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1.0 INTRODUCTION

Total neutron cross-section data is available from many sources and
reasonable agreement is found between independently determined cross-section
tables. However, small discrepancies in the minima of integral cross-section
data lead to large errors in transport calculations involving deep penetration.
An error of a few percent in the cross—section data can approach an order of
magnitude error in transmitted spectrum through a thick sample (ten or more
mean free paths). To determine the reliabilicty of literature data the neutron
cross-section has been experimentally evaluated by measuring the uncollided
neutron spectra transmitted through thick samples. Experimental data were
compared to a calculated transmitted spectrum determined as a function of the
spectrum, the resolution of the detector, and the particular cross-section data
being tested. Since thick samples (three or more mean free paths) were used,
the experimental versus calculated analysis is very sensitive to minima in the
cross—section.

In this work, total neutron cross-sections were evaluated for iron,
lead, liquid oxygen, solid sodium and liquid sodium. The incident neutron
spectra for these measurements were obtained from the fast (northeast) beam
port of the K.5.U. Triga Mark II reactor and the transmitted neutron spectra
were detected with an NE-213 fast neutron spectrometer system. Data were
collected with a TMC 4096 Multiparameter Analyzer and the results were unfolded

with a suitable computer code,
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2.0 THEORY

The theoretical basis for this experiment is similar to that applied
in the transmission method9 of cross-section determination. A collimated
beam of neutrons striking, perpendicularly, a specified area of a material
of thickness x will be attenuated. Considering a thin layer of thickness
dx parallel to the surface and recalling the definition of cross-section,
it follows that thx is the fractien of neutrons that will interact with
the material. This fraction may be set equal to -dI/I which is the frac-
tional decrease in the neutron beam as the result of passing through

thickness dx.
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Thus,
dI
-5 = Bodx (1)

Integration over the thickness x of the material gives,

I =1 exp(—Etx) (2)
where I0 = number of incident neutrons/cm2
Ix = number of neutrons/cm2 left at thickness x
Z_ = total neutron cross-section



Recalling that this experiment dealt with neutron fluxes as a function of
energy, equation 2 can be rewritten as:

$ () = ¢ (E)exp[-L (E)t] (3)

trans

where ¢I = incident flux(n/cm2°min'MeV)

) = transmitted flux(n/cmz-min-MeV)
trans

Lt

total cross-section
The quantities ¢ and Zt are now functions of energy.

In this experiment very large thicknesses (three or more mean free
paths) were used causing the argument of the expoential term in equation 3
to be large, Any variation in the total cross-section, Zt, would produce
an exponential variation in the transmitted flux. This becomes especially

apparent for minima in the cross-section. For a given material of thickness

t and some mean cross-gection Zt, equation 3 becomes:

bepans/ty = XP(-T,0) )

trans
Now, if there is a minima in the cross-section at some energy such that
the cross-section is reduced by some fraction k (k<l) of the mean value,

then:

[9¢ rans/%7] = exp[-(1-K)Z t] (5)

trans 'I minima

Likewise, for a maxima in the cross-section resulting in an increase in

the cross-section by the same fraction k of the mean value, then:

[4 ] = exp[-(1+k)I t] (6)

trans/¢1 maxima
The fractionmal change in the transmitted flux, obtained by dividing equa-

tion 5 and equation 6 by equation 4, is given by:
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fractional change for minima exp(kftt)

(7)

fractional change for maxima exp(~k§tt)

These two functions are plotted in Fig. 2 and, as can be seen, the resultant
change in the transmitted flux at a minima increases greatly for large thick-
nesses whereas the corresponding change in the transmitted flux at a maxima
is small. Therefore, by using large thicknesses in the experiment, the
sensitivity to minima becomes great. When the experimental results are
compared to the corresponding calculated results, large errors in the

transmitted spectrum will appear for small errors in the minima of total

cross—section.
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If a detection system with infinite resolution was used, the experi-
mentally measured transmitted spectrum could be directly compared to the
transmitted spectrum calculated by equation 3. However, the actual resolution
of the spectrometer system must be included to 'smooth" the calculated spectrum
as the experimentally measured spectrum is "smoothed" by the measuring system,

The transmitted spectrum can be calculated as:

¢ (E) = J ¢I(E')exp[-zt(E')t]R(E,E‘)dE' (8
0

trans
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where ¢I(E') incident flux at energy E'

z total neutron cross-section at E'

t
R(E,E')

probability of a neutron of energy E' being
detected at energv E.

Based upon the unfolded responses of the detection system to mono-energetic
neutrons, it can be seen that the resolution function R{(E,E') is of the

form of a gaussian:

ry 2
R(ELE) =y (B) expl- 22 (9)
&)

1
where Y, = = which normalizes the function R(E,E')

such that [ R(E,E') dE' = 1

E = neutron energy detected
E' = actual neutron energy
b0 = (FWHM)Z/d'ln(Z), where FWHM is the

full width at half maximum of the
gaussian.

Experimental measurementsl’23 have been made to determine R(E,E') at several
energies E. These measurements actually give the probability of neutrons of
energy E being detected at E', but since the detection system cannot discrimi-
nate between neutrons of energy E and E' (within the probability given by this
function) it is assumed that neutrons of E' have an equal probability of heing
detected at E,
If it is assumed that ¢I(E') and Zt(E') have values at discrete energy

points Ei’ then the integral of equation 8 can be integrated piecewise from

E. to E

i 1417 from E, to

4l Ei+2’ etc, If it is also assumed that the log (¢I)

is linear between energy points and that Zt(E') is linear between energy

points, then equation 8 can be integrated into the exact form:
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The experiment was performed using several different experimental
geometries. For the first condition the detector was placed as far from
the beam port as possible (approximately 128 inches). 1In this case it was
assumed that any interaction of a neutron with the sanple would either
result in absorption or in scaftering at an angle larger than the solid
angle subtended by the detector. If this assumption is true, only those
neutrons that are uncollided will be detected resulting in a true measure
of the total cross-section, Howevef, two phenomenon can occur which will
cause an error in this measurement. If there is a large probability for
forward scattering in the sample, it is possible that neutrons scattering
at small angles will reach the detector. To reduce this error a collimator
was used dircctly in front of the detector to reduce its effective area.
Thus, those neutrons scattered at shallow angles (solid angles greater than

oy :
7.5 x 10 steradians) were romoved by the collimator. Neutrons scattered



at 0° to the solid angle subtended between sample and detector could be
present. TFinally, there is a probability that neutrons will be scattered
several times in a thick sample and some of these will be scattered back
into the solid angle subtended by the detecter. In this case, the end of
the sample nearest the detector will be fully "illuminated" with neutrons,
some of which will be scattered toward the detector. To study this effect,
the collimator was placed against the sample, with the detector in the same
position as before. With this latter geometry the area of the end of the
sample viewed by the detector was smaller than that viewed with the colli-
mator positioned next to the detector and thus a smaller number of multiple

scattered neutrons would be expected to be detected.



3.0 EXPERIMENTAL FACILITIES AND EQUIPMENT
3.1 Neutron Socurce

The northeast fast beam port ("C") of the 250 kW K,S.U. Triga Mark II
reactor was ugsed as the source of fast neutrons. This radial beam port is
aligned with a cylindrical void in the core reflector graphite as shown in
Fig. 3, and is nominally 8 inches in diameter at the reactor face. It is
fitted with a lead and borated paraffin 1-1/4 inch square collimator (Fig.
4). The neutron beam from this beam port diverges slightly to approximately
five inches by five inches at the reactor bay wall 146 inches from theaface
of the beam port and is well defined even at this distance.16 Since there
is little ﬁaterial in the path of neutrons coming from the core, the spectrum
is essentially a fission spectrum with sufficient neutrons for experimental
measurement up to 12 MeV. A 2 inch long bismuth plug inserted in the end of
the collimator reduces the gamma background while leaving the neutron spectrum

essentially unaffected.

3.2 Neutron Detection System

Neutrons were detected with a proton recoil NE-213 liquid scintillator
spectrometer. Fast neutrons produce both neutron-hydrogen and neutron-
carbon interactions which are subsequently detected and amplified by a
photomultiplier tube, Unfortunately NE-213 responses are not limited to
neutron interactions; gamma rays produce electrons in the scintillator which
are also detected and amplified. It is possible, however, to electronically
distinquish between pulses caused by neutron and gamma ray interactions.

The K.S.U. NE-213 detector and tube base Forte gamma ray discrimina-
tion circuit23 are shown in Fig. 5. The pulse shape discrimination (PSD)
output from the Forte circuit is a timing pulse which makes it possible to

eliminate the gamma ray pulses. After additional pulse shaping this pulse
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is used in coincidence with the linear signal as shown in a block diagram

of the NE-213 fast neutron spectrometer electronics in Fig. 6. (A description
of the design and operating characteristics of the K,S$.U. NE-213 fast neutron
spectrometer system can be found in a report by Meyer, "Intercalibration of
the K.8.U. Fast-Neutron Spectrometer System."lG)

The resolution of the K,S.U. NE-213 system has been measured by Simons.23
Verbinski made similar measurements on another NE-213 detection system at
ORNL.1 Both of these measurements were analyzed by unfolding the measured
moneenergetic neutron response functions with the ORNL FERDOR code. The
width of the approximately gaussian peak in the unfolded spectrum gave a
measure of the resolution for that particular energy. This resolution was
actually the resolution of the combined detection and unfolding processes

at that energy.

3.3 Multiparameter Analyzer
A TMC-4096 Multiparameter Analyzer was used to measure the signals
coming from the detection system with the resultant data stored in the
memory. Readout options included paper tape, magnetic tape and omnigraphic
plotter. The magnetic tape was converted directly to cards at the K.S.U.

IBM 360-50 facility.

3.4 Sample Containers
For the experimental measurements invelving liquid oxygen and sodium,
special sample containers were fabricated in K.S5.U. shops. The aluminum
liquid oxygen container is shown in Fig. 7. It was of double-walled con-
struction with the space between the inner and outer boxes filled with
vermiculite insulation. Vermiculite is known for its inert, as well as
insulating, properties, During an experiment the container was filled from

the top to replace oxygen lost by evaporation.
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The container for solid sodium was fabricated from stainless steel,.
The sedium was cast Into this container under an inert atmosphere and then
the container was sealed. After sealing there was no problem in handling
the sodium. The liquid sodium container (Fig. 8) like the oxygen container
was also double walled but in this case fabricated from stainless steel.
The inner box was wrapped with resistance heating wire to permit heating
the sodium sample above the melting point during an experiment., Thermo-
couples were welded to the container wall to monitor the sodium temperature.
Vermiculite was again used as insulation. The inner box was vented into
the outer container to allow for the expansion of the sodium during heating.
When heated, an inert gas (nitrogen) was constantly passed through the

container to reduce oxidation at the sodium-air interface.

3.5 Collimator and Shadow Shield

The neutron collimator was made of methyl methacralate and was 3 inches
by 3 inches by 24 inches long with a .318 inch square hole lengthwise through
the center. By placing this collimator directly in front of the detector,
the effective area of the detector was reduced to .101 square inches. This
particularly sized colliﬁator was used to duplicate the geometry used by
Straker in a similar experiment at ORNL.26 By using the collimator the solid
angle subtended by the effective detector area was the same as the solid
angle subtended by Straker's detector which was placed 50 feet from the
sample,

When the collimator was not used directly in front of the detector,
a shadow shield was used for background measurements. This shield is an
aluminum cylinder approximately 2.5 inches I.D. and 24 inches long and is
filled with water. For background measurements in experiments where the

collimator was used, the ends were sealed and the void was filled with water,
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4.0 EXPERIMENTAL PROCEDURE
4.1 Equipment Calibration

The basic procedure for obtaining a neutron spectrum was the same for
all experimental runs. This basic procedure established the detection
system parameters, the maximum reactor power and the integrated reactor
flux,

4,1,1 Calibration of the detection system - After a twelve hour warm-
up period for the NE-213 system, several parameters were checked and
adjusted to insure proper response., First, a 60Co gamma-ray spectrum was
taken and the extrapol;ted Compton tail was used to set the energy gain.
The gamma rejection ratio was set at >150:1 using the 6000 source;} that is,
less than one gamma-ray in 150 was counted. The efficiency of the system
was also checked using the 6000 source. A one hour PuBe spectrum was
. measured with the gamma rejection circuit operative. This test spectrum
was compared to a standard complex PuBe spectrum to insure that the system
was working properly. A 6000 spectrum was again taken immediately before
or after each experimental spectrum to reestablish the gain and gamma
rejection ratio.

