
READU.21) N01CI)
N*N0IU)

28 «EAD(4,23) ( Egli I, J) »SlG0I U # J)» Jsl»N)
C
C READ AND WRITE BASIC PARAMETERS
C

30 KEAD(4»21> MHlST»NHISTL»NTlME.NAi*GfN£NR
READ(4,23> 2ASAX,ftAMAX
READ<4«23) D«RDISK
READ(4*23) (AThU<I) . I * l#4>
HEAD(4#23) TRANG
READ(4'23> Al,A2»C>S
WRITE(5,31) K.HIST (KHISTL»NTIHE*NANG»NENR

31 F0RMAT(1H1»28HhH1ST.NHISTL#NTIME,NANG,NENR/516 >
WRITE<5,32> 2AKAX,RAHAX

62 F0RMATCUHZAMAX,RAMAx/2ElG.4)
WRITE(5,33) D.KDISK

33 F0RMAT(7HD#RUISK/2E1O.4)
»RITE{5,34)

34 F0RMAT(7HATMu(I))
WRITE(5»23^ (ATHU(I ) t1*1.4)

35 F0RMAT(5HTRAIViS/ElO*4)
MR1T£(5»36> A1»A2/QS

36 F0RMAT(aHAl«A2'GS/3ElOt4)
HRITE(5#37)

3 7 F0RMAT</5H >
C
C READ AND MRIT& VARIABLE PARAMETERS
C

40 HEADU,41) E1,NWS
41 F0RMATCE13.4,15)

READ(4f23)
El.NKS

42 F0RMAT(/6HE1#NWS/E1O.
I F ( N M S . E Q . O ) G0 T£ 50
WRIT6C5,43>

43

C
C CALCULATE T d )
C

50 00 51 Isl,NTIhfe
51 T(I)»TRANG»FL0AT(I)/FL0AT<NTIME)

C
C CALCULATE THICd)
C

00 52 I*1,NA\G
52 THlC(I>slBO.O»FLS9AT(I)/FL0AT(NANG)

C
C CALCULATE FLIGHT TIME SPREAD F0R DIRECT EVENTS,ENMAX AND ENER( I )
C

THS«ATAN(40ISK/D)
DO*D/C0S(THS)
CALL KINA"KA1,A2,1.0 087/QS»E1,THS»ENO,EDUM>
TMAXSTIME(ENO»DO)
CALL KlNAM<Al,A2»1.0087,QS»Elf0.0.EN0.EDUM)
ENMAX*1,OOOO1»£NQ
TMIN«TIME(ENO,D)
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OT«TMAX*THIN
D0 53 I«1.NENK

53 ENER<I>*ENMAX«FL3ATCI)/FL0AT<NENR)
C
C CALCULATE lERtf-OEGREE HE AN FREE PATH
C

CALL lNTftPLCNNT,ENT»SlGNT*ENO»VSNT)
CALL INTRPLCN0T«E0T» SIG0T,ENO,VS0T)
Sl l
FREE*1.O/SIGAIR

C
c,..,,CALCULATE YDIR
c

YDIR'0.0
D0 ISO ID1R»1.MHIST

C
C SELECT RF AT RAND3M
C

D
RF«VALUEC2«O.O»RDISK>

C
C CALCULATE THS.00 AND £NO
C

THS«ATAM(RF/O)
CS«C0S(THS>
DQ"D/CS
CALL KlNAH(Al.A2,1.00S7*0S»El»THS.EN0«EDUH}

C
C CALCULATE S0URCE FUtX
C

CALL DISTR(NUS»USrTHS*FS)
C
C CALCULATE ATTNO
C

CALL INTRPLC ml.ENT* SI6NT»ENO. VSmT)
CALL INTRPL(M3T,E0T,SIGfT,ENO,VSfT>
S!GAlRsAVilQ«(ATHO!«»VSNT*ATHD0*VS0T)
ATTN0sEXFCSlGA!R«DO)

