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ABSTRACT

To support the operations of the Louisiana State University
Californium Demonstration Center, a quantification of the neutron levels
associated with Cf-252 radioisotopic sources was desired. In particular,
absolute values of neutron spectra would be valuable to many investiga-
tors. Measurements were made at three energy levels and compared to the
results of more detailed calculations.

Thermal (E < 0.414 ev), resonance (E = 1.45 ev), and fast (E > 3 Mev)
neutron fluxes were measured with activation foil techniques 1.75 centi-
meters from a point source of Cf-252 for three arrangements of water, air,

and gold about the source. A series of P3, 23-energy group calcu-

S16°
lations were made for the three arrangements with the one-dimensional dis-
crete-ordinates neutron transport code, ANISN. The agreement between cal-
culated and measured fast neutron fluxes is excellent, but agreement
between the calculated and measured thermal and resonance neutron fluxes
is poor. The use of higher order discrete-ordinates approximation with
the ANISN code is indicated for the accurate calculation of thermal neu-

tron fluxes at points near the source in problems treating a point source

of C£-252 in an infinite water medium.
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CHAPTER I

INTRODUCTION

Measurements of neutron spectra are lengthy and generally lacking

@

in detail when made with activation folls. Good absolute values of
thermal neutron flux are possible because the thermal activation cross-
sections are well known as a function of energy, and the thermal neutron
spectrum in water is closely approximated by a Maxwellian distribution.
But measurements of the resonance neutron flux are generally poor be-
cause the effective resonance integrals are difficult to calculate, and
the flux that is measured only describes a small portion of the total
resonance neutron flux. Fast neutron flux measurements depend upon
threshold reactions, and thus yield the average flux value over the
large range of energy above the threshold value. The threshold ener-
gies themselves are poorly defined because the cross-sections do not

increase discontinuously at what would truly be the threshold energy,

but rather increase fairly rapidly over a finite energy range. Conse-

quently, a complete description of the neutron spectrum is not obtain-
able with activation foil techniques.

In recent years, sophisticated computer codes have been developed
to solve the Boltzmann transport equation numerically. In theory, the
detail and accuracy of a solution is limited only by the memory space

(2)

and running time available. Thus an appropriate code with accurate
input data can give detailed spectral information which is difficult

if not impossible to measure.




The primary object of this work is to compare calculations of the
computer code ANISN(é) with measurements made in several arrangements
of water, air, and gold about a point source of Cf-252 in what is es-
sentially an infinite medium of water. The suitability of ANISN for
deep penetration problems is well known, but information on its ac-—

curacy at points near the source is not well documented.



CHAPTER II

THE ANISN CODE

ANISN uses the discrete=ordinates method to solve the one-dimen-
sional Boltzmann transport equation numerically in slab, spherical, or
cylindrical geometry. Sources may be fixed, fission, or a subcritical
combination of the two. Scaler and angular fluxes are computed for all
problems, and any one of several criticality parameters may be calcu-
lated for reactor problems. A complete description of the code is given
in Reference (3). A brief description of the Boltzmann transport equa-
tion and the discrete-ordinates method is given in Appendix A of this
thesis.

Because ANISN is a one-dimensional code, all point source systems
are represented with a spherically symmetric model. For instance, if a
source were to be shielded with two concentric cylinders of lead and
graphite, the representative ANISN model would consist of two concen-
tric spheres as shown in Figure 1. The three ANISN models that were
used are shown in Figures 2, 3, and 4 respectively.

The first model consists of a point source of Cf-252 surrounded by
a sphere of water with a radius of 30 centimeters. The second model is
jdentical to the first except that a spherical ring of air with an in-
ner radius of 1.2 centimeters and an outer radius of 2.4 centimeters is
centered about the source. Two spherical gold rings, each with a thick-
ness of 0.762 millimeters, are placed respectively at the inner and
outer boundries of the air ring to complete the third and final model

treated in this investigation.



Cylindrical Cross—-sectional
System ‘RI'- View
R
Ry
ANISN Model Cross-sectional
(Spherical) View

FIGURE 1. The ANISN Model for a Cylindrical System




Cf-252 Point Source

R = 30 cm
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FIGURE 2. The ANISN Model for System One.



A point source of Cf-252 is at the center of the sphere.

