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ABSTRACT

The transmissions of neutrons through spherical shells of normal

uranium, oralloy, and Pu 239 ‘
are ‘reported. One group of measurements

was made using a pure fission neutron source produced by thermal

neutrons in U235, 235and the following detectors: U , U
238

, Np237 fissions,

and an A127(n, p) Mg27
activation detector. The other group of measure-

ments was made using monoenergetic neutrons from a Van de Graaff and

principally a neutron-sensitive scintillation counter with a variable thres-

hold. A U235 spiral fission counter was used also with this latter source

to obtain information about T (average number of neutrons per fission)

for different energies of the fission-inducing neutrons.

From both groups of measurements, the inelastic scattering cross

sections have been determined according to methods developed in Los

Alamos Scientific Laboratory Report LA-1429 (January 1955).

The non-elastic cross sections for these uranium and plutonium

isotopes are given for various neutron energies, and values of ?, averaged

over the fission spectrum, are also given.

For purposes of clarification in this report, we have adopted ~ to

indicate the double average.
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Chapter 1

INTRODUCTION

The work of this report is an investigation of inelastic cross sections for fissionable

isotopes, using previously developed methods. Experiments were done with two types of

neutron sources: The external U235 fission neutron source at the LASL Water Boiler reactor,

and monoenergetic Van de Graaff neutron sources of 4 and 4.5 Mev. The general experimen.

tal problems encountered with the fission neutron source are discussed in Chapters 9 and 10

of Los Alamos Scientific Laboratory Report LA-1429,1 and these considerations for the Van

de Graaff sources are discussed in The Physical Review, 2
Only those experimental problems

which arose because of the fissionable nature of the isotopes will be considered in this report.

Furthermore, since all of the theoretical methods necessary for the evaluation of these exper-

iments were discussed in LA-1429, we will not derive the expression for sphere transmission,

but merely gtve the equations used in our analyses.

The type of inelastic cross section with which we will be concerned in discussing fission

spectrum data is that for the processes leading to removal of neutrons from a specific, rather

broad, energy group. For the fission spectrum data the inelastic collision, or non-elastic,

cross section includes capture, fission, and the inelastic scattering processes to below the

energy threshold of the detector. For the monoenergetic Van de Graaff work the non-elastic

cross section includes capture, fission, and all inelastic scattering.

For normal uranium, sufficient information was available from the work of the present

report and other sources so that a fairly good curve of the variation of non-elastic cross

section with energy could be constructed (Fig. 2.2, page 19).

It was also possible to obtain an idea of how F, average number of neutrons per fission,

varies with neutron energy by measuring fissionable sphere multiplications with a flat-response

neutron counter at several neutron energies. This method is discussed in Chapter 8, LA-1429. 1

Our experimental results onii for the neutron energies considered in the present report are

compared with those of other groups working on this problem.
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Chapter 2
~238

RESULTS

2.1 Cross Section Measured with Fission Neutrons and “28” (U238) Threshold Detector

The cross section measured with fiss{on neutrons and a “28” threshold detector (U238

detector) includes, by definition, all inelastic processes that remove neutrons to energies below

the effective threshold of the “28” counter, which is 1.4 Mev. Chapter 7 of LA-1429 discusses

this point at greater length.

The only experimental problem encountered here, beyond those given in LA-1429, was

that of fissions of the U
235

in the tuballoy spheres by low energy neutrons. This was shown

to be negligible by two methods. With calibrated “25” * and “28” detectors, the ratio of the

thermal to the fast flux at the sphere position in the room was measured. It was then pOS-

sible to calculate the contribution to the sphere transmission of the fission neutrons caused bv
235

thermal neutron fission of U . This turned out to be less than 0.001. The second method
235

was to use spheres depleted in U to 1 part in 5000. Transmissions of these spheres were

analyzed and gave very nearly the same cross sections for inelastic scattering as did the un-

depleted spheres.

