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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is the
dissemination of information in the comprehensive form required for nuclear
technology applications. This Series is devoted to: a) measured microscopic
nuclear parameters, b) experimental techniques and facilities employed in
measurements, c) the analysis, correlation and interpretation of nuclear
data, and d) the evaluation of nuclear data. Contributions to this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not supplant
formal journal publication but it does provide the more extensive informa-
tion required for technological applications (e.g., tabulated numerical data)
in a timely manner. ‘ '
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THE FISSION CROSS SECTIONS OF SOME THORIUM,
URANIUM, NEPTUNIUM AND PLUTONIUM ISOTOPES

RELATIVE TO 235y

by
J. W. Meadows

Applied Physics Division

Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

Earlier results from the measurements, at this Laboratory, of the fission
cross sections of 230Th 232Th 233U, 234U’ 236U 238U 237Np 239Pu 240Pu,
and 2%2py relative to 299U are reviewed with revisions to include changes
in data processing procedures, alpha half lives and thermal fission cross
sections. Some new data have also been included. The current experimental
methods and procedures and the sample assay methods are described in detail
and the sources of error are presented in a systematic manmner.
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L Introduction

For several years there has been an on-going program at the Argonne
Fast Neutron Generator (FNG) Laboratory with the goal of measuring the fast
neutron fission cross sections of the longer-lived fissionable isotopes
relative to 233y with accuracies of 1-2%. Results have been reBorted for
230y 232qy 23§U’ 234y 236y 238y 237y, 239py  24Upy g 2k2py 1-10
This list now includes all the measurements that were planned when the pro-
gram was begun, and it is therefore appropriate to review and re-evaluate the
data and make any indicated revisions in the results.

There has been no essential change in the approach used to obtain the
data and the experimental ratiomnale, procedures, methods and types of equip-
ment have remained essentially the same throughout the work. Still, the pass—
age of time, the accumulation of data and experience, and the increased avail-
ability of computing equipment has resulted in some degree of evolutionary
change in the process whereby the raw data are converted to fission cross
section ratios. In the earliest reports (particularly the 238y ang 233y
measurements’®?) some of the correction factors were based on very rough
approximations; now these factors are derived from more precise and detailed
calculations. The experimental foundation for other factors has been improved.
Many of the fission cross section ratios depend to some degree on secondary
experimental quantities, such as alpha half-lives and thermal fission cross
section ratios, and there have been significant changes in some of these
quantities.

All the measurements have been reprocessed to the extent needed to in-
clude these changes. In several cases results from additional measurements
have been included; some were originally made for the other reasons, but one
set (233U) was made specifically for this report. The question of errors
has been re—examined and put on a more consistent basis. The effects of
these revisions are generally smalli. There are noticable changes in some of
the results but the magnitudes are comparable with the expected error.

II. Experimental Methods, Procedures and Apparatus

The topics discussed in this section are presented in some detail
although all the material has been reported previously. In particular the
basic experimental method and the apparatus are essentially the same as that
described in ref. 1. However, the determination of some corrections, as well
as some of the experimental procedures, have changed and these changes, along
with the methods of preparation and assay of specific samples, are scattered
throughout refs. 1-10. The material presented here refers to current practice
and applies to the revised results although the earlier method may be referred
to if the change causes a noticeable revision.

II.1. The Basic Experimental Method

The idealized form of the present experimental method involves



placing two monoisotopic samples with accurately known masses in the same
moncenergetic neutron flux and measuring their relative fission rates with
perfect detectors. Then

Fa(E) _Np 02(E) | (1)

where subscript 1 refers to the unknown isotope, 2 refers to the reference
isotope, F is the fission rate, N is the number of sample atoms and is the
fission cross section at neutron energy E.

In practical measurements the samples are not isotopically pure
and their compositions and the ratio of their masses need to be accurately
known. They are placed back-to-back near a localized neutron source and per-
pendicular to the direction of most of the neutrons. The neutron flux comes
primarily (but not entirely) from the source and is not monoenergetic, although
its principal component does have a narrow energy spread. The flux through the
two samples is not quite the same due to geometry and transmission effects,
and the fission rate depends on the order of the sample placement. The ob-
served fission rate ratio due to neutrons impinging directly on the sample is

F ¢(E) - B_(E) + B ) EOZ(E) GeTe L (E) 8 .(E) C(E) (2)
Frb(E) - Br(E) + Br Nr ol(E) Gb Lrb(E) Srb(E) Cr(E)
where  x Refers to the unknown sample whose principal component is
isotope 2.
r Refers to the reference sample whose principal component is

isotope 1.

Bx’ Br The background corrections.

BX, Br Corrections for fissions lying below the discriminator level.

f Refers to the sample in the forward or zero deg. position.

b Refers to the sample in the backward or 180 deg. position.

Gf, Gb Géometry factors. In the present m?asuremént wheFe.sample
diameters are equal, they are associated with position only.

Tf Neutron transmission coefficient for the sample support
plates. Tb is always 1.0.

fo, Lrb Correction factors for sample thickness, momentum trans-—

fer and fission fragment angular distributions.



S ., Correction factors for neutrons scattered by the fission
xf rb

detector and the neutron source structure.
Cx’ Cr Correction factor for the minor isotopes and the neutron

spectrum.

Eq. (2) is written explicitly for the case where the x sample is in the zero
deg. position and a similar expression can be written for the r sample in that
position. Measurements are made for these two orientations and the results are
averaged. If G /G_, T_. and the ratios of the other position dependent
correction factBrs'are very near 1.0 then the G and the T terms will cancel to
first order. If the following definitions are used

& (E) =F(E) - B(E) + B (3)
L(E) = 1 +%(E) (4)
S(E) = 1 + s(E) (5)

then the first order form of the average is

Fx\ 2
Fr

av
The explicit energy dependence of some of the terms has been dropped for
convenience,

o

X

O1 Cr

¢, C Looe~F ., v+, - ~ s, +s8 _ =38
2 <1 + xf rb xb rf + xf rb xb rf) (6)

2 2

Hlez

The first order conditions are fairly well satisfied in the present
measurement. For example,

Gb/Gf = 1,02
Tf > 0.98
|#| < 0.025
0.08 > s > 0.02
IS - 8 |< 0.03
X T
The fission cross section ratios were calculated using eq. (6). The deter-
mination of the several terms and correction factors is described in the
following paragraphs of this section.
I1.2. The Experimental Apparatus
I1.2.1. The Neutron Source
Protons or deuterons were accelerated by the Argonne 8 MeV

Tandem Dynamitron Accelerator to energies ranging from ~ 2 to ~ 7.5 MeV.
Neutrons with energies < 5 MeV were produced by the 7Li(p,n)7Be reaction.



Targets were prepared by evaporating elemental metallic lithium onto a
tantalum backing. - Target thicknesses were ~ 200 keV above 2 MeV neutron
energy but were thinner at lower energies. (The target thickness is defined
here as the energy loss by the proton in the lithium layer at the 7Li(p n)’Be
threshold.) Neutrons with energies > 5 MeV were produced by the D(d,n)§He
reaction using a thin-window gas target. The experimental set-up using
this target is illustrated in Fig. 1 and additional details are given in
ref, 11 The gas cell was 2 cm long and filled with deuterium at a pressure
of 2 atmospheres. The charged particle energy was controlled by a 90~deg.
analyzing magnet and slit feed-back system. A pulsed and bunched charged
particle beam was used to produce a pulsed neutron source and fast timing
techniques selected those fissions suitably correlated with the neutron
burst., The pulse period was 500 ns and the neutron pulse widths were

~ 2 ns.

11.2.2. The Fission Detector and Electronics

The fission detector, shown schematically in Fig. 1, was a
low-mass double~ionization chamber with the samples deposited on both sides
of the common cathode. The chamber was a steel speciman container with a
friction~fit 1lid. The walls were 0.25 mm thick,  The electrodes were 0.25 mm
or 0.13 mm thick stainless steel or molydenum. The chamber was operated
as a flow counter using methane as the counter gas because of its high
electron mobility. Most measurements were made with cathode-anode separations
of ~ 0.6 cm but separations as large as 1.6 cm were occasionally used.
Voltage gradients were maintained at ~ 650 volts/cm. The fast rise of the
ion chamber current pulse was used to provide good timing characteristics
and the height of the current pulse was a measure of the electron charge
produced in the active volume. Good separation between the alphas and
fissions was obtained by keeping the pulse widths small until the alphas
were removed by bias levels or by gating. A good discussion of the principles
of this type of ion—chamber operation is given by Budtz~Jérgensen and
Knitter.l?

The electronic systems were the same for both sides of the double ion
chamber. Signals from the anodes went to charge sensitive pre-amplifiers,
which were capable of fast rise-times, then to clipping amplifiers where
they were differented twice; first by 93~ohm clipping cables 1.5 m long
and second, by the 4 ns amplifier time constants. The amplifier outputs
were divided and one part triggered fast leading—~edge discriminators which
provided the start signals for the time—to-pulse-height converters. The
stop signal came from a beam-pulse sensor located near the accelerator
target. The other part of the clipping amplifier output went to a biased
anmplifier where the bias levels could be set to reject a large fraction
of the alphas, and then to a stretcher. The two time signals and the two
pulse~height signals were routed into separate mixers and sent to the data
storage computer along with tags identifying the detector. They were stored
in two two-parameter arrays for later inspection when final windows and bias



levels were set. The electronics after the mixers were slow and subject to
some dead-time losses. However, the signals were mixed at this point so the
dead-time was the same for both detectors. The number of accidental coinci-
dences as well as those few signals arriving without tags were stored and
used to correct the data where necessary. Usually the fission rates were
too low to require any significant corrections and a large number of counts
in either of these two channels indicated a fault in the electronics. The
system was capable of a time resolution of ~ 3 ns but this required some
sacrifice in beam current so many measurements wee made with a time re—
solution ~ 5 ns.

As the alpha rate approached 10° alphas/sec the alpha-fission separation
deteriorated due to pile-up in the biased amplifier. The separation was
improved when this unit was replaced by a fast linear gate and stretcher
(E.G.&G. LG105/N) gated by a 45 ns pulse from the fast discriminator. Good
results were obtained with ~ 300 ug UPyu in the chamber.

IT.2.3. Alpha Counting

Most of the alpha counting for mass determinations was done in
a low geometry alpha counter that was constructed to tolerances of 0.005 mm.
The counter aperature was 1.27 cm in diameter. The alphas were detected by
a 2 cm diameter dilicon detector with a resolution of ~ 30 keV which was
placed immediately behind the aperature. Sample distances depended on the
sample holder used but typical values began at 4.57 cm and increased in
multiples of 5.08 cm. In the course of these measurements the counter was
taken apart several times for cleaning. After each re—assembly the critical
dimensions were measured and its performance was confirmed by counting
standard samples. Geometry factors were calculated by a Monte Carlo
integration procedure13 and also by a series expansion.l“

The 238U samples were counted in a 21 proportional counter (see method (4)
in Section II.3.2.).

