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236U. 238U. 237Np. 239Pu and 242Pu Relative
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U at 14.74 MeV Neutron Energy
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ABSTRACT

The measurement of the fission cross section ratios of nine isotopes
relative to 235U at an average neutron energy of 14.74 MeV is described
with particular attention to the determination of corrections and to
sources of error. The results are compared to ENDF/B-V and to other

measurements of the past decade. The ratio of the neutron induced fission

cross section for these isotopes to the fission cross section for 235U

are: 230Th - 0.290 + 1.9%; 232Th - 0.191 t 1.9%; 233U -~ 1.132 * 0.7%;

2345 _ 0.998 + 1.0%; 230y - 0.701 £ 1.1%; 238y - o0.587 + 1.1%; 2°Twp

1.060 *+ 1.4%; 239y - 1.152 + 1.1%; 2*%pu - 0.967 + 1.0%.

*This work supported by the U. S. Department of Energy, Nuclear Energy
Programs under Contract W-31-109-Eng-38.



INTRODUCTION

Accurate values of the ratios of fis.ion cross sections are important
for neutronic calculations, as spectral indices in the measurement of
neutron spectra and as a check on the reliability of cross section

measurements. Now, with the improved accuracy of the 235U fission cross

section and its use as a reference cross section, ratios relative to 235U
become useful cross section measurements in themselves.

The 14.7 MeV energy point is near the upper limit of the fission
neutron spectrum and thus is not of much direct interest for fission
reactors, but it is a very important energy for {usion applications.
Furthermore, it provides a convenient normalization point for many broad
spectrum cross section measurements. Unfortunately, this point is not
well located for the normalization of fission cross sections since the
threshold for the (n,2nf) reactions are in this region and both fission
cross sections and cross section ratios may show a significant energy
dependence. However the 1low cost and wide distribution of 14 MeV
generators is another consideration. When measurements are being made
near the limit of acci'racy it becomes difficult to ensure that one or two
measurements, no matter how carefully carried out, do not contain
undetected systematic errors. The wide distribution of the 14 MeV
generators at least provides the opportunity for a number of independent
measurements which, in the aggregate, can provide some insurance against
such errors.

For several years there has been an on-going fissiou cross section
ratio program at the Argonne Fast Neutron Generator and results have been
reported for 10 isotopes in the energy range 0.1-10 MeV (1-11). This
report describes measurements at 14.74 MeV using many of the samples that
were originally prepared for fhe lower energy measurements. The basic
experimental method was the same but the characteristics of a 14 MeV
neutron source and the equipment availabie at our particular facility
required a number of changes. Secondary experiments designed to determine

or test some of the corrections are described in detail. Although many of




the experimental procedures are described in other publications enough
detail is included in this report to allow it to be read without reference

to the earlier work.
II. THE EXPERIMENTAL METHOD

In the ideai measurement thin deposits of a material whose principal
isotop. is r and of a material whose principal isotope is x are placed in
identical neutron beams and their truve fission rates are measured. The
true fission rate ratio of the two samples is related to the ratio of the

fission cross sections by

gl N1 ox Ei Pli (oi/ox)
(1) - =
?2 N2 or EJ P2j (cj/or)

where

X is the principal isotope of sample 1.

r is the reference isotope and is the principal
isotope in sample 2, in this case 2350.

i refers to the isotopes in sample 1.

Jj refers to the isotopes in sample 2.

¥ is the true fission rate.

N is the number of atoms of the fissionable elemént
in a sample.

c the fission cross section.

P is the isotopic mole fraction.

The sum terms may be considered to be a correction factor that corrects
for the presence of isotopes other than x and r.

The actual experimental arrangement is illustrated in Fig. 1. Thin
layers of fissionable materials were deposited on thin plates and placed

back~to-back in a low-mass double ionization chamber and oriented perpen-



dicular to a neutron beam where their relative fission rates were
measured. The ratio of the observed fission rates were converted to the
ratio of the true fission rates by applying a number of correction

factors as fqllows:

¥y [Fie ~Byp * Pe v ] Gp Te Lyg Sy

(2) T = ~
?2 F2b B2b + pr + C G

o L2b Sab

where
refers to the sample in the 180 degree position ,

o

i.e., facing the neutron source.

refers to the sample in the 0 degree position.
is the coincidence correction.

is the observed fissicn rate.

is the room return correction.

“n @ m o =

is the factor to correct for prompt neutron 5
scattering. B
fi] is the correction for those fission pulses that lie
beloﬁ the discriminator level.
L is the correction for sample thickness, momentum
transferr and fragment angular distribution.
is the geometry factor. .

is the transmission factor for the deposit support
plates. Tb is always 1.0.

Equation (2) is written explicitly for the case where sample 1 is in the
zero degree position (i.e., facing away from the neutron source) and a
similar expression can be written for sample 2 in that position.

Measurements were made in these two orientations and averaged. If Gf/Gb'

Tf and the ratios of the other position dependent correction factors are

very near to 1.0, then the G and T terms will cancel to first order and
the correction terms may be replaced by average values. In this

experimental arrangement higher-order terms are generally negligible so



eqcations (1) and (2) can be combined to give

Ly S Moy }i Pyi(e379,)

(9]
—

(3) — =
2 52 N2 or 25 P2j(°j/°r)

()
N
[}

where

C=F-B+pg8+c
The bar over a term indicates an average over the two sample orientations.
There are additional advantages to this procedure. The correction for
momentum which is included in L usually vanishes to first order (see

Szction V. C.) and the position dependence of S on the orientation of the

samples is removed.

111. APPARATUS 0o

A. Neutron Source.

Deuterons were accelerated by a Texas Nuclear Generator (12) with
150 keV on the terminal. The deuteron beam was sent through a magnet
which deflected the D' beam about 10 degree, sufficient to separate it

from the D; beam. The D+ beam impinged on a titantium tritide target to

produce neutrons by means of the T(D,n)4He reaction. These targets were
obtained commercially (13) and consisted of a thin layer of titantium on a
0.13 mm thick copper plate contalning about 1 Ci/cm2 of tritium when
fresh. The targets were mounted in the air-cooled assembly shown in Fig.
1. For the present measurements the accelerator was usually operated in
the slow pulsed mode with a 5 usec wide pulse and a 21 usec period.
Typical beam currents at the tritium target were about 25 uamps. The
energy profile of neutrons incident on a 2.54 cm dia. detector 6.5 cm from
the source is shown in Pig. 2. This was calculated assuming that the
titantium layer was thicker than the range of a 150 keV deuteron and that

the tritium was uniformally distributed through the titantium layer.