4.1.2 Maximum total flux at the detector. — Due to the sensitivity of
the Forté circuit and photomultiplier tube to radiation, the total radia-
tion at the detector was kept below 3 mrem/hr. When the detection system
is operative in the anticoincidence mode a 10% dead time on the TMC 4096
corresponds roughly to 3 mrem/hr at the detector. Thus, the 10% dead time
was used to establish the maximum reactor power for all experimental runs.

4,1.3 TIntegrated flux monitor - Nickel foils were activated in the
central thimble of the Triga to monitor the integrated flux during an

experimental run. Nickel-neutron interactions produce 5800 which decays,
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emitting gamma-rays:

Ni+n——>p+ 58Co

58C0 72 day p B+ + 58Fe
The total number of counts in the 0.811 MeV photoelectric peak of the 5860
is directly proportional to the integrated flux. (It should be noted that
one set of data reported in this work used sulfur as a flux monitor. How-

ever, all other experiments used nickel since it has proven to be a more

accurate monitor.)

4.2 Neutron Spectrum Measurements

For all spectral measurements the detector, sample, shadow shield and
collimator were placed on the centerline of the neutron beam. The detector
was placed as far from the reactor as possible, or approximately 136 inches
from the face of the beam port. All samples were placed so that the leading
edge was flush with the beam port face except for the Pb sample which,
because of its shape, could be placed inside the 1lip of the beam port col-
limator. When the shadow shield or collimator was used, it was placed as
close to the detector as possible.

The experimental arrangement for collecting data without the collimator
is shown in Fig. 9. To measure incident spectra the sample was removed otr
the empty sample container was placed in the beam. The background
measurement for an incident spectrum measurement was obtained by placing
the shadow shield directly in front of the detector. Foreground and back-
ground penetration (transmitted) spectra were collected in a manner similar
to that described above except the sample was in place.

Figure 10 shows the geometry of the experimental measurements involving
the use of the collimator at the detector. A surveyor's transit was used

to insure proper aligmment of the collimator and detector with the neutron
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beam. Again both foreground and background measurements were made for both
incident and penetration spectra, the background being obtained by sealing
the end of the collimator and filling the collimator void with water.

One additional measurement was taken with the collimator next to the
sample as shown in Fig. 11. The shadow shield was again used in front of

the detector for background measurements.
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5.0 DATA ANALYSIS
5.1 Data Handling
After several spectra were measured, the raw data in the memory of the

TC 4096 were read onto magnetic tape; the tape was subsequently processed
to obtain punched cards., A computer code, NUDASBIN, compiled this raw data
ugsing the 6000 spectrum, the Ni foil data, and the foreground and background
measurements. NUDASBIN treated the raw data using the 60Co data to normalize
the raw data with respect to energy. Background subtraction was performed
after an integrated flux normalization of the background to the foreground
using the Ni foil measurement, The resultant complex spectrum was binned
for use by the unfolding code. For this work, the complex spectrum was

unfolded with the ORNL code FERDOR.

5.2 Calculated Transmitted Spectra
A computer code, CALFLUX, was written to calculate the transmitted
spectra using the measured incident spectra, cross—-section data and the
resolution of the detector as given in equation 8. 1Input to the code
 included the normalization factor between the incident and transmitted

measurements based on the Ni data.

5.3 System Resolution Analysis
As stated earlier, the resolution of the detector system had been
previously measured by two separate experimenters. To use this data in
equation 8, the unfolded results of the mono-energetic neutron spectrum
measurements of Verbinski were fitted to a gaussian curve by a KSU computer
code, NE213RES. The NE213RES results gave the full width at one-half the
maximum (FWHM) for each experimental energy. Simons' data had previously

been analysed by a similar procedure. Both sets of resolution data were
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then fitted to an nth order polynomial by another computer code, POLYFIT.
This formulation gave resolution (FWHM) versus energy (MeV) for the entire

system (which included both the detector and unfolding resolution).
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6.0 RESULTS

The plots of resclution versus energy for the NE-213 spectrometer
system are shown in Fig. 12, aleng with the polynomial fit for this data.
Simons' data set is fitted to a 6th order polynomial and Verbinski's data
set is fitted to a 7th order polynomial.

All neutron spectra taken for this work are shown in table 1., Table 2
lists some of the sample constants used.

Figure 13 demonstrates the effect of the resolution function on the
transmitted spectra. The "unsmoothed" spectrum was calculated at discrete
energies by Equation 3 and the "smoothed" spectrum was calculated at the
same energies by Equation 8. The data set used was that for an oxygen
penetration run. Figure 14 shows a comparison between two different
regolution functions for the same oxygen data. In one case Verbinski's
data set is used as the resolution function, and in the other case Verbinski's
resolution is increased by 25%. The modified resolution function (the one
with FWHM decreased by 25%) shows better agreement with the experimental
measurements and was therefore used for all subsequent calculations.

A plot of all the incident spectra taken is shown in Fig. 15. Figures
16 and 17 show the comparison between experimental and calculated transmitted
(penetration) spectra for Fe and 02 measured without the collimator present.
Figures 18, 19, 20, and 21 show experimental and calculated results for Fe,
Pb, 02 and Na, respectively, measured with the collimator. For the Fe
measurement the collimator was placed next to the sample while for all other
measurements the collimator was placed next to the detector. Finally, Fig.
22 shows a comparison between the collimated and uncollimated experimental

Fe penetration spectra.
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Table 2

Sample Descriptions

Sample Nominal Size Thickness N (atom density)
(inches) {(cm) (atoms/cm®)
Oxygen 2 1/4 x 2 1/4 x 36 91.28 0403 x 1024 *
Fe 2x 2x 6 15.24 0849 x lO24
Pb 3 1/2 dia x 9 1/4 23.49 033 x 102
Na (solid) 2 1/2x 2 1/2 x 36 91. 60 ,02541 x 10%%
Na (liquid) 21/2x 21/2 x 36 91. 60 .02389 x 1024 **

*Corrected to account for void space caused by boiling

*%At 165°C (taken from Smithallszs)
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7.0 CONCLUSIONS
7.1 Detector Resolution

As can be seen from Fig. 12, there is reasonable agreement between the
two experimental resolution data. Simons' data set shows an unusual effect
in that the resolution begins to decrease at approximately 7.5 MeV. This
is considered to be an error in his data since there would seem to be no
physical phenomenon which would produce this effect. Verbinski's data set
does not show this effect in this region and is probably more representative
of the actual resoclution of the NE-213 detector., However, there is an
inflection point in Verbinski's data at 3 MeV which is questionable. The
point at 2.3 MeV seems to be in error, causing the resolution in this region
to be poorer than that reported by Simons.

In order to check the resolution of the detector system, oxXygen was
chosen for a penetration measurement. R The large minima in the cross-section
at 2.35 MeV produces an almost mono-energetic peak at this energy. There-
fore, the width of this peak iz a good measure of the resolution of the
detector. Figure 14 shows a comparison between the experimentally measured
and the calculated transmitted spectra for oxygen using the KFK--lOOO2 CToss-
section data (since this data set seems to best predict the transmitted
spectrum in the 2.35 MeV region as shown in Fig. 20) and the Verbinski
resolution data. Figure 14 also shows the comparison between the two spectra
when the Verbinski resolution was improved by 25% (multiplying the FWHM by
75%). This latter calculation was used for the following reasons:

1) Verbinski's resolution data were taken on another NE-213

detector system at ORNL which does not necessarily have the
same resolution as the KSU NE-213 detector, but should have

a similar shape as a function of energy.

2) Simons' data show a better resolution in the 2.35 MeV region
although the resolution at higher energies is in question,
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3) Measurements of Na ~ and Co 0 spectra taken at ORNL and
Kansas State University show that the KSU system appears
to have at least as good, if not better, resolution.
&) The ugse of Verbinski's resolution data (unchanged) in
the calculated transmitted spectrum shows poorer resolu-
tion in the 2.35 MeV region than does the experimental
measurement. Furthermore, by improving the resolution
by 25%, good agreement is found between the experimental
and calculated results.
It was concluded that, although the calculated transmitted spectrum is not
extremely sensitive to the resolution, improving Verbinski's resolution by
25% best describes the KSU NE-213 system resolution for this calculation
and was therefore used on all subsequent calculations. The comparison

between the calculated and experimental transmitted spectra for the other

materials used in this experiment supports this assumption.

7.2 Energy Calibration
The 2.35 MeV peak in the transmitted oxygen spectrum also provides a
check on the energy calibration. As can be seen, all of the calculated
and experimental peaks fall between 2.35 and 2.40 MeV indicating that the

energy calibration of the system is very accurate.

7.3 Consistancy of Experimental Results
Figure 17 shows two experimentally determined transmitted spectra for
oxygen. These runs were made to test the consistancy of the experimental
results, except for a normalization error, the two runs are identical. The
normalization error occurred on this run because sulfur was used as a flux

monitor. All subsequent runs used the more reliable nickel foils.

7.4 Forward Scattering Assumptions
As was stated in the theory, the first geometry condition (uncollimated)

assumed that any forward scattering at shallow angles would miss the solid
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angle subtended by the detector. Figure 17 shows such a run for oxygen.
Even though there was a small normalization problem, there was a large
discrepancy between the experimental and calculated results throughout the
energy range. This discrepancy indicates that the experimental measured
cross-section was much less than the published data. This result indicates
that many neutrons scattered at shallow angles were reaching the detector.
This would cause an increase in the experimental result, as shown, and
would therefore make the actual cross-section appear too large. TFigure 20
shows the same comparison between experimental and calculated results using
the second geometry condition (with the collimator placed in front of the
detector). The forward scattering problem was virtually eliminated and
good agreement was found between the experimental and calculated results.
The total neutron cross-section predicted by the uncollimated case
was about 257 lower than the published data. This error is due to forward
scattered neutrons which were reaching the detector, but this forward
scattering contribution seems very large. Therefore, a mathematical model
4
was used to predict this discrepancy. DLC-2 angular dependent cross—section
data set was used with the following assumptions:
1: Any neutron that was scattered at an angle less than the
solid angle subtended by the detector was assumed to be
unscattered, and therefore, part of the original beam.
2 Any neutron that was scattered at an angle larger than the
solid angle subtended by the detector was assumed to be lost
from the beam and would not be scattered back into the
detector.
3 The probability of neutrons scattering into the selid angle
of the detector was equal to the probability of zero angle
scattering integrated over the detector solid angle.

Neither of the first two assumptions were entirely wvalid. Neutrons that

were scattered at small angles could be scattered again and miss the detector.
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Also, neutrons scattered at large angles could be scattered again back into
the solid angle of the detector. However, the discreﬁancies in these two
assumptions tend to cancel each other. Thus, it is possible to predict

the transmitted spectrum by:

- - - 11

L —_— exp| (Et Efs)t] (11)
where Zfs is the correction in the total neutron cross-section from forward
scattered neutrons which reach the detector. L was calculated using the

fs

DLC-2 data and the solid angle of the detector, and the results are shown
in Fig. 23. This calculation did not even start to describe the experi-
mentally measured forward scattering contribution. The calculation gave a
Et correction of about .01% (see Fig. 23) compared to 25% in the experi-
ment. It is realized that the assumptions made were not completely accurate;
however, several orders of magnitude difference between the experimentally
measured deviation and the calculated correction are involved. It appears
unlikely that refinement of the assumptions would lead to significant
improvement of the calculation, Therefore one is led to the conclusion
that significant errors may exist in the DLC-2 shallow angle scattering
data,

The DLC-2 cross-section data set was first checked against a theoretical

minimum cross-section based on the optical model. The Wick's Limit27 gives

the minimum zero angle scattering probability by the following equation:

d( g9 ) ..>.. .1.'.(‘.% 2 (12
cos ¢}l pe ~ 7 OroT )

2uE

wvhere k2 5

8 = scattering angle in center of mass
system
m e+ M
d =
anc R m+ M
and m,M = masses of the neutron and oxygen

atom
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This equation was used to check the DLC-2 data at several energies, and
the data do indeed satisfy the theoretical minimum. However, this does
not indicate that the actual forward scattering probability is not much
greater than indicated by the Wick's minimum limit.