C
C CALCULATE FUT AND FUF
C

FUTsO.O
00 61 I«l»4
N*NUT(I)
00 6D J«1#N
ACJ)*EUT(I«J)

60 B(J)»SIGUT(I,J>
CALL INTRPL(h«A.B«ENO*VSUT»

61 FUT«FUT*ATMU(l)«VSUT
FUF»0.0
00 63
N*NUF(I>
00 62 J«1,N
A(J>sEUF(l»J)

62 B(J)*SIGUFU»J>
CALL INTRPLCN«A*B«ENO«VSUF)

63 F U F » F F C )
FUF*FUF*AV0G



100 YD!RsYDIR*<FS*CS*ATTllO«RF«FUF»TRANSCFUT»P!l#ftDISK*CS>/DO/DO/FUT)
C
C CALCULATE HIST0RY AVERAGE
C

C
C...,.CALCULATE YSCATCDtYSANGII) AND YSEN(l)
C

00
110 VSCAT(p*0.0

00 H I I«1#N
111 VSANGU>sO.O

Of 112
112 YSEN<!>«0.0

SUHNEsO.O
SUMNTH«0,0
SUMD-O.O

C
NHlSTsO

113 CtNTlMOE
NHlST»NHlST*l

C
C SELECT RF,RA,2A AND PHA AT RAhDfH
C

RF«VALUE(ltO.O»ROlSK!
2
RAsV*LUE(i*O.O#RAHAX)
isRANFf-1)

isRANF<»l>
PHA«VALUECZ»0t0«Pl2}

C
C CALCULATE XA.YA.D1 ANO 02 . SKIP TRIAL IF Of fit D2 T f f SMALL
C

113*113,120
)«{XA«RF)+Y

lFCf!J2/0>»tlfc-O$> 113*113*130
C
C CALCULATE THS,fcNl AND U
C

130 CALL ANGL£tO.,O t,0.»0.»0.,D,XA»YA,lA#0.#0.»D»THS>
CALL K!NA:i(Al,A2 fl.0087»gS»El«TH$ fENl*EDUH)
Tl«TlME(ENliUl>

C
C CALCULATE SOURCE FLUX
C

CALL &ISTR(NMS*VS»THS>FS>
c
C CALCULATE A T T M I
C

CALL INTRPL(ivNT(cNT*SlGNT#ENl»VSNT)
CALL !*TRPLC»itiT,teT»SIGfT*ENl,VSfT>
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C CALCULATE T H A » T H I , T H I N C AND JNDEX, SKIP TRIAL IF THlNC T0£ CLOSE
C T0 90 DEGREES
C

CALL ANGLE<RFtC,,0.(XAtYA,ZA*XA,YA»lA*O.»O.»D«THA)
CALL ANGLE<D.#0.,0.#Q.»O.,D»aF»O.,0.#XA#YA.iA#THI)
C!*AdS<C9S<TK!>)
THINC»57,29577*5»THI
IF(ASS(THINC-?O,(J)-O.O1)

131 JNDEX»THnOFL3ATCNASG)/
JNDEX»JNDEX*1

C
CXX C0NTRIBUTI0N f*9* NITR06EN ELASTIC SCATTERING
C
c CALCULATE EK2*T2,INDEX AND KNDEX
c

CALL KlNAMCltUO87,l4,0G3»l.OU87»U. iENl#THA*EN2tE0UM)
KNDEiOKNOEX l̂
T2«TIME(ES2,D
!HDex»(Tl*TZ-
INDEX*INDEX*!