R = 30 cm t =1.2 cm
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FIGURE 3. The ANISN Model for System Two




A point source of Cf-252 is at the center of the sphere.
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FIGURE 4. The ANISN Model for System Three



The various approximation parameters in a discrete-ordinates cal-
culation are important because they directly determine the accuracy of
the solution. All of the calculations used 90 radial mesh intervals, a
P-3 angular scattering term expansion, and a 23 group energy structure.
This represents a level of accuracy at least equal to that of several
published ANISN calculations.(ﬁﬁé)

Because of a high-speed core memory space limitation of 260,000
bytes (260K) and a low-speed core memory space limitation of 200,000
bytes (200K) on the LSU IBM 360/65 Digital Computer System, ANISN must
be run with either the overlay or the hiarchy option of the link edi-
tor. If the overlay option is chosen, low-speed core memory space must
be used to issue instructions to the scratch disk drives. The overlay
option was chosen for all three problems because of the shorter running
times associated with it. This resulted in the use of 234K of high-
speed core memory space and 34K of low-speed core memory space in each
of the problems, with average running times of about three minutes of
CPU (central processing unit) time.

A complete listing of the input data for the first problem is

given in Appendix B.



CHAPTER III

IRRADIATOR DESIGN AND

EXPERIMENTAL TECHNIQUE

A basic irradiation system was constructed as shown in Figures
5 and 6., It was primarily designed to allow the measurement of the
neutron spectrum at a distance of 1.75 cm from a point source of Cf-252
in the large water tank of the Cf-252 Demonstration Facility. Secondary
design criteria included the ability to position a cylindrical ring of
air about the source, and the ability to position small gold filtering
foils about the activation foils.

Plexiglass* was chosen as the construction material because its
high hydrogen content gives it nuclear properties very similar to those
of water. Thus the basic system eventually maintains the normal hydro-
genous neutron spectrum about the source. A source guide was installed
becaused it reduces source transfer times from a range of about 10 sec-
onds to a range of less than one second. The platform was equipped with
18 cm vertical supports to reduce the effect on the neutron spectrum
near the source by the non-hydrogenous tank floor. The minimum distance
of a path for a neutron traveling from the source to the tank floor and
back to the point of flux measurement is about 34 cm. Since the migra-
tion length for fission neutrons in water is about 6.22 cm, it is very
unlikely that any neutrons which come in contact with the tank floor

will reach the point of flux measurement before being absorbed.

* Registered trade mark for acrylic sheet:; Rohm and Haas Co.
9
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Cross—-sectional

Side-view

-
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—1.75 cmd
18 cm
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Weight
-
A = C£f-252 source.
B = Holes for positioning the irradiation containers.

FIGURE 5. The Basic Irradiation System - View One
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Cf-252 source.

Holes for positioning the irradiation containers.

FIGURE 6. The Basic Irradiation System - View Two

Top View
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A set of measurements was made for each of three system arrange-
ments. These arrangements are shown in Figures 7, 8, and 9 respective-
ly. The first ANISN model is essentially identical to the first system
except that the ANISN model does not account for the zirconium encapsu-
lation of the Cf-252 source. The encapsulation was neglected because
it was felt that its inclusion would only have a small effect on the
solution, but would increase both the required core storage space and
running time for the problem. The second ANISN model approximates the
cylindrical air ring of the system with a spherical air ring. Both the
model and system air rings have a volume of 50 cubic centimeters. The
third ANISN model approximates the two parallel gold foils in the system
with two concentric rings of gold. Both the spherical gold rings and
the parallel gold foils have a thickness of 0.762 millimeters.

Measurements of the thermal neutron flux and the 1.45 ev neutron
resonance flux were made with pure indium foils. Standard activation
foil techniques were used as described in reference (6). Corrections
were made for flux depression in the indium foils and for perturbations
of the resonance flux by the cadmium covers. These correction factors
were obtained from reference (7).

The foils were counted using a Harshaw type 12-S-12, 3 inch by
3 inch NaI(Tl) Integral Line Detector assembly, a Hewlett-Packard Model
6515-A high voltage supply. an Ortec Model 485 amplifier and a TMC
Model 401-D, 400 channel analyzer. The foils were counted on the sur-
face of the plexiglass beta particle shield as shown in Figure 10,

This resulted in an average source to detector distance of about 1.5



Cross-sectional

Side-view

e 1.75 cm_g
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A = Cf-252 source.

18
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B = Irradiation containers, five containing water alone, one containing
water and the activation foils.

FIGURE 7.

The First Irradiation System (Water Only)
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Cross-sectional

Side-view
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Cf-252 source.
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Irradiation containers, five containing air alone, one containing
air and the activation foils.

FIGURE 8, The Second Irradiation System (Water and Air)
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Cross-sectional

Side-view

Gold Filtering Foils

/
N

B
I 1.75 em _
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Weight
.
A = Cf-252 source.
B=

Irradiation containers, five containing air alone, one containing
air, the activation foils, and two gold filtering foils.