If it is assumed that the data taken in this experiment are correct,
then there must be an explanation for the large errors in published forward
scattering data. 1t 1s noted in looking at published data that the differ-

ential angular cross-—section as a function on angle is not reported between

0° and approximately 30°. For example, the following figure shows such a
0

plot for oxygen at 3.91 MeV taken from BNL—4OO.1

300
a8
8% 200l
Eﬂ.}
Elw
I
§§ 100
)
0 [ Il 1 1 (1 [

] 1 | 1
10 08 06 04 02 0O -02-04-06-08 -0
cos Gcm

Experimental cross section data can not be taken any closer to the zero angle
than 30° because of interference between the neutrons scattered at small angles
and the uncollided, transmitted flux. Therefore, the zero angle forward scat-
tering probability is determined by expoential extrapolation of the data

from 30° back to 0°, The measurements made in this report indicate that

the actual forward scattering probability approaches a § function, i.e., it

is very sharply peaked at the zero angle. The error found in published data
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is due to a lack of experimental data in this region. Forward scattering
probability at small angles is rarely measured. For many materials the

error between the extrapolated zero angle scattering probability and the
actual may be small, but for oxygen it appears that the extropolated data

are in serious error.

7.5 Multiple Scattering Assumptions

Figure 22 shows a comparison between two iron penetration spectra,
one uncollimated and one collimated at the sample, In this example, the
effect of multiple scattered neutrons on the penetration data can be seen,
A fraction of the incident neutrons were apparently scattered several times
in the sample and emerged from the sample in a direction that would intercept
the detector. This effect can be seen by the smoothing of the data and in
the buildup in the low energy end for the uncollimated case (see Fig. 22).
However, the magnitude of the discrepancy caused by multiple scattering of
neufrons is much less than that caused by shallow angle scattering of neutrons
as can be seen by comparison of Figs. 16 and 18. The uncollimated data points
were slightly above the calculated and the collimated were slightly below,
but the difference is small. Again, if a true measure of the total neutron

cross—-section was to be made, the collimator would be used,

7.6 Evaluation of Published Data
The cross section data sets used te cbtain the calculated transmitted
spectra to be compared with the measurements came from a variety of sources
and methods., The KFK-10002 data and the data of Foster7 and Langsfordl4
were taken using an accelerator and time light measurements. The BNL—32511
data set is a compilation of data from many sources and the best line is

drawn through all of the combined data. The UNC—513920 data set is a
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combination of experimental data and theoretical calculations. The DLC5

data set is grouped cross-section data from the ENDF/B6 file compiled with
the ORNL code SUPERTOG29 using 1/E spectrum weighting,

7.6.1 Iron (Fig. 18) - All data show good agreement except for energies
at about 1.7 MeV or below. Errors in the cross-section compared to the
measurements range from approximately 107 to 15%Z at 1.3 MeV. The DLC-2 data
set shows the best agreement with the experimental result (except in the low
energy region), although the errors are small for all three data sets. The
error above 9.5 MeV is probably due to poor statistics in the experimental
spectrum,

7.6.2 Lead (Fig. 19) - Good agreement is found with both data sets.

The largest error at 5,7 MeV is only about 4% which is probably within the
statistics of the experiment. The BNL data set seems to be best up to
6 MeV, after which both data sets differ from the experimental,

7.6.3 Oxygen (Fig. 20) - In general, much of the data do not adequately
describe the depth of the minima at 2,35 MeV. At this point, the calculation
based on the Foster data is within 8% of the experimentally measured cross-
section data while UNC~5139 is 1in error by 40%Z. There is also some problem
with most of the data at 4.7 MeV. The best data set over the entire spectrum
is the DLC-9 data, except in the 2.35 MeV region. The discrepancy in this
region would be expected since the cross-section has been averaged over some
energy width and therefore underestimates the depth of the minima.

7.6.4 Sodium (Fig. 21) - Good agreement is found for most of the data
for both samples. The experimental data points for the liquid sample tend
to be slightly above the calculated as compared to the solid sample. However,
the two experimental spectra agree within 3% and the error is probably due

to an error in the density calculation for the liquid sample, The comparison
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between these two sets of data shows that the experiment is sensitive to
density changes as should be noted. The change in the density from the solid
to the liquid sample was 6.4% which resulted in an Increase in the calculated
transmitted flux by approximately 45% at 3 MeV. As can be seen in Fig. 21
this change in the calculated transmitted spectrum due to the density change
in the sample was also measured in the experimental transmitted flux since
the experimental and calculated results show good agreement.

The BNL data sets show large errors from 5 MeV down, with a cross-section
error of 10% at 1.8 MeV. Langsford shows a discrepancy at 7.3 MeV which
does not appear in other data nor in the experimental result. An unfolding
problem occured with the solid sample below about 1.6 MeV and the data
below this point are in error. The fluctuations in the experimental results
in the higher energy region are probably statistical in nature and should be

disregarded.
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B.0 SUGGESTIONS FOR FURTHER STUDY

Now that the experimental procedure has been established, the
evaluation of total neutron cross-sections for many materials can be
quickly and accurately completed. Possibly the most accurate results
would be obtained by using two collimators; one at the sample and one
at the detector. This would eliminate both multiple and shallow angle
scatters. However, it would be difficult to align both collimators with
the equipment now available and single collimation at the detector or at
the sample does give adequate results.

In order to study the forward scattering vs. multiple scattering
phenomenon several penetration spectra could be taken with varying sample
thicknesses and without collimation. If the measured result produced the
same error in the total cross-section for all thicknesses, then it could be
concluded that forward scattering was contributing a great deal to the
measured transmitted spectra. However, if the total cross-section error
increased with increasing thicknesses it could be concluded that multiple
scattering was contributing to the measured spectra. 1In this experiment
the contribution from forward scattered neutrons would always be present,
however, it would be constant for all thicknesses. The contribution from
multiple scattering, on the other hand, would increase with increasing
thickness. The larger thicknesses would have a greater probability for
multiple scattering and some of these neutrons would reach the detector.
For small thicknesses (approximately 1 mean free path) the probability of
multiple scattering is small, and any contribution to the uncollided flux
would be from forward scattering only.

If the experiment outlined in the previous paragraph proves conclu-

sively that there is a large contribution to the uncollided flux from
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forward scattering neutrons in the uncollimated geometry, as has been
indicated by the data taken at this time, then additional measurements

of the actual forward scattering probability should be made. First, a more
exact formulation of the actual contribution to the uncollided flux from
shallow angle scattering near 0° should be derived based on available
angular dependent cross section data. This would be a more precise

analysis than was used in deriving equation 11, and would take into account
the effects of multiple shallow angle scatters in thicker samples, the
physical size of the sample, etc. Measurements could then be made, possibly
using several different sized coliimators. The use of several collimators
would make it possible to check the reliability of the experiment and to
gain knowledge of the variation in differential scattering probability with
angle for angles very close to the 0° angle, As the solid angle subtended
by the detector is increased, the number of neutrons detected is a measure
of the forward scattering probability over that particular solid angle. The
resultant total cross-section discrepancies would be due to forward scat-
tering and could be used to calculate the differential scattering probability

near the 0° angle using the formulation derived.
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APPENDIX A
COMPUTER PROGRAMS

CALFLUX

This program calculates the transmitted neutron spectrum through
samples and smooths the results with the NE-213 resolution function as
given by Equation 10 on page 6. After reading all of the input data, the
program establishes a cross-section data point or incident spectrum data
point for each energy that appears in either the cross-section or incident
spectrum library by calling subroutine ENGRID. The program then begins to
calculate the transmitted flux at given energies starting with 0.8 MeV in
0.1 MeV intervals to 3.0 MeV, and then in 0.2 MeV intervals (same energy
intervals as the FERDOR output). For each energy the FWHM of the resolution
function is calculated, and the actual integration is carried out over some
energy width calculated by multiplying constant (PFWHM) times the FWHM.
(The contribution to the area under a gausslan curve is small past approxi-
mately two times the FWHM from the center of the peak,) The contribution to
the transmitted flux from each energy interval over the width of the inte-
gration is calculated and summed., The energy intervals are for each Ei to
Ei+l as established by the subroutine ENGRID.

Only one problem was encountered with this procedure. When large
positive slopes were present in the cross-section data, the arguments of
Eqﬁation 10 became such that the value of the error function (erf) was very
close to 1.0. Thus, when the difference between two error functions were
taken, the result was set equal to zero by the computer. At the same time,
the constants that were being multiplied by this difference became very
large; however, the product calculated by the computer was always zero. To

overcome this problem, the program tests the value of the difference term,
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and if it becomes very small the program calls the subroutine ROMBRG which
numerically finds the walue of the integral between these two energy points.
Output from CALFLUX includes the physical constants for the sample
used and a plot of the input cross-section library and incident spectrum
library. The resultant calculated flux is listed and also plotted along

with the experimentally measured transmitted flux.

INPUT
Card Format
1 8F10.4 T = Sample thickness (cm)
2) RHO = Molecular Density

(atom/cc) x 1024

2 8F10.4 1) WIDTH = A multiplication constant
times the FWHM at which
the resolution gaussian
will be truncated

3 8F10.4 1) XNORM = normalization factor
between the incident and
penetration integrated
flux

4 8F10.4 1) PFWHM = the percentage of calcu-
lated FWHM used for the
resolution function

5 8F10.4 1) EMAX = Maximum energy to which
the program will calculate
the transmitted spectrum

6 13 1) NXSECT = number of points in the
cross-section library

7 (Deck) 8F10.4 1) EX(I) = energy of the ith cross-

section data poE;t (MeV)

the ith cross-section

2) XSECT(I) th
(barns)

3) EX(I+1)

It

energy...

8) XSECT(I+3) cross—section...



Card

9 (Deck)

10

11 (Deck)

NOTE:

Format

13

(FERDOR output

Format)

I3

(FERDOR output
Format)

1)NA

1) ES(I)

2) SPCT(I)

1) NE

1) EE(I)

2) SPCTE(I)

I

56

number of incident spectrum
library points

energy of the ith incident
spectrum data point (eV)

the ith incident spectrum
point (n/cm?-min-MeV)

number of penetration
spectrum library points

energy of the ith pene-
tration spectrum data point
(ev)

the ith penetration spectrum
point (n/cm?+min-MeV)

1) The library cross-section must extend from .0l to 15 MeV and must exceed
the incident spectrum library at both lower and upper energies.

2) The maximum energy in the incident and penetration spectrum library must
exceed EMAX,



FORTRAN

0001
0co2
0Co12
0Cas
0005s
0Co06
0co7
0008
Qco9
0g10
0c11
¢o12

0013
0Cl4

0C1sS

acle
acL 7

ocLs
0019
0cz20
[+] 1.}

CALFLUX Listing

Iv G LEVEL 18 MAIN DATE = 71109 22714721

[2EaNeFsiaRalalaaNa ool s oo NalaRa RN ol aNaRaNaX sl

THIS PROGRAM CALCULATES TRANSMITIFD NCUTRUN SPECTRUM
THROUGH SAMPLES AND SMCUTHES THE RESULTS wilH THE
NE 213 RESOLUTION FUNCIION

THE LIHRARY CROSS-SECTIUN MUST EXTEND FROM 01 TU 15 MEV
AND MUST EXCEED THE SPECTAUM LIBRARY AT BUTH LOWEH AND UPPER ENLRGIES

T = THICKNESS OF SAMPLE (CM)

R = MOLECULAR NENSITY (ATOMS/CC) X LDee24

XNDRM = NDRMALIZATION FACTUR BETWLCEY REACTOR POWER LEVELS FOR
INCIDENT AND TRANSMETTED SPcCTRA MEASUREMENTS

. NSECT = MUMBER OF ENTRIES Ty LIBRARY CRUSS-SCCTILN
EX(T)4%XS5401) = ENBERGY AND CORKESPUNLING CRUSS-SECTION IN
CROSS-SECTION LIuARY (MEV,BARNS)

WINTH = A MULTIPLICATICN CONSTANT TIMES THE FWHM AT WHICH THE
RESOLUT 0N -GAUSSTAN wILL BE TPUNCATED

PEFWHM = THE PERCENTAGE DOF CALCULATED FwitM USED Ful RESOLUTION FUnNCTIUN

WELI Yo WSECTIL) = ENERGY AND CORReSPUSHING INCIDENT SPECTRUM FROM

FROM FERDOR CODE AHNI. MUST EXCEEU EMAR
WEELL) yWSPECTELE) = ENERGY AND CURRECSPUNDING EXPERIMENTAL
SPECTRUM FRIOM FEXCOR CODE AND MUST EXCEED EMAX

EMAX = MAXIMUM ENERGY TG WHICH THE PHROGRAM WILL CALCULATE THE

TRANSMITTEL FLUX

IMPLICIT REAL#*8 [A~H,0-V¢X=1)

DGUBLE PRECISIDN LLOG,CEXP,LERF4,LABS

EXTERNMAL FCN

DIMENSION SPCTUTS) 4EELTS),SPCTELTS )X 0150 ,P{150)ENE(TS),FLLT5)
COMMON JHOLDL/ EXT100).XS5010u)2ES5075),SPECTLITS)