B. Fission Detector and Electronics.

The basic fission detector and electronics were very similar to
those used for the earlier measurements below 10 MeV (1-11). However the
14 MeV generator was not capable of nanosecond pulsing and no
multiparameter analyzer was avaliable at the facility, so some changes
were required.

The fission detector, shown schematically in Fig. 1, was unchanged.
It was a low mass double ionization chamber with fissionable deposits on
both sides of a common cathode. It was made from a steel specimen
container with 0.25 mm thick walls and a friction fit lid and was operated
as a flow counter using a mixture of 90 % argon-10 % methane instead of
the usual pure methane. This mixture gave an adequate electron mobility
and reduced the number of proton recoils which gave an undesirable
background. The cathode-anode separation was = 0.6 cm and the voltage
gradient was = 650 V/cm.

A simplified diagram of the electronic set-up is shown in Fig. 3.
The fast rise of the current pulse in parallel plate ionization chanber;
was used to provide good timing characteristics and to maintain good
separation between the alphas and fissions at very high alpha rates. A
good discussion of the principals of this type of ion-chamber operation is
given in ref. (14). Signals from the ion chamber anode went to a charge
sensitive preamplifier. The output went to a double differentiating
amplifier where the first differentiation was accomplished by a shorted 93
f2 coaxial cable to produce the current pulse, and the second was produced
by the 10 nanosecond amplifier time constant to form an output pulse with
a total width 2= 50 nanosecond and an area proportional to the number of
ion pairs created in the ion chamber. The amplifier output was divided
with part going to constant fraction discriminator which initiated a 60
nanosecond gate signal and provided the START signal for the time to
amplitude converter (TAC). Another part went to a fast linear gate and
stretcher, which was controlled by the gate signal, whose output was

proportional to the area of the input pulse. Since the alphas were



removed by the gate before the pulses were stretched alpha plle-~up was
kept to minimium. Data was stored in a four group multichannel analyzer.
Group 1 contained those events that were accompanied by a routing signal
from detector 1 while group 2 contained those from detector 2. Those
events that were not accompanied by any routing signals were stored in
group 0 while those events that were accompanied by both signals were
stored in group 3. This information was used for the coincidence
correction defined in Section II. A typical pulse height spectrum is
shown in Fig. 4. As shown in Fig. 3, the system could also produce a time
distribution of the fission events relative to the accelerator beam pulse
but the time and pulse-height distributions could not be recorded
simultaneously. A typical time spectrum for 235U is shown in Fig. 5.
These spectfa were used to determine the number of fissions produced by

low energy room return neutrons and they are discussed further in Section

V. B.

C. Alpha Counter.
The alpha decay rates of all the samples were determined in a

low-geometry counter constructed to tolerances of 0.0025 mm. Alphas were
detected by a silicon detector placed 5ehind a 1.270 cm diameter aperture.
Samples were mounted on a holder that could be placed in several positions
beginning at 4.57 cm from the aperture while subsequent positions
increased the distance by multiples of 5.08 cm. Except for the aperture
this was the same detector used in the earlier measurements (1-11). The
new aperture had a smaller "lip” and did not require the correction
discussed in ref. (15). The geometry factors were calculated by Monte
Carlo (1i6) intergration and also by a series expansion {(17). Alpha
spectra were recorded in a 1024 channel analyzer, and counts were obtained

by intergrating over the'éppropriate alpha energy range.
IV. SAMPLE PREPARATION AND ASSAY

The fissionable samples and their isotopic composition are listed in



Tables I, II and III. Additional sample information, including the
weights and specific activities, are listed in Table IV. All the saxnles
were thin deposits, a nominal 2.54 cm in diameter, on 0.25 mm thick
stainless steel plates, 0.13 mm thick molybdenum plates or on 0.13 mm
thick platinium plates. The thorium and most of the uranium samples were
prepared by molecular plating following a procedure developed by Parker et
al. (18). The neptunium and plutenium samples were deposited using a
method described by Ko (19). Two of the 235U deposits were prepared by

vacuumn evaporation of UF4.

When this program of fission ratio measurements was begun (about
1968) the status of the half-life data for the isotopes involved was poor
so every effort was made to measure N, the number of atoms in the sample,

or N1/N2, the ratio of sample atoms, by methods which did not involve

half-lives. Fortunately this situation has changed greatly in the past
decade and there now exists an ilpressive'body of more accurate data for
the longer-lived actinides and errors associated with the alpha half-lives

are now relatively minor parts of the total error in the fission cross

section ratios. In the present work many of the wuranium ratio
measurements still do not depend on half-life information since the
principal alpha emitter in each sample was the same isotope (i.e., 234U

for the ratio measurement with U-234-5/U-235 5-2). Also NI/NZ for several

pairs of samples was obtained by measuring their relative thermal fissién
rates. This procedure was described and up-dated in ref. (11) and those
results were used in the present measurements. The samples involved are
indicated in Table IX.

The weights of all samples, listed in Table IV, were based on
specific alpha activities calculated from the isotopic analyses and the
half-lives given in Table V. The calculated specific activity, also given
in Table IV, includes only those alphas accepted by the analyzer window.
Thus the short-lived isotopes and decay products, which have higher alpha

energies and which were present in uncertain amounts, were not counted.
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Many of these samples were used in the earlier measurements and the
present weights may be compared with those given in ref. (11). In making
this comparison it must be remembered that the present weights are based
on new alpha counts, in a counter with a different aperture, using revised

half-life information and, in some cases, revised isotopic analyses. On

the whole the agreement is quite good.