<T
C
C DETERMINE NORMALIZED NITR0GEN DIFFERENTIAL ELASTIC SCATTERING
C CRfSS SfcCTJBN
C

CALL !NTRPL<NKE»E*E«SieNE*ENl»VSN£>
D0 141 IU*5
N>N»»ECI)
Df 140 J«J,»N

1 4 0 J E l
CALL INTRPLC\»A»3»ENl«W0RKCI>)
CALL N0R*(H0ftK*C0»SY>
CALL 0IST«(5,«ehK»THA,Sli

C
C CALCULATE
C

CALL lNTRPL(^TttNT»St6NT,EN2«VSNT>
CALL INTRPL<N0T»E0TtSIC0T*EN2«VS«T)

l
ATTN2«EXF<*SIGAIR«D2)

C
C CALCULATE PUT AND FOF
C

FUT«O.C
00 151 I«l*4
N*NUT(I)
D0 15? J*l«t«
A(J)*=UT( I ,J)

190 8(J)«SIGUT(I ,J)
CALL !fcTRFL<.v»A*6»EN2»VSUT)
FUT«FUT«ATHU(I>«VSUT

D0 153 !*1»«
N>I
00
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252 6 J S I U J
CALL lM«PL<.\,*,b,EN2,VSUF>

153 FUF«F{jF*ATrtU(P«VSUF
FllFxFyF«AVii>G

C
YLD*(:S«ri*ATT;4l*ATTN2*RF*RA«ATHDN*DESN«FUF*TRANS(FUT»PIl»R0iSKfCI)

1/D1/D1/D2/D2/FUT

S U L
YSCATUMDEXJ*YSC*T<I*DEX>+YLD
YSANG{JNCtX)*YSAMfi(j:<DeX)+YLD
YSEN<KNPEX)*YSEN<KNDEX>*YLD

C
CXX C0NTRIBUTH3N FRfJf: NITR8GEN iNeLASTIC SCATTERING
c

IF(M; i.feg.O) UP. Ti; 2f»9
00 2U0 INI*l*Mt'I

C
C CHECK IF HEACTIBN IS ENERGETICALLY ALLIED. CALCULATE T2,INDEX
C AND K-JDtX
C

CALL -slNAMU,0067,14.003,1.0387,ONI C INI),EN1»THA,EN2,EDUM)