The evaluation of the

4 and 8 of LA-1429. The

sphere transmissions was carried out by the methods of Chapters

actual expression used to relate cross sections and transmission was

T28=e-uix+(l-e-”;x)(u;1+$v3f3).a
x

A3 (’ -i) (“:t+u: v3f3)%
‘1+ et f

( ‘3 +u3v3f3)p:+# +U:+uf
(31 - V3 f3) 1

(2.1)

* The “25” detector contained 94 percent U
235

, 5 percent U
238 234, and 1 percent U . Its rel-

ative efficiency as a function of neutron energy was computed from the known fission cross
sections of these isotopes.
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t elfetcintr
‘here ‘3’ ‘3 ‘ ‘3’ ‘3 ‘ ‘3’ ‘3 ‘ ‘3

= total, elastic, fission, elastic transport,
scattering, and transport cross sections
neutrons

X = sphere thickness

‘3
= fraction of the fission neutron spectrum in energy group 3

capture, inelastic
for group 3

~3 = neutron escape probability after the first collision for group 3 neutrons, not including
1 the effect of finite source to detector distance

~;
= neutron escape probability after the first collision, including the effect of finite

source to detector distance

P’ = neutron escape probability after the normal mode collision for group 3 neutrons,
m not including the effect of finite source to detector distance

A3
Pm = neutron escape probability after normal mode collision, including the effect of

finite source to detector distance

The subscript 3 on the cross sections is used to denote the energy group above the “28”

detector threshold. The r; and ;; terms are computed using the actual differential cross

section for elastic scattering explicitly. In P: one includes the effect of the asymmetric

elastic scattering distribution by using a transport cross section instead of a total cross

section.

Nomenclature becomes confusing at this point on the escape probabilities. The super-

scripts associated with escape probabilities in this report refer only to energy groups. No

escape probabilities occur in any formulas squared or cubed.

To compute the effect of fission neutrons on the sphere transmission, all the fissions were

ascribed to group 3 neutrons. Thus, a: in Eq. 2.1 is equal to the fission cross section of
~238

for a fission neutron spectrum divided by f3, the fraction of neutrons above the “28” de-

tector threshold.

Auxiliary information used in the calculations was the average total cross section for

group 3 neutrons, ~; their elastic sca::;ing an~lar distribution (relative only, not absolute

values); the fission cross section of U for a fission spectrum; and V3, the average number

of neutrons emitted per fission caused by a neutron in energy group 3. The first two quanti-

ties were measured by Turney and Zabel using a beam of fast neutrons from the Los Alamos

fast reactor.
3

The fission cross section of U
238

for neutrons produced by the thermal fission

of U235 4
was measured by Leachman and Schmitt, and V3 = 2.46, the thermal Tfor U

235
, was

used.

Of the quantities in the analysis to which our result is sensitive, V3 is probably the least

well known. For this reason we have given the final cross section in terms of a small cor-

rection term to allow for modification of the inelastic cross section in the event that v becomes

better known.
Th~s DinPresent ideas5 indicate that V3 may be several percent above 2.46.

3
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may be as much as 4 percent greater than the number we are reporting.

effort to use a V3 compatible with current ideas on the variation of T with

We have made no

energy because Vg

actually enters here only in a rather small correction to the inelastic cross section. In the
238

next chapter, however, we assume that T for U as well as U235 varies with neutron energy

and we try to determine this variation.

The results of the ten sphere transmission runs under somewhat differing experimental

conditions are gtven in Table 2.1. The average of these values gives for the inelastic scatter-

ing (from group 3), plus capture cross section for group 3 neutrons

in
‘3 + % = 2“09 + 0“305(~3 - 2“46) b=ns

TABLE 2.1

RESULTS OF TEN SPHERE TRANSMISSION RUNS

Outside
diameter

of sphere,
inches

8

8

8

8

8

5

5

4

4

3-5/8

Sphere
thickness,

inches

3/8

3/4

3/4

1-1/2

1-1/2

3/8

3/4

3/4

3/8

3/8

Source
distance,

inches

10

10

20

10

20

10

10

10

10

10

T
ohs*

0.9088

0.8160

0.8084

0.6449

0.6356

0.9087

0.8174

0.8027

0.9030

0.9067

* All transmissions were measured to an accuracy of + 0.002.