COMMON FHOLDZ/S ECL50) o XSZCT(LISCY, FLULELSQ)

COMMON /HOLO3/ ENLRGY ,CD,NLO

CALL ERRSET (208+504+1:€,0,0)

900 FURMAT (I3)

901 FORMAT (BFL0.4)

902 FURMAT (BXsElue3,3X,E1C.3)

$10 FURMAT (EHLl,*THIS PRUGHAM CALCULATES A SMDOTHEU TRANSMITYFD SPECTR
LUNM FROM TABULATED DATA USING THE RESULUTION FUNCTEION (OF THE NE 213
19, /740X, USING THE FOLLOWING PARAMETIRS:®,///7/)

911 FOAMAT (') THE RESOLUTIUN HAS BEEN TRUNCATEL AT'4F6.3,"TIMES THE
1FWHM OF THE GAUSSIANY)

913 FORMATI{'D  THE SAMPLE THICKNESS IS T = "4 F1%.3," CHM, AND THE MOLEC
LULAR DENSITY IS KRHO = "4D10.3," X 10%%24 MODLLCCULES/CC® 3 /74! THE
ZNURMALTZATION FACTOR IS XHORM = *,FlJ.3)

9l4 FORMAT (*1%,"THE CALCULATED, SMOUTHELD TRANSMITTED SPECTRA [S: './/
LeSXy YENERGY P Xy *FLUX TRANSMITIEG')

915 FUIMAT (5XFh.tel0X,012,5)

916 FURMAT (SXsFLH.Fe10Xs00i245+" POSSIBLE SRRUR BECAUSE GAUSSIAN RESOLU
LTTON CURVE IS HBEING TRUNCATED AT .Gl MEV?)

91T FURMAT ('  PRUGRAM HAS BCEEN TERMINATeD BECAUSE UPPER LIMIT OF INTE
IGRATION EXCEEGS CROSS-SECITUN LInRARYY)

919 FORMAT (*1 PLUT UF LCGHEFLUX) VS ENZRGY? /7,0 ENERGY CAL. F
1L EXP. FLUX + = CALCULATED t = EXPERIMEHTALY)

G20 FIMMAT (*1 THE I~nPUT CRUSS—SECTION LIBRARY IS AS FOLLUWS: '/, 6X,!
TENFRGY® 23X, PCRUSS-SLCTIORY)

921 FURMAY (*1 The INPUT SPLOCTRUM IS AS FOLLOWSI? o/s0Xy "ENERGY? pAX,'L
ICGISPEOTHUM)*)

57
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0022 G322 FURMAT ('D THE FWHM FAS BEeN MULTIPLIED BY ?,Fb.3}

Qc23 P1 = 3.191592653

0024 HE AD 901, TRHO

0025 READ 901, WIOTH

ocze READ 901, XNURM

0027 HEAD 901, PFRHM

og28 READ 401, EMAX

0cz29 READ 900, NXSELCT

oc30 CL 1 T=1,4XSECT +%

0031 1 READ SOL,EXCIY o XSCI)4EXCR b o XSOI#L) JEXIT2) ¢ XSUIT+2)4EXITI#3),X5(1+
13

oc3z READ 900, NA

0C33 DU 20 I=1,NA

0034 READ 902,ES(I),y SPCTU(I}

04035 ESTEY = ESU1)*0.10-0%

0C3a 20 SPFCTLIIY = OLOGISPCTINL) )

0C3y READ 90D ,NE

0038 DIl 42 [=14NE

0cag - 42 REAL 932, EE{1), SPCTEIL])

0040 LU &4 1=1,NE

004l IF (SPCTELI) JLE. 0.000) SPCTE(1) = SPCTE(NE}

0C42 44 SPCTELI) = DLOGISPCTE(L))

0C43 PRINT 213

0044 PRINT 913, T,RHO . XNORM

0045 PRINT 911+MWIDTH

Q48 PRINT 922 4PFnHM

0047 CALEL ENGRID (HNXSECT,NA,NGI

0048 CO 2 I=1,NG

0C49 2 XSFLTII) = XSECT(I)*T#+RHO

0050 PRINT 920

0051 CALL PLAT2 {EX XSNXSECT)

0es2 PRINT 921

0cs3 CALL PLATZ (ES5,SPCCTL,AA}

0gs4 PRINT 914

04055 NGME = NG=1

0656 L0 30 T=1,MGML

0Cs v DE = E(I+1)=E(1]

0058 X(I) = (XSECTUI#L)-XSECTI[}}/0DE

0Cc59 30 PUIY = [FLruLtiI+li=-FLULIL)I/DE

0660 WMAX = {(EMAX-,3D01)/.2C00 + ,2301D02

0061 MAXE = IFIX{wMAX)

0C62 Ea 3 [I=1lyMAXE

€063 FLUX = 0.0D0D00

0064 NNN = 0

0065 IF {1.G67.22) GO 7O 5

0Ces6 4 ENCROY = T+,1%1

0Ca7 G0 10 6

0068 5 ENFRGY = 3.,0¢,2%(]1-21)

0Cs9 6 FwHM = BAS250TRZLI0-. 148362712001 4 JERGY+, 13999231900 E*EMERGY &2~

1052563821000 ENCRLYS®34 ., 99524 930U -5 1 *E ERGY ¥ 4=, [ D231 713°D=-J1#ENE
CRLY#F54.512664150-URENERGY*36-,104260T7T720-04%ENERGY &%T

0G70 FwHit = FRHMEPEWHM

0c?71 BU = FWIMEFWHM/ 10,401 ¥C.69314720D0)
ocy2 AL = B0O%*£,5

0073 ELT = ENERGY-FWHMAWIDTH

ac74 IF (ELU-2.01) 7,7,8

0C7s T ELD 0.01

0076 B EUP = ENERGY+FWHM*HIDTH



FORTRAN

0017
Lo o §:]
0C?9
0080
0GBl
Qo082
ocas
ocBa
0cs8s
0086
ocsYy
oces
oce9
oc9o
0£91
0c92
0093
0c94
0C9s
0096
ac9?
0098
0C99
0100
olo1l
0102
0103
0104
0105
ol0s
0107

0108
0109
ollo
c1l1
oll12
el13
0114
0115
ollé
0117
o118
oll9
0l20
o121
0122
0123
G124
0125
0126
0127
o128
0129
0l30
0131
o132
01133

IV G LEVEL 18 MAIN DATE = T1109 22714721

IF LEUP-E({NGI) 9,9,10
9 CONTINUE

B0 22 J=14NG

IFf LELG LT, E(J)) GO TO 23
22 CONTINUE

23 K = 0
Al = ClJ-11)
EtJ-1) = ELO
24 K = Kel
Kl = k-1
NLO = J-1+Kl
NUP = J#K1l

28 IF(E(RUP} LLT. EUP) GC TO 27
ABC = EINUP)
EL{NUP) = EUP
ANH = |
27 YLD = (EINLO)-ENERGY+0.5D00%X(NLO)=80) /AL
LYLO = CGERF({YLO}
YUP = (E{NUPI=ENERGY+5.5D0¢A{NLO)I#80)FAL
DYUP = DERF(YUP)
LD = YLO=P(HLU)*AL/D.2001
LZLD = DERFAZLO)
up = YUP-PINUP)#AL/D, 2001
RIUP = DERF(ZUP}
CUNST = XINLUI#{EINLO)-ENERGY J-XSECTINLO)+0.25%X{NLO)=#2520
pny = NYUP-DYLO
IF {DABSIONY) LE. 0.1C-131 GO TO 40
FLUXL = DEXPOFLULINLO}+CONST)®DDY
DUZ = D2UP-DLLO
IF {DABSIDNZ) LE. Q.LC-13) GO TG %0
FLUX2 = DEXPLCORSTH+PINLO)S(ENERGY=E4NLONI=XINLO =P (NLU)2BO/D,. 2001~
IRINLOYI*PINLOY*80/ 040Ul ) *0DL
GO YO 52
40 FLUX1 = D.0000
ETl = E{NLOD)
E22 = €i{NLO+1)
EFS = ,1D-01
MRON 5
KRN ¢]
FLUXZ = 2001 ¢ROMGRGIELLIEZZEPSIMRONNRONSFCNY/L{BD®P I} 2% ,5)
82 FLUX = FLUX#U.S500UVE(FLLXL+FLUX2)
IFIK +EQa 1) EINLUY = AB
IF [NNN JEQ, 1)} GU TO 231
Gl) TO 24
31 E{NUP) = ARC
FLUX = FLUX #XNORM
ENECL) = ENERGY
FLEI) = DLOGIFLUX)
IFIELD LEQeeul) GO TO 12
PRINT F15,ENERGYFLUX
GO TO 3
12 PRINT 916, ENERGYFLUX
3 CUNTINUE
PRINT 919
CALL PLAT3 LENESFL4SPCTE MAKED}
GU TO 11
10 PRINT 917
11 stnp



FORTRAN IV G LEYEL 1A ENGRI1} DATE = 711u9 22714721

0co1 SUKRDUTINEG EGGRID INXSECT yNAZNG)

pco2 IFPLICET REAL ¥ (A=H,U-T)

0002 DOVBLE PRECLSIUN DLIMWYDEAP+JABS

0C04 CUPMON JHELDLZ EXTLG2) X510 1020 ESCT9)SPCCTLITS)

0cns CUMMON /HULDI/ ENL150) . XS5eCTHU521,FLULILS D)

0006 FLULIL) = NLUGIDLXP(SHECTLI L) I/0.2001L0

ocoT E11) = EX(L)

ocos XSECTEL) = XSil)

0G09 I=1

ocLo K =1

ocll J =1

ocl12 Ir =1

0013 JL = 0

oCL4 11 = 1+11

oCiLsS J = Jedl

0016 K = K¢l

ooL7 IF {{EX{I)-0.10-05) .GT. ES(J)} GO TO (¢

[IH ] IF (DABSCEXELI-ESTJIY (LT, O.lD-0%) GO TO L1

0019 EIK) = EX{(I}

0020 J1 =0

0c21 11 =1

0c22 XSFCTURY = XS51{1)

0023 FLULIKD) =(ISPECTLUJ)=-FLULIK=LYI®(SI{KI=EAK=1)}/PESTJI-CUK=-1)})+FLUL
1tk=11)

QC24 GO TO L2

002% 10 F{K) = ES(J}

0026 J1 = 1

0g27 Il =0

ocza FLUL(K) = SPECTL{J}

0C29 XSECTUKY = (XS{L)~XSECTUK-1D)*{EAK)~E(RK-L})/CEX(I)-EC(K=-1)) )+XS5ECTH{
1K-1}

0C30 GO TO 12

0cal 11 EIK) = ESIH)

0032 J1 = 1

acas 111 =1

0C34 FLUL{KR) = SPECTL{J)

0035 XSFCTIK) = XS{I)

acis6 12 CCHTINUE

0c37? IF {J .GE. NA) GO TO 13

0c38 GO 70 1

0039 13 K = K+l

0C40 1 = [+11

0c4l E(K) = EXI(T}

0042 XSTCTIK) = XS5(I)

0C43 FLUL(K) = SPECTLINA)

0C44 L =1

0C45 IF {1 JGE. NXSECT) GO TO 15

Cc046 GO TO 13

oc47 15 NG = K

0C48 RETURN

0049 END

60



FORTRAN IV G LEVEL

Q0o
aco2

Q003
0Co4
Qces
0Cos
0co7?
ocoa
0co9
Qgia
ocl1
ocr2
0Ccl3
0014
0c1s
0Cle
0617
oclLs
ocL9
0C20
ocz21
0G22
0023
0024
[1] o]
026
0027
oczs
cc29
0030
0C31
0032
00313
0634
DL3S
003s
0G37
Q038
0C39
oC4n
QC41
0C42
0C43
0C44
0C45
0g46
QCat
0048
0C49
0C5Nn
0Cs51
Qo052
QCs3
0S54
0055
0¢56
Qcs?