FIGURE 9. The Third Irradiation System (Water, Air, and Gold)
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centimeters. Because all of the foils were bare when counted, only a
pure indium spectrum was seen by the detector.

The only absolute standard gamma-ray source available was a Cs-137
source. The peak efficiency of the system for 0.662 MeV gamma-rays was
determined with this source, and a complete peak efficiency versus
gamma-ray energy curve was generated by normalizing one of the appropri-
ate curves in reference (8), to the 0.662 MeV datum.

The fast neutron flux about 3 MeV was measured by means of the 328
(n,p) 32P threshold reaction. The usual procedure for this technique
involves the irradiation of sulfur pellets and the counting of these pel-
lets with either a Geiger-Muller or a proportional counter. A knowledge
of both the intrinsic efficiency of the detector and the self-shielding
factor of the pellet is then necessary. However, since only powdered
sulfur was available, a constant shape and density for the samples could
not be maintained. Furthermore, neither a counter with known efficiency,
nor an absolute P-32 standard was available. Thus a somewhat different
technique had to be used.

The efficiency problem was overcome by counting samples with a
Beckman LS-250 liquid scintillation counter. This machine will count an
unquenched sample of P-32 with essentially 100% efficiency. Powdered sul-
fur does not count well in a liquid scintillation counter because it is
not soluble in the liquid scintillation cocktail, and it provides a
strong color quench. Consequently, a different sulfur compound had to
be used for the measurement. Ethyl disulfide, (CyHs-S~)2, was chosen be-
cause of its high sulfur content, organic solubility, low volatility, and

lack of color quench. This compound proved to be quite effective, and a
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detailed description 0f the technique in which it was used appears in
Appendix C.

A large sample of ethyl disulfide was irradiated in the fast neu-
tron flux measurement because a quench curve had to be determined. Thus
the measured fast flux value was actually an average flux value over the
relatively large volume of the sample container. A series of approximate
correction factors was derived to account for this, the details of which
are given in Appendix D.

The fast flux was not measured for the second and third systems be-
cause it was felt that neither the air void nor the gold foils would

cause a significant perturbation of the fast flux.



CHAPTER 1V
DATA COMPARISONS AND CONCLUSIONS

Comparisons of the calculated fast, resonance, and thermal neutron
fluxes for the three irradiation arrangements are given in Table 1.

All fluxes are quoted in units of neutrons-cm 2-sec ! per source neutron.

The resonance flux values should be viewed with some degree of
skepticism. It was discovered during the analysis of the measurement
data that the flux depression correction factor for the resonance flux
was slightly larger than six. Pure indium foils were used since they
were available, but there were local variations in foil thickness. This
fact coupled with the highly approximate nature of the correction factor
itself results in a large variance for the resonance flux value. This
extraordinary flux depression could have been avoided by using a combi-
nation of regular indium foils and special, low indium content, indium-
aluminum foils in the measurement. Unfortunately, no such foils were
availabie when this work was in progress.

As can be seen in Table I, agreement between the calculated and
measured thermal fluxes is poor in the first system. This is not expect-
ed because system one possesses a very high degree of spherical symme-
try and thus should have good agreement between calculation and measure-
ment. This level of agreement is far below that which is generally at-
tributed to a good ANISN calculation for a system well described by a
spherically symmetric model. A question thus arises as to whether this
discrepancy can be attributed to an error in the code input or an error
in the thermal flux measurcment.

138



Calculation
Measurement

Calc./Meas.

: Calculation
Measurement

Calc./Meas.

Calculation
Measurement

Calc./Meas.

TABLE T
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CALCULATED AND MEASURED NEUTRON FLUXES

Thermal Flux
1.54 X 10™2
8.5 X 10 3+15%

1.8

Thermal Flux
1.0 X 10° 2
7.1 X 10 3+15%

1.4

Thermal Flux
1.6 X 1073
2.1 X 10 %+15%

0.76

System One (Water)
Resonance Flux
1.9x 10"

1.4 X 107 *+50%

1.35

System Two (Air)
Resonance Flux
1.1 x 10"

6.5 X 10 °+50%

1.7

System Three (Gold)

Resonance Flux
9.2 X 10" %
8.0 X 10 °+50%

1.15

All fluxes are in units of neutrons-cm’-sec’ per source neutron. The
thermal, resonance, and fast neutron energies are less than 0.41 ev, ap-

proximately equal to 1.45 ev, and greater than 3 Mev respectively.