● 09 9 ● m- ● *9 80
.“* 98

: : : :.9
“8-- :“ “ :0 ::. 9-. . .*W ● 9. .:0 8.0 9*

gin
+ Uc,

barns

2.075

2.068

2.093

2.045

2.062

2.069

2.083

2.108

2.071

2.132
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For the non-elastic cross section (fission added) we obtain

The

percent.

The

=Y= 2.64 + 0.305(v3 - 2.46) barns

uncertain y in these values, exclusive of that due to the V3 uncertainty, is about 5

data in Fig. 2.2 (page 19) are the non-elastic collision cross section at various

energies (see section 2.6). Numerical integration of this curve over the fission spectrum and

the U238 fission cross section giveS an average non-elastic cross section of 3.00 barns. This

is the cross section that one would expect to observe if all neutrons after an inelastic scatter-

ing had energtes below the U238
fission threshold. Our measured value of 2.64 barns means

that about 80 to 90 percent of. the neutrons inelastically scattered by U238
are left with an

energy below 1.4 Mev.

2.2 Cross Section Measured with a “37” (Np237) Detector

The effective energy threshold of the “37” (Np237) detector is about 0.7 Mev, and again

the inelastic scattering cross section we measure is that for removal of neutrons to energies

below this threshold. Here, however, we are undoubtedly counting a large number of neutrons

which have made inelastic scattering. This is indicated by the fact that the inelastic scatter.

ing cross section is about 1/2 of that measured wtth the “28” counter, yet 70 percent of the

original fission neutrons detected in the “37” counter are also above the effective threshold of

the “28” counter. Even though the spectrum above the “37” threshold is changtng, we did not

measure significantly clifferent cross sections for clifferent thicknesses of the tuballoy shell.

This is entirely reasonable and has been observed before for many other non-fissionable ele-

ments. It is discussed in greater detail in Section 8.5 of LA- 1429. For this investigation

five shells of tuballoy varying in outside diameter from 8 to 4 inches and in thickness from

3/8 to 1‘1/2 inches, were run. The over-all spread in the measured cross sections was 5

percent.

Fission of the U
238

was included in the calculations, and, as in the previous section, v
238 3

was taken as 2.46. Since the average 7 of U for the fission neutron spectrum may be

about 10 percent different from this value, we include an appropriate correction term in our

one-group cross section. The inelastic scattering plus capture cross section measured with

the “37” detector is

~in
+Uc= 1.00 + 0.305(v3 - 2.46) barns

APPROVED FOR PUBLIC RELEASE
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The non-elastic cross section is

ne
u = 1.34 + 0.305(v3 - 2.46) barns

These cross sections are about 7 percent uncertain, exclusive of any uncertainty introduced by

v.3
This one-group method of interpreting the “3’7” counter transmission is of questionable

value because it does not tell quantitatively and directly what energies the inelastically scat-

tered neutrons have. A clearer understanding of this point may be obtained using a two-group

method of evaluating the “37” detector transmissions. This is done in Section 2.4.

2.3 Inelastic Cross Section Measured with an A127(n, p)Mg27 Threshold Detector

The experimental methods used for the non-fissionable elements with the A127(n, p)Mg
27

activation threshold detector were used for the measurements with the U
238

spheres. This

technique is discussed in Chapter 9 of LA-1429. The interpretation of the measured trans-

mission was, however, slightly complicated by the fission processes in the shells.

The formulas used to evaluate the data are given next. The group of neutrons in the

fission spectrum to which the aluminum activation detector is sensitive will be called group

4, and a subscript 4 will be given to all cross sections describing the behavior of these neu-

trons in the shell of tuballoy. Group 3 neutrons, as in Section 2.1, are defined here as those

neutrons in the fission spectrum above the “28” detector threshold. Using the cross section

definitions and analytical methods of Chapter 8, LA-1429, and Section 2.1 of thk report, we

can csdculate the expected transmission of the uranium sphere, namely

TA1 =T+T1+T2+T3

The first term is just the total number of group 4 neutrons escaping

sion nor an tnelastic scattering, and is

+ (1-pot-4)(f)2 %
tr in

(
et 4

‘4 ‘4
+r7:+u:+u4P )m.

with neither a fis-

(2.2)