Only one of the 238U samples (U-238 8-2) dated from an earlier

measurement., It was a 238U - 235U mixture that was paired with U-235 5-2

and Nl/N2 was obtained by measuring their relative thermal fission rates.

The other samples were representatives of two 2330 - 2380 mixtures, a 234U
- 238U mixture and a thick 238U sample of very high isotopic purity. The
238

activity of the latter material (238-60) was almost entirely due to U
and was just large enough to allow a reasonably accurate alpha count with
a geometry factor of about 220. The part of the 0.6 ppm impurity that was
234U was eliminated by the analyzer window. If there was any U present
at the level indicated by the analyses it would have had a negligible
effect on the alpha and fission rates.

Two of these samples {(U-235 SST-5 and U-235 5-2) were used in a
sample-mass intercomparison involving samples from several laboratories
(15). Since these measurements were reported, additional dsotopic
analysis have become available. These caused minor changes for the 5-2
sample and resulted in better agreement between the calculated specific
activity, the result of isotopic dilution measurements and the sample
intercomparison. The effect on the SST-5 sample was a little larger, but

it also produced better agreement with the intercomparison.

V. CORRECTIONS TO THE DATA.

A. Prompt Scattered Neutrons.
Neutrons scattered by material in the immediate vicinity of the

neutron source and the fission deposit are most effective in producing
fissions. The amount of scattering from the structures shown in Fig. 1

was calculated using the Monte Carlo program CYSCAT which is described in
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ref. (23). This program permits the inclusion of the angle and energy
distribution of the source neutrons as well as energy and angle dependent
scattering cross sections. It only considers a single scattering but this
should not be a serious fault; the structures involved are light so the
multiple scattering contribution should be small. A more serious
simplification lies in the handling of inelastic scattering wnich is the
principal contributor to the correction to the fission cross section
ratio. Direct interactions were ignored. All neutrons from the (n,n')
and (n,2n) reactions were assumed to be isotropic and to have and energy

distributions of the form

* 1/2
(4) N(E) = K E e 2(E - E. = E))

*
where K is a normalization constant, E is the nuclear excitation energy,
Es is the neutron separation energy from the compound nucleus and E is the
energy of the emitted neutron. Fission from neutrons scattered from these
232 235

to =6 % for U.

Fissions were also produced by neutrons scattered from more distant

structures ranged from = 4 % for Th

objects such as the floor, walls, air, etc., but the correction should be
negligible because of the small solid angle of the deposit relative to the
point of scattering. This assumption was tested by measuring the 238U
fission rate as a function of D, the source-7:-:nsit distance. 1f
scattering occurs, on the average, at distances mucih larger than D, then
the scattered neutron fission contribution should be insensitive to D
while the number of fissions due to neutrons coming directly from the
source should be proportional to 1/02.

The fission counter, containing a high purity 238U deposit
(U-238-60), was placed at 0 degree with respect to the deuteron beam. The
neutron source strength was monitored by a long counter positioned at
right angles to the beam line and at a distance of about 10 meters.
Measurements were made for several values of D. The fission counts were

normalized to the 1long counter and corrected for scattering from the

source and detector structures. The results were fitted by
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CG=a+bagG
where C is the normalized fission count and G is the fission-deposit-
neutron-source geometry factor. G is proportional to 02 when D is large,
but it was necessary to use G because of the departure from a 02
dependence at small D. If all the neutrons that produced fissions came
directly from the source, b would be 0. The result, normalized to 1.0 at
G=0, was
CG = 1.0 - (1.0 t 2.2) x 10 °.6

Most of the ratio measurements were made with G = 125, so the estimated

238

prompt scattering from distant sources into the U detector was - 0.1 *

0.2 %. No correction was made for this effect.

B. Room Return.

In this report the term "room return" refers to those neutrons which
have been degraded to such a low energy by multiple scattering that they
showed nc significant time dependence over periods 2 20 usec. Typically
these neutrons produced about 5 % of the total fissions in the 235U
detector, but they had little effect on those isotopes that had definite

fission thresholds (e.g. 238U). This was an important correction so it

was measured carefully.
The room return should have 1little dependence on position,
particularly near the center of the room and the neutron source, so it was

first measured by obtaining the fission rate of a 235U deposit relative to

a 238U deposit as a function of the distance D. Again, the actual
dependent variable was the geometry factor, G, which corrected for the

departure frcm a D2 dependence at small D. Since the previous measurement

had shown that the fission rate of 238U had no significant dependence on
G, then
(5) (0235/0238) = a + bG

Consequently, this measurement was essentially the same as the one

described in Section V.A. Measurements over distances between 5 and 18 cm
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are illustrated in Fig. 6. A least squares fit gave the ratio of room
return fissions to direct fissions for pure 2350 as

G (0.424 + 0.012) x 10 °

Although the room return was fairly stable, it could be changed by
moving material inside the room and thus could not be relied on to remain
constant over long periods of time. Consequently, it was necessary to
make frequent measurements of the room return. The above method was too
cumberscme and time consuming to be used repeatedly so routine room return
measurements were made with a pulsed beam. The beam pulse had a width of
5 usec and a period of 21 usec. Neutron yield was reduced by a factor of
> 105 during the beam OFF period. A time spectrum for 2350 (Fig. 5) sﬁows
the beam pulse sitting on a constant background. It was assumed that thé
room return fission rage was the same during the beam pulse as it was
between the pulses. Meésurements were made at a number of distances and
they are compared with the results of the first method in Table VI. The
agreement is generally éood; certainly any difference would have little
effect on the cross s?ction ratios. Also the first method does not
distinguish between th prompt and slow room return while the second
method puts any ppompt'room return in the main peak and only measures the
slower component.Y;Thus the agreement between the two methods indicates
that prompt scatgering from distant scatterers, already shown to be

negligible for 2380, was not a significant effect for 2350.

C. Deposit Thickness, Incident Particle Momentum and Fragment Angular

Distribution.

The correction factor is derived to first order in t/R and 4 in ref.