Fast Flux
5.7 X 1073
5.6 X 10 3+15%

1,017
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A strong case for the validity of the author's calculation can be
made through the comparison of calculations shown in Figure 10. The

DP-1246 (&) calculation uses an 516 angular quadrature, a P angular

3
scattering term expansion, and a 13 group energy structure. The source
encapsulation is approximated with a sphere of aluminum having a radius
of 0.62 centimeters. The calculation by Nichols Qi)uses an S-4 angular
quadrature, a 16 group energy structure, a radial mesh spacing varying
from 0.2 to 1.0 centimeters, and a source encapsulation approximation
identical to that in the DP~1246 calculation. Information on the radial
mesh spacing in the DP-1246 calculation and the order of the scattering
term expansion in Nichols' calculation is not available,

Nichols' calculation varies significantly from both of the other
calculations. This can be attributed to the low order of quadrature
that he used. The author's calculated thermal flux is higher than the
thermal flux of the DP-1246 calculation by a factor of about 1.15. This
can be explained by the lack of an approximation for the source encapsu-
lation and the higher number of energy groups in the author's calculation.
Differences in radial mesh spacing, if they exist, could also contribute
to this disparity. It should be noted that the two calculations do con-
verge with increasing distance from the source. This is expected since
the source encapsulation and radial mesh spacing have their greatest
effect near the source. The strong agreement between the author's calcu-
lation and the DP-1246 calculation indicates that if errors were made in

the author's calculation, then errors were also made in the DP-1246 cal-

culation: and this is most unlikely.
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The question of error in the thermal flux measurement may be in-
vestigated with an analysis of the sources of error in the measurement.
The largest source of error was probably the peak efficiency versus
gamma-ray energy curve. The accuracy of the curve is directly depend-
ent upon the validity of the assumption that the efficiency curves for
all NaI(T1l) 3 inch by 3 inch cylindrical crystals have essentially the
same shape as the curves calculated and measured by Heath ® regardless
of the photomultiplier tube, amplifier, and multichannel analyzer used.
Published data pertinent to this assumption is not available, but two
researchers experienced in the field of gamma-ray spectroscopy claim

)

that this assumption is not a poor one Therefore, it is doubtful
that an error sufficient to account for the large discrepancy between
measured and calculated thermal flux values is present in the efficiency
curve. Since all other measurement parameters, such as irradiation
times, delay times, counting times, and foil weights, were recorded with
great care, it follows that the thermal flux measurements are probably
quite valid,

Agreement between calculated and measured thermal fluxes is also
poor in both systems two and three. This is expected in view of the
poor agreement in system one., However, the agreement is better in sys-
tem two than it is in system one, and the best agreement of all is in
system three. This is exactly opposite to what might be expected be-
cause each successive system has less spherical symmetry than the pre-
ceeding one, and thus, it would seem, should have a poorer agreement.
Although it is not immediately obvious, implicit in this argument is

the assumption that ANISN can be used to accurately calculate the thermal
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neutron flux for all spherically symmetric systems. The results for
system one show this assumption to be false. Therefore, the results
for systems two and three are not really contradictory. A proper in-
terpretation of these results can be obtained with further data anal-
ysis.

The calculated and measured ratios between the thermal neutron
fluxes of the three systems are given in Table II. These ratios are
important because they are a measure of the relative effect of the air
and gold on the unperturbed thermal neutron flux of system one.

ANISN calculated that the spherical air ring would cause a 35%
reduction in the thermal neutron flux at 1.75 centimeters from the
source. The reduction in thermal neutron flux due to the cylindrical
air ring was measured at 16.5%. Unfortumately, this result is some-
what ambiguous because it can be interpreted in any of the following
three manners:

(a) ANISN properly calculated the thermal neutron flux perturba-
tion for a 50 cc spherical air ring. The 50 cc cylindrical
air ring only caused about one-half of the pertubation that
the spherical air ring did because of the different spatial
distribution of the air about the source.

(b) The spherical air ring and the cylindrical air ring essen-
tially caused the same thermal neutron flux perturbation, but
ANISN overestimated the perturbation caused by the air ring.

(¢) Some combination of the explanations described above could

also be appropriate.



Calculated

Measured

TABLE II

THERMAL FLUX RATIOS

System Two System Three
System One System One
0.65 0.1092

0.835 0.247

System Three

System Two
0.16

0.295

24
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The proper explanation cannot be found unless the thermal neutron
flux perturbation for a 50 cc spherical air ring is measured. Unfor-
tunately, spherical shields and voids are extremely difficult to con-
struct, but if possible, future work with the ANISN code should include
such a measurement.

The seemingly strange results of systems two and three can now be
explained by the fact that the ANISN code calculated a much greater
thermal neutron flux perturbation for the two systems than actually oc-
curred. Since the calculated thermal neutron flux for the unperturbed
system was too high, the overestimation of the reduction of the thermal
neutron fluxes in the perturbed systems brought the calculations and
measurements into closer agreement.