18 RUFBRL DATE = T11u9

FUNCTION ROMUBRG {A¢BsEPS MeNFCNY
IMPLICIT ®EAL*BIA-H,0-1)

CRUMBEMG [HTEGRATIUN

98
9

2001
2007
2008
2309

100

2302

2010

il
102
20013
2011

2012
2013
110

29C4

112
113

103
2205

CIHENSINY PL2u)
IHINLE.DIGO T0) 200
FFENLGTO3IGO TU 210
[FIM=-22499,99,98
M=20

X=A

FM=M

KH=N* 1

EP=FCHIX)

X=FCHNIB)
SUM={ X+EP ) *Q, 500
M=2

ALP=DABSIEP)
AX=DARS[X)
ASUM=(AEP+AX) 20,500
FHAX = AEP
IFIFMANLGSELAXIGD TO LU0
FHAX=AX

1=1

NC=1

H=f~A

Si=H&5UM

Pi{11=51

ASL=HEASUM
X=A-H¥Q.5D0

CO 102 J=1NC

X=X+H

M=pMe]

EP=FCNIX)
ACP=DABSIER)
IF(FMPAX.SELAEP)GO TO IC1L
FMAX=AEP

SUM=SUMEEP
ASUM=ASUMEAEP
Se=HYSUMED LS00
AS2=HHASUMED . 500
K=1

GJ TO 1¢S5
EP=NARLS[52~S51}
AX=DARSIS2)

G0 FO (1104,20064,1101,112) 4NN
Cip=aAX

Gu Yo 113

LEP=1.000

GO YO 113

CEP=AS2

Go vo 1123

DE®=F MAX
I=FP-EPS*DNEP
IF(FILDT7, 107,103
IE[1=MM12005,108,2005
H=li ¥, 50D

51=5%2

ASL=AS2

PLK)} =52

61

22714721

0Olo3ai)l
DEb3a7 5

DEv3IT T
Llbdsuag
0153 4.0y

LE53L010

D1%3u0lA

DLb300z1

D15305é&3

Din30025
Dls3ucl2e

01933029

D133.031
D193G54)

V1935034



FORTRAN 1V G LEVEL

ocs8
0Cs59
0060
0061
0C62
0ce3
0Ce4
0C6s
0Céé
0067
0068
CCe9
oCc71d
0G71
ocT2
0C72
0C74
0Cc7s
0076
QQr7

105

2006

108
107

200

120

18 RUFBRG DATE

1=+l

KC=2#N(

N TG 2002

1IFIK.GT.I1G0 TO 2012

J=28K

C=2%%)

T=52
S2=(L&#52-P(K}}/(0-1,00C)
PIK]} =T

K=K+l

Gu TO 105

PRINT 1.0

FURMAT(" M EXCEENED 1= *412)
ROMBRG=52

EPS=LP/OCP

LU TU 120

PRINT 2,N

FOMIMAT (Y ERRUR RETURN h= ', 2}
RETURN

END

= 7LLJY
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22/iarel
L1535

D1%30037

Blu3uss.
Ll53J041
L1530 4
DidIva4ss
Dl33s245
BL5julits
L153uuaT
D143.043
D15 3uGay



FORTRAN IV G LEVEL

0col
0002
0C0o3
0Co4
000S
0Cos

0607
0cas

0Co9
0ClL0

18 FCA DATE = T1lu% 22/1472i

FUNCTINN FONEX)

IMPLICIT REAL®B {A-H,0-2)

LUUBRLE PRECISION DEXE

CUMMON /HILDZZ E(L50) ,XSECTILS0) ,FLOLTILSY)

CORAMON AHULD 3/ ENERGY B0, NLD

FLUXL = FLULINLOP+CCFLLLENLO# LY =FLULTNLUY b #d A-EANLOI DV ZEREANLD+L D -E
LINLD )

XS = XSECTINLUO}#{ (XSCOCTHANLO#LI-XSECTINLU) b#{X-EAMLOMIYS (E(NMLOFL)-
1IEINLOD )}

FCN = DEAPIFLUXL=KSI¥UEXP(-(ENERULY-X)2#2/30}

RETURN

END
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FORTRAN IV G LEVEL

0001

oco?2
0Co3
QCo4
ocCgs
0C06
acor
ocos
0Cco9
ool10
oCtl
oot12
0013
cCla
0015
0016
0017

0alLs
0Cl19
0c20
0021
acz2z
0Cc23
0024
oczs
QC26
qaz7r
0cz28
0cz29
0030
0031l
oc3z
0033
0034
cC35
0C36
00137
0g3n
0C39

WP

30

18 PLATZ DATE = 71loy 22flrarel
SUBROUTINE PLATZUZ,Y,N)

PLOTTING SUBRUUTINE PLAT2
[MPLICIT REAL#8 (A-H,U-W,Y-1)
[NTEGER XX
CIMENSTUN XXC120)p ZUN)  YINYy4iC 2]}
LATA NN/LH ,iH®/

YMAX = =1.E50
YMIN = 1.E50
00 3 I=1.N

[FIY({I) - YMAX) 5,5.4
YHMAX = ¥Y([}

[F (YMIN = Y(1)) 343,08

YMIN = Y{(1)

COT FHUE

RAHGE = YMAX - YMIN

OIV = RANGE/ 100,

PRINT 30,DI1V

FUMMATELH ,2544" THE SCALE QF THIS GRAPH 1S 1 DIVISION =4,012,5,'U
INTTST//429%,1123456T84C123456 78901234596 TEI01234507895123456T89012)
24567890123456T6901234587890123456709:123456T8994)
Cn 1 J=1,4120

AX(J) = NNIL1)

Ix =1

EO 2 1=1N

XX{IX) = NNI1)

X = 104(99, /RANGE)®(YI(T)I-YMIN}

Ix = IFIX(X)

XA[01X) = NNI2)

IF (I E0., 1) GO YO 8

TROCZC0I=-241~1)) W GT. L150300% GO YO ¥

PRHINT 20, 2{1),Y (1) (XX1J)yJd=1,1C1)

FORMAT {1H 4201244, '——==",1UlAl}

Gu TO 2

[F{2(1)=201=-1) «GT. .25 GO TO 9

PRINT 1042110 4Y (L) I1XX(I1,d=1,101)

FORMAT {1HD, 2 01200 ,"===-=",1CGLAL)

G TOD 2

PRINT 40,2081, Y (1}, {XX(J)yJ=1,101)

FORMAT (lH-y2D12e4y'~—==",101AL)

CUNTILHUE

RETURN

END
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FORTRAN IV G

ocol

0co2
0Co3
0Co4
acos
0coé
0cov
cccs
0c09
oCc1Q
0c11
oclz
04013
OCLs
ocLs
0Cle
ocL7
ocla
oclg
¢c20
£621
0022
0023
0cza

£e25
eCze
Q027
ocz2e
oce29
Q€39
ceal
gCag
0033
0034
Q€35
003¢
Q037
¢C38
0C39
0C40
004l
CCa2
0043
04044
0C45
0C4é
0047
0c48
0C49
0C50

LEVEL

[sRaNalaNalal

wOun

13
12
15
14

30

18 PLATS 0ATL = TL1luy 22714721
SURRGUTINE PLATI(Z,Y kNI
PLOTTING SUBROUTENE PLAT3

THIS SUBROUTINE PLUTS CN THE OROINATE TWU VARIADLES (Y £ W)
VERSES THE VARIBLE Z UM THE AdSI354.

IMPLICIT REAL#8 (A-H,0~-W,Y-Z}

DGLBLE PRECTSIUN DEXP

INTEGER XX, XK2

DIFENSEON XX 0120006200200 o Z40id) ¥ ONY W) g NNTZ)
CATA NZ1IH g lH#, LlH¥/

YMAX = =l.ES0

YMIN = 1,E50

PO 3 Llsl,N

LFUYLI) = YMAX) 5:5,4

YMAX = ¥YILI)

IF (YMIN = Y{1)} 3+43.6

YMIN = ¥{ 1)

CUNT INUE

DO 14 1=1,N

IFEWd{T =YMAX) 12:12413

YMAX = Wl

{FEYMIN=-WIT}) 14,1%,15

YMIN = WIE)

CONT INUE

RANGE = YMAX = YMIN

DIV = RANGE/1Q0.

PRINT 10,D1V

FURMATI(1H 425Xs* THE SCALE OF THIS GLRAPH §S 1 DIVISTUN =1,£12,.5,'0
INITS* /7, alx.'123«5b7395123«)u189G123«56739’12345b?uu>1234551300125
2456T590123456748901234586TE90123454TRBIL123456THI0Y)
Cu 1 J=1,120

AXLJ) = HNIL)
Ix =1

ixz =1

GCLl 2 I=14N
XX{IX) = NNI(L}

XX[1X2) = NN(1)

X o= LaDH{99 . /RANGEN#{YI])~YNIN)

X2 = 1aD+099./RANGE}®[W{L[}-¥NMIN])

IX = IFIX(x}

Ix2 = IFIx{x2)

XXEIX) = NN(2})

IF (1X oNEe [X2) XX{1X2) = NN{3}

YEL) = [EXP(Y (L)}

mil) = LEXPUIW(E))

IF (1 LEQ. 1) GO 10 8
FFOLZ00)=-211-1)) .GE. 150021 GO TO 9
PRIMY 20,2008 ,Y 00 amiTlsdxX{Jd)ed=1,121)
FORMAT (1H 4 809.24"===7,101A%)

FORMAL (1K 30X,101A1)

Gl T 2

PRINT Y0, 7001 YOD) WD o (XXEJbgd=1alol)
FORMAT (1HD s 3EY 2 t=-="+101A1}

CONT [NUE

HETURN

END
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Sample Input Data - CALFLUX

Mgl
naan
1.73C
1,56
2420
3.0nN
3,60
Gabn
Me20
12,0

Ay TNIYE g
A,T7ARE Ay
fLANDE ng
MreRa2% ny
NeRLAF ny
N gRABE gy
M.B812F na
Ne781E N4
NeT4LTE Ny
Na714F pua
e hANE N4
NaATREE Ny
P GRARE Ny
NaS1TRF ng
Mo TEF 4
nahHh2F r4
RaLYAF Ay
Na2RTF Py
Ne2RAF N4
ra2T4F ny
CeINTE g
ReRAAF Ny
P ?RT1F N4
Nfa222F P&
ALY nmg
PLTEEE Ay
NGVELT g
PelfFFE ry4
A4S~y
Ng12anE Yy
ret1ef ra

F

A
1aan
1.28
1.6
2etlir
34,20
Golr
4,50
842N
14,7

gy
A
2.5
EXSals
Jebn

3.7

3,70
1,80
3460
2.6”

(\.(.‘.l
l.lﬂ
laats
2ann
2455
3.,32n
4,20
B.nn
Ba.7"
16,0
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THE CALCULATED, SMOUTHEN TRANSMITIED SPECTRA 153

ENERGY FLUX TRANSHITTED
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NE213RES

This program determines the resolution of the NE-213 detection system
from the measured and unfolded responses to the monoenergetic neutrons. The
code Is based upon the expressions derived in Appendix B for gaussian resolu-
tion fitting using weighted least squares. Input to the program includes the
upper and lower bounds of each point in the unfolded spectrum over which the
gaussian Is to be fit. Output includes the FWHM and the standard deviation
on this value along with the comparison between the actual data and the cal-
culated data based on the gaussian fit. The matrix inversion required in the

calculation is done by the subroutine MATINV,

INPUT
Card Format
1 110 1) NDS = Number of data sets to be
analyzed
2 F10.0,I10 1) ENEUT = Nominal energy of the
monoenergetic neutrons
2) NDP = Number of data points in this
set to be fit to the gaussian
3 (Deck) BFr10.0 1) EN(I) = Energies in the unfolded spec-
trum (MeV)
4 (Deck) 8F10.0 1) PLO(I) = Lower bound of each point in
" the unfolded spectrum
5 (Deck) 8F10.0 1) PUP(1) = Upper bound of each point in

. the unfolded spectrum



FORTRAN IV G LEVEL

0cot
0cCo2
0Co3

0Ca4
0005
acos
0Ca?
0cos
0co9
0010
oCLl
0cL2
0013
0Cl4

0cl5
0Cle

gci7
0018

0019
aczo0
oczl

aca22
0023
0C24
oc25
0026
0027
ocza

0029
0030
0C31
0Cc32
00313
0C34
0G3s5
0036
ce3r
0c3s
0034
0040
0C41)
0C42

Coens
Coses

0 D D e O D R e

——

5564
557
Cosxy

.
Coess
Cros
C

20

Crexs

21
22

321

CHkde

230

101

NE213RES Listing

13 MAILN DATE = 71109 22412723
TS PROGHAM DETERMINES THE RESOLUTION UF A DETECTION SYSTEM FRUM
THE MEASURED ANL UNFOLLCEN RESPUONSES TU THe MONOEWLRGETIC NCUTKUNS
[F2LICIT REAL#B (4=-H,0-1}