11.2.4. The Thermal Ratio Measurements

Many of the thermal fission ratio measurements were made in the
thermal column of the Argonne Thermal Source Reactor (ATSR) at a point where
the cadmium ratio for Au(n,Y) 8Au was ~ 500. Separate data collection
systems were used for each detector, and since the count rates were often
very different, a significant dead time correction was required. Other
thermal ratio measurements were made at the FNG where the fission chamber
was placed in the center of a stack of polyethylene blocks about 65 cm on a
side. The FNG target produced neutrons by the L1(p,n) Be reaction with
energies of 0.45 - 0.65 MeV’and was located at the center of one face of the
block. Cadmium ratios for 2 U(n f) were ~ 200. The detectors and electronics
were the same as described in Section 11.2.2, except the fast signal from
the ion chamber was divided and one part sent through a 200 ns delay to



provide the stop pulse. Since the data collection rates were usually low
and since the detector signals were mixed before any of the critical slow
electronics were reached there was no dead time correction.

I1.2.5. Neutron Energies and Resolution

The calibration and tests of the FNG energy scale are described
in ref. 15.

The energy is controlled by a 90-deg. analyzing magnet and slit
feedback system that was calibrated by observing the thresholds of the
7Li(p,n)”Be (1880.60 £ .04 keV)!®, Ll1B(p,n)llc (3016.4 * 1.6 keV)!7 and
27M1(p,n)278i (5796.9 + 3.8 keV)1® reactions. The energy distributions of
neutrons from the primary source reaction that were incident on the samples
were calculated from the incident particle energy, the angular distribution
of the source reaction, the lithium or gas target thickness and the source-
sample geometry. The neutron energies listed in Tables VIII thru XVII are the
averages of these distributions and the resolutions are their full-width at
half-maximum. Energy losses in the lithium layer, the gas cell window and in
the deuterium cell are based on information from ref. 18. The reaction Q
values for the 7Li(p,n)7Be and D(d,n)3He reaction (~1.644 and 3.268 MeV)
are those quoted by Liskien and Paulsen.!9,20

I1.3. Samples

The samples used in these measurements, their isotopic analyses
and their weights are listed in Tables I, II and III. Many have been referred
to in earlier reports but their unumbers have been slightly different. Samples
235 5-1 and 5-2 are listed as 51 and 52 refs. 6 and 7, the 233U samples
1002, 1202 and 1402 are listed as 10, 12 and 14 in ref. 2 and 235 SST-5 is
listed as 235-5 in ref 6.

Several of the 235U samples (235 5-1, 5-2, SST-5, 13 and 3) were
used in a number of the ratio measurements and, for this reason, are sometimes
referred to as "standard” samples. Three of these (5~1, 5-2 and SST-5) were
anmong those used in a series of measurements at this 1aboratory where reference
235y deposits from several laboratories were intercompared. 2l The sample
weights in Table I do not quite match those of ref. 21 because they are
based on a different value of the 234U half-life and a different set of
alpha counts.

I1.3.1. Sample Preparation

All samples were mounted on 0.25 mm thick stainless steel plates,
0.13 mm thick molybdenum plates, or 0.13 mm thick platinium plates. All the
uranium samples with numbers starting with U-235 SST or U-238 Mo were prepared
by vacuum evaporation of UF,. All other uranium samples were prepared by
molecular plating following a procedure developed by Parker et al. 22 They



were then all heated to the same temperature, which was not high enough for
conversion to U30g. They should all have the same composition but

that composition is not known. The thorium samples were deposited on plati-
nium by molecular plating followed by heating to ~ 750 deg. C. The neptunium
samples were deposited on platinium by electrodeposition, following a proce-
dure described by Kozj, then heated to ~ 850 deg. C. Some plutonium samples
were deposited by molecular plating but electrodeposition was used for most of
them. These were then heated to convert them to PuOj.

The alpha spectra of all these samples were inspected, but no
impurities of any significance were found. The 233y spectra did show
members of the 232U decay chain; the 237Np spectra indicated a small
amount of plutonium, but the amount was < 0.01 atom%; the 2“YPu samples
contained a small amount of 2“lAm formed by the decay of 2%!Pu and that
is included in the isotopic analyses.

II.3.2. Sample Assay

As shown by eq. (6), the quantity of interest is the ratio
of sample atoms, Nx/Nr- In some cases this can be measureed directly;
in others it is necessary to determine N for each individual sample. Where
possible Ny/N, was determined by two or more methods and the eight assay
methods used are listed below. However, these are actually a variation of
three basis techniques: 1) destructive analysis (1,2), ii) alpha counting
combined with specific activities (3,4,5,8) and iii) relative thermal
fission rates (6,7).

(1) 1Isotopic Dilution. A sample was dissolved from its backing and the
amount of material was measured by isotopic dilution. This method could not
be used for neptunium as there was no suitable dilutant.

(2) Colorimetric Analyses. This was similar to (1) except the amount of
material was measured by comparison to standard solutions using colorimetry.
This procedure was used only for some of the 235y ang 23%y samples.

(3) Calculated Specific Activity. The specific activity of the sample
material was calculated from the isotopic analyses and the half-lives
listed in Tables I-IV. The amount of material present was then determined
by low geometry alpha counting in a counter with well determined geometry
factors. Material with a low alpha activity was often spiked with a small
amount of a more active isotope to provide a convenient alpha decay rate.

(4) Measured Specific Activity. Samples were prepared from a particular
batch of material and alpha counted. The amount of material was determined
by (1) and/or (2). This gave the specific activity and the weight of any
additional samples made from the same material was determined by alpha
counting. These measurements were most readily made by low geometry alpha
counting. However, 27 counting was also usable if the specific activity




measurements covered a range of sample thicknesses so corrections could
be made for self-absorption and back-scattering. The U-238 Mo—based samples
were measured in this fashion.

(5) Common Alpha Emitter. This is a special case where the two samples
contain a common isotope that supplies most of the alpha decay. The ratio
of the decay rates is

. )
c
CxGr _ §§.ch 1+ Pyc ifc Pxi/Ti (7)
Cer Nr Pre 1+ Te L P T,
-P;-gi%c ryT 1

where subscripts r and x refer to the unknown and reference samples, subscript
¢ refers to the common isotope, C is the alpha count rate, G is the geometry
factor, T is the half-life and P is the isotopic mole—~fraction. In those
cases where

To/Pe << 14/P§ i#c (8)

the result is almost independent of any half-life measurements. If the
samples have the same diameter and are mounted on similar backings then
counted at the same position in the alpha counter, the geometry factors are
also eliminated. Since the reference isotope in this measurement was always
235y this method could only be used for the uranium isotopes.

(6) Thermal Fission Ratio. This method assumes that the fission cross
section ratios at thermal energies are accuractely known. The relative
fission rates of pairs of samples were measured at thermal energies and the
thermal fission cross sections were used to determine Ny/Ny. Both

samples must contain appreciable amounts of thermally fissionable isotopes.
This is no problem for the r sample since the reference isotope is always
235y but it may be necessary to prepare a special mixture for the x sample.
Equation (6) and the corrections of Section II.4.1 still apply. However at
very low energies

B+0
S + 1.0
Lyf > Lyp

Lyp * Les

and eq. (6) may be written in the form.
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where t and 1 refers to the principle thermally fissionable isotope in the x and r
samples, © is the fission cross section averaged over the thermal spectrum
and all other terms are defined in Sections II.l and I1.2.5. If

Pe%e >> ) (Pxi%1) (8)
ift
the term in [] becomes a small correction and Ny/N, depends on ot/ol'

(7 Thermal Fission Ratios with a Common Isotope., This is a special case of
(6) and could be used only with “°%U, “°°U and 4°%U. Some samples were grgpared
fron material containing ~ 10% 235y, gince the fissionable isotope was 35y

in both samples there was no dependence on the thermal fission cross sections.

(8) Sample Intercomparison. This was used only for some high purity
samples where reliable specific activities could not be determined. The
fission rates of these samples were compared with the fission rates of other
samples whose masses had been determined by methods (3) and (4). Whenever
this method is used in the ratio measurements it is listed under "Calculated
Specific Activity” since the masses of most of the reference samples were
measured by that method.

The alpha half-lives?*~28 and thermal fission cross sections used are
listed in Table IV and the ones that are of particular importance are indicated.
The 233y, 235y and 2%lpu thermal cross sections were taken from ENDF/B-V29
and the values listed Table IV were obtained by averaging over a 20° C
Maxwellian spectrum. The actual values used in determining Ny/N, were
corrected for moderator temperature and a correction for epi-thermal neutrons
was made according to a procedure described by Westcott, 30

There is a problem connected with the 239Pu thermal fission cross section
and the value used here follow an interim solution suggested by Poenitz.
Consistency fits to available data by Leonard and Thompson32 and the preliminary
results of an evaluation by Stehn et al.3? have given 2200 m/sec cross sections
of 754.8 b and 748.1 b, an increase of 1% or more compared to ENDF/B-V.29 A
similar analyses of the 235y data shows little change. - Furthermore, com—
parisons of the masses of 239y and 235y samples at this laboratory using thermal
neutrons differ from other methods bg ~ 1.5% when ENDF/B-V cross sections are
used and suggest a larger value for 43%Pu. For the present measurement, the
shape of the 239%py cross section given by ENDF/B-V was retained but the
magnitude was scaled upward by 1.47% to give an average of the two evaluations at
2200 m/sec (752 b) with an estimated error of 0.5%.
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II.4 Corrections to the Data
II.4.1. Backgrounds

There are two principal sources of background. The first is a
general room return which consists of very low energy neutrons that show
little time dependence over periods of a few us. These neutrons produced ~
1 to ~ 10% of the total fissioms in the 235y detector, but had little effect
on those isotopes with a definite fission threshold (e.g. 238y), This
background was measured by placing a time window over the time peak and a
second window some 100 ns later. This procedure also served to correct for
any alphas which exceeded the bias level and for any spontaneous fissions.

The second background source was produced by (d,n) reactions
with the gas target structure, gas cell window and carbon deposits on the
window and collimators. It generally increased with time, so it was measured
with an empty gas cell both before and after each measurement with a full
cell. For the 435U detector the correction ranged from ~ 2% at 2 MeV deuteron
energy to ~ 20% at 7.5 MeV. The effect on the fission ratios was not nearly
as large since most of these neutrons had energies high enough to cause
fission in both samples.