Some brighter conclusions can be drawn through the fast neutron
flux data in Table I. The agreement between calculation and measurement
is very good. The measured fast neutron flux is expected to be slightly
less than the calculated fast neutron flux because the liquid scintil-~
lation counter does not count an unquenched P-32 sample with absolutely
100% efficiency.

The following general conclusions can be drawn from this work:

1. The thermal neutron flux value at 1.75 centimeters from a

point source of Cf-252 in water obtained from a P, , Sl6’
23 group ANISN calculation differs significantly from the
measured thermal neutron flux value.

2. This large discrepancy can be only slightly reduced by in-

cluding a metal encapsulation for the source in the ANISN model,



26

3. Good agreement occurs between the calculated and measured fast
fluxes at 1.75 centimeters from a point source of Cf-252 in
water.

A possible explanation for the poor thermal neutron flux calcula-
tion for system one was obtained through a personal communication be-
tween the author and Mr. Wayne Rhodes of the Neutron Physics Division
of Oak Ridge National Laboratory. Mr. Rhodes, who is highly experienced

in the use of the ANISN code, claims that a P angular scattering term

3
expansion, while generally accepted as the standard expansion order to

be used, is actually insufficient when extremely high angle neutron scat-
tering is of dominant importance in a problem. It would seem quite rea-
sonable to assume that high angle neutron scattering does indeed make a
significant contribution to the thermal neutron flux near the source in
system one. The accuracy of the fast neutron flux for systeﬁ one serves
to support the validity of Mr. Rhodes' explanation because high angle
scattering makes essentially no contribution to the fast neutron flux

in hydrogenous media., Further ANISN studies should include an analysis
of the effect of the angular scattering term expansion order on the

thermal flux solution near the source for a point source of Cf-252 in

water.
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APPENDIX A

THE BOLTZMANN TRANSPORT EQUATION AND THE DISCRETE

ORDINATES METHOD

The Boltzmann transport equation simply establishes a mass balance
within the differential phase space volume dP. A phase space is a six-
dimensional space which describes both the position and momentum of a
particle. The geometry most commonly used for this description is shown
in Figure A-1. Position is described with the vector ;, while the mo-
mentum is described with both the unit vector 5 and the energy E of the

particle. Thus dP is equal to dVdﬁdE, where dV is equal to dxdydz and

The following functions must be defined before the Boltzmann trans-

expresses the neutron angular

energy flux.

expresses the macroscopic to-

tal cross—section.

expresses the macroscopic scat-

tering cross-section.



FIGURE A-1.

Phase Space Geometry
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The function P(§'+§,E'+E) 4% dE” ddE expresses the probability per
scatter of a neutron within dV
scattering from dfi” at % and
dE” at E” into dff at & and dE

at E.

The following equation is the steady-state Boltzmann transport

equation.

V-§¢(¥,§,E)+0T(E)¢(?,§,E) = f Jcs(E‘)P(?5‘-»5,13’-»}3)@(?,?z",E’)d.?z"dE’
E- §°

> >
+ S(r,,E)

The physical interpretation of each of the four terms is very
straightforward,if the mathematics of vector analysis is familiar to
the reader. The first term on the left side of the equation expresses
the leakage rate per unit volume per unit solid angle per unit energy
of neutrons leaving the differential volume dV at T with directions
within b at 5 and energies within dE at E. The second term of the equa-
tion expresses the sum of the scattering and absorption rates per unit
volume per unit solid angle per unit energy of neutrons within dP at ;,
ﬁ,and E. The third term of the equation expresses the scattering rate
per unit volume per unit solid angle per unit energy of neutrons within
dv at T with any energy and direction, which scatter into directions
within d§ at 5 and energies within dE at E. The fourth term of the

-5
equation expresses the source rate of neutrons within dP at r,ﬁ,and E.
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Thus the steady-state Boltzmann transport equation mathematically
states the following simple physical relationship for the differential
phase space volume dP: leakage rate + out-scatter and absorption rate =
in-scatter rate + source rate.

For problems with spherical symmetry, the equation reduces to the

following form, with r = |;| and u = cos0.

%z%;[r2¢(r,u,E)] +-%~%;[(l—u2)¢(r,u,E)] + 05 (E)® (r,u,E)
1
= f? filos(E‘)P(u‘+u,E‘+E)¢(r,u’,E’)du’dE‘ + S(r,u,E) (A-1)

This is the equation which is solved by ANISN with the discrete-
ordinance method. The first step in the discrete-ordinance method is to
choose three sets of discrete variables from the continuous variables
of the equation. The set of discrete radial points is known as the ra-
dial mesh. The discrete set of direction cosines is known as the angu-
lar quadrature, and the set of discrete energy values is known as the
energy group structure.