NILLE PRECISIUN DLUG,LCEXP
CIMENSTON YA29) 460l 25)0A03,3),803),VARLZS),PLO(25) 4PURLESY

LalibUMLE3 L)

FURMATIBF19,2)

FURMATLILO)

FOUORMATIFL Y0, 010)

FORMATE A4 X 2THCXPEATMENTAL NEUTROY ENERGY s5X4F5.2,2X5 3HMLV)
FURMAT (/4 4, LTHUIFULDED ENERGIES)

FURMATEIZ,12FLJ.1)

FOMPMATESA 2 LTHUNFOLDED SPECTRUMI

FURMAT (5% y9HV AR TANCES)

FUIMATI /6 X 3 LoHPEAK EMNERGY=3FH 421Xy INMEY 33X, 4HF0R-,F5.2,4H MEV)
FUIMATI/G Xy 2HPEAK HT = FLlGaCy3Xebh+U=,FL.0])

FURMAT (/¢ A4X o2 2HFULL WECTH HALF MAX=3FE.344H MEV3Xs4H+OR~,Fba3,y
14H MEV/)

FORMATUING g2 HNORMALIZED PEAN HToa=yD15.641X, 1 1HN/CM=-CM=STC}
FURMATLIAD ¢ 3HHU=4015, 641X THMEV=FFEY)

NDS 1S THE NUMBER OF OATA SETS TU BE ANALYZED
READ{1,2)NDS
0 10630 K=1,NUS

ENEUT 15 THE NOMInAL ENERGY UF THE MONOENERGETIC NEUTRUNS
NCP IS THE NUMBER OF DATA POINTS KN ThIS SET

READIL,3)ENEUT,,NDP
CU 20 II=14NDOP,.8
REACIL 1Y(ENLIIT-1+10,0=1,8)

EN(1] ARE THE ENERGIES IN MEV IN THE UNFOLOED SPLCTRUM

no 21 TE=1,N0P,8

READL L LI UPLOTI=1401),[=1,8)
L0 22 11=14NUP,8B

READIT DI PUPLTIT=L41),[=1,8)
Cu 321 1=1,NDP
PLOCEY=PLULTII#10000.
PUP(LI=PUP(L)*1000D,

PLO AND PUP ARE ThHE LOWER AND UPPEKR oOuWNDS OF EACH PUINT ON THE
UNFOLLCED SPECTAUM

CO 200 I=1,NDP
YILI={PLOTI)sPUPILY /2,
VARCEY={LPUPLTI)-PLUIL)I/2.) %82
CUlol 1=1,3

BlLI}=0,

0O 0L J=1,1

Al ¢d)=0.

i 152 I=1NDP
RATIG=YCEI*YL[)/VARIT)
AlTe3)=A03,3)+RATIO
AlZ2e3b=a02,3 ¢ ATIURENIT)

AL ZH=A024 23 4RATIO*ENCII*ENCT)
A2y 1 h=A02 L FaRATIOD®TLNI[e®3)
AlLgl d=A0L 11 +RATIORIENTT ) %94
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00413
00454
0045
gCas
COaT
0L48B
cCaq
ceso
0Cst
0es?
0Ls52
0C54
0CS55
0056
Gas57
ccse
€Cs9
0Ce0
0061
0Ce2
0063
0Ch4
[+] -1
(1471

CCoT
0Ccs8
0069
0070
0ocT
ocr2
0073
CCT4
Qc75
0076
0077
ag78
ac79
0080
acel
acBe
0083
cCB4
0gBs

132

116

177

109

18 MAIN DATE = T1llov 22712723

RELY = DBELY+RATIO*NLOGEYLIY ) sedld ) 2ENT)
BlZ) = BE2Y¢RATIOXOLUGLY (1)) #ENTL)

B3 = gl3)+ATIU®DLDGIYLL))
Al3,2¥=A12:3})

Al3,1)1=A02,2)

Alls3)=A02,2)

A|112]=Al2|l’

DU 176 [=1+3

SNUMIT, 1H=BLL}
Kl =1
K3 = 3 .

CALL MATINVIA,H3,UDUM,NL,DETERM,2)
DG 177 [=1,3
SLLYy=BNUNtT, 1)

BO=-1./811)

Ev=BC*8 (2172,

¥O = LEXP{B[31+EQ®EQ/BC)
NuM = DLOGE.20011)

FhHM = 2, % (BL+0UMIEE,5
VARBO=ALL,E)/(BI1)%BIL))
SHVBU = VARBU*E,5
VAREG={BI2) *u {2 1*VARBUBUEBI®A(2,2]1) /4,
SDVEG = VAREU*¥,5
VARYL=YORYOQW¥[A[3 43144, SED®EQ*VAREX/ (8D*BO I +{VARBUR(EL#¥4) )/
Ilun®®4})

SDVYD = VARYLEE,5
VARFW=VARUDSLUM/BO

SOVEW = VARFu¥%,5
Pl=43,L415927

YHORM = 1./(HURP]}#*,5
WRITEL3,4) ENEUT

WRITE(3,5)

WRITLU3,6 b{EN(L)s[=14NLP)
WRITE(3,T7)
WRITEN3 00 (Y([),I=L,NOF)
WRITLU3,B)

WRITEU 3461 IVARIT) 4 1=1,MDP)
WwRITE(3,3)EQ,S5DVEL
WREITEC3,E3)YC, SOVYD
WRITL(3,5561YNORM
WRITEL3,55T7 )80
WEITET3 L1 IFWHM ) SDVFW
srup

END
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FORTRAN Iv G LEVEL 18 MATINY DATE = 71109 22712723

ocel SUBRUUTINE MATINV [A,NyByM,DETERM, UIMAR)
C
(o MATRIX INVLCRSIUN wWITH ACCOUMPANYING SULUTIUN UF LINEAR EQUATIONS
C A IHPUT-CUEFFICIENT MATRIX
C RETURN-[NVERSE MATRIX
C N NUMBER UF EWQUATICNS
[ B ENPUT=RIGHT HaND SIDE VECTURIS)
C HETURN=-SULUTEUN vECTORIS)
C M NUMHER UF RIGHT FAND SI0E VECTUR{S)
C UGETERM  RETURH=DLTEAMI4ATE UF A
C NMAYX  PAXIMUM NUMBER UF EGQUATIURS AS UIMEASTONED I MATHN PRUGRANM
C
Cexxs REMOVE MEXT STATEMINT IN SINGLE PRECISION VERSIUN
ooQ2 IMPLICIT REAL+8B {A=U,0-21}
0Cco3 REAL®4 PIVUT
0004 DUUBLE PRECISIUN DABS
Qcos BIMENSTON ALNMAX NMAX],BINMAX,1)
0Cos6 CuMMUN /F402/ PIVOTILOQ), IWUEXLLOUQ)
C
c INTTTALIZE DETERMINANT AND PIVOT ELEMENT ARRAY
c
aco7 LETERM=1.0
ocos DO 20 [=1,N
0009 PIVOT{I}=0,0
oclo 20 CONTINUE
c
Cc PEPFORM SUCCESSIVE PIVCT DPEHRATIUNS (GRAND LUDP)
C
ocl1 O 550 [=1,N
C
c SEARCH FDR PIVOT ELEMENT AND EXTEND DETERMIMANT PARTIAL PRUDUCT
[
acl2 AMAX=0.,0
0C13 Cu 105 J=1,N
0014 IF (PIVOT(J}.NE.O.O) GC TO LubS
oCls L 10C K=1,N
0Clé IF [PIVOTIK)WNELC,D) GC TO 129
0aLT TEMP=CABS (A{J+K))
oQl8 [F {TEMP,LT.AMAX) GD TC 100
ac19 [RUK=J
0cz2o0 ICOLUM=K
0g21 AMAX=TEMP
0022 138 CONTINUE
0Cc213 105 COMITINVE
0cz24 . TMHDEXCE)=4096#1ROWe [CULUM
0cz2s J=1RUnW
0026 AMAX=A(J, [COLUM}
0cz27 CETERM=AMAX#DLTERM
Cc
Cc RETURN [F MATRIX [S SINGULAR (ZCké) PIVUT} AFTER COLUMN ENTERCHANGE
C
oczn Il (DETERMLEW.J.0) GO 1D 602
c
0c29 PIVOTLICULUM) =AMAX
c
C INTERCHANGE RUWS 1O PUT PIVAT ELLMENT ON DIAGONAL
c

0C30 IF (IROW.EQ.ICOLUM) GU TU 26v



FORTRAN IV G LEVEL

0031
0C32
0c213
0014
0035
0C36
oca7
ocas
0039
0040
0C4l
0042

0043
0C44
0C45
0046
0c4T
0048
0049
0¢50
0cs1

0C52
QcC53
0C54
0C55
0Cs5s
0057
0058
0Cs59
0Cel
0061
0Cs2
0C63

0064
00465
[ 4.1.]
0ce7
0068
0Ce9
0ci10
0071
0072
ceT3
0C74

0075
ocre

o0

(o N2l sl

(oWl sl

202

250

260

350

370

380

459

500
550

600

795
710

| ] MATINY DATE = T1liud

DETERM==NETERM

DO 200 K=1,N
SWAP=A{J,K)
ALJRKI=ALICOLUM,.K)
ALTCOLUM, K)=SRwAP
CONT THUE

[F (MJLE.J)} GU TO 260
GO 290 K=1,M
SHAP=B{J,K)
BlJpK1=H{ICOLUMK)
BUICULUM,K)=5WAP
CuN T INUE

DIVIDE PIVDT ROw BY PlvOT ELEMENT

K=ICOLUM

ALICOLUMyK)=1,0

CU 350 K=1,N
A{TCOLUM K =A{ [COLUM, K ) FAMAX
CUNTLRUE

IF {M.LE.D) GU TO 380

00 370 K=14M
BIICOLUMK) =8 [ECOLUMKI/AMAK
CUNTINUE

RENUCE NON-PIVAT ROWS

[O 550 J=1,N

IF [J.EQ.TCOLUM) GO TQ S50
T=A{ JyICULUM]

Al Je1C0LUMI=0.0

LU 450 X=1,N

Al JeKI=AL JyKP-ATLICOLLM,K) *T
CUMT [NUE

IF (M.LE.0)} GO TO 550

D} 500 K=1,4M

Bl JoKi=Bl JyK)-8lICOLLM K)®T
CONTINUE

CUNTINUE

22/12/23

INTERCHANGE COLUMNS AFTER ALL PIVOT UPSRATIONS HAVE BEEN PERFURMLL

DU 710 214N
[1=Na1-1

K=INDEX{TI11 /40696
ICULUMSINDEX |31 1 -40964K
IF (K EG. [COLUMY G0 TU TLd
CO 7C5 J=l4N
ShAP=ALS, K]
ALJaR)=ALJ,ICELUM)

ALJ, [COLUM) =5KAP
COTINUE

CONT [NUE

RETURN
END
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POLYFIT

This program fits a given resolution function to a polynomial of degree
m by a weighted least squares procedure. The program was written to perform
the calculations derived in Appendix B on polynomial fitting. Input to the
program includes the upper and lower bounds on the resolution data to be
fitted. Output includes the variance of the mth order polynomial fit, the
coefficients of the fit, and a comparison between the input values and the
values calculated by the polynomial. Again, the matrix inversion required

by the calculation is done by the subroutine MATINV,

INPUT
Card Format
1 13 1) N = pumber of data points to
be fit
2 (Deck) 3F10.4 1) E(I) = Energy of the ith data
point (MeV)
2) SPCT(I) = The FWHM at energy i (MeV)
3) SDEV(I) = The standard deviation of
the FWHM at energy i
3 110 1) NA = Number of fits to be
attempted
4 110 1) M = Order of the approximation
for the first fit
5 110 1) M = Order of the approximation
for the second fit
. . 1) M = Order of the approximation

for the NA fit



FORTRAN IV O LEVEL

ocnt}
0Co2

oco3
0004
0CO5
Q006

0Co7
0coe

0009
ocLo
aclLl
o1z
0C13
0Cl14

oC15
0Clé
oc17
oCle
oCte
0C20
gczl
g2z
0023
0024
0Ccz2s
0026
ooz7
0cza
0c¢29
0G30
0c31
bCcaz
0033
0034
8Cas
0Cls
001317
0cCas
0C39
0C4e
0C41
0Ca2
0043
0044
0Cas
0046

Crens
CFubs

1
2
3
'y

5
.}

7
8
9
10
L4
15
C
Ceuss
Céere
Leaxs
[ 22 T
[RETTY

[

100

103

104

105

i%6

107

POLYFIT Listing

18 HAIN DATe = TLlu9 22707741

THIS PROGRAM FITS A GIVEN RESOLUTIGH FUICTIW,. T A PULYNUMIAL UF
CEGREE M 3Y A WEILHTLDD LEAST SQUAKES PROCEDURE.

IMPLICIT REAL¥E (A-H,0-2])

CIHMENSIGY E01ud )y PLOCICQI, PUPELDQ) o SPCTILSUl o VAREL OO 4 SLEVIICH)

LCSPLTLIGD ) g ALLS i)y B(L5+1)4CHLIS s SBEVCLLY)

FOPMATIILD)

FURMAT(I3}

FORMAT (3F10.41)

FURBATI T2HODRDER OF APPROXIMATIOM TCG LARGE FDR THE NUMBER GF DATA

LPUENTS AVAILADLE)

FURMATIOX , 23H0R0OER OF APPROXIMATIDN=,13)
FORMAT{IL K4 BHEVERLY y6X o VARTNPUT FlhM s Xy THSTD DEVs6X,

114HCALC. FWHM A

FURMATIEX v 4DLT.8)

FORRATI// 6Ky 2BHRESULTS OF LEAST SQUARES FIT//)
FORPMATUOX ¢ L1HCOEFFICIENT 4 15Xy SHVALUE + 7X, THSTD DEV/ )
FGRPMATELLXy LIICe12012X42D074497/)
FUORMATA// 6X 4 20HVARTANCE UF THE FIT=,015.6/7/)
FURMATI4F10.%]

N=NUMBER {)F DATA POINTS

NA=NUMHER UF APPRUXIMATIUNS USED

¥={RLER DF APPRUXIMATICN

PLOsPUP=LOWER ANL UPPER BDUNOS UF THE SPECTRUM
E=ENERGY

READ 2,.N

DG 100 E=1,N

READ 3,E(L1,SPCT{1),SDEVII)
VARCLI=(SCEVII})®x2,

READ I NA

00U 101 K=1,NA

READ 1M

TF{.LT.{M+1))GD TO 102

Ml=M+l

£O 103 [=1.ML

BlIsl1=0Ca

Do 163 J4=1,M1

AlLlsed =0,

LU 104 J=1,M1

1=1

NP=1=1+J-1

CuU 104 L=LN

ALy =A{ Ly JI+(E(LYAENF)/VARIL)
DU 10% [=2,M]1 ’
J=M+1

KP=1-1+J-1

DU 105 L=1,4N
AlLed)=ALT B+ [E(L)EENPI/VARIL)
CU LG L=1,M1

U 16 L=1,N

BITy )=, LI #SPCTILY=IMEILIY {11 ])/VARIL)
L0 157 I=2,M1

DULOT J=24M1

All.J-L)=A11-1,4}

CaLL MATINVIAGML ,B,1,DETEHM,15)
CO LOB [=1,M1

ClIt=011,1)
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0047
0048
0cC49
acs0
0051
0C¢s52
0cs53
0C54
0055
0056
0cs?
0cs54a
0C59
0061
0ds61l
0cs2
0063
0064
0co65
acoé
0067
0Cs8
0069

138

109

110

102
101

18 MAIN NATE = 71149

SOEVCATI=DSURILALT, 1)}

CU 1u9 J=L.N

C5PCTIJ)=0.

DD 110 J=1,N

N LIG I=1,M1

CSPCTIINI=CSPLTILJ) eCLI)otECS) el l=-1 1)
DEV=0.

DU 111 T=14N
NLV=DEV#I{CSPCTIII=SPCTLI) E#3 )/ IOFLUAT[W=M=11)]
PRINT 5¢M

PRINT 8

PRINT 9

D LLE3 I=1.Mi

PRINT 10,01,C{011,5DEVCII)

PRINT &

CO 112 1=1.N

PRINT T4E(IVSPCTIT,5CEVIL) CSPCTHLIY
PRINT 14,DEV

GuU TO 101

PRINT 4

CUNMTINUE

sTOP

END

22701741
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ocotl

0502
0Co3
0004
€005

0Co6
0Co7
0008
0co9

tcl0

oCl1
ogr2
0012
OCL4
GC15
col6
col7
ocLs
0Cc19
0Cc20
o021
G2z
QC23
0C24
0g25
acz2e

acz27

Q028

00292
0c3n

o060 [zEzEaEzNal ol aNalaNalxNal

ano ao0n

[aRalel (g e N aRal

ERE 2

20

130
10%

18 MATINY UATE = T1llu9 22fuital
SUBRUUTINE MATINY {AyNeB M UETERM, NMAX]

MATRIK [4VERSION wITH ACCOMPANYING SULUTIDN OF LINEAR EQUATIONS
A IHPUT-CGEFTICIEHF MATHRIX
RETURN=TNVEKSE MATRIX
N NUMOER UF EQUATICNS
B INPUT=KIGHT HANL SIOEL VECTURILS)
RETURN=50LUTION VECTOR(S)
M NUMUFR LF PIGHT HAUD SIGEL YECTUR{S)
DETERM  HLIURNM-UETERMINATE OF A
NMAX  MAXLIMUM NUMBER UOF EQUATILONS AS DIMENSIDNED IN MAILN PROGRAM

REMNDVYE NEXT STATCMENT IN SINGLE PRECISIUN VERSION
IMPLECET WRECAL*8 [A-H,0-1)

REAL®4 PIVOT

CIMENSION ATNMAX,)NMAX] BUIMAX,LY

COMMUN FF4327 PIVUTLLOG), INUEX{LTU)

INITIALIZE DETERMINANT AND P1VuT ELEMENT ARRAY

CETERM=1.Q
Ou 20 [=14N
PIVOItI1=2.06
CONT INUE

PERFORAM SUCCESSIvVe PIVCT OPERATIOUNS (GRAND LOOP)
CO 535G I=14N
SEARCH FDR PIVOT ELEMENT AND EXTEND OUETERMINANT PARTIAL PRONDUCT

AMAX=0.0

Ci 105 J=1,N

IF IPIVOTIJ).NE,G.D) GE TA 135
GO 100 K=1.N

IF {(PIVOTIK}NELO,() LC TO 102
TEMP=DABS{ALI X))

IF (TEMPLLT.AMAX) GO TC 100
IROW=

ICNHL UM=K

AMAK=[EMP

CONTINUE

CUNTENUE
INDEX({T)}=4096% [ RUN* [CULUM
J=IRGW

ANMAX=A{ Dy ICOLUM)
DETERM=AMAX*UETERM

RETURN IFf MATREX IS SINGULAR (ZERD PIVOT} AFTER COLUMI INTERCHANGE
IF {LETERMLEW.D.C) GO TO 530

PIVOUTLICOLUM) sAMAX

INTERCHANGE ROUwS TD PUT PIVDT CLEMENT 0N OTAGUNAL

IF LIROW.EQ, ICULUM) GO T 260
DETERM==DETERM
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FORTRAN

0C3t
acaz
0ci3
00134
cCas
CCis
0037
4038
cC3a9
0Ca0
0041

04?2
0043
0044
QCa5
0046
Q047
oC48
0c49
0C¢50

0651
0052
0Cs53
QG54
0055
aCs6
acs7
0c¢ss
0gsg
CQs0
0Q0sl
0062

0063
0C6H4
0C6es
0066
oceav
0Ca8
0069
QcC70
0C71
0072
oors

oCT4
0075

IV G LEVEL

aon

[aRala]

oo

209

250

2690

350

372

380

450

500
550

600

715
710

18 MATINY

[ 200 K=LlN
ShAP=A{JsK )

ADoK =ALICOLUK LK)
AUICULUM K I =5hAP
COMT LHUE

IF {M.LE.0) LO TU 260
Nl 250 K=14+M
SEAR=R1J, K}
BiJeK1=BIICOLUM,K)
BOICOLUM, K] =5nAP
COMNT ENUE

CIVIDE PIVOT ARDW BY PIVOT ELcMENT

K=TCOLUM

AUICULUM,K1=L,.0

CO 350 K=1l4N
ALICULUM, K] =A(ICOLUM, K1/ AMAX
CUNTINUE

IF [MJLE.J} GO TO 340

CO 370 K=1l.M
BUICOLUM XY =3 (TCULUM,K)/AMAK
CONTINUE

REQUCE NON-PIVOT ROWS

N0 550 J=14N

1F 1J.EQ.ICOLUMY GO TO 550
T=A( J,1COLUM)

A0 J,ICELUM)I=0.0

FO 450 K=1sN

Al JeKI=AT JyK)=ALICDLUM,K) *T
CONTINUE

IF {M.LE.Q) GU TG 550

DU 500 K=1.M

B{ Jek1=B1 JyKI-BIICOLUM,K) *T
CONTINUE

CUNTINUE

DATE = T1109

22707741

INTERCHANGE COLUMNS AFTER ALL PIVUOT UPERATIONS HAVE GEEN PERFURMED

CO T10 I=1,N

T1=H+1-1
K=INPEX(E LY /00986
ICHUM=INDEXTIL)~4096%K
IF (K.EUICCLUMY o0 TU 710
no TS J=1,NH
SHAP=ALJ,K )

AlJyk)=AlJ, ICOLUM)

Al TCOLUMI =S HAP

CONT [NUE

CUNTINUE

RE TURN
END
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APPENDIX B
DERIVATIONS
TRANSMITTED FLUX INTEGRAL

i--3

= 1y —L(E")t 1 1
¢trans(E) = JO ¢I(E e R(E,E') dE (1)
Y oy (E) ey E = B )
where R(E,E') = yo( ) exp __—E;?ET_— (2}

o

L2
¢I(E') exp{(-Z(E")t) yo(E) exp{ﬁgg—zgga—) dE' (3)
o

t T ¢’t:rans(E> - J

Assume Log[¢I(E')] is linear between discrete energy points; between Ei and

0

Eiprf _
p ‘ 1n¢;+1 - 1np}
¢I(E') = ¢I + exP E = E (E' = Ei)
i+1 %

where ¢; = incident flux at Ei

1n¢;+1 - 1n¢i
now let Pi = [ E — }
i+l i
S 6p(E) = 41 + exp[ @) (E' - E)]
I I i i
= 4t Y _
= ¢7 + exp(P,E") exp( PLE) (4)
Assume I(E') is linear between discrete energy points; between Ei and Ei+l:
T - I,
I(E')t =Z, t + {—Etl————i](E' - E )t
i E. - E, i
i+l i
where Ei = cross-section at Ei
I, ~ I,
now let Xi = [E'}"t]"—':—'ﬁ'}']t
i+1 i
and S, = I t

i i
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* ' = - L
.« L(ENt =5, - X, (E E;)
* . ' - - - I a1 5
. exp[-Z(E')t] exp ( Si + kiEi) exp ( XiE ) (5)
2 2 2
-(F' - BY°| _ _E° (_ E'C | 2E'E
Also, exp[ Y = expi- + exp\ b + b (6)
o o} o o

y = = normalization factor for paussian {(7)

Now, if there exists a ¢§ and Zi for each Ei’ the integral of equation (3)

can be integrated piecewise:

E 'E E
¢ (E) = f Lirae' + ] 2] dE* +...+ [ i+l 1y am
trans 0 JE E
1 i
+...F+ [ 1 dE' (8)
‘E
n
w (E
_ i+1 ;
or ¢trans( ) izo JEi [ 1 dE (9)
€' - £’
where [ ] = ¢I(E') exp[-Z(E')t] ¥, (E) exp[- ~—3"?E3-1 (10)
[ 8]

Now, substituting equation (4), (5), (6), and (7) into (10), each term of

equation (9) will be:

E, ;
JE1+1 {¢; + exp(PiE') exp(-PiEi)}{exp(—Si + xiEi) exp(—XiE')}{—é—}

i bo1r
2 2
_E° _E'  2E'E .
{exp( 5 } exp( r— * )} dE
o o o
2 (E
1 ot .
= — exp(—Si + XiEi - %—)J 143 {¢; + exp(P.E") exp(-P.E.)}
1fb T 0o ‘E & A
o i
B2 2p'E
{exp(- Tt T - X4ET) JES (11)

o o]
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let Ci e exp(-S, + X,E, -

/ i ii
b« o
o »

) (12)

E 2 2 i
—C¢ i+l exp(—-E—+2LE—XE') dE'
b b i
E o o
i
E, 12 1
i+l E 2EE" _ ¥ i '
+ Ci exp(—PiEi)J exp (- 5 + b XiE + PiE ) dE (13)
E o o
i
These two integrals are of the form:
X 2 _ v _.2
JBE (ax +2bx+c) =\/= ac)J2ey a5 (14)
Xy a ¥i
b
where y ='J;(x + ;)
v 2
Note J . ‘,—[erf(yz) - erf(yl)]