160 T2*?i !
K N C E K s L
KND£**KNUEX*1

1KDEX-N6IN
C
C DETE-i'-lNE NBPnALlifcD NITR0GE4 DIFFERENTIAL INELASTIC SCATTERING
C CRfSS SECT10N (IS0TR0PIC)
C

M
D0 161 J*l#fJ
A(J)*ENI(IM,JJ
CALL INT«PL(^,A,8»EN1,VSM>

S /
C
C CALCULATE
C

CALL IMRPL<*11»tuT,siGNT,EN2,VSNT>
CALL irJTRPL<^T«EUT«SIG0T»EN2»VS9T>

ATTN2«EXF(-SIUAJR»U2>
C
C CALCCLATC FUT AM& FUF
C

163

D0 162
A(J)t£l'T(l,Jj

162 B ( J ) » S I G U T ( I . J )
CALL lNTRPL<»tA»8«EN2.VSUT>

163 FUT»FUT*ATMU
FUT»FUT»AV0G
FUFaO.C



00 16? 1*1*4

D» 164
A(J)BgUF<I#J>

164 B<J)«SIGyF(I ,J)
CALL INTRPL<N*A,6,£N2»VSUF>

165 FUF*FUF*ATMKI>«VSUF

1/B1/L1/D2/D2/FUT

VSCATC
YS-»NG(
YSEN(K

£00 CBNTIr.UE
C
CXX C0NTHI&UTI0M V?9r. OXYGEN ELASTIC SCATTERING
C
C CALCULATE EN2,T?,iriOEx AND KNDeX
C

<09 CALL KlKAMtl.0067,15.995.1.00b7,0.#ENl#THA»EN2»EDUH)
E A T( rjENR )/ENHAX

INDEX-IhDEX*l

C
C DETE^MlhE NZhHALliED 0XYGEN DIFFERENTIAL ELASTIC SCATTERING
C CR0S5 SECTION
C

CALL l>!TRPLCftisE*£/,E*S:G0E»£Nl,VS0E>
00 211 I«1.5

00 21U
A(J>»£K0E(I»J>

210 B(J)«heEU»J>
CALL !MRPL<
CALL \0RN(Me>ftKtCi9NST)
CALL DISTR(5,wer<K,THA#Sl)

C
C CALCULATE *TT«2
C

CALL I N T H P U . \ M T , E N T , S I ( I N T , C N 2 , V S K T )
CALL lNT^PLtNt'T,£k!T,Sl6iT,EN2.VSaT)

T T H
ATTN2«EXF(-StGAJ R«D21

C
C CALCULATE FUT AND FUF
C

FUT-0.0
Of 221 I«l*4
N«NUT(1)
Of 220 J«1»N
A<J)«6UT(I.J)
* (J ) *S I6UTU»J>



CALL INTRPLC\,A,B»EN2*VSUT)

FUT*FUT»AV5JS
FuF««J,0
D0 223 1*1.4
NsNUFil)
00 222 J*1,N
A(J)»£UF(1.J>
B(J)*51GUF(1>J)
CALL lNTflPL<«»A,8.EN2»VSUF>
FUF«FUF*AT«U{!)#VSUF

YtD«FS«CI»ATT.«l«ATTM2«RF«RA»ATMDi>»DBSB«FUF»TRANS(FUT#PIl»RDIStC»CI)
l /Dl / i ) l /U2/D2/FUT

YSCATC
YSANG(JNOEX)«YSAN6(J^
YSEN(KND5X)»YS&NCKNOEX)+YLP

C
CXA C0NTKI8UT I£ IN FHUii 0XYGEN INELASTIC SCATTERING
C

iFfH^I.EQ.O) UD 12 900

C
C CHECK IF REACT I3f« IS ENERGETICALLY ALLOWED. CALCUL*Tt T2,INDEX
C AND KJDtX
C

CALL «INAM<1.30«7,15.995,1.00<37.a3ICIgI),ENl»THA,EN2,EOUM>
IFCE>2>

290 T2«TIKE<EN2*D2>

KNDEXSKfcDEX*l
INDEX* (T1*T2«TMI N)*FL0 *T (.TIME J/TRANC

3 T . ; B I % ) lND.:XaN6lN
C
C DETE^ilNE Mi3R,iMLliED 0XYGEN DIFFERENTIAL INELASTIC SCATTERING
C C*0SS SECTION CIS^TR0P|C>
C

00 2 9 i

( J ) b 3 l U I J
CALL lNT4PL('.t«A»3*ENl»VS0f >
DIS0*i'S3I*AV»U/P 12/2.0

C
c CALCULATE ATTN2
c

CALL INT>«)>Lf^T,EvT,SlGNT,EN2»VSNT>
CALL [ N T R P L < ^ T . C J T , S I G S T . E N 2 . V S U T »

C
C CALCULATE FUT A*1U
C

FUT»0.0
Off 293 ! * i « 4
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N«NUTCI>
00 2V2 JS1#W
ACJ)*EUT(I#J)
8{J)»slGUT(I.J)
CALL ir.TRPLl\',A»o,EN2#VSi'T>
FUT*FuT*ATrtU<!>«VSUT
FUT*FuT»Ai/03

00 29?

00 294 J»1,N
A(J)si;UF(I#J)
B(J)«SIG:jF(I,J)
CALL INTRPL(>vi,4«8,EN2*VSUF)
FUF«FUF*ATMU(i)»VSUF
FF

YLDsFS»CI*ATT.'il#ATTN2*RF*RA*ATMD0*OlS0*FUF*TRANS(FUT*Pll(RDISK»CI)
1/D1/D1/D2/D2/F0T

YSCAT( !