● m* b ●9* ● .* ● W.90 8 ● .-w
● :00:09-0. ::::jo,,:.:...:*:0s :.s
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The second terms, which correct for the counts due to fissions, comist of the following

(1 -e -fx)’&3f3 (1 - ‘:) (U;t+{ %f3) %
‘2=tr et f

[( )
p3+atn+ac+af f

‘4 ‘3+a3v3f3 m 3 3 3-u3v3f3 1

( 1 .;fx).:t(l -p;).; .3 f3#$:
‘3=tr in

(
f

:t p:) [@+&3 f3)p; +# 3 :-&3f3]+Oc+o+u‘4 ‘4 4 4 +Uc+o

(2.3)

The neutron source used in the experiment was external to the sphere, while the neutron

detector was inside. Since we derived the transmission formulas with the source inside the

sphere, it was necessary to utilize the three reciprocity conditions given in Section 8.1, LA-1429,

namely

(1) The probability of emission of group i neutrons when the source is outside the sphere

must be the probability of detection of group i neutrons when we assume the detector outside.

(2) The probability of detection of group i neutrons when the detector is inside the sphere

must be the probability of emission of group i neutrons when the source is inside the sphere.

(3) When source and detector are interchanged the transfer cross section from arbitrary

energy groups j to i must be gtven the value of the original transfer cross section from i to

j.

The term T1 in Eq. 2.3 is the number of neutrons from a fission on the first collision

in the shell that escape immediately and are counted in group 4. The term T2 is the number

of neutrons from a fission on the first collision that escape after one or more subsequent

elastic collisions in the shell and are counted in group 4. The term T3 is the total number

of neutrons from fission on the second or subsequent collisions that wentually escape from the

shell after any number of elastic scattertngs and are detected in energy group 4.

Three shells of normal uranium were run with the aluminum threshold detector. Thick-

ness varied from 3/8 to 1-1/2 inches, and the over-all spread in the cross section results

was 6 percent. These experiments give for ~heO!?el@i~ .qc#&rjgg plus capture cross section
.0. ..=0

. . :.0 ::
.-:JL:% ::. : ‘o . .9*. :00 ● *

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



● ☛ ● 9. ● ** ● 88 ● ** ● *

8 ● **
9 :Oo coo ::

● wmo ● *c: ● ● O
9 ●:0 : ●:0 ●.* ● *

of the neutrons above the effective threshold of the aluminum activation detector

in + UC
‘4 4

= 1.98 + 0.3 (V3 - 2.46) barns

The non-elastic cross section (inelastic scattering plus capture plus fission) is then

= $n f
+U+uc.a; 4 4 4

2.80 + 0.3 (V3 - 2.46) barns

These numbers are about 7 percent uncertatn if one neglects the uncertainty due to an inade-

quate knowledge of V3.

The answers are undoubtedly very little affected by detection of neutrons after inelastic

scattering, since most of the inelastic neutrons will have energies below the aluminum detector

threshold. The average neutron energy for these measurements is around 6 Mev. It can be

seen from Fig. 2.2 (page 19) that this cross section agrees quite well with our monoenergetic

measurements on normal uranium at 7.0 Mev neutron energy.

2.4 Two-Group Analysis of “37” Detector Transmission

A two-energy group analysis similar to that of iron and cadmium in Sections 14.1 and

and 14.2 of LA-1429 is used here, The energy groups are 0.4 Mev to 1.4 Mev, called group 2,

and above 1.4 Mev, called group 3. The group 3 constants are for the most part determined

by the analysis of Section 2.1 of the present report, The value of u~ + u;, for example, is

2.09 barns. Since u; is small and known, we can find the inelastic transfer cross section from

group 3 to the two lower energy groups. We will call these transfer cross sections u~2 and

u~1, where the 32 subscript, for example denotes scattering from group 3 to group 2. The
in

analysis of Section 2.1 does not tell us a
or ~in

32
a ~, but only their sum.