At the highest proton energles some neutrons were produced by the
Ta (p,n) reaction with the tantalum backing of the lithium target. This
was not a serious background source; the neutron spectrum was similar to
that produced by the ‘Li(p,n3H)"He reaction so it is included in that correc~
tion (See Section II.4.5.). ‘

IT.4.2. Extrapolation to Zero Bias

The pulse height spectrum of those events falling within the
time window was inspected and a cut~off point was selected in the flat region
between the alphas and the fissions as illustrated in Fig. 2. The roomreturn
background was subtracted and the spectrum was extended horizonally to the
zero channel. This correction depended on the thickness and uniformity of
the deposit but for most of the samples it fell within the 0.5 to 3% range.

I1.4.3. Scattered Neutrons

Although the timing requirements rejected fissions produced by
neutrons scattered by distant objects they could not discriminate against
those scattered by nearby objects such as the fission chamber and the
neutron source structure. Corrections were calculated using the Monte Carlo
code CYSCAT which is described in ref. 34, This program permits the inclusion
of the source angular and energy distribution as well as energy dependent
cross sections and angular distribution coefficients. It only considers
single scattering but this should not be a serious fault; the correction
was never more than a few percent and the double scattering contribution
should be of the order of the square of that quantity. A more serious
simplification lies in the handling of inelastic scattering which is the
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principle contribution to the correction. All inelastic scattering was
assumed to be isotropic and to have an energy distribution of the form

N(E) o E(exp(-E/8))

o ~ 7.5/ /A

For 239y, fissions by scattered neutrons ranges from ~ 8% near 0.3 MeV

to ~ 2.5% near 10 MeV. This effect was less for those igotopes with high
fission thresholds since the energies of many of the inelastically scattered
neutrons were too low in energy to cause fission. Thus for 238y the correction
to the fission cross ratio is ~ 1.5% but for 233y the correction is only ~ 0.1%.

(9

IT.4.4. Deposit Thickness, Momentum Transfer and Fragment Angular
Distribution

This correction is developed to first order in t/R in ref. 5.
The fractional loss of fragments in the backward direction is

Ly = ~w(n/2) (£/2R + v) (10)

In the forward direction it is

L =~ —w(n/2) (t/2R + Ry2/2t - ¥) t > Ry (11)

]

Le = 0 t > Ry (12)

where R is the average fragment range, t is the deposit thickness, w(n/2) is
the normalized fragment angular distribution evaluated at u/2 and Y is the
ratio of the velocity of the center mass to the velocity of the fragment in
the center of mass system. When measurement are made with both fission
chamber orientations and averaged, the correction to the average is

]

Lay = ~w(n/2) (t/2R + Ry?/4t) t > Ry

]

Lay = —w(n/2) (t/4R + v/2) t < Ry

R is strongly dependent on the actual composition of the fission deposit.
It was determined for Th, U and Np by measuring the specific fission rates of
a series of samples having a wide range of thicknesses. No such measurements
were made for the plutonium samples. The composition of those samples was
assumed to be Pu0y, and R was estimated from the range measurements of
Alexander and Gazdik3® and Niday3®., The ranges used in the present measure-
ments are:

U (SST and Mo series) 4,7 £ 1.0 mg U/cm?
U (5 series) 4.1 £ 0.5 mg U/cm?
Th 5.1 £ 0.3 wmg Th/cm?
Np 5.6 * 1.4 mg Np/cm?

Pu (6.8) - mg Pu/cm?
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1I.4.5. Isotopic Impurities and Neutron Spectrum

Neutrons were produced by charged particle reactions
with lithium and deuterium targets. While the principal source reactions
were 'Li(p,n)7Be and D(d,n)3He, neutrons with quite different energies
could also be produced by the 71i(p,n)”Be*, "Li(p,n3H)*He and D(d,pn)D
reactions. Measurements of the neutron yields and energy distributions
for these reactions, reported in refs. 37 and 38, were used to correct
the ratio measurements.

It is convenient to represent the neutron spectrum by

M(E,8) =} AgMg (E,9)
g

where Mg(E,0) is the normalized energy and angle distribution function
for source reaction g and Ag in the fraction of the total neutron yield
produced by that reaction. The correction factor, in eq. (6), for the
neutron spectrum and the minor isotopes can be expressed as

N

Cx % Ay [ dg [ Mg (E,0) é Pyi Roj (E) dE

Cr é Ag [ da [ Mg (E,0) | Brj Ryy (E) dE
Ryjj = 03(E)/o1(E}) (14)
Ro; = 04(E)/02(E]) (15)

where E; is the effective neutron energy of the principal neutron source
reaction and the integration is carried out over the solid angle of the

sample.

This correction requires some knowledge of the energy dependent fission
cross sections for the isotopes involved and the Evaluated Nuclear Data
File?? provided this information. For fairly pure samples the minor isotopes
are present in such small amounts that their cross sections need not be
known very accurately. For the major isotopes an iterative procedure was
used where the fission cross sections ratios obtained from one pass through
the data were used as input for another pass.

11I. Errors

Table VI lists the sources of error in the normalization factor for the
shape measurement and indicates the approximate contribution to the percentage
error of each ratio measurement. The individual errors are described below and,
where possible, their magnitudes are given.

(1) Half-lives. These are 20 values taken from the literature.24,25,28
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(2) Thermal Fission Cross Sections. The important quantity is the ratio to
235y,  FErrors based on fits to the available data have generally been small
although recent changes in the 239py values suggest larger uncertainties.

For the present measurements the error in the thermal fission cross section
ratios is assumed to be 0.5% and uncorrelated with any of the factors listed
here. This is probably not completely true since alpha half-lives may

be used to determine the sample weights in the thermal cross section measure-

ments.

(3) Isotopic Analyses. For the present measurements the systematic error

for those isotopes in the 1 - 10% range is 0.5%. There is 100% correlation for
similar samples analyzed at the same time. Actually the error is larger for a
single analyses at the level, but these analyses were usually the average of
several measurements made over a period of months. The error is negligible

for the major isotopes.

(4) Isotopic Dilution Analysis. A 0.5% systematic error is assumed for all
such analyses. For all measurements using the same spiking solutions the
correlation is 100%. Otherwise the correlation is zero. 1In practice this
means no correlation between the several ratio measurements.

(5) Colorimetric Analysis. This is similar to (4) except the error is assumed
to be 0.7%.

(6) Alpha Count (Systematic). This includes all the alpha counting errors
except the statistical error. Most of the present measurements used the same
low geometry counter so some sources of error were eliminated. Other sources
of error were sample non—uniformity, small uncertainties in the distances to
the aperature at the various shelf position, small variations in the sample
radii and because some samples plates are not perfectly flat. An estimated
error of 0.37 was assigned to each ratio measurement with no correlation
between measurements.

There are two exceptions to the above value. In the 238y/235y peasurement
the 235y samples were counted in the low geometry counter while the 238U samples
were counted in a 2m counter. The error was increased to 0.6%. For the 242py
samples there was a problem in the spectrum analyses that caused the error
to be set at 0.57%.

(7) Thickness Correction. The correction was calculated for each sample at

the normalization energies and the uncertainty was set at 207 of the correction.
For simplicity, it was assumed that this error was the same at all energies

even though the correction does have a small energy dependence. The correlation
with energy is 1007 but between the various samples it is zero.
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(8) &Extrapolation. The systematic error to the ratio was placed at 0.27% and the
correlation with energy at 100%.

(9) Dead Time Correction. This error applied only to the thermal calibration
measurements at the ATSR. The systematic error to the fission cross section
ratio is 0.5% for all measurements and the correlation is 100%.

(10) Scattering Correction. This error was assumed to be 30% of the calculated
correction factor at 2.5 MeV neutron energy, but not less than 0.003. For
simplicity it was assumed to be constant and 100% correlated with energy.

(11) Counting Statistics. This includes all counting statistic associated
with the determination of the normalization factor; i.e. alpha-count, thermal
calibration measurements, statistical error at the normalization points,

etc.

There are additional errors that cannot be included in the normalization
error but must be applied to the shape measurement:

(12) Neutron Spectrum. The error in the fission cross section ratio due to the
secondary source reactions. These are set at 20% of the correction. All
errors associated with a specific reaction are completely correlated but

there is no correlation between the various reactions. This error is listed
for each ratio in Table VII for representative energies.

(13) Neutron Energy. This is the apparent error in the fission cross
section ratio caused by an error in the neutron energy. The error in the
ratio, R, is given by

dR = %%AE (16)

The energy error is primarily due to uncertainties in the thickness of the
lithium targets and the gas cell windows and can be empirically related to
the resolution. The error is largely systematic and a 100% correlation is
assumed in the energy region of each target with no correlation between the
targets. In the present measurement the energy error is estimated to be

~ 20% of the energy resolution and the cross section error can be obtained
from the data in Tables VIII-XVII using eq. (16). The error can also be
estimated from the other errors given in this report by

1/2

Ep = (B¢ - B2 - Ep2 - Eg2) (17)
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where E{ is the total error in Tables VIII-XVII, E, is the uncorrelated
error in the same tables, E; is the normalization error from Table VI and
Eg is the neutron spectrum error from Table VII.

(14) Uncorrelated Error. This is listed in column 4 of Tables VIII-XVII.
The principle component is the counting statistics, but a part is based on
the consistency of repeated measurements. Under normal operating conditions
the scatter is larger than can be accounted for by counting statistics alone
by an amount equivalent to ~ 0.5% per measurement. This was combined with
the counting statistics to give the uncorrelated error. For the 240py ratio
the scatter was ~ 1.5%,

Iv. Results and Discussion

Tables VIII-XVII list the results of these ratio measurements and
also include the fission cross section values obtained using the 235U
fission cross section file from ENDF/B-VZ2?, In Figs. 3-12 they are compared
with fission cross section ratios and fission cross sections from ENDF/B~V.

The results depend to a degree on secondary data such as alpha
half-lives and thermal fission cross sections and Table XVIII shows the
effect of changes in these quantities on the cross section ratios. The
relation is

dR _ . dQ
kg (18)

where R is the cross section ratio, Q is the quantity changed and k is the
factor given in Table XVIII. The effect of any changes in the weights of
the "standard” samples (see Section 1I.3.) are also listed. However, these
are redundant if they are due to changes in the secondary data.

Three of the "standard” samples (5-1, 5-2 and SST-5) were among those
used in a comparison of reference 235y gamples from several laboratories.?l
The sample weights listed in Table I of this report are comparable with the
"quoted masses” in Table 9 of ref. 21. They are not in exact agreement
because they are based on a different value of the 234y half-life and a
different set of alpha counts. Samples 5-1 and 5-2 are in good agreement with
the results of the comparison but SST-5 is low by ~ 1.5%. Table XVIII shows
that only the 237Np/23 U result will be significantly affected by such a
change and it will be increased by 0.75%. Ratios other than those indicated
in Table XIX use SST samples but those are cases where Nx/Nr is measured
and the actual masses do not appear.