A finite phase space volume is defined for each discrete phase

. 2 - _ - -
space point by 4ﬂriAri2nAujAEk, where Ari =g " Ty Auj uj+1/2

uj—l/2’ and AEk = Ek+l/2 - Ek—l/2' The exact relationship between Xa

and X can vary, but the relationship generally used for all three

atl/2

variables is X = 1/2[Xa + X

atl/2 a+l]'

A mass balance can be established within each finite phase space
volume by integrating each term of equation 1 over the volume. The cor-

responding integral operator T can be defined as a product of three
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other integral operators, Tr’ Tu, and TE. These operators are defined as

follows.

Tiv1
T = f 4ur? dr
r
Ty
Yi41/2
T = J 27 du
u
Ui-1/2
" Eer1/2
E = f dE
Er-1/2

Thus T=TTT_ = 87%r? drdudE.

ruk

fEk+l/2 f“j+1/2 fri+1

Be-1/2 %3-172 %1

The mean value theorem is used in the application of the operator

if an integral cannot be expressed exactly. By the mean value theorem,

b
I f(x) dx = (b - a)f(c), where c is an element of [a,b].

a

This approximation becomes exact when f(c) is the average value of f(x)

over [a,b]. Thus with this approximation,

- ar2.2
T[f(x,u,E)] 8m ri+1/2ArinAEkf(ri+1/2’uj’Ek)°

The expression wj is equivalent to Auj and is called the cosine weight.
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An angular quadrature with a total of N discrete cosine values is
called an SN quadrature. Notice that for this derivation,
N
Lw, = 2,
j=1

Before the integral operator T is applied to the third term of
equation 1, the function OS(E')P(u‘+u,E'+E) is expanded in a Legendre
polynomial. Since the probability of scattering from one angle into

another one is a function of only the cosine of the angle between them,

PNt * 2041 .
US(E JP(u"™>u,E"»E) = L = OSR(E ,E)Pz(uo), where,

2=0

1
OSR(E',E) = I+ os(E’)P(uo,E‘+E)P2(uo) duo, and
=3

u = u'u + (l-uz)l/2(1—u’2)l/2.

Of course, the expansion is always truncated after a specified number
of terms. If N+1 terms are retained, the expansion is called a PN ex-
pansion. For the sake of simplicity, the expansion will be truncated
after one term. Thus a P0 expansion will be used. This expansion is
rigorous for isotropic scattering.

The following expression is obtained after substitution of the

Legendre expansion into the third term of equation A-1.

B
1 +
o

OSO(E',E)Q(r,u’,E') du”dE”
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Assuming the use of both an SJ quadrature and an energy group
structure of K discrete values, the preceeding expression can be inte-
grated with the mean value approximation to obtain the following result.

K J 1
E X waEa E-GSO(Ea,Ek)Q(r,ub,Ea)
a=1 b=1

Applying the operator T to both the preceeding expression and the
first, second, and fourth terms of equation 1, the following finite-

difference form of the Boltzmann transport equation is obtained.

w, AE u, [r2, . 0(

et 2
Ry Iy 0Cr 0B ) - Ty d(rg,u

o Bryry /o8 Q- +1/2)¢(ri+1/2’“j+1/2'Ek) 1
2
(A-uy 1727041 720%521 /20 E)]
K J L
= rlobTv AELE T wBE SO (B LEDO(, ), JED)
a=]l b=1
t Ty gy AE S(Ey psugnE) (A-2)

Equation 2 relates the fluxes at the boundries of the volume with
the fluxes at the center of the volume. Thus if the fluxes are known at
one boundry, the fluxes at both the center and the opposite boundry
of the volume are indeterminate. This problem is usually overcome by
assuming that the fluxes at the center of the volume are equal to the

linear average of the fluxes at the boundries. When this assumption is
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made, the fluxes for all the finite phase space volumes of the system
can be found with equation A-2 and the proper system boundry conditions.
The boundry conditions corresponding to a point source of neutrons sur-

rounded by a sphere of material with radius R are:

$(0,u,E) = &(0,-u,E), for all u, and

¢(R,u,E) = 0, for all u < 0.

It should be noted that there are many possible variations in the
discrete-ordinates method, and that the method presented here is a very
simple one. Furthermore, many points concerning the validity of this me-
thod have been overlooked. Rigorous discussions of the discrete-ordi-
nance method and the variations associated with it can be found in Ref-
erences (2), (10), and (11). This appendix is based primarily on Refer-

ence (2).