The transmission formula for the “37” detector has two unknowns in it, u~l or u~2 and

(u: + u;), because the detector responds to neutrons in both energy groups. If we use trans-

missions for different shell thicknesses, we will weight the contribution to the shell trans-

mission by each neutron group cliff erently, and in principle obtain simultaneous equations for

the two unknowns. The transmission with a “37” detector in two-group notation is

a!um :0”~“::::.. ... --- --
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F32(l-e-fx)(.32 +.3 f.3f’);#
+

(
et 2 in et f ‘3 + *in + ~cm+ of

‘2pm +u2+a~ )[( ‘3 ) (‘U3v3f3 m 3 3 31-v3f3 )1

where T28 is gtven by Eq. 2.1

and

37
‘2 ‘2

‘2 = 37 37
02 2‘+u3f3

37
‘3 ‘3

‘3 = 37 37
‘+u3f3‘2 2

37
‘2 ‘3

’32 = ~37, f, i- U:7 f2

The last term in Eq. 2.4 is the

(2.4)

number of escaping group 2 neutrons produced by group

(2.5)

3 neutrons which either inelastically scatter or cause fission. Since the experiment is done

with an external neutron source and internal neutron detector, we have to utilize in our analy -

sis the three reciprocity conditions gtven in Section 2.3 to derive this term.

All quantities in Eq. 2.4 are either known from other sources of information or are

known in terms of u~2
~d ~in in

2
+ u;. Therefore, for each shell we select values of U2 + u:.

and ‘O1ve ‘or “:2 -
A curve can then be plotted for each shell and the regton of overlap of

in in
the curves obtained determines both U32 and U2 + u;. Figure 2.1 shows the results for the

three tuballoy shells. It will be seen that we do not obtain a single curve for each shell, but

rather a region of permissible values. This is caused by the statistical counting uncertainty

in the measured shell transmissions. The best set of two-group constants for U238
is given

in Table 2.2.
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TAELE 2.2

TWO-GROUP CONSTANTS FOR U238*

Group 3 Values

4
7.60

ne* *
‘3 2,64

f
‘3

0.55

el
‘3

4.96

et
‘3

1.99

tr
‘3

4.63

in
’32

1.59 ● 0.35

=:1
0.46 ● 0.35

‘3

0.04

2.46

Group 2 Values

t
‘2 7.50

ne**

‘2 0.86 * 0.30

f
‘2 0.0

el
‘2 6.64

et
‘2

tr
‘2

%

4.32

5.18

0.74

0.12

* The underlined quantities are the ones primarily determined by the present measurements
and computations.

** oneis the group i non-elastic cross section composed of the sum of”the group capture cross
.&ction, fission cross section, and inelastic scattering cross section for removal of neutrons
from the group.
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The auxtliary data given were obtained from the following

were obtained from Section 2.1 of this report. The total cross
6obtained by averaging the total cross section for uranium over

sources: The group 3 constants

section in group 2, u;, was

the fission spectrum in group

2. The u; value, as well as u:, comes from averaging the fission spectrum in the two groups
7over the capture cross section for normal uranium. et elThe ratio U2 /u2 is that for the differ-

ential cross section for elastic scattering masured at 1.0 Mev by Walt and Barschall. 8

The uncertainties in the quantities determined by this analysis are noted.
in

and ~in ‘he ~v2’ ‘31’
z + u; values are not particularly well determined even after our analysis because we

are not able to change the relative numbers of neutrons in groups 2 and 3 by a large amount

with the shells of tuballoy available. However, this method does allow us to specify the re-
in

lationship between u~2 and U2 + U; more exactly. Since these cross sections must lie in the

shaded region in Fig. 2.1, we know that

%2
= 1.30(0; + u;) + 0.47 * 0.05 (2.6)

The B. G. Carlson S4 methodg has also been used to evaluate these sphere transmission

experiments. The same two energy groups are used and the problem is set up for an ex-

ternal neutron source such as we used in the experiments. With the same input parameters,

the S4 method computes the same shell transmission.

2.5 Cross Sections Measured at 4.0 and 4.5 Mev Neutron Energies

The technique for performing sphere transmission experiments at the Van de Graaff.
accelerator with monoenergetic neutron sources has been discussed in previous papers.

L

Essentially no variation of experimental method was required to perform the experiments on

tuballoy. Transmission data were taken at between eight and ten energy thresholds simulta-

neously. These thresholds were spaced at energies from 90 percent of the incident neutron

energy to 50 percent.