C
V00 CgNTluUE

CALL SSWTCH(ltKl)
I F ( K l . c S . l ) U«i T0 905
IF(NHisT-MrtISTL> 113,905,905

C
Ct••«t

c
C CALCULATE HIST0HY AVERAGES AMu MULTIPLY 3Y AIR PARAMETER SPACE
C V0LU»E
C

V0LU«2.O*RAHAX*i<AMAX«Pl2
D0 9C6 I «

00 907
I

00 910 I»i ,N31N
VI0 YSCAT(I)syiOLtJ»YbCAT(I)/FL0AT((4HIST)

C
C CALCULATE «*TI IHI) ,RANG<J)»RfcN<J),TtfTRAT,FTl AND FT2
C

T0TRAT«O.O
00 1CJH I = l».'jblN
RATI*'<I>«YSC*TCI J/VDIR

l.UO 7aTR*TxT3TRAT*RATI0( I )
Di 10U1 I>1,;«AN6

1LU1 RANG(!)«YSANU(I)/YDIR
00 1C02 !>1,»ENR

1.U2 REN(I)*YSEN(I)/YDIR
F 2

I
FT1«1.D-FT2

C
C CALCULATE AV^WAUE S*2 ANO THJMC

c
-78-



EN2V*SUM\'E/SU"D
THJNCV*S'JMNTH/SUMD

c
C WRITc RESULTS
C

1*00 F0RMATC4HYDJR/E1G.4)
WRIT£(5,2000) TMl;g,D

2 JUO F0RMATC12-iTMl-i.DT#FREE/3ElO.4)
WRfTe(5,2C2O .MIST

2MQ F0aMAT(6HftiHlST * , 16 )
WRITSC5, 40 00)

4. HO F0ftMAT(7HEhiErf(l>)
MRlTE<5.3000)
WRITi(

4 . u l F0RMHT
WRIT£(5,3000)
WRITE(5,4302)

4 U2 F0«MAT<7HTHIC(I>)
CTHIC(I>#I*1»NANG>

F0RHATt7riRANG( I ) )
WRITi(5»3000>
WRITE(5,2OO1)
F0RMAT<4HT(i))

F0RMAT(4E1O*4)
WRIT EC 5, 20 02)

T(5T?JAT,FTi,FT2
2Ji>3 F0RMAT(l4HTi3TRAT»F7l»FT2/3ElO.4>

2-.04 F 0 R M A T ( 1 1 H £ N 2 V * T H 1 N C V / 2 E 1 O * 4 >
WRjT£(5»200b)

2f.O5 F 3 R M A T { / 5 H — - - - )
C

I F t K l . E Q . D PAUbt
G3 Ty 1
END
FUNCTION

IF(E.3T. 'J . ) Gtf T3

G0 T? 2
V*(+,2997925tf*ll)«SQRT<A(3S<i.ll-(1.0/<E+1.0)/CE+1.0>))>

2
END
SUBR^uTl\E K i^AH{Al»A2#A3,Q.El *TH3»E3l»E32)

C
W l « 9 3 t . 4 7 3 » A l

EF«-3» (1.0•( *J1/W2) •( 0.5»3/*(2 ))
E8«-J»(l .>)•( v*l/( W2-W3) )-(0
IFCE1-EF) l t l , 2

1 E31S0.O
1 E32*0.0
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G0
2 C«

D=El»<El*2 .0#wl )»C«C
TERMx(8» ;3-2.a»W3»A»8*4.0«w3»W3»D)»Ei»(El* ;2.0»Wl)

1 , 1 , 3

U*(4.3»W3*D-A»8)/DEN

E31*J*V
IF(El-EB) 4 , 4 , 5

4 IF(TH3-l.S707963) 41 ,11 ,11
41 E32*J-V

G0 Tii 6
5 E32*E3I
6 RETUn>;