APPENDIX B

AIDS AND INPUT FOR ANISN

The following suggestions should be helpful to users of ANISN.

1. The radial mesh spacing should be chosen such that the flux never
varies by more than a factor of two across any single mesh space. If the
mesh spacing is chogen such that 1 - Ty exp [ T(ri - ri+l)] < 1/2 for

Tit1

all radii, a satisfactory mesh spacing T owill usually be obtained.

(13)

2. The APRIX-I cross-section collapsing code internally supplies

the 28+1 coefficients.

3. Large quadratures and large scattering term expansions are neces-

sary when large albedos exist within the system.
4, Mesh spacing smaller than 0.2 centimeters can only be used with
the ANISN.M version of ANISN. If smaller meshes are used with the older

ANISN.R version, the flux solution will not converge.

5. I1f negative fluxes appear with the use of the mixed mode (linear +

step) option, there is probably an error in the cross-sections.

A complete listing of the input deck for the first problem follows.

37



/7 ANISKN1 JOB (260,7011,9.5), 50662 MOREL®
*SETUPRP T1522

// EXEC FORTGLGsPARMGLKED='XREF LETHLIST.OVLY",
/7 REGION.GO=(235K+40K),TIME=S

//LKECSYSIN DD UNIT=TAPE,DSN=ANISN:M+sCOMPILED +LABEL=(01sSL)>»

/7 CISP=(0OLD.KEEP).VOL=(PRIVATE,RETAIN,SER=T1522)

4 oD *

ENTRY MAIN

OVERLAY LEVEL1

INSERT PLSNTSsFICOsTPsADJINT S 804,S805» 5814, WOTB»5966
CVERLAY LEVELL

INSERT GUTS+5807+5810+:5821+5824,5833,DT+CELL »S851
CVERLAY LEVZL1

INSERT FINPR,FINPR1PUNSHs DTFPUNSFLTFX

CVERLAY LEVELZ

INSERT BT sSUMARYFACTOR

OVERLAY LEVELZ2

INSERT FEWG.WATE

CVERLAY LEVEL3(REGION)
/7 30.FTDLIFCOL1 LU UNIT=SYSDAsSPACE=({TRKs (B00+100)+RLSE) s

44 CCB=(RECFM=VES L RECL=3516,BLKSIZE=3520+HIARCHY=1)
//7G0eFTO2F001 CD UNIT=SYSDAs SPACE=(TRK+(800+s1CQC) +RLSE)»
4 CCB=(RECFM=VBSoLRECL=3516¢BLKSIZE=3520.H[ARCHY=I)
//GD.FTO04F001 CD UNIT=SYSDAsSPACE=(TRK, (800,100)sRLSE) »
7/ CCB= (RECEM=VBS5,LRECL=3516+BLKSIZE=3520+HIARCHY=1)
//G0.FTO08F001 CD UNIT=SYSDAs SPACE={ TRK, (B00s100) +RLSE ) »
14 DCE=(RECFM=VGS.LQECL=3516.BLKSIZE=3520,H[ARCHY=I)
/7/7GO.FTOOFO00Ll CD UNIT=SYSDAsSPACE=({TRK+(800+100)sRLSE)»
4 CCB=(RECFM=VRS LRECL=3516+BLKSIZE=3520+HIARCHY=1)

//7GUeSYSIN DD *
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APPENDIX C

A FAST NEUTRON FLUX MEASUREMENT

TECHNIQUE USING ETHYL DISULFIDE

The 32S(n,p)32P threshold reaction is commonly used for the measure-

ment of fast neutron fluxes above 3 Mev. The problems associated with ir-
radiating and counting powdered sulfur can be avoided by using ethyl di-
sulfide as the target material, and counting the irradiated samples with
a liquid scintillation counter.

Ethyl disulfide is a colorless oily liquid with a molecular formula
of (CZHS—S-)Z, a molecular weight of 122.24 amu, and a density of 0.9926
g/cc. Its boiling point is 153°C at 760 mm of pressure, and it is infi-
nitely soluble in alcohols and ethers. Its only undesirable characteris-
tic is its strong, sweet odor, which is similar to that of the malodorous

additive in natural gas.

The following experimental procedure is used.

1. Irradiate about 6 ml of ethyl disulfide in either a polyethylene or
glass vial. If a cadmium cover cannot be used, a thermal flux measurement
should be made to determine the interference from thermal neutron acti-

vations.

2. Number and carefully weigh ten liquid scintillation vials. Then care-
fully pipette the following amounts of irradiated ethyl disulfide into

each vial.
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Vial ml
1 0.1
2 0.2
3 0.3
4 0.4
5 0.5
6 0.6
7 0.7
8 0.8
9 0.9

10 1.0

3. Weigh the vials again to determine the amount of ethyl disulfide
actually added to each vial. The weight in grams of each sample should be

equal to the volume in millimeters of each sample.