The present results are based on a number of additional measurements
that were not available for the original reports. The 233y/235y ratio
measurements were made before the methods for calculating corrections
for the ’Li(p,n3He)“He and D(d,np)D reactions were available, so no data
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were reported in the 3 - 4,7 and 7.3 - 10 MeV regions. Additional measure—
ments were made for this report in order to better define the shape and
confirm the normalization. All the older data were reprocessed, beginning
with the original fission rate measurements. The 238y/235y ratio measure-
ments, reported in ref. 1, used time-of-flight over & 52 cm path to elim-
inate the fissions produced by neutrons from the ‘Li(p,n3H)"*He reaction.
Since that time, additional measurements have been made in that region and
corrections calculated using the method of section II.4.5, and they are
included in this report. All the 238U data were reprocessed. The nor-
malization of the 2%2py/233y measurements, reported in ref. 7, was based
solely on alpha counting. The present results include additional nor-
malization data based on relative thermal fission rates.

There are a number of small changes in the revised data. The average
energies and energy resolutions of all points were recalculated as de-
scribed in Section IT.2.5. This increased the energies of the older
measurements by ~ 2 keV near 0.2 MeV neutron energy, ~ 10 keV near 4 MeV
and ~ 50 keV near 10 MeV. There was little change in the shape measure-
ments but there were some noticeable changes in normalization. These
are listed in Table XIX; they average ~ 0.7%Z with a maximum of 1.85%.

The revised half-lives and thermal fission cross sections are im—

portant contributors to these normalization differences, particularly

for 239u/23% where they account for about half of the 1.85% change.

Other differences come from revisions in the procedures for calculating the
several correction factors, the inclusion of additional normalization
measurements and the different positions of the time windows and bias levels
used in reprocessing the data. No single one of these produces a really
significant effect but if several of them are in the same direction they can
easily produce the observed changes.

V. Summary

The results of previous measurements at this laboratory of the fission
cross sections of some thorium, uranium, neptunium and plutonium isotopes
relative to 235U have been reviewed and revised to include changes in data
processing procedures, alpha half-lives and thermal fission cross sections.
Some new data have been included and the question of errors has been re-
examined and put on a more consistent basis. The energies of the older
measurements have been increased by amounts ranging from 1 - 2 keV near 0.2
MeV neutron energy to 50 keV near 10 MeV. There has been little change in
the shape measurements but the normalizations have changed by amounts
ranging from ~1.777% (233y/235)) to +1.85% (23%py/23%Y),
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Table I. The Isotopic Analyses and Masses of the Uranium Samples.

Isotopic Analyses (Mole %) g;ément Assay?

Sample No. 232 233 234 235 236 238 (1) Method
U-233
233 ~ 1002 _ 216.7 3
233 - 1202 y 0.8 ppm  99.540  0.184 0.062  0.013" 0.203 253.4 3
233 - 1402 , , 296.3 3
23 |
234 - 5 - — 99.900 0.064  0.036 < 0.070  420.0 3
234 - 31 187.9 3
234 - 32§ - - 89.95 9.92 0.053 0.075  361.5 3
234 - 33 _ 591.4 3
. U-235
235 - 1 ) 762.2 8
235-2 L - - 0.028  99.856  0.062 0.054  598.8 8
235 - 3 ) ' 390.3 8
235 - 7 - 1.537  0.046  98.011  0.318 0.088  359.0 3
235 - 5 — 3.066  0.049  96.467  0.314 0.106  332.6 3
235 ~ 6 ‘ : | 285.7 3
235 - 10\ : 266.5 3
— 5.127 0,050 94,220  0.307 0.094
235 - 12 290.7 3
235 - 14 . 358.8 3
235-58T-1 658.7 3,4,2
235-8ST-5 412.8 3,4,2
-~ - 0.856  93.244  0.332 5.568

235-SST-6 1855 3,4,2

235~S8T-8 1008 3,4,2
235 5-1 1066 3,4,2,1
; e - . 1,032 98.409 0.455 0.102

235 5-2 833.8 3,4,2,1
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Table I. The Isotopic Analyses and Masses of the Uranium Samples. (Continued)

Isotopic Analyses (Mole %) g;;ment Assay?

Sample No. 232 233 234 -235 236 238 (pg) Method
=238 |

238 SST-26 ) 1004 4,2
238 Mo~4 r - — 0.003 0.415 - 99.585 1782 4,2
238 Mo-8 ) 5330 4,2
238 8-1 ) 733.8 8
238 8-2 r - - 0,114 10,084 0.050 88.993 599.8 8
238 8-3 ) 370.3 8
238 - 60 e I < 0.6 ppm g 100. 00 1981 8
236 ~ 6 - - " 0.402 99.593 0.011 666.6 3
236 - 35 — - 0.015 13.640 864190 0.160 295.0 3
236 - 36 | —— - 0.004 11.000  88.840 0. 160 618.1 3

2Assay methods are defined in Section IL.3.2.
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Table 11, Isotopic Analyses and Masses of the Thorium and Neptunium Samples
Isotopic Analyses (Mole %) We.
- - - Element Assay?@
Sample No. 230 232 237 239 {ug) Method
Th~230
230 - 51 405.5 1
230 - 53 483.7 4
99.516 0.484
230 - 54 774.2 4
230 - 55 380.8 1
Th~232
232 - 3 ) 100.0 ‘ 8
232 - 32 706.6 1
232 - 33 1971.0 1
232 - 34 r 0.379 99,621 2903.8 4
232 - 35 674.8 i
232 - 36 1279.5 1
S
Np-237
237 - 79 100.0 660.4 3

AAssay methods are defined in Section 11.3.2.
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Table III. The Isotopic Compositions and Masses of the Plutonium Samples.

Isotopic Analyses (Mole %) We. Assay®

Sample No. 238 239 240 241 242 Am-241 hey Method
Pu~-239

239 - 267 - 99,952 0.048 — - - 130.0 3
Pu~240

240 -~ 38 0.012 0.677 ' 98.386 0.426 0.370 0.128 75.4 3

240 - 39 0.012 0.674 98.39%4 0.421 0.370 0.129 259.6 3

240 - 40 0.009 9.490 89.634 0.381 0.338 0.148 94.4 3,1

240 - 41 0.016 ' 9.330 89.825 0.384 0.336 0.110 335.4 3,1
Pu~242

242 -~ 42 - 0.008 0.106 0.136 99.744 e 383.3 3

242 - 44 : ' 374.3 3

242 ~ 49 0.007 9.128 0.097 0.099 1 90.169 - 219.2 3

aAssay methods are defined in Section I1.3.2. .
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Table 1IV. The Half-Lives and Thermal Fission Cross Sections Used in the Measurements

Half-Life (years)

Spontaneous op (barns)
Isotope ‘Alpha ’ Fission ’ (200C Maxwellian)
2307y 7.538 x 10%a - -
2327y 1.405 x 1010d — -—
233y 1.592 x 105¢* - 526.6>%
234y 2,455 x 10%¢* - —
235y 7.037 x 108¢ - 570.4,%
236y 2.342 x 107¢* - -
238y 4,468 x 10°¢ - -
237xp 2.14 x 1g06e* - -—
239py 241104* - 792.68,%
240py 65694* 1.31 x 10t1d 1060, 9f
241py 14,74 - -
242py 3.736 x 10%b 6.79 x 10100 —
241 pn 432, 6d - -

*These values are of particular importance for determining the weights of some of the
samples.

8Ref. 27.
bref, 26.
CRef. 2&.
dRef, 25.
€Ref. 28.
fRef. 29.
gSee Section II.3.2.
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The Average Fission Cross Section Ratios at the Normalization Energies
Classified According to the Assay Method (Continued)
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a Count Thermal Fission
Common « Calc. Sp. Meas. Sp. Common Relative Iéotopic
Sample Nos. Emitter Activity Activity Isotope Thermal ¢ Dilution
Th-230/U~-235
230-51/235 5~2 - - - - - 0.2328
230-53/235 5-2 - - 0.2313 - - -
230-54/235 5-2 - - 0.2327 - - -
230-55/235 5-2 - - - - - 0.2304
Th-232/U-235
232—32/23? 5-2 - - - - - 0.1036
232-33/235 5-2 - - - - - 0.1023
232-34/235 5-2 - - 0.,1022 - - -
232-35/235 5-2 - - - — - 0.1026
232-36/235 5-2 - - - - - 0.102§
U-233/U-235
233-1002/235-6 1.514 - - - 1.562 -
233-1002/235-10 1,531 - —— - 1.548 -
233-1202/235-12  1.551 - -~ - 1.560 -~
233-1202/235-5 1.538 - — - 1.542 —-
233-1202/235-5-2 -— 1.520 - - 1.527 -
233-1402/235-14  1.523 - - - 1.553 -
233-1402/235-7 1.574 - - - 1.534 -
233-1402/235-3 - 1.515% - -~ 1,508 -
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Table V. The Average Fission Cross Section Ratios at the Normalization Energies
Classified According to the Assay Method (Continued)

a Count Thermal Fission
Common o Calce. Sp. Meas. Spe. Common Relative Isotopic
Sample Nos. Emitter Activity Activity Isotope Thermal o Dilution
U-234/U-235
234-5/235 5-2 1.191 -— - - -— —
234-31/235 SST-5 1.230 —-= - 1.234 -_— -
234-32/235 5-1 1.189 - -— 1.191 - -
234-33/235~14 - 1.201 —-— 1.203 - —
U-236/U-235
236-6/235~2 - 0.6936 - - -— -
236-35/235-14 - 0.6845 - 0.6921 - ~—
236-36/235-1 - —— - 0.6967 — —
U-238/U-235
238 8-1/235~1 - - —— 0.4351 — _—
238 8-2/235-2 - - - " 044333 — _—
238 8~3/235-3 - - - 0.4392 — _—
238 M0~8/236 SST~8 —- - 0.4288 — — —
238 M0-4/235 S8T-6 -~ —_— 0.4345 _— —_— —_—

Np~237/U-235
237-79/235 §ST-1  — 1.326 - _— _— —_—

237-79/235 SST-5 - 1.315 — - -— -
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Table V. The Average Fission Cross Section Ratios
Classified According to the Assay Method

at the Normalization Energies

o Count Thermal Fission
Common o Calc. Sp. Meas. Sp. Common Relative Isotopic
Sample Nos. Emitter Activity Activity Isotope Thermal o Dilution
237-79/235 5-2 —-— 1.329 - —— e ——
237-79/235-14 - 1.327 - T - — -
Pu~239/0-235
239-267/235 5-2 - 1.542 - - 1.532 -
Pu—240/U—235
240~38/235 5-1 - 1.336 - - - 1.342
240-38/235 5-2 - 1.342 - - - 1.350
240-39/235 5-2 - 1.350 - - - -
240~40/235 5-2 — 1.332 - - 1.332 1.341
240~41/23S 5-1 - 1.339 - - 1.338 1.317
Pu-242/U-235
242~42/235~3 — 1.113% -
242-49/235-14 - 1.145 - —— 1,110 -
262-44/235-3 - 1.117* - - 1.097 -
242-49/235 §ST-5 - 1.108 - - 1.116 -
242~44/235 5~2 -— 1.124 - - 1.079 -

*

The mass of uranium sample 235-3 was determined by comparing its fission rate with the

fission rate of other 235 samples.

on this calculated specific activity the 235-3 measurements are listed in that column.