5. The factor for the 180 degree fission detector is

(6) Lb =1 + w(n/2) (t/2R + %)

For the 0 degree detector it is
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(7) £ 1 + w(nw/2) (t/2R + R72/2t - 7) t > Ry

=
1]

L, =1 t < Rv

where R is the average fragment range, t is the deposit thickness, v is
the ratio of the velocity of the center of mass to the velocity of the
fragment in the center of mass system and w(n/2) is the normalized
fragment angular distribution evaluated at =n/2. When measurements are
made with both fission detector orientations and averaged, most of the
dependence on the incident particle momentum vanishes and the correction

to the average of the two measurements is, to first order,

(8) 1 + w(n/2) (t/2R + Rv>/4t)  t > Rv

R 0¥

Loa e

av
1 + w(n/2) (t/4R + v/2)  t < Rv

=
]

av

The average fragment range, R, was determined by two methods.
First, there were direct experimental measurements. The specific'fission

rate, ?s' was measured for a series of deposits with;za wide range.of

thicknesses placed in 180 degree position. Equatiﬁn (6) shows that when
?s is normalized to 1.0 the slope will be
-w(n/2)
2(1-vw(w/2) )R

The results of one of these measurements is shown in Fig. 1 of ref. 8.
Second, R can be estimated from other experimental range measurements,
provided that the composition of the deposit is known. The measurements
of Alexander and Gazdik (24) and Niday (25) show that in pure elements

(9) R = 0.67 al/2

where A is the atomic weight. For a compound
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(10) 1/R = 21 W, /R,

where Wi is the weight fraction of element i.

Unfortunately the actual composition of the samples 1is not always
known. The uranium deposits on platinium were fired to 800 % and are

Usos. The neptunium samples were fired to a similar temperature and are

probably Npoz. The thorium samples were only fired to a little over 600

°C. Several thorium deposits were weighed, then the amount of thorium

present was measured by isotopic dilution. The weights were always = 5 %

larger than those estimated from the composition Th02. This suggested a
stoichiometric formula of the type Th02'H20. The uranium deposits that

were plated by molecular deposition onto steel or molybdenum plates were
heated to only about 300 %¢ and were probably some type of hydrated uranyl

oxide. The composition U04'H20 was assumed. The plutonium 'deposits were

treated in about the same way. Their composition is unknown, but they
were assumed to have the same average fragment range as the molecular
plated uranium. A comparison of the measured ranges and those calculated
for the assumed compositions is shown in Table VII. The ranges associated
with the individual samples are given in Table 1V.

In deriving eqs. (6) and (7), the fission deposit was assumed to be
a uniform layer on a smooth backing. If the plate is heav11§ scored, or
if the deposit has gathered into clumps or granules the fraction of
fission fragments thai go undetected will be greater than that estimated
from the average thickness. The samples used in these measurements were
selected because they appeared to be uniform. An experimental test which
has some bearing on sample uniformity is described in the following

section.

D. Fission Events Below the Bias Level.

The bias level was set at a point in the flat region between the



15

alphas and fissions, as shown in Fig. 4, and the spectrum was extended
horizonally to zers channel. This extrapolation correction depended on
the thickness and, to some degree, orientation of the deposit. For the
thinner deposits it was usuvally a little larger for the 0 degree detector.
For thick deposits the correction appeared to be near)y independent of
direction. A Monte Carlo simulation of a fission detector pulse height
spectrum, shown in Fig. 7, suggests that the horizontal extrapolation is
reasonable although there does appear to be some pile-up in the lowest
channels.

Fig. 8 shows a plot of the average extrapolation correction vs. the
average thickness correction for the samples used. The line is a least
squares fit to the 232'l‘h, U and 237Np data only. Most points cluster
fairly well about the line and the agreement can be considered fairly
good. This is particularly true when it 1is remembered that the
extrapolation correction is a rather imprecise quantity whose size depends
on just where the bias level was set. In these measurements no attermpt
was made to hold the bias levels at a fixed position. Instead the
amplifier gains and bias levels were adjusted for each sample. The points
furthest from the line are identified in Fig. 8. One of these samples,
238-213, appears to be slightly granular but four of these points are
230Th and 239Pu deposits which have high alpha rates. However, 239-13
which also has a high alpha rate is in very good agreement. This behavior

might also be caused by some characteristic of the deposits but the 232Th

242Pu samples, which have similar deposits, are very near the 1line.

and
Taken as a whole this comparison indicates that the deposit thickness and
extrapolation corrections are reasonably consistent. There are departures
but the specific cause is not known. There does seem to be a problem with

the 230Th and the 239Pu deposits so the error associated with these

samples was increased as described in Section VII.

E. Coincidence Correction. )
Since the outputs of the two detector systems were mixed before
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going to the multichannel analyzer there was some loss due to accidental
coincidences. These events fell into analyzer group 3 and their number
was added to the spectra in groups 1 and 2 as indicatea by eq. (2). Count
rates were never high so the correction was typically < 0.1 %. A few
events arrived without their identification signals and were stored in
group 0. It was assumed that the loss frem a detector was proportional to

the count rate so there was no correction to the ratio. Losses of this

type were also typically < 0.1 %.

F. Correction for the Minor Isotopes.
This correction is contained in eq. (1) and it was calculated using

fission cross sections from ref. (26). It was a little more complicated
for the lower-energy measurements where multiple neutron producing
reactions in the source made it necessary to carry out an integration over
the neutron spectrum, as Iindicated in Section 1I.4.5 of ref. (11).
However, the 14-MeV generators provided a fairly ' clean, nearly
mono-energetic neutron spectrum so the average energy and average cross

sections were used.

VI. MEASUREMENT PROCEDURES.

The determination of a cross section ratio for a pair of samples
required at least 6 measurements. The fission detector was placed about
6.5 cm from the neutron source. The chamber was thoroughly flushed and
the amplifier gains adjusted so that a few of the pulses reached the
élplif@er limit. The constant fraction discriminater was adjusted to a
point well above the alphas and a time spectrum was recorded to determine
the room return correction. When the fission chamber pulse height
spectrum was measured the constant fraction discriminator level was set
low enough so that 't was triggered occasionally by alpha pile-up. Tie
bias level for determining the extrapolation correction was set later on
inspection of the spectrum (see Fig. 4). After this adjustment the zero

channel on the multichannel analyzer was located using a precision pulser.