4, Add 15 ml of a liquid scintillation cocktail, such as 4 gm PPO and
5 mg POPOP per liter of toluene, to each vial. Then add the following

amounts of toluene.

Vial ml
1 0.9
2 0.8
3 0.7
4 0.6
5 0.5
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7 0.3
8 0.2
9 0.1
10 0.0

5. Count the samples after a delay period of at least 24 hours in order

to allow competing reaction products to decay away.

6. Determine the count rate per gram for each sample, and make a plot on
semi-log paper of count rate per gram versus sample weight. Extrapolate
back to zero grams of sample weight to determine the unquenched count

rate per gram of sample.

The fast neutron flux above 3 Mev can then be determined using the
standard activation equations, and the following information: the effec-
tive cross-section for the 3zs(n,p)32P reaction is 0.3 barns, the natur-
al abundance of 328 is 95.06%, and the half-life of 32P is 14.3 days.(Z)

If a cadmium cover is not used during the irradiation, a correction
should be made for the interference of the 34S(n,Y)3SS reaction. The
following information is needed: the cross-section for this thermal reac-
tion is 0.26 barms, 348 has a natural abundance of 4.18%, and the half-
life of the -°S beta emitter is 87 days, D)

Data obtained in an actual flux measurement indicates that a 0.1

milliliter sample of ethyl disulfide provides a decrease in counting ef-

ficiency of about 2%.



-

APPENDIX D
A FAST FLUX CORRECTION FACTOR

At points very close to a point source of neutrons in a hydro-
genous medium, the fast neutron flux can be closely approximated by
the uncollided fast neutron flux. thus the following expression for

the fast neutron flux applies in the geometry shown in Figure D-1,

1/2
o(x,y,2) = 8§ e}('p[-o'T(x2 + y2 + 2 ) / ]
4 (x® + y? + z2)
Where S = the source term in neutrons - sec ', and

Q
]

the macroscopic total cross-section.

The following integral expresses the average flux value over the

cylinder shown in Figure D-1.

1/2

T= 1 h/2 ta? jd+(aly?)
Ta’h f 1/2 ¢ (x,y,2z) dx dy dz
-h/2 ' -a® ' d-(ay?)

If an activation sample is distributed throughout the cylindrical
container, it is this average neutron flux which is actually measured.
If the value of the fast neutron flux at the center of the container is

desired, the appropriate correction factor is expressed as shown below.

$(d4,0,0)_ S exp[-0,d] _ .
Cc
¢ 4wd® P
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FIGURE D-1.

The Geometry Used in the Derivation of the Fast Flux
Correction Factor
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Unfortunately, the expression for ¢ cannot be analytically inte-
grated. Therefore a series of approximations was wused in the evalua-
tion of the integral. The following data were used to determine a cor-

rection factor. The variables relate to those shown in Figure D-1.

d=1.75 cm op = 0.182 em™!
h=4,0 cm

a=0.6 cm

Considering geometric attenuation along the x-axis only, the fol-

lowing integral results.

?5 _ ._1__ f2.35 s iy
1.2 Jy.15  4my?
T = S
¢ =0.37 o=
_ hg
$(1.75) = 4m(1.75)2
. S
$(1.75) = 0.326 i

$Q-73) _ o gg (D-1)
¢

Considering geometric attenuation along the z-axis only, the fol-

lowing integral results.
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2
- 1 S
=7 f (755 %) &

Eﬁ;%;é) = 1.34 (D-2)

Considering exponential attenuation along the x-axis only, the fol-

lowing integral results.

- 1 2,35 g
¢ = T3 f e exp [~0.182 x] dx
= 1.15

=
$ = — 0.728

$(1.75) = Zﬁ}— exp [~ (0.182) (1.75) ]
S
$(1.75) = ZE~'0.7272
$Q-73) _ o,999 (D-3)
)

Considering exponential attenuation along the z~axis only, the fol-

lowing approximate expression results.

S  [exp[-(0.182)(1.75)] + exp[-(o.lsz)(1.752+22)1/2]]

¢ = 4 2
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P &
9 = 5— 0.615

$LL75) - 3.1795 (D-4)
¢

Combining factors from D-1, D-2, D-3, and D-4, the following total

correction factor results:

Fc = (0.88)(1.34)(0.999)(1.1795) = 1.389 = 1.4,

The accuracy of this value for the correction factor is not well

established. Future work in this area could include an accurate numer-

ical integration of the triple integral expression for ¢ in order to

obtain a more reliable value.
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