M analytic correction was applied for the fissions made in the sphere by the high energy

neutrons, by the following methoct The flux of fission spectrum neutrons at the threshold

detector in the middle of the sphere was computed by the group methods of Chapter 8, LA-1429.

The counts in the detector due to these neutrons can be determined if the sensitivity of the

detector for fission neutrons relative to that for 4.0 or 4.5 Mev neutrons is known. The de-

tector sensitivity was measured up to about 7 Mev neutron energy for each threshold, using

the monoenergetic neutron sources, so that the relative sensitivity y to fission neutrons and 4.0

or 4.5 Mev neutrons could be computed. The fission correction changed the inelastic cross

section by about 10 percent. The uncertainty in the correction is about 30 percent.
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Experimental results are given in Table 2.3.

TABLE 2.3

CROSS SECTIONS MEASURED AT 4.0 AND 4.5 MEV NEUTRON ENERGIES

Sphere outside Non-elastic
Neutron energy, diameter, Sphere thickness, cross section,

Mev inches inches barns

4.0 8 3/4 3.17 * 0.20

4.5 5 3/4 3.12 + 0.20

4.5 8 3/4 3.18 + 0.20

Corrections for multiple scattering in the uranium shell and other smaller geometrical

corrections had to be made to the transmission data. These corrections were computed by

the methods of LA-1429, particularly Section 4.1. The auxiliary data required, namely the

total neutron cross section and the angular distribution for elastic scattering, were measured.
10

The cross sections in Table 2.3 are based on the transmission measurements at energy

thresholds varying from 60 to 75 percent of the incident neutron energy. Measurements at

higher thresholds require relatively large corrections for fission neutron counts, and lower

thresholds can possibly count both inelastic neutrons and gamma rays. The measured inelas-

tic cross section over the above threshold range is independent of threshold.

The experimental uncertainty in the values of Table 2.3 is determined by the transmission

measurement uncertainty, the fission correction uncertainty, and uncertainties in quantities re-

quired in the multiple scattering analysis.

In addition to the transmission measurements with the high energy threshold detector, we
238

measured the multiplication of a U shell with a “25” detector to determine T at 4.0 and

4.5 Mev, where F is the average number of neutrons emitted per fission of a U
238

nucleus.

This method is discussed in Chapter 8 of LA-1429. It is preferable to use a detector with a

flat response for this type of measurement. However, if the sensitivity of the detector is

known as a function of neutron energy, as it is for the “25” detector,* one may use a detector

having a response that is not truly flat and include a correction in the calculations. We ob-

tain V = 3.10 + 0.40 at 4.5 Mev neutron energy. This is not in disagreement with the calcu-
5

Iations of Leachman, which predict V = 3.05. The uncertainty in T is mainly due to the low

* See footnote on page 6.
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238
multiplication of the U sphere used in the experiments.

2.6 Curve of Non-elastic Cross Section vs Neutron Energy

The non-elastic cross section for U238
is shown in Fig. 2.2. The curve is drawn on

8,10-15the basis of presently available experimental data. Each point is labeled with the

reference number in this report of the original work from which the value was taken. The

curve is a compromise in places where measurements by two different groups do not agree.

The general Shape of the curve of the non-elastic cross section of U238
is very similar to

that obtained for tungsten or gold.

The behavior of the non-elastic cross section for U238
at energies below 1 Mev is quite

uncertain at present and little effort was made to fit ‘the points in this energy region. From

1 Mev to 7 Mev the cross section measurements by different methods are in fair agreement.

The cross sections deduced by P. Olum 11
from disk scattering measurements certainly agree,

within experimental errors, with the more recent measurements.

From 7 Mev to 14 Mev very little is kpown experimentally about the non-elastic cross

section of U238. In drawing the curve, we have selected a non-elastic cross section which is

at most equal to the elastic cross section, despite the fact that some experimental data con-

tradict this assumption. A straight line connecting 14 Mev values with 7 Mev values would

give non-elastic cross sections larger than elastic cross sections. This seems quite unlikely,16

although not impossible.