17

Pulse height spectra were recorded for the two fission detectors. The
amplifier gain was changed, the discriminator level reset and a second
pair of pulse height spectra were recorded. The positions of the samples
in the fission chamber were interchanged and the complete process was
repeated. The measurement time was long enough to accumulate at least

30,000 counts for each spectrum.
The individual pulse height spectra were corrected for room return,

extrapolation to zero channel and coincidences. Their ratio, C1/C2, was
calculated for each orientation of the samples. The results for the two
orientations were combined to give (CI/Ca). This was corrected for prompt

neutron scattering and the losses in the deposit, as indicated in eq. (3).

Finally, °x/°r was calculated.

VII. EXPERIMENTAL ERROR.

The sources of experimental error have been examined to provide an
indication of the reliability of the experimental results and to properly
average ‘he data. Table VIII lists these sources and gives the magnitude
range for each component. Correlation information is often imprecise so
an effort was made to choose error components in such a way that the
reasonable correlations would be either 1.0 or 0. Correlations are not
given in Table VIII since the degree of correlation of a particular error
will often depend on the context. The sources of error are discussed in

greater detail below.
1. Random Errors in ?5/? . These are the statistical counting errors
L

and include any statistical errors associated with the determination of
the extrapolation correction and the room return. If a measurement of

?x/?r was made at thermal energies for the determination of Nx/Nr then a

similar error applies to that quantity. Experience has shown that when
repeated independent measurements aew made using the same pair of samples,
the scatter of the results were larger than predicted by the statistical
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counting errors. A "non-reproducibility” error was added to account for
this.

2. Alpha Count. This includes the counting statistics and all other
errors associated with the reproducibility of the alpha count and it was
set at 0.3 % for all samples. Since these are ratio measurements, and
since all the alpha counting was done in the same counter, the systematic
errors largely cancel. Thus the correlation is zero for different samples
but 1.0 when the same sample is used.

3. Scattering Correction. The error is 30 % of the correction to the

ratio but not less than 0.2 % of the ratio. It is fully correlated for
all measurements of a given cross section ratio.

4. Alpha Half-lives. These errors are given in Table IV,

5. Thickness Correction. This is divided into two parts, one associated
with the sample and one with the method. The first part is set at 30 % of

the correction. For measurements using common samples the correlation is

1.0. The second part was set at 0.3 % of the cross section ratio and was
assumed to be fully correlated for all measurements.

6. Extrapolation Correction. The same as the thickness correction.

7. Thermal fission Crosgs Section Ratios. All thermal measurements were

carried over from ref. (11} and the errors are discussed in that report.
8. Isotopic Analysis. If the amount present was at the 1 % level the
error to the cross section ratio was placed at 0.4 %. For major isotopes

(> 10 %) the error was negligible. There was complete correlation for all

samples made from the same material. An exception to this is the 234U
content of 235 5-2 and 5-3 where the error was only 0.2 %.
9. Additional Error for 230Th and 239Pu. All measurements using these

samples were given an additional fully correlated error equal to one half
the additional thickness correction needed to move the data points in Fig.
8 over to the line.

10. Neutron Energy. There was an apparent error in the fission cross
section ratio caused by an error in the neutron energy.

(11) &R = ( dR/dE ) 4E
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The error in the energy was primarily due to uncertainties in the deuteron
beam energy and the distribution of tritium in the titantium layer of the
target. The prominent resonance near 100 keV in the T(d.n)4He excitation
function served to restrict the size of 4E. For this report 4E is assumed
to be * 0.05 Mev and dR/dE was obtained from ENDF/B-V (26). The
information on 230Th was inadequate so the 4R for that isotope was assumed

to be the same as for 232Th/2350.

VIII. RESULTS

The ratios of several 235U deposits were measured to test the
experimental procedures and to see 1if there were any serious
inconsistencies among the three batches of material used to make these
samples. The data were processed by the normal procedures and gave, as

the final result, the ratio of the 2350 fission cross section in sample 1

to the 2350 fission cross section in sample 2. Of course this should be

1.0. The resuits for the individual measurements are shown below:

Ratio Error
(%)
U-235 5-2/U-235 SST-5 1.011 1.5
U-235 5-2/U-235-6 1.009 1.4
U-235 5-2/U-235-14 0.999 1.4
Weighted Average 1.006 1.2

The agreement is well within the experimental error.

The results of the individual wmeasurements for the fission
cross-section ratios are shown in Table IX. These were averaged using the
method described in ref. (27). The weighted averages, errors and x2 are
shown in Table X. The results of the present work are compared with
ENDF/B~V and other recent measurements in Table XI. The experimental

results were restricted to the past decade since ENDF/B-V should rcpresent
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the trend of the older data. Many of these measurements were made by
time-of-flight and white source techniques and the data points are 700-800
keV apart in the 14 MeV region. The 14.74 MeV value was obtained by
interpolating linearly between the points on either side of that energy.
Most of the monoenergetic measurements were made with the associated
particle technique although other methods were also used. The reported
energles did not necessarily fall at ekactly 14.74 MeV but no correction
was made to account for the energy dependence of the cross section ratio.

If values at more than one energy were reported then the one nearest to

14.74 MeV was the one entered in the table. Although many of the
monoenergetic experiments measured fission cross sections and not
cross—-section ratios, measurements of the 2350 fission cross section by

the same method were reported in all cases so the ratios and their errors
could be obtained from the data. The error in the ratio was obtained by
combining the errors of the two cross section measurements. This may have
over-estimated the ratio error since there will be some common systematic
error in the cross sections that will not be present in the ratio. The
individual ratios are discussed briefly:

230Th/235gi The present measurement is over 20 % larger than the ENDF/B-V

(26) value but the evaluation of the 230The fission cross section was

based on very little experimental data.

232Th/23§Q; The energy of this measurement lies about half—uéy up the

rise associated with the 232Th(n.2nf) threshold so energy determination

could be a problem. However, the present cross section ratio lies between
the ENDF/B-V evaluation (26) and the measurements of Behrens et al. (36).