Since the masses of most of these samples were based



Table VI, The Various Sources of Error Contributing to the Total Error in Normalization

s

% Error in the Ratio

Source of
Error 2307TH 2327hH 233y 234y 236y 238y 237y 239 py 240py 248py,
half-lives U 233 —— - - 0.03 0.03 - 0.04 —— - 0.02
U 234 0.12 0.12 0.02 — 0.06 - 0.08 0.12 0.08 0.05
U 236 - - — — 0.08 - — - - -
Np 237 — e —— — - — 0.45 - - —
Pu 239 — - - - — - - 0.05 - 0.05
Pu~240 — - — - —-— - - —-— 0.03 -
dth 233/235 — - 0.25 — - - ~ — - -
239/235 —— - — —— e - -— 0.25 0.17 0.25
Isotopic Analysis 0.25 0.25 0.25 0.29 0.31 0.31 0.19 0.14 0.32
Isotopic Dilution 0.56 0.56 - - - - 0.08 - 0.24 0.25
Colorimetric 0.16 0.16 - —-— — 0.50 0.08 — 0.16 0.10
g~counts Syst. 0.30 0.38 0.15 0.15 Q.15 0.60 0.30 0.15 0.20 0.52
Thickness Corr. 0.41 0.30 0.10 0.10 0.18 0.18 0.40 0.19 0.22 0.10
Extrapolation 0.20 0.20 0.10 0.10 0.10 0.10 0.20 0.20 0.40 0.20
Dead Time Corr. — - 0.25 0.25 0.25 0.25 - 0.25 - 0.25
Scattering Corr. 0.60 0.60 0.30 0.60 0.45 0.60 0.30 0.30 0.30 0.30
Statistical 0.59 0.57 0.50 0.35 0.55 0.42 0.30 0.55 0.82 0.60
Total Error 1.19 1.17 0.82 0.82 0.86 1.12 0.89 0.82 1.07 1.04

6¢
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Table VII. The Error in the Fission Cross Section Ratlos Due to the Secondary Source Reactions

Neutron % Exrror in the Ratio

Energy .. .
(MeV) 230Th 232Th 233U 23‘+U 236U 238U 237Np 239Pu 2"00Pu Z‘+2Pu
0.74 - - 0 0 0 - 0 0 0.08 -
0.8 0.15 - 0 0.20 0.21 - 0.23 0.09 0.22 0.18
0.9 0.20 - 0.02 0.30 0. 37 0.38 0.33 0.04 0.34 0.30
1.0 0.24 - 0.05 0.26 0.49 0.50 0.32 0.02 0.32 0.39
1.1 0.28 0.05 0.20 0.62 0.58 0.24 0.02 0.27 0.40
1.2 0.31 0.40 0.04 0.06 0.62 0.57 0.16 0.01 0.19 0.22
1.3 0.34 0.37 0.04 0.10 0.56 0.72 0.10 0.02 0.11 0.19
1.4 0.37 0.43 0.03 0.05 0.50 0.84 0.06 0.17 0.03 0.14
1.5 0.21 0.50 0.02 0.12 0.42 0.94 0.05 0.13 0.04 0.12
1.7 0.07 0.49 0 C.15 0.13 0.90 0.02 0.09 0.01 0.11
1.8 0.06 0.20 0 0.14 0,14 0.80 0.02 0.04 0.03 0.06
2.0 0.04 0.19 0.01 0.05 0.20 - 0.34 0.02 0.01 0.01 0.01
3.0b 0.06 0.05 0.01 0 0.06 0 0.02 0.02 0.12 0.04
3.5 0.32 0.40 0.01 0.20 0.30 0.42 0 0.05 0.30 0.18
4,0 0.72 1.32 0.04 0.40 0.68 1.17 0. 10 0.08 0.48 0.34
4,5 1.54 2.62 0.07 1.06 1.49 2.15 0.03 0.20 0.92 0.76
5.0 2.42 - - 2.24 - 4,45 - 0.31 -
6.0¢ 0 0 0 0 0 0 0 0 0 Q
8.0 0 0 0 0 0. 0 0 0 0
8.5 0.26 .50 0,10 0.07 0.20 0.2 0.02 0.12 0.01 0.01
9.0 0.58 .87 0.22 0.09 0.40 0.75 0.03 0.30 0.10 0.04
9.5 0.95 .92 0.30 0.11 0.69 1.20 0.06 0.42 0.10 0.04
10.0 - 1.20 - 0.07 1.17 1.36 - 0.86 - 0.13

For neutron energies below 3 MeV the secondary reaction is ’‘Li(p,n)’Bi%*,
bFor neutron energies between 3 and 5 MeV the 7Li(p,n3H)“Hd reaction in the principal error source.

CFor the gas target the error source in the D(d,np)D reaction.
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ANp THE RESULTANT TH™239 FISSION CROSS SEcTIONS.
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* 0563
*0693
°0998

21377
., 1669
‘1628
L1757

,1881

.20°5

UNCORR,

ERROR
(%)

2,65

3.02
4 83

5.22
4.76

3,56
2.48
2°24
201
174

1.56
1.54
1 28
1.49
1.24
1.21
1e22
1°18
l+1l6
115

ToTaL
ERRQR
(%)

4,93
7:17
7,34
5 34
10.98

11.42
11906
9°50
911
10°33

6¢84
4,61
4,32
3,23
2,52

2e04
2°55
2°09
1°65
. 2°15

54

.69
3.08
2,55
1.67

2,68
2+33
1°63
2010

.35

2414
1270
151
163
1°65

4
1257
1,45
1,53
1,18

THE TH=237/U=235 F1SSION CROSS SEcTIoN RAT1OS

CrR0SS |,

sEction”

(R)

.n384

532?1
'n1203

.01201
.01646

.h320%
. 0487
s 0678
00844
+1216



32

TABLE VIIT« T(CONTINUED)

ENERGY ENERGY cROSS UNCORR, ToT
RESOLUTION' SECTION ERROR ERRSE sEi:?éG’
{MEV) (MEV) RATIO (%) (%) {n)
2,747% .100 $2345 .38 1417 59
20993% *094 2328 34 1!;6 :iefg
324 2090 *233) *8p 1°41 22792
3489 * 088 °2403 *9 1°47 22825
3.984 080 «2529 1,08 171 . 2855
4,233 076 2481 1,00 1,82 27%
44481 <076 2472 el 2415 <2750
40664 *310 * 2386 1+38 1°77 05614
42739 *076 *2449 110 2446 « 5668
4*977 072 26414 1°12 2°89 02574
4.98 [ 8 e -
5,308 ‘533 ‘33 bt% £187 *34e)
5,577 ,207 .2318 1,34 1,74 *5431
5,838 192 .2290 1,29 1,70 *545¢
6,130 ,180 V2445 1,14 2,17 2870
6,398 ., 167 s 2792 1,06 2,28 1644
60659 0154 314 le21 2436 :452
6+887 *146 *366 1el2 225 « 555
70147 «138 «410 104 1276 <860
70403 2133 2429 10} 1250 + 726
7,677 .128 0420 o9 o
7.526 126 L4l 1.0? i.?% ';gg
8,172 L1274 .393 1,01 1,52 *y02
8,417 ;122 . 389 1.09 1,587 ‘a7
Beb4o 2120 *370 139 18 2659
8:890 el? :
R I B 1 SO 0 Y 1t
9,378 Jlal ,353 .87 1,69 ‘622
e

*Normalization points.
apyll-width~at~half-maximum,.

bpased on the 23°U fission cross section from ENDF/B~V (ref. 29).
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TARLE IXe  THE(CONTINUED)

ENERGY ENERGY ¢ROSS UNCORR. ToTaAL CRASS
RESQLUTION sECTION ERROR ERROR  SEcTIonP

{MEV) (MEV) RATIO (%) (%) (r)
2,987% .095 .1169 .61 T 1,82 1426
3232 *090 *1714 °77 1°44 +1455
3°243 * 089 1211 77 1°46 *1450
3478 2088 . e 1246 1201 1°62 1466
30492 * 085 *1239 101 1°62 21656
3e724 081 ¢ 1284 « 99 ) y
3,743 ,886 ;%300 .95 %.Zg '%Zgg
3,972 .078 L1314 1 24 2,16 1490
4238 078 ,1337 ,93 2,63 1503

4,486 .075 .1380 1,04 3,07 11534
4,736 073 L1400 1,00 4,93 i524
5¢106 S 0223 *137¢ 1°14 1°64 1448
54596 ‘206 *13% 1*06 1°5° *1459
-*870 *192 *1382 1+22 1°70 *14%
6142 *189 °1497 1°1¢ 1°65 °1766
60409 e 166 * 2038 le a8

6.673 154 e Y 121 r2813
6.931 145 2598 .92 1.50 2977
7.188 138 2580 .94 1.51 *4195
7,444 132 .2669 94 1,51 4205
7,693 .128 »2319 94 1.51 L6065
Te944 *125 *2193 +96 1452 3909
8194 0124 2100 *9¢ 1°52 e3747
89443 *122 *2098 1404 1°65 #3740
Be687 °«120 °1971 101 158 » 3505
849
8177 *123 1387 180 ied "3494
9,419 120 J19%9 1 04 2,05 " 3455
9,663 ‘121 T19l4 1'07 230 *3364
9,904 ez 1885 1 30 2,50 *3302

[ ]

*Normalization'points.
apyll-width~at~half-maximum.

bpased on the 235y fission cross section from ENDE/B-V (ref. 29).
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TARLE X. THE U=233/U-535 FISSION CROSS SECTION RATIOS aND
THe RESULTANT U=233 FISSION CROSS SECTIONS.