In deciding on the best curve through the experimental data, it is clear that the authors

have weighted the Los Alamos measurements more than those from other laboratories. For
13

example, the Rice Institute data would indicate a non-elastic cross section several tenths of a

barn higher than our curve at energies above about 3 Mev. The worst discrepancy between
13

our curve and the Rice measurements is at 12.7 Mev. Obviously, further experiments are

necessary to settle the behavior of the cross section above 7 Mev.
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Chapter 3

INELASTIC CROSS SECTIONS AND T FOR ORALLOY (94 PERCENT U235,

5 PERCENT U238, AND 1 PERCENT U234)

3.1 Fission Neutron Spectrum Results

3.1.1 Experimental Considerations

The experhental procedure here is similar to that used for nonfissionable elements.

Multiplications are measured by surrounding various neutron detectors with spheres of orslloy.

The “28” and “37” threshold detectors and a “25” fission detector are used to measure the

sphere multiplications. The external ftssion neutron source at the LASL Water Boiler was

used.

As might be expected, the experimental problems, particularly background problems, are

somewhat more formidable with a “25” counter and with or alloy shells than with tuballoy shells.

This background is of two types: (1) that emerging from the reactor and (2) that produced

by room scattering of source neutrons. For simplicity in discussion, we can divide both of

these backgrounds into 3 major energy groups: (a) thermal neutrons, (b) epi-thermal or reso-

nance neutrons, and (c) fast neutrons with an energy distribution different from the fission

spectrum.

The thermal neutrons could be excluded eastly from both the oralloy shells and “25”

counter with thin cadmium cups whose transmissions could be computed from the known cad-
1

mium inelastic cross sections.

Most of the fast neutrons were from room scattering (type 2). These could not be re -

moved entirely, but could be minimized by measuring the sphere transmissions close to the

source. In LA-1429, Sections 6.1 and 10.2, we had shown that we could accurately compute

the obliquity correction at 5 inches and that the fast neutron background there was quite small,

so this position was chosen for the measurements reported here.

This 5 inch position wss also a compromise to make the epi-thermals of types 1 ad 2

approximately equal, but they still caused the most serious problem, and so will be discussed

in more detatl. These neutrons can produce two effects: (1) with no shell (except cadmium)

around the “25” counter they can cause counts directly and (2) with a cadmium-covered oral-

10Y shell around any of our detectors, they can produce fissions in the shell, and the resulting

-“- --
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be counted, This latter process converts

with a much lower efficiency for counting

epi-thermal neutrons into fission

in a “25” detector, but an ti-

finitely higher efficiency for counting in a “28” detector,

To study these various effects, we made an 8 inch diameter, thin aluminum, double-walled
10spherical can packed with a 1/8 inch thickness of B . This spherical shell of B10

attenuated

the fission spectrum neutrons by only about 1 percent, but attenuated the epi-thermal neutrons

by a factor of about 100. When the transmission of a cadmium-covered oralloy sphere was
10run inside of this B shell with a “28” counter, it was the same, within statistical errors,

10as a similar measurement not using the B shell. This indicates that the epi-thermal neutron

fission effect in the oralloy shell is small for all detectors even with no B . However, when10

a similar set of measurements was made with a cadmium-covered “25” counter, the presence

of the B’” shell made a large change in transmission. This effect in the “25” counter meas-

urements was due primarily to the epi-thermal neutrons causing counts when both the B10

shell and oralloy shell were absent.

As an extra precautionary measure we made a small 1/4 inch thick sintered B10
sphere

which was fitted permanently around the “25” detector. With this detector, the 8 inch diameter
~lo

shell had no measurable effect on the transmissions of oralloy spheres, but in order to

make even smaller any fission effect, we ran all sphere transmissions inside of the 8 inch

diameter B
10

shell.

Most of the background emerging from the reactor was subtracted by measuring the
10 235

sphere transmissions, inside of the B shell, with the U source plate replaced by a pseudo-

source which had similar scattering characteristics. One must be a little careful in doing

this with a “25” counter because the resonance energy neutrons in the beam are strongly ab-
235

sorbed by the U source plate, and therefore emerge to be counted only when the source

plate is removed. The relatively large amount of B10
around the sphere and counter absorbed

most of these neutrons, so that in the present experiments the error was quite small