The agreement is good.

2330/ The present measurement is about 4 % larger than that of

Adamov et al. (31), Carlson and Behrens (34) and ENDF/B-V (28). The

23?2:

earlier measurements of this series (11) below 10 MeV, which used many of

the same samples, were about 2 X larger than those of Carlson and Behrens
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and about 1.5 % greater than ENDF/B-V.

234U/235U: The present work agrees very well with the time-of-flight

results of Behrens and Carlson (32) and with ENDF/B-V (26). The
monoenergetic measurement of Adamov et al. (31) is nearly 10 % larger but

the experimental error is 6 %.

23624235g: The results of Adamov et al. (31) are in good agreement but

the error is large. Behrens and Carlson (32) are smaller by about 4 % but

this only about one 'and a half standard deviations. The ENDF/B-V (26)

value is smaller but agrees very well.

238212352: Table XI list six recent measurements (28-32, 37, 39) that lie
in a band only 3.2 % wide which includes the ENDF/B-V value (26). An
unweighted average gives 0.563 % 0.007, about 4 % less than the present

work. The difference is well over two standard deviations.

237ﬂ24235g: The present result is about 8 % less than the ENDF/B-V value.
The mnnoenergetic measurements of Adamov et al. (31) and Arlt et al. (28)
are 1in fairly good agreement while the time-of-flight measurement of
Behrens et al. (35) is =~ 8 ¥ lower. This is qualitatively consistent with

the lower energy results (11) where the difference was >~ 4 %.

239Pu/23§gi The present result is substantially less than ENDF/B-V (the
difference is nearly 8 %) (26). The seven experimental values listed in
Table XI (28-31, 34, 38, 39) also tend to be lower. Their total spread is

=~ 8 % but the unweighted average is 1.138 t 0.015, in very good agreement

with the present work.

235

242 U: The present work is in good agreement with the measurements

Pu/
of Adamov et al. (31), Behrens et al. (33) and with ENDF/B-V (28).

This information is summarized in Fig. 9 which shows a comparison of
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the results of this work with other measurements of the past decade as
represented by the weighted averages of the data in Table XI. The results
shown are all relative to the corresponding ENDF/B-V (26) fission cross
section ratios. The agreement between this work and the average of the
other experimental values is generally good with the exception of the
238U/235U ratio. The large differences between ENDF/B-V and the recent

23'7Np/235U and 239Pu/235U ratios are evident.

measurements of the

IX. SUMMARY

The fission cross sections of 2:mTh, 232Th, 2330. 2340, 2360, 2380.

23"Np, 239?11 and 24'zPu were measured relative to 235!1 at 14.74 MeV neutron

energy and compared to other recent experimental work and to ENDF/B-V

(26). If 2-381) is excluded the agreement with the other data is good.
Agreement with ENDF/B-V is at least falr except in the the cases of 237Np

239

and Pu where the experimental values are about 8 % lower.
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Table I. The Isotopic Composition of the Thorium and Neptunium

Samples. i
¢
Isotopic Composition
(mole %)
Sample No. 230 232 237
230 - 54 99.516 0.484
230 - 59
232 - 30 .
232 - 31 0.383 99.617
232 - 34 :
237 - 76 100.000

237

79
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Table II. The Isotopic Composition of the Uranium Samples.

Isotopic Composition

{mole %)

'Sample :

No. 232 233 254 235 236 238
233 - 1002
233 - 1202 0.8 ppm  99.540 0.184 0.062 0.013  0.203
233 - 1402
234 - 3
234 - 4 99.900 0.064 0.036 < 0.007
234 - 5
234 - 31 89.950 9.920 0.053  0.075
234 - 32
235 SST-5 ) 0.859 93.241 0.332  5.568
235 SST-8
235 5 - 2 1.025 98.440  0.437  0.098
2355 - 3
235 - 1 0.028 99.856 0.062  0.054
235 - 6
235 - 10 5.127 0.050 94.420  0.307  0.094
235 - 14
236 - 2 ‘
236 - 4 0.402 99.593  0.011
236 - 5
236 - 6
236 - 35 0.015 13.64  86.19 0.16
236 - 36 0.004 11.00  88.84 0.16
238 - 210 ' 1.012  2.369  0.132 96.486
238 - 213
238 8 - 2 0.114 10.840 0.050 88.993
238 - 9 10.050 0.022  0.015 89.914
238 - 15

238 - 60 ' < 0.6 PPM 100.00
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Table III. The Isotopic Composition of the Plutonium Samples

Isotopic Composition

(mole %)
Sample No. 238 239 240 241 242
239 - 13 . 98.944 1.012 0.049
239 - 146 - 99.952 0.048 _ .
239 - 267 — 99.952 0.048  _ .
242 - 49 0.007 9.128 0.097 0.099 90.669




Isotope

230Th

232Th

233U

234U

235U

236U

238

237

239Pu

240Pu

241Pu (a)

(8)

242Pu

Table 1IV.

3per. 21
b

Ref. 22
CRef. 20
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The Half-Lives and Thermal Fission Cross Sections.

Alpha

Half-life
(years)

(7.

(1.

{1

(2.
(7.
(2.
(4.
(2.
(2.
(6.

(6.

(1.

.(3.

538

405

.592

457
037
343
468
14

411
563

00

44

735

t .030)

1t .0086)

+ .002)

t .003)

t .007)

.004)

1L

t .005)

i .01)

t .003)

t .007)

t .05)

t .01)

$ .011)
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Sample #

Th~230-54
Th-230-59

Th~232-30
Th-232-31
Th-232-34

U-233-1002
U-233~-1202
U-233-1402

U-234-3
U-234-4
U-234-5
U-234-31
U-234-32

U-235-1

U-235 SST-5
U-235 SST-8

U-235 5-2
U-235 5-3
U-235-6

U-235-10
U-235-14

U-236-4
U-236-5
U-236-6
U-236-35
U-236-36

U-238-9

U-238-15
U-238-€0
U-238 8-2
U-238-210
U-238--213

Np-237-176
Np-237-79

Av. At,
wt.