ENERGY ENERGY cRoSS UnCORR, ToTaL CRnSS
RESOLUTION® SECTION ERRQR ERRQR SECTIoQb
(MEy) (MEy) RATIO (%) (%) (a)
0142 « 042 1475 <98 156 2.{71
. 08 0494 8 . 169
‘132 "845 jeale 117 1148 S:%gZ
,206 ,050 1,576 ,90 1,67 2 154
"256 L 034 1,671 1,43 1,82 2,164
351 s 031 1737 134 1257 2+119
9395 040 1*741 *8¢ 1*15 2709
466 2029 10724 109 136 2enbs
*495 *036 1°760 *71 1°08 2956
«550 <027 1.734% 1.07 135 2,002
604 .036 1,721 o T4 1,11 1 ¢70
661 .026 1,741 1,11 1,38 1'983
,678 , 042 1,720 ,63 1,04 1 a58
,723 ,042 1,702 1 0o 1,30 1 ¢35
- L]
795 002 1.703 A 1.1° 1,939
*89¢ *039 1°625 1700 1°36 1+a95
*995 *058 1°548 ° 72 113 1887
1°12% *036 1°561 © 100y 1°30 1°897
19255 *034 1°564 1°01 1°30 1+913
8 . ® 7 L] 7 L 2
SETSIL 7 R S5-) B b3 1e282
1,416 L067 1,522 .85 1,18 1 a88
1,496% , 065 1,539 030 .87 1e25
1,777 L062 1,534 .85 1,18 1 a72
L2
1,966%- L058 1,537 29 .87 1,993
2+256 ©110 14533 e85 1418 16975
2+495% *104 1534 «29 BT 1.946
2714 ¢100 1522 185 1418 1,899
2,998% « 095 1,541 .27 <86 1,278
3.271 . 089 1.532 .84 1617 1,830
3¢523 * 084 19537 +84 Ye17 16002
3:775 +080 1524 °84 1017 1.753
42027 9078 14495 +85 1+18 1e451
45278 $ Q77 10479 184 1019 1eg61
4,529 «074 1506 017 113 1,469
4,765 292 1,472 1,05 1,34 17298
4,780 073 1,511 17 1,13 1,438
5,360 221 1,475 1,07 1,35 1 45

5,913 130 1,565 1,08 1,36 1,703
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TARLE X, THE (CONTINUED)

ENERGY ENERGY CROSS UNCORR« ToTal cansSs 4

REgoLUTIO sECTION ERROR ERROR sEcTIoN
(MEV) {MEV) RATIO (%) (%) (8)
6,357 $170 1,482 293 1,38 1,904
6°482 *164 1°475 1°07 1°46 1:996
6°624 °157 1°433 *92 1°33 2%036
6°884 *147 1°367 *93 1°30 2+071
Te121 °140 1°344 1°04 1°36 2150
° s 38 348 1¢01% ¢33 ofe
;. gg 1.13 i.3fb S .99 },30 5.22
7.473 132 1,288 .88 1,21 2 206
7.653 129 1,283 1,24 1,49 2240
7,996 126 1,276 1,24 1,49 2 264
8,154 1264 1,298 1,24 1.4° 2,315
8+405 122 1+297 o4l 1064 2-315
Aa «120 1298 1.30 v 105% 2.30°
0,23% ,%20 1.302 1.21 1,47 21309
9,143 120 1,273 1,19 1,46 2 252
9,367 120 - 1.288 1,24 1.52 2,273

*Normalization points.
8Full-width~at-half-maximum,

bpased on the 23%y fission cross section from ENDF/B-V (ref. 29).
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TARLE X[ THE U=234/U-235 F1SSION CROSS SECTION RATIOS AND
THE REsyLTANT U-234 FlIgslon Cross sECTIOns.

¢ N Y ROSS UNCORRe T 55
ENERGY RE§5E8$10$9 5§c$?0N EggOR E%nék SES?IOSb
{MEV) {MEV) RATIO (%) (%) (R)
600 e 044 A2 1,0¢q 3es7 . .781
L6843 L0453 JTRS 1,16 3,11 .:;95
s700 s (472 2891 1615 259 lenlé
°T747 °041 1%046 1°14 2%61 1+190
*799 °040 10172 *37 1°29 1+334
L 1 @ 9 & .99 ¢ 8 .76
0T INY SN o0 ) F RS LR S
$ 946 ,038 | .948 114 1,76 1,136
<998 038 919 1,14 1,43 12l
1,049 L0837 967 1,18 2,09 1.175
1,097 037 1,011 1,14 1,63 1,22%
12148 © 036 1e007 1417 144 1225
L*1% *036 17021 *82 1917 1e246
1° 244 *035 1°017 £ 97 1429 1eobb
1338 *068 1* 069 ey 1°34 1318
10434 067 1098 97 1°38 1.366
1,534 . 065 1,147 ., 68 1.32 1,440
1,631 2062 1.196 «81 1422 1,516
1,733 .062 1,216 .81 1617 1,558
1,817 . 061 1.227 « 27 1.28 1,581
1,829 $061 1.207 1,10 1,38 1,556
1e928% <060 1+206 +54 +99 1e561
2ep42% o111 1177 ¢54 009 l1e517
2:490% +10% 1191 062 104 1¢511
2:736% *101 1°215 * 48 1G6 1s514
» 98 33% 0 094 }.243 s 51 1en0 T 1,817
231 ,989 .2nl .92 1,25 1 535
3,482 . 085 1,286 76 1,14 1512
3,726 .0a1 1,204 76 1,16 1493
3,973 ,079 1,286 T4 1,17 1,458
4,229 077 1,275 1,00 1e47 1.433
4o 479 Q75 1+ 3p6 «89 161 1475
447964 e 073 1'27b 100 1‘75 1“382
4,982 072 1,28l 1,01 2,59 1,365
4,747 206 1,270 1,06 1.34 1,381
5,048 «250 1,236 1,06 134 1,311
56343 + 222 1+258 1.06 1+36 1,318
5622 ¢ 204 1255 . 106 134 1.121
5¢300 2190 14229 1406 1+ 34 1.331

65168 «178 1226 1els 1240 len6l
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TARLE XI+ THeE(CONTINUED)

| ORR TOTAL canss
NERGY ENERGY cROSS UNC . J I
£ RESOLUTION SECTION ERROR ERRQR SECTION
(MEy) (MEy) RATTO (%) (%) (39
94
o163l 1er ek 105 e 1l7es
6.952 Jl4s 1,191 .07 . .
7'207 1137 1,208 1708 1,36 é'qu
70460 132 1,203 1,06 1,34 o0
7 7 5 i3
1,7 128 1e21 l.10 143 o
19963 126 1+217 110 113; 2-122
o 4 1:202 1,08 13 o}
g'%?g ;%54 i.1s0 1208 1,36 ngg
7.916 124 1,207 1014 1,40 R
. 1,17 1443 2,740
8,441 o122 1.201 '1 143 2,149
82686 *120 1"203 1°23 1* 1 :
8.93 120 1197 1.13 1040 %"%z
il 1120 1,200 1,24 1,49 2,122
9'419 leo 1.196 1013 10_ 0 ,]0
9573 *121 1%1R0 1°15 “ 1042 20973
9.905 122 1.179 l1s11 - 1.38 2,n64

*Normalization points.

8Full-width~at-half-maximum.

bBased on the 235y fission cross section from ENDF/B-V (ref. 29).



39

TaglE XII. THE U
e s ~23671=235 FISSION CROS T
THE RESULTANT U=23¢ FISSION CROSS SECTIOSS?EC!ION RATIns AND

ENERGY ENERGY cROSS
S A
(Mevy (MEv) RATTO (%) ‘%?R SEC;:OMO
(
.596 04 -
e o e
e o 8438t b3 198 +01898
.796 .0 .0616 1.24 8 49 -"700
@ s 40 .0982 1.87 6.56 .lllﬂ
801 ) o
+845 5335 +1107 1.5 4,97 1283
*852 *032 :1427 1.52 5e87 . 168y
* 899 °*03] .IS 5 155 547 c1797
948 . 2117 1-38 416 547
030 T2Rbz 124 1°58 .3435
1.0 ¢ e 20490 1.2%
UG R R R
1,097 :029 .32§ i*ii 5,03 el
®
1,146 ,072 428 1:16 2.33 .gg?
°
- [}
1.192 035 RS 8
1°196 :gpg :274 1,57 2,47 “392
1°240 072 . 1e 390 1°99 +578
1°338 068 .212 :29 1°99 428
1°6434 “0h6 v 3 "1°53 676
576 269 1°18 116
«534 s 06 559
e Y. e -
}.631 R 63 543 _OZEE')) i.faz 564
L 727 062 ‘603 g . L.3e ABY
1.823 :061 .606 173 1,46 *s72
925 060 619 ‘77 i 782
® ® .16 'QOI
2,023 ,059 59 ’
29243* “110 :6?8 :84 1.22 .R30
2r490% *105 ven? 270 1°15 *R61
20 736% 101 697 ;o, 1912 /T2
2eOB 3% <035 ';[16 '73 1)1 +R68
: ‘ R le12 AT4
3230 090 7 ‘
e ® ?8
3,477 L 085, 764 a8 117 .72
3,725 0Rl .7 9 50 21 aB7
3,976 074 ‘7$a '?" 1,26 ‘n88
6 2 : J . 9 1,35 ¢
o8 078 REL .93 2,01 ':g%
4eul? 075 795 9 )
49731 c074 a0 0’4 1,96 885
40747 <296 «7RT oy 242 ad?
S¢048 «2q *84 121 a8
50 *778 *8¢ 1°21
; 2 25

5¢343 222 *789 <89 1e27 926
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TaglE X1l. THICONTINUED)

RR ToTaL CRGSS
RGY ENERGY cRpSS UncORR, .
ekt RESOLUTION® SECTION ERROR ERROR SECTION
(MEy) (MEy) RATTO (%) (%) (")
59
; «+ 204 ¢818 89 e 30 o R
2.253 1g0 340 .90 §.3o .913
6.168 178 «836 .93 1,33 1.992
6,435 .165 L850 296 1,31 117
6.695 154 2908 1,03 1,36 "319
5 ) 1 -468
6,95 144 890 1,0 1,3% .
7:203 :,137 «B84 99 1924 1.443
70460 ©132 *884 1003 1°34 1450
7712 *128 *861 1403 1°34 1’513
84076 *125 *369 *99 1°30 154
e} «eR78 « 99 e 34 o567
I Y
931 .120 .86 6 . WF
8.?74 120 855 1:04 1,43 i.qég
9.4lg "120 "A62 170g 1,50 "52
53 1,456
9 67 .121 N 0828 1005 . 1' s
9:903 122 «867 1403 - 178 1.519

*Normalization points,
8Full-width~at-half-maximum.

bgased on the 235y figsion cross section from ENDF/B-V (ref. 29).
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TanLe X ‘
X1II« THE U=
AND THE RESULTANT Ufjggugigg FISSION CcROSS SECTIO
SSION CROSS SE N RAT1nS
EcTIONS,