EMO
SUBfl^^TI^E A^GLE(X1H,Y1H # Z1H,X1T,Y1T,H1T,X2H,Y2H,Z2H,X2T,Y2T,Z2T,T

1H)
Vl*SjST{ASSt(XlH-XlT)»<XiH-XiT)+(YlH-YlT)»(YlH-YlT>*(ZlH-ZlTj»(ZlH

1-Z1T)))
V2«S--iT(A^SC(X2H-X2T)#CX2H-X2T)*<Y2H-Y2T)»CY2H-V2T)*(Z2H-Z2T>»(Z2H

1-£2T>;>
DaT»{XlH-XlT)»O2H-X2T)*{YlH-YlT}»{Y2K-V2T)*(HlH-ZlT)»{Z2H-Z2T)
CTH«D,;T/Vl/V2

END

00 1 1*1,-56
>/36.0

RETURN
END

fe DISTR(NW#W,TH,V)

SUM«g.0S72664»SUM

V* 1 . U
l F ( N r t . E 3 . O G'J T2 4
D0 2 Ul ,MW

2 V»V*i-.{ I)»P<?LYL«2»I
I F ( V ) 3 * 4 . 4

3 V>0 .0
4 RETUR«

END
FUNCTI2M PaLYLCIiiPfN,ANGLE)
X « ANGLE
G0 T / C 1 0 , l l » l i ; ) » I3P

10 X » .Ql7453293«X
11 X a C33<X)
12 N31G * h-1

IF{,MblG) 1 . 2 . 3
1 PJ3LYL = 1 . 0

60 T'̂  100
2 P0LYL * X
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G0 TC 10 0
3 PL * X

PLM1 • 1 . 0
D0 4 L s l 'NBlu
P0LYL * (FL0AT(2«L*l)»X»PL - FLBATd )»PLM1)/FL0AT(L*1>
PLM1 = PL

4 PL « P0LYL

END
SuSBiJijTl-'JE IMKPL(N»XT»YT,X,Y>
DIMEMSI0-J XTCN)»YT(N>
IFCX-XTCDJ 1,3 ,4

1 WRITE(1.2)
2 FQHMATl&ARMiG ERR)

PAUSE
3 VzYTU)

60 TZ 24
4 IF<X*XT(U>> 7 , 5 , 1
5 Y=YT(N)

G0 T2 24
7 1 = 0

JsN
8 K=O.3»FL0AT(J-I)*O.l

IF(X-XTtK)) 9,10,11
9 JsK
60 T2 12

10 Y*YT<K>
G0 Tf! 24

H I»K
12 IFCJ-I-l) 13,13,8
13 !*J

J*I-1
DENcXT(J)-XT(I)
Cla(XT(J)»YT{I)-XT«I)«YT(J))/DfcN
C2S<YT(J)-YT<I>>/0EN
Y=C1*C2»X

24 RETÛ î
END
FUNCTI3N A«CWS(X,KJ
ARCC0Ssl.5707963
IF(A8S CX).GT.,999999) X».999999*X/ASSf X)
IF(X«X.GT.1.0fc-70) ARCC0S3ATAN(SQRT(ABSC1./X/X-1.))>
I F ( X , L T . O . ) ARCCI<)SS3
G3 T? <100»200)»K

100 ARCCi?5aA«CW5«57.2957795
2U0 RETURS

END
FUNCTU.M TRA,\SCK,P,R,C)

1FCV-.,.OO1) 1,1,2

G3 T3 3
2 TRANS=1.0-tXF(-V)
3 RETU^,

END
F U N C T I 3 N Z X F l i )
I F ( Z ) 1 . 1 , 3

1 IF<2.lT.-7u.a> 2s-70.0
IF(Z.GT.-.1E-C4) 30 T0 2
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EXF«EXP(Z>
G0 T3 4

3 IF(2.3T. 70.0) 2*70.0
lF(2.i.T..it-04) £0 T3 2

Q3 T/? 4
2 EXF=i.0*2
4 C3NT1NU6

END
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