230.
230.

232,
232.
232.

233.
233.
233.

234.
234.
234.
234.
234.

235.
235.
235.
235.
2358.
234.
234.
234.

236.
236.
236.
285.
235.

237.
237.
238.
237.
237.
2317.

2317.
237.

043
043

030
030
030

058
058
058
045
045
045

137
137

044
200
200
041
041
942
942
942

056
056
056
924
9438

547
892
051
716
936
936

048
048
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Table V. Additional Sample Related Data

Dia. Specific Wt.a Thickness Av.Frag.
Activity Element mg Element Range

(mm) (a/sec/ug) (ug) (mg/cmz) (ng/cnz)

25.4 759.1 771.0 0.152 5.1
25.4 759.1 372.7 0.074 5.1
25.4 2.901 1401 0.276 5.1
25.4 2.901 1407 0.278 5.1
25.4 2.901 2927 0.578 5.1
25.1 355.3 218.2 0.044 4.1
25.2 355.3 255.7 0.051 4.1
24.8 355.3 298.7 0.062 4.1
25.4 229.6 298.1 0.059 4.1
25.1 229.6 359.6 0.073 4.1
24.6 229.6 419.6 G.088 4.1
25.0 206.8 189.0 0.038 4.1
25.0 206.8 362.8 0.074 4.1
25.4 -—-b ---b 0.054 4.1
25.4 2.033 416.8 0.082 4.7
25.4 2.033 1014 0.199 4.7
24.8 2.436 832.9 0.172 4.1
25.4 2.438 324.2 0.064 5.9
25.8 18.47 2860 0.055 4.1
27.6 18.47 266.2 0.044 4.1
27.6 18.47 357.4 0.060 6.1
25.1 2.383 386.0 0.078 4.1
25.4 2.383 595.¢ 0.117 4.1
26.2 2.383 667.5 0.124 4.1
25.4 2.074 297.5 0.059 4.1
25.2 2.135 614.7% 0.123 4.1
25.2 35.21 383.6 0.077 4.1
28.4 11.02 359.7 0.057 4.1
25.4 0.01244 1961 0.387 4.1
25.2 ---b -—=h 0.160 4.1
25.4 2.303 1180 0.233 5.9
25.4 2.303 597.6 0.118 5.9
24.4 26.08 1775 0.350 5.6
25.4 26.08 656.1 0.129 5.6

Backing
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Table V. Additional Sample Related Data
{Continued)

Sample # Av. At. Dia. Specific Wt.a Thickness Av.Frag. Backing
Wt. * Actlivity Element mg Element Range

(mm) (a/sec/ug) (ug) (ng/cma) (lg/cnz)

Pu-239-13 239.077 25.2 2356 281.1 0.056 4.1 0.25 mm ST
Pu-239-146 239.056 25.0 2298 707.2 0.144 4.1 0.25 mm ST
Pu-239-267 239.056 25.0 2298 129.8 0.026 4.1 0.25 mm ST
Pu-242-49 241.054 25.0 384.4 220.7 0.045 4.1 0.13 mm Mo

2The specific activities and sample weights were based on isotopic analyses,
reported half-iives, and low geometry alpha counting.

bThe specific activity was not known well enough for accurate sample weight
determinations. Fission cross section ratios measured with these samples
used mass ratios obtained from relative thermal fission rates.
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Table VI. A Comparison of the Room Return for 2350 as Measured by the Depen-
dence on the Neutron-Source-Fission-Deposit Distance and by the Pulsed

Beam Method.

Room Return Fraction

D Geometry Distance Pulsed
(cm) Factor Dependence Beam
5.22 71.1 0.031 0.030
6.12 96.3 0.043 0.043
6.40 105.0 0.046 0.047
6.67 113.8 0,051 0.048
7.11 128.8 0.058 0.080
10.70 2549 0.121 0.114

Table VII. The Measured and Calculated Fission Fragment Ranges.

Element Assumed Average Range
Composition (mg elenent/cna)
measured calculated
U U308 5.9
+
UO4ﬂH20 4.1 + 05 4.2
UF4 4.7+ 1.0 4.7
Th Thoz.Hao 5.1 £ 03 5.4
Np Npo2 5.6 1.4 6.8
Pu (4.1)° .

aThe range for the Pu deposits was assumed to be the same as for the
uranium deposits prepared in a similar way.



Table VIII.

[}
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Sources and Magnitudes of the Experimental Error,

Source

Random error in F_/F
x''r

Qoo

Random error per sample in a-count.

Fission counting statistics

Extrapolation correction
Room Return correction
Reproducibility

Half-lives

Scattering correction

Thickness correction

a.

b.

Sample associated

Method associated

For23gPu and 230Th

For other samples

Extrapolation correction

a.

b.

Sample associated

Method associated

Thermal o, ratio

F

Isotopic analysis

Magnitude
(%)
0.6 - 0.8

0.3
0.1 - 0.4
0.2 - 0.7
0.2 - 1.5
0.4 -~ 1.8
0.3
0.2 - 1.6
0.3
0.5
0.0 - 0.4
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Table IX. The Results of the Individual Cross Section Ratio

Measurements.
Sample Nos.. Fission Cross Section Ratio
R Total R Total
Method 1a Error Method 2b Error
(%) (%)
230-54/235 5-2 0.2958 2.2
230-59/235 SST-5 0.2856 2.1
230-54/235-14 0.2944 2.2
232-30/235 5-2 0.1893 2.2
232-31/235 5-2 0.1915 2.2
232-34/235 SST-8 0.1931 - 2.9
233-1002/235-6 1.150 1.2 1.126 1.2
233-1002/235 SST-5 1.134 1.3
233-1002/235-10 1.131 1.2 1.141 1.2
233-1202/235 5-2 1.145 1.4
233-1404/235-14 1.119 1.5 1.124 1.2
234-3/235-14 0.992 ! 1.2
234-4/235 SST-5 0.989 1.3
234-4/235 5-3 0.993 1.1
234-5/235 5-2 1.014 1.4
234-31/235 SST-5 1.012 1.3
234-32/235-14 0.991 1.2
236-4/235-14 0.793 1.3
236-5/235 SST-5 0.793 1.4
235-5/235~1 0.792 1.3
236-6/235 5-2 0.798 1.4
236-35/235 5-2 0.797 1.4
236-33/235~-1 @@ 00@s-——- —-— - 0.781 1.3
238-9/235~6 0.5964 1.3
238-15/235~-14 0.5818 1.3
238-60/235 SST-8 0.5783 2.3
238-210/235 5-2 0.5902 1.7
238-213/235 SST-5 0.5960 1.7
238 8-2/235 5-2 @@= o—————- - 0.5834 1.2
237-76/235 SST-5 1.062 2.1
237-79/235 5-2 1.059 1.6
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Table IX. The Results of the Individual Cross Section Ratio
Measurements (Continued).