ENERGY RFENERGY cROSS y
- SoL ) ) NCORR
MEV) ity SECTIon  Erro’ ToTaL  cRaSS
} RATIO ’ ERROR £ b
899 (%) (% sECyIon
N 0023 ! (R}
}'88% .8?5 a00?97 3,72 356
1,110 “025 83857 578 et .A1164
1,146 ‘051 J02132  1.91 3,66 91545
1 207 - 3.64 ® 91
N . 021 9 : .03375
}QZQS 028 :0336 156 2921 }03554
*353 . 0511 .5 *n2 :
1°387 3 * 0829 L 6°55 nelz
0 '1173 2.0 5.25 .O 27
14327 : ¢ 4763 1023
.404 .858 e q53 - .1452
£ ] £ 3 & N
451 020 o158 } éi $s97 -
1,491 . 206 S 4,32 <1639
39 027 2041 1,70 . 1894
1,517 ‘030 2717 1°1 5,02 " 554
: 2721 1504 2,97 St
1.548 026 * 1,82 'ia?;’
14591 oA +30° e
0 1,5
1:694 ©020 *325 <99 1e77 .401
1:694 05 ©330 . 155 1+70 :
1753 $019 7 1270 :igi
L.724 .0l *353 1.5 '
1,794 +338 024 2e03 .
.026 99 . 53
10854 '019 + 388 1.00 1,66 .278
° 0372 1.46 1.59 ‘ool
l.ag(J ' ¢ 1.88 B
l026 9 .(&80
1.q15 .019 -39 .93 S .
1383 'n32 .400 leln 104 Rlé
1992 115 Je1s <94 1:53 “518
2°000 <019 s’ 49 1+45 +539
*393 1‘08 1'02 528
2e064 114 1'47 .q‘l
2,197 134 421 9 0
2,50 0% *loa 424 “an 1434
3.2 . 8 7 .4 e~ .
Se% L089 422 , 35 ':; LR43
¢ -2 ¢ 27
3,676 o : A .87 '23;
34484 :OR o bir 8¢, &
3575 .093 « 466 gl 1,49 46
3:47) 08 4k 7 1e14 .
*0R0 2480 « 18 1e26 e 548
« B 1'?7 e 545
«556

3374 .
078 C4RB oo »
139
- o557
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TABLE XIITIe T(CONTINUED)
ENERGY ENERGY cRAsSS UNCORR, TOTAL CRNASS

RESOLUTION® SECTTON ERRQR ERRQR SEcTIonP

(MEV) (MEv) - RaTIO (%) (%) {n)
3.9%92 2078 0 495 e 94 1067 ¢ 661
4,992 ,072 ,515 J47 4,53 (549
4,475 ,082 L5606 W71 1.69 564
4 078 ,085 L 490 .27 1,18 553
4 075 078 L 495 ,86 1,60 559

8
5,083 082 S B4 1.2% 548
5147 « 071 e516 e 14 Se 08 2545
5°334 079 * 526 1205 1°39 °55]
5439 *216 *524 * 8 1°32 ¢ 548
5622 ‘204 *538 *73 1°31 *565
5.826 2191 e 565 . }.35 «~05
- 6,168 ,178 573 .14 42 ,683
6,430 165 .620 .72 1,27 ,nel
L6982 . 154 617 T4 1,23 L8096
6,949 o144 ,618 ,67 1,19 ,049
7'204 .137 ‘ .606 .75 1.25 .989
Te457 132 *606 168 1+21 1035
Te709 °128 *G5R& *75 1°25 1025
79690 *126 576 °T4 104 1°a25
84208 *124 *570 . 89 1027 10017
8 057 67 8
R "155 "84 ‘78 {3} }:858
5'946 '121 .530 o75 1.42 17 a28
9. 101 J120 578 ‘1 1,51 1°h22
9°4343 121 589 74 1 68 1'438
? L) [] ® ? ®

9,675 .121 583 6 1.81 1,025
9+813 122 *5G1 *76 1°87 1037
10160 0124 «570 77 i.86 ,995%
10,400 ,126 , 54 L6 - .73 ‘964

*Normalization points.
4Full-width-at-half-maximum.

bBased on the 235U fission cross section from ENDF/B-V (ref. 29).
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TagLE xTv, THE NP-237,0-235 FIssloN CROsS sSECTIgN RATINS
ANp THE RESULTANT NP-237 FISSTON CROSS SECTIONS,

ENERGY ENERGY _ CROSS UNCORR . ToTAL Crnss
RESOLUTTON® SECTTON ERROR ERROR SEcTION
(MEV) (MEV) RATYO (%) (%) ()
234 L0080 .0261) 3, 34 5,39 ,n3452
+ 286 *056 *0374 3e71 5¢53 end77
*335 *056 ‘0642 27 4° 34 +4798
°387 054 ©1157 2+3] 3¢95 01406
205 N N /8 64
“4a *885 "3752 1443 524 204t
540 L 050 L479 J1s 1,80 "854
L6641 .048 ,765 .82 1,45 873
.,692 048 .872 69 1,723 ,992
W41 . 048 989 81 1.30 1,125
«792 *048 12069 75 1723 10217
«842 ° 046 10142 e 76 121 1.308
*873 *078 1°151 s64 1¢16 1¢331
*G923 *076 10172 69 1°18 1387
9 .20l ;
RLEI 1 S 0 E LI i 1ife
1,074 L0764 1,212 66 1,13 1°473
1,094 ,072 1,223 ,60 - 1,09 17486
1,178 L072 1,233 J70 1,14 1 502
1,198 072 1.242 .65 1e1l 1,515
je 276 =070 1e 276 ¢ 69 1#12 1564
1296 ¢« 068 1270 <672 1008 1.55‘39
1¢377 $070 1s 284 « 68 111 1.588
12397 )68 1+280 T 113 1586
1497 « 064 16294 + 68 111 1.619
1,598 062 1,309 ,67 1,11 1_A54
1,698 062 1,307 .66 1,11 1 470
1,799 ,0R0 1,311 L67 1,11 1488
1,910 + 0a0 1,331 67 1,11 1,723
1.921 e116 1.310 .08 1611 1,704
2+ 000 - s 060 1+3n6 e 66 110 1.495
2+022 *1la 1316 *79 1912 1.708
2e122% *112 1+32390 027 *52 1723
2+223% °110 1336 *27 $92 1:724
«326% el 7 . 4
C R T te377 ‘57 ‘55 t-780
2 526% J0a 1,375 .27 .92 17477
2,926 . 096 1,3a0 .67 1,11 1 468
3,125 .062 1,340 ,63 1,08 1 #43
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TASLE XIVe TH{CONTINUED)

ENERGY ENERGY CROSS UNCORR s ToTaL ganss
kREsoLuTIon® gFcrion ERROR ErrOR crlonP
{(MEV) {MEV) RAT IO (%) (%) (r)
3,328 .088 1362 060 l.07 1,621
3°527 084 1°393 64 1°%09 19433
3°727 *0890 1°389 *60 1°07 1°603
3927 ‘08¢ 1°388 *62 1%08 1579
4%127 *076 1°367 *66 1°10 1°54]
° 29 9
4332 1S ULt RY 8 S S O
4,615 .314 1,375 .90 1,26 11513
4,923 “268 1,390 0 94 1,29 1,489
5,234 232 1,374 295 1,31 1,404
5,516 «210 1.391 92 1,33 1,457
5¢793 ©196 10465 «98 1037 1e561
40070 *182 1°500 *9 1429 14718
o* 338 °172 10477 + 88 1° 24 1-884
6610 158 1°415 « 88 1° 34 2.002
6867 2148 1#3R2 ¢ 68 117 2.q87
7,125 L1400 1,341 .68 1,14 ,148
7.387 134 1.319 .68 1.12 2 ?26
7.683 130 1,307 ,67 1,12 2.?89
7,893 .126 1,290 . ,67 1.12 2,788
8,141 124 1.267 66 1.1l 2,260
B+392 1122 10263 265 1¢10 2.252
84638 .%20 1a ?n? 122 i‘Sl 2,148
8,8R4 120 1,231 .97 .31 2°184
9,127 Jl20 1 224 96 1,30 2‘166
9,374 120 1.226 .26 1,30 _ 2,163

*Normalization points.
apull-width-at-half~maximunm.
bpased on the 235y fission cross section from ENDF/B-V (ref. 29).
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TARLE XVe Thp PU~239/4~235 fFISSION CROSS SECTION RATInS AND
THE RESULTANT PU=239 FISSINN CROSS SECTIONS,

ENERGY ENERGY cROSS UNCORR , ToTaL CRNSS
REsoLUTION ECTION ERRQR ERROR sECTIoND

(MEy) (MEv) RATIO (%) (%) (”)
0146 . 020 968 .90 1.28 1.417
. 2019 107 1.28 o57 572
‘198 0l 10084 "30 SR S
.220 ,018 1,131 1,3¢ 1,62 1,519
247 017 1,187 .88 1,25 l 510
268 017 1.215 1,28 1,56 1,859
¢ 268 -«058 1*191 « 99 1262 1529
* 294 022 1266 1434 1°62 1e602
*311 °016 14260 1+38 1°63 1583
*323 2066 1°264 099 1°65 1580
0336 «016 1s256 leb2 1466 1,561
.348 ,016 1,308 1,46 1,49 1,417
,384 .62 1,286 .98 1,46 1 565
.391 062 1,340 1,49 1,83 1 425
452 ,060 1,346 94 1,36 17592

- L ]

.500 (046" 1,372 sy 1.28 1,601
*550 045 1°393 ¢9q 1°27 10409
*598 *058% 1°428 *89p 1°22 14435
650 *054 1°418 - 1%04 "1%40 1°416
*687 *053 1%422 1°7y 1795 1418
0746 +052 1480 1405 %.37 1.483
.795 ,050 1,546 1 81 ,00 1,760
JB46 046 1,511 1 06 1,39 1 732
. 877 ,080 1,699 1 86 2,11 1 736
,943 047 1,431 1,51 1,74 1,712
280 . 047 1432 1,49 1.70 1,743
°993 + 046 1472 e 94 1425 14794
12045 0045 10416 177 195 1.721
1+099 044 19443 *93 126 14753
1140 074 19480 95 132 1799
1196 -043 1t467 e 93 1.25 1.789
1,234 .072 1,497 .95 1,34 1 r29
1,332 L 070 1,569 .95 1.31 1 921
1,429 067 1,603 1,41 1,64 1 92
1,524 L 065 1,58l 1 41 1,64 1 _a84
1,022 063 1.544 1,45 1.3 1,957
12720 *061 1°503 1443 1°65 1+024
1=818 °059 15685 1947 1°68 2¢n05
1°893 ‘120 1550 1*19 1944 24005