71
X, X b
For first integral a =% , b= [%—%—], c=0, Yy =J§—-[Ei - E+--l—0]
o o] 0

2

Now, substituting these constants into (14), and combining (13) and (14)

i 2
. ¢I 1bo
« « first integral = 5 exp [ A + X (E - E) - Si}[erf(yi+l) - erf(yi)]
(15)
For second integral
X P X,b P.b
-1 -1 _E _ 1 . 21 - io _io
a-b,b—2 b 2,(:O,z— {Ei E+— 5
o o bo

Substituting these constants into (14) and combining (13) and (14)
second integral =

xi2 X,P.b_ Piz
exp[—— bo + Xi(Ei - E) + Pi(E - Ei) - - % bo - Si)

2

4 2
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Adding (15) and (16), equation (11) is now equal to:

1 xiz 1
[E-exp[—z— b0 + Xi(Ei - E) - Si)JIfI(erf(yi+l) - erf(yi))
xiPibo Pi2
+ exp[P (FE -~ E) -~ —5— - = b llerf(z, ) -~ erf (2, )1 (17)
* e ¢trans(E) =
v 1 Xiz i
izl [-2“ exp[—z—' b0 + Xi(Ei - E) - Si] ¢I(erf(yi+l) - erf(yi))
| A X;P.b_ Piz
+ exp[Pi(E - Ei) = 3 -7 bo](erf(zi+1) - erf(zi)) (18)
where ¢i = incident flux at Ei
L, = cross—-section at E,
i i
Si = Eit
Xy = Gypg = /By - ED
_ 141 1
Py = (nép ™ - Inp)/ (B, - E))
X.b
1 i'o
¥y & £E, ~EF )
i i 2
bo
g ke (B = B *i% -——-—Pib")
i f i 2 2
bo
(FVI-T”)z
b = function of the resolution = ——=2—
o 4e1n 2
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GAUSSTIAN RESOLUTION FITTING
Using Weighted Least Squares

Gaussian: 2

o
Definition: FWHM{ (x - xo)
B ¥ = ¥y eXP[— B J
o
(x - x0)2
Iny =ln2=Iny -—
o]
(x - x0)2
iln 2 =
b
(o]

2 = a
(x ~ xo) = bo In 2

_ L
x-xou(boan)

1 n
Now, FWHM = 2(x - x ) = 2(b_ 1In 2)% (2)
al b - i’ ' 3)
=83 0 4 1n 2

Determine Y, SO total area under Gaussian is equal to 1

" L%, - xo)z ® =y - xo)2
1= Jo ¥ expf—-—wii:—~—J dxi % % J-m exp{——-12:-ﬂﬁq dxi (4)

since the gaussian curves are on the positive real axis, and at some distance

from the origin.

. »  -22 -2%/b
SIS I“m e © dz = ¥ {2 f: e © dz} (5)
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o _ -z - m o
J e dz = JE; J e dz “T; 7 [erf(z)]0
0 0
2
. © -z°/b br yb_m
..Je ®dz= —— (1-0) = — (6)
2 2
0
. w/bovr
..122)"0""‘2—
or y = bl Normalized {(7)
o f e
Using Weighted Least Squares
Taking the 1In( ) of equation 1.
(- xo)2
In ¥y = 1n %s ~ 5 (8)
o
let z, = In i
5, .o 6y2
oo te [ e, 2 870, 2 e e
i vy Yy Yio Y1 Y
Y2
\ . 1 i
Thus, weight the function z, by . E Ry
5 Vi
wlZ A
0—"2’ 0 0 "
71
. y22
« cW=|0 Tz ° . 9)
T2
y,?
0 0 s g2
\ % J
Now, using equation 8
x, 2 2x.x 2
Iny, =1lny - 4 + L. (10)
i c b b
o o o
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x 2
e R
Let In yo b 53 (11)
o
ZXO
B %2 a2)
o
1
=== By (13)
o
Thus
lX 2 X, 11 rS W % )
1 1 1 1
2
X2 Xz 1 52 - Zy
‘ ¢ m o . (14)
X % X -1 53 z
\ n 'R L 2
This is of the form: A+*X=28B
; T T
For least square solution: A A * X = A B
Now, applying weighting function:
%) AT A+X=W AT B (15)
Since W is a diagonal matrix, equation 15 can be written as:
AT WAXS= AT W 3B
or x=@wva "t aTus (16)
Defining the term of equation 16:
X ? X 2 X 2
1 2" n
T _
A" = Xy Xy o X



(2. 2 2 2 )
6t oMY N
o < g ¢ g <
Y1 71 Y1
2. 2 2
X277, X929 Y3
g < c ¢ g ¢
L R A Y Yo
2, 2 C2 "2
xn yn Xnyn y1
%y ‘ % ‘ °y ‘
\ n 2 nJ
L. 2 3 2
[ E X579y § *57Y5
=1 i=1 °
Vi i
3., 2 2
JF g s g 1Yy nox%y,
= - L 5z
i=1 Y4 =1 ¥i
2y 2 2
f *37Yy f *3Y4
21 o 2 P <
+ Yy Yi
( y12 3 r D
o zzl E
¥y i=1
2
y n
WB='{'&~2—222F ATWB=<Z
Yo i=1
3 2
Yo E
g zn
y i=1
kn 4 \

2y 2
XY
L e
i=1 Yy
2
xRy
I Tz
=1 v,
n yiz
i
=1 Yi J
2 2
%Yy )
o Z z1
Yy
2
*3Y5
5 TRy f
i
Yi
q 2 Z
¥ )
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where Sl’ 52 and 53 are given by equations 11, 12, and 13,
Also 2 _ 4aT el
og © = A" v A)ll
1
2 _ (T -1
gg (A" W A) 29
2
2 T -1
O’S (A" W A)33
3
Therefore: 1
L
1
2 o, 2 1 2
and o = |——} @ = a
bo 351 Sl Sl Sl
5 boSZ
o 2
) axo 2 axo 2 522
= . 2 — 2 _ = 2
and o, ab| % T l3s.| s % - 7
o o o 2 2 o
xoz
in yo = 33 + b——
o
8y ) 2 3y ) 2 (3y )2
o 2={=" o 2+ 'g—o g, 2+ _b_?, o
B T X P
Yo 4 S 9 % [ ®
2
< . x, %2 r . . xoaz ,
3 b, 2x 73 b, x 2
= e G, 24 |— e o, 24 |- e
S b X b
3 L © J o | ©
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07
POLYNOMIAL FITTING

Using Weighted Least Squares
The method used for this problem is the same as that used for the
gaussian fitting problem. In this case, data is fit to a polynomial of

degrees m:

2 3 , m .
x, + azxi + axx. + ... a X, (1)

Y™ B, T a8

For this function, the weighting function W is the variance of vy

that is:
1 i s )
Uy z <
. 1 )
0 y E——?
\ . Vg
Rewriting equation 1:
r T (ao\ ryl\
'1 X X L R x. 0 | a
1 *1 1 1 Y2
m
2 m
1 X, X, X, {azr = {yqr (3)
2 m
1 x x — X a y
n n n m n
\ J \ F. . J

This is of the form A + X = B
If n > m, which is normally the case, the set of equations in equation 3
is over determined, and the least squares solution is:

AiA X = ATB

Now, applying the weighting function W and rearranging as before:

X = (atway”t aTus (4)

This is the same equation as used in the gaussian fitting problem, where

A and B are defined by equation 3, and



ATuA =

1 1 e

i ¥ n
T 2 .2
A = xl x2 "

xm xm m

1 2 n |

{ x xlm

1 1 1

o g < g_ ¢

1 1 N1

x x.
|2 2 2
Ll g < o<
YZ y2 YZ
x x
n n

o g & o

| “n In ynJ
n o, n ox, n xim

- | = I =7
i=1 % =1 % 1=1 %

i i i
nox, n xi2 n xim+1
1=1 7 =1 ° L3
= Yi =1 Yi i=1 yi
n xi i1} xim+1 mn xim"‘ﬂl

sz Lo N
i=1 ¥4 =1 Yi i=1l Yy
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Substituting these quantities into equation (4), the solution is of

the term

A"WB

n Xm
i 74

5 2

[}
\i—l yi |

99

where the ai's are the coefficients

of the polynomial of degree m.
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APPENDIX C

SAMPLE CONTAINERS

OXYGEN SAMPLE CONTAINER DESIGN

LIQUID SODIUM SAMPLE CONTAINER DESIGN
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APPENDIX C
SAMPLE CONTAINERS
OXYGEN SAMPLE CONTAINER DESIGN

A rectangular tank was the sample (liquid oxygen) vessel and had an
inmer box of 2" x 2" x 36", an outer box of 4" x 4" x 40", and the void in
between was filled with Vermiculite insulating material. A double walled
cylinder (1 1/2" I.D., 3 1/2" 0.D., 8" high) acted as a vent at the top of
the oxygen reservoir. The inner pipe extended 12" beyond the double walled
cylinder for venting purposes. The entire insulating chamber was sealed to
prevent exposure to the liquid oxygen.

Due té the flammable and sometimes explosive nature of materials in
the presence of high concentrations of oxygen, several precautions were
necessary. The sample tank was cleaned several times both inside and out
during construction with trichlorethylene to remove any contamination,
especially oil, and was checked using a black light., The insulating
material, Vermiculite, is known for its inert properties, but a further
check was made to determine if oxygen is absorbed to a great extent by the
material. The Vermiculite was also "outgassed" at 600°F for several hours
to remove contaminates. All equipment was grounded so that static elec-
tricity would not cause a spark. The venting tube on top of the sample tank
had a "goose-neck' shape to prevent foreign material from falling into the
oxygen reservoir. The venting tube was large enough to reduce the number of
fillings necessary during an experiment. Evaporation of 02 was estimated to
be =500 liters/hr of gas (=6 liters/hr liquid) which was dispersed into the
volume of the reactor bay. This created a rise of .005%/hour in oxygen
concentration in the bay. Total increase in oxygen concentration during a

single experiment was less than .01% since the initial filling of the sample
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was carried out outside the reactor bay; thus, the large evolution of
gaseous oxygen assoclated with "cooling down'" of the sample tank took
place out of doors.

As a final precaution, before any large volumes of oxygen were intro-
duced into the bay, a small sample (=.5 liter) of liquid oxygen in an
aluminum dewar was placed in the neutron beam from the reactor to insure

that no unforeseen reactions would take place.
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LIQUID SODIUM SAMPLE CONTAINER DESIGN

Due to the high chemical reactivity of sodium, especially with water,
several precautions were taken to insure that the sodium was kept under
an inert atmosphere. To achieve this, a double walled stainless steel
container of 1/16" stock was used. The inner container, 2" x 2" x 36"
long, held the sodium and was heated with resistance heating wire. A
funnel shaped reservoir provided an expansion chamber for the sodium as it
was heated. The outer container was 4" x 6" x 40", with the void between
the inner and outer chamber being filled with Vermiculite for insulation
to a depth of 4", The top two inches of the void were filled with an inert
gas (nitrogen) which was constantly passed over the sodium, and maintained
at a pressure of approximately 2 psi gage. Directly over the sodium expan—
sion chamber, the outer chamber had a removable section so that calecium
carbonate could be added in case of fire at the sodium interface. Exposure
of the sodium to the neutron beam resulted in a radiation hazard with the
formation of =215 millicuries of Naza, which resulted in a dose rate of
=15 mr/hr. at 1 foot. Therefore, the sample had to be stored in a dry,

shielded area until the Na24 decayed.
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ABSTRACT

An evaluation of minima in total neutron cross-sections was performed
for several materials by comparing an experimentally measured transmitted
spectrum with the corresponding calculated result. Published cross-section
data were evaluated for iron, lead, liquid oxygen, and solid and liquid
sodium., Since thick samples (three or more mean free paths thick) were
used, the analysis was very sensitive to minima in the cross-section.

The incident neutron spectrum was obtained from the Triga Mark II
reactor and was detected using an NE-213 liquid scintillator spectrometer
system. Computer codes were used to unfold the raw data and to calculate
the transmitted spectrum (which was a function of published cross-section
data, the measured incident flux on the sample and the resolut ‘on of the
detector). The results of this study demonstrate the usefulness of this
technique in evaluating total neutron creoss-section.

Several experimental geometry conditions were used in this work to
obtain valid results and to study the effects of forward scattering and
multiple scattering in the thick samples. The results showed that there
is a question as to the accuracy of published angular cross-section data

near the zero scattering angle.