Sample Nos. Fission Cross Section Ratio
3 R Total R Total
Method 1a Error Method 2b Error
(%) (%)
239-13/235-14 1.159 1.4
239-146/235 5-2 1.118 2.7
239-267/235 SST-5 1.153 1.6
239-267/235 5-2 1.147 1.7 1.145 1.3
242-49/235 SST-5 0.968 1.5
242-49/235 5-2 0.964 1.4 0.968 1.3

aNx/Nr obtained by low-geometry alpha counting.

?NX/NP obtained by measuring Fx/Fr in a well thermalized neutron flux.



Table X.

230/235
232/235
233/235
234/235
236/235
238/235
237/235
239/235
242/235

a 2

The 350 fission cross section
was 2.101 b (ref. 26).
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The weighted averages

Ratio

0

0

0.

.2902

.1910

.132

.9982

. 7907

.5866

.060

.152

9671

[y

of the Data in Table IX.

err

.85

.85

.74

.03

.07

.11

.42

.14

.04

X

1.

37

.26

.21

.07

.44

.79

.02

.45

.06

o]

0.

used to obtain this

a
R
610
.401
.378
.097
.661
.232
.227

.420

.032

column



Table XI.

230Th/235u

232Th/235U

233U/235U

234U/235U

236 23SU

u/

238U/235U

237, ,235

Np/™ U
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A Comparison of this Work with Other Measurements and with

ENDF/B-V.

Energy
(MeV)

14.74
14.74

14.74
14.74
14.74

14.74
14.7

14.74
14.%4

14.74
14.7

14.74
14.74

14.74
14.7

14.74
14.74

14.74
14.7
14.7
14.7
14.74
14.7
14.74
14.74

14.74
14.7
14.7
14.8
14.74
14.74

Ratio

0.
.362

o

- -0 L S Y

CO0O0OOo

OO0 OO0 C0CO0O

- =

2902

.1810
.1952
.1871

.132
.075
.092
.094

.998
.911
.025
.006

.791
773
.823
.812

.587
.562
.559
.557
.563
.575
.570
.568

.060
. 094
.068
.133
.983
.148

Error

(%)

Ratio
to this
work

Error

(%)

Comment and
reference

This work
ENDF/B-V (26)

This work
TOF (36)
ENDF/B-V (26)

This work

AP (31)

TOF (34)
ENDF/B-V (26)

This work

AP (31)

TOF (32)
ENDF/B-V (26)

This work

AP (31)

TOF (32)
ENDF/B~V (26)

This work

AP (31)

AP (28)

AP (29)

TOF (37)

(39)

TOF (32)
ENDF/B-V (26)

This work

AP (31)

AP (28)

(39)

TOF (35)
ENDF/B-V (26)



Table XI.

239

242

Pu/

Pu/

235,

235
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A Comparison of This Work With Other Measurements and With

ENDF/B-V (Continued).

Energy

(MeV)

14.
14.
14.
14.
14.
14.
14.
14.
14.

14.
14.
14.
14,

74
7
7
7
63
74
74
7
74

74
74
74
74

Ratio

b ek bed b bl bed ek ek b

(= =R = I =]

.152
.195
.148
.110
.179
.106
.106
.124
. 239

. 966
.978
.959
.958

Error

(%)

DAV N W= N =

LM AR OO O =

N OO

Ratio
to this
work

1.037
0.996
0.964
1.023
0.9690
0.960
1.021
1.076

1.012
0.993
0.992

Error

(%)

NG Oom |

.

ARV W=

Comment and
reference

This work
AP (31)

AP (28)

AP (29)

(30)

TOF (34)

TOF (38)
(39)
ENDF/B-V(26)

This work
AP (31)

TOF (33)
ENDF/B-V(26)
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Figure 1. A schematic diagram of the titantium tritide target assembly and
the fission detector. The apparatus is drawn to scale with a
neutron-source to fission-deposit distance of 6.1 cnm.

6t



40

10 4 !
- I
I
o 8 - I
>
3 I
E 1 s
= | 2
“ 6 P2
W —';' l -~
P Ll
-~ 1]
= 1 Resolution = 0.324 MeV FWHM I - et —
5 I &
- @
z 4 : &
& Y
£ g
o . 5
!
2 I
I
. !
|
!
Il

14.0 14.2 14.4 14.6 14.8 15.0

Neutron Energy (MeV)
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Figure 3. A block diagram of the electronics used in the 14 MeV fission cross
section ratio measurements. The complete apparatus consists of two
similar electronic systems. Only one is shown in the diagram.
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Figure 4. The pulse-height spectrum from the fission chamber for a U
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sample with 0.15 mg U/cm™.
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Figure 6. The dependence of the number of 2 U fissions relative to the

number of 238U fissions on the 235U g=umeiry factor. The data was

corrected for scattering from the target and fission chamber

structures and for the difference in the geometry factors of the
two samples.
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Figure 7. A Monte Carlo simulation of the fission chamber puise height
distribution showing that a flat extrapolation to zero channel is

reasonable.
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Figure 9. A comparison of the results of this work with other data as
represented by the weighted average of the other measurements
listed in Table XI. All results have been divided by the
corresponding ENDF/B-V fission-cross-section-ratio.