1924 056 1551 le4n 167 2009



TARLE XVs
eNeRGY
(MEy,

5" 38hx
SehTen

2.792‘1‘
2 975%

3,220
3e47¢
3°*719
3°968
40221

4o472
4,724
4,972

714
5,017

5,309
5:594
5867
6137
6401

6,660
6,921
7,176
7,432
T.686

7,936
8e 182
8428
8,673
8,918

9,161
9e a7
Fe 647
9303

THE {coNTINUED)

enERGY cRoSS
REgoLUTION® sECTTON
(MEv, RATIO
W 05 s 6N9
.91? i.554
06 1.518
Lol 1,532
L0096 1,543
,092 1.5%44
087 1°889
*0R3 1*581
080 1°568
.076 1'579
o074 + 573
074 L607
,070 1,407
. 308 1,619
2264 1,625
»235 1,640
211 1663
*196 1°463
*189¢ 1°609
172 1¢514
163 1430
. 154 1,.3Rr8
146 1,372
142 1,319
,138 1,312
+133 1.301
*132 19363
*131 1°316
213 312
.%3f %:325
. 132 1|3ﬂ7
» 133 1° 344
+137 1* 317 .
e 142 1+308

*Normalization points.

apull-width—-at-half-maximum.

bgased on the 235y fission cross section from ENDF/B-V (ref. 29).
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UNcOQR.
ERROR

(%)

le76
068
67
T4
057
86
)
c75
072
* 74
1°03

bed1

1 23
e
.87
.92

1,03

«99

ToTaL
ERROR
(%)

1592
07
1 06
110
1 00

‘® ® e &

1.1°
i°11
1'10
1°11
1°33

+39
}:3¢
1,51
1,20
1,24

1.21
129
1+ 35
152
1¢50

1.42

CQOSS
sECyio
(R}

502

17929
1°501
1'a85

1,85
1:n61
12026
14779
12776

1722
1:715
1. 766
1‘728

1,718
1,744
1791
10“94
1978

2,056

2 120

27224
2.?43
2,299

NP

2,313

2+431
213647

24340
2.351

2,313
2170
2,288
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TARLE XVI. THE PU=240/U=235 FISSION CROSS SECTION RATINS
ANp THE RESULTANT PU=249 FTISSION CROSS SECTIONSS

" ENERGY EMERGY cROSS UNGORR, ToTal canSSs
RESOLUTION® SECTION ERRQOR ERROR sEctIonP
(MEy) (MEy) RATIO (%) (%) (8)
.335 L0062 1121 4,09 5,73 $ 139
* 393 *060 ¢ 1554 3.98 7449 .5884
L4580 .858 ,%242 2.87 7,31 3655
506 ,056 L334 1,75 8,17 1189
560 ,054 ,670 1.7 6,79 542
616 053 62 1,85 4,74 700
669 * 051 «728 1:65% 3o 44 sR30
*715 °060 *8n3 1°64 335 *913
*768 * 058 *926 1°64 2°82 1°a52
°82] *058 14028 1+65 256 1173
873 .56 14122 1.64 2¢36 1,298
.95 . 055 1,163 1,65 2,27 1 378
.979 < 055 1,168 1,65 2.19 1,457
1,030 .053 1,185 1,65 1,98 1 442
1,074 ,072 1, 23¢ 1 70 2,02 1'a97
1,178 072 1.207 1.71. 2402 1,470
1281 *070 14238 17 20l 1ex18
1°385 *068 1°239 1°7y 2°01 1+533
1°488 f066 1228 1t 2%01 1°535
1°590 *064 1*2%9 1* 7 290l 12590
69 062 273 .7 1 1,425
t3e i2f tr5i }.eé f:80 }‘494
1,856 L1118 1,266 1,66 1,97 1,435
1,926 L1117 1, 2R7 1,61 1,93 1 w67
2 061% 113 1,313 L63 1,23 1 703
2,320% 109 1.312 A 1.23 1,685
2¢566% s102 1320 °64 1923 1466
2+803% *+ 099 1° 348 264 1°923 1len7l
20935 * 096 12366 158 1°90 1en74
3e04a% s 093 1+395 262 1423 1.694
3.228 « 088 letné 1.613 195 1.683
3,552 - . 084 1,451 1,64 1,97 1,697
3,793 .N80 1,413 1,65 2,01 1 423
4,046 078 1,437 1.66 2,02 1.524
4,309 ,076 1,403 1,70 2,11 1.n74
4,559 075 1.432 1.79 2,20 1,583
4760 o072 1443 181 209 lese?
50229 2233 1%4230 17y 201 1503
5510 «211 10457 17y 20l 1826

5279) °195 10467 177 2°n6 1.w62
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TanLE XvI. TH{CONTINUED)

R ToTal CRNSS
NERGY ENERGY cR0SS  UNCORR, A
g RESOLU;IONa SECTION ERRQR ERROR SECTIOND

(ME v (MEv) RATIV (%) (%) ()

’ : ‘ 6
6066 183 1440 173 ‘2006 lebd
61337 T170 - 1,379 1.73 5.06 1{758
6,610 , 158 1,344 1,69 2,00 é.goz
6,866 Jl47 1,326 1,73 2,03 2'no
7,125 139 1,311 1 76 2,05 099

<75
7,382 134 1,290 1,75 2.0% 2,17
7:635 «129 1e 264 1s 74 2e03 g.agg
]88 26 233 e 73 ep? ¢
5:143 :iéa :227 12 ,02 2.189
8,387 0122 1,249 1,73 2!02 2,227
8,605 .120 1,251 1,7s 2,04 2.222

886 *120 1°250 1289 2¢08 z-aé-
9e128 *120 1°235 1-24 2'12 g-xég
- 235 21 250 « B4 2 oD
9129% " 131 {1537 }.eo 3,38 2:176

*Normalization points.
8Full-width~at—half-maximum.

bgased on the 235y fission cross section from ENDF/B-V (ref. 29).



TARLE XvII,

49

ANp THE RESULTANT Pu-242 FISSION CROSS SgcTiONs,

ENERGY
{MEV)

« 397
, 446
v 495
545
0592

EMERGY CrROSS
RESOLUTIONT SECTTION
(MEV) RATIO
.05} s ORTS
047 *1R17
*046 °2432
*045 *312
e (Y& e 48
LA
.039 954
,03s 1 113
,036 1‘282
071 1.131
068 1*164
*067 1117
'065 loOQ()
*063 1°126
(062 1elné
RS 1,104
.06 1,132
s 1,133
J110 1,101
s 105 1.0%2
*100 1098
* 085 1°133
090 1°138
+ 085 14148
e R 1105
.079 1. 47
L075 1,003
,295 1,10l
074 1,109
254 1.0%
e223 1°142
1205 1°216
*187 1*2A5
ey 77 1°348
0166 1284
154 1,262
. 145 1.20n9
<137 1,175
132 1,129

UNCORR .
ERROR

(%)

3,22
z2.%
2+ 30
1%
1*82

TOTAL
ERROR
(%)

1025
8,52
Be52
574
4°85

be 44
3,48
2,25
1,87
1 50

2,50
1°66
1448
1°43
1945

1045
1,45
1,45
1,09
1,09

l1e11
1409
1°11
1°50
1941

e 4 b
i‘72
1,65

1 .49

®

1,7¢

1048
166
1°70
1°59
1°55

1e¢61
1,60
1.52
1"57
1,52

THE Py-242/U=-p35 FISSION CRoss SECTIon RATTOS

Crnss
SEcTIOMb

(8)
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TAGLE XV11s T(CONTINUED)

ENERGY ENERGY CROSS UNCORR ToTaL CROSS |
RESOLUTION® sECTTON ERROR ERROR sEcrion
(MEV) {MEV) RATIO (%) (%) (q)
7.701 o128 1.122 1.12 1.52 1,568
8,201 124 1,108 1,10 1,50 1,071
-, 013 066 606,472 ,61 60 507 463
8,696 120 1,04l 1,20 1,57 1 039
8,%. $120 1.0R5 1,20 1.57 1,923
9+ 185 120 1*107 1214 1°53 1,957
9.4 ° 0 095 0164 ) . Q
5673 ‘157 1922 beté }:23 1338
9,923 Jle22 1,078 1 29 1,59 1,587

*Normalization points.
aFyll-width-at-half-maximum.

bgased on the 235U fission cross section from ENDF/B-V (ref. 29).



Table XVIII. The Effeect of Changes in Secondary Data on the Fission Cross Section Ratio®

230 232 233 234 236 238 237 239 240 242

Q 235 235 235 235 235 235 235 235 235 235
Half-lives
233 - - -0.08 4+0.12 ~0.25 - +0.25 - - -0.10
234y +0.50 40,50 40.17 -0.12  +0.12 - +0.38  +0.25  +0.33  +40.17
236y - -0.50
2375p - - - - - - -1.0 - - -
239py - - - - - - - -0.50 - -0.30
ZQ'OPU - - - - - - - - -
2h2py - - - - - - - - +0.33  =0.30
Thermal Fission Ratios
Z3OU 235U - - +OAS - - -n - - - -
239py /235y - - - - - - - +0.5  +0.33 +0.38
"Standard” Samplesb
mnasses
5-1, 5=2 +1.0 +1.0 +0,06 - - - +0.25 +1.0  +1.0 +0.1
SST-5, SST-1 - - +0.06 - - - 4+0.50 - - +0.2
14 - ‘ +0.06 +0.12  +0.25 +0.25 - - +0.2
3 - - - - - - - - - -

139

8The relation of the secondary data, Q on the fission cross section ratio R, in dR/R = k dQ/Q.

bChanges in the “standard” samples must be due to causes other than half-lives.
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Table XIX. “The Percentage Change in the Normalization of the Revised
Fission Cross Section Ratios

Ratio Normalization
Change
2307h/235y +0.13
232Th/235y ~0.47
233y/235y ~1.77
234y/235y ~1.19
236y/235y ~0.01
238y/235y -1.02
2375p/235y 0.0
239 py/235y +1.85
240py/235y -0.09

2'+2Pu/235U -0 b7
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Fig. 4. The 233Th/23%y fission cross section ratios and resultant

232Th fission cross sections. The solid line is from ENDE/B~V.
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Fig. 6. The 23%y/235y figsion cross section ratios and resultant

23%y figsion cross sections.

The solid line is from ENDF/R~V.
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Fig. 7. The 236y/235y fission cross section ratios and resultant

236y fission cross sections. The solid line is from ENDF/B-V.
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The 238U/U235 fission cross section ratios and resultant

238y fission cross sections.

The solid line is from ENDF/B-V.
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Fig. 9. The 2371\1})/235{)' figssion cross section ratios and resultant
237y fission cross sections. The solid line is from ENDF/B-V.
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Fig. 10. The 239pu/235y fission cross section ratios and resultant

239py fission cross sections. The solid line is from ENDF/B~V,



FISSION CROSS SECTION, b

FISSION CROSS SECTION RATIO

63

N
T

1.0

i ] | SN W W N

] ! R ERR

T { AN D I A
A 1 10
NEUTRON ENERGY, MeV
Fig. 11, The 2"’0}?1;1/23511 fission cross section ratios and resultant

240py fission cross sections.

The solid line is from ENDF/B-V.
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Fig. 12, The 242pyu/235y fission cross section ratios and resultant :
242py fission cross sections. The solid line is from ENDF/B~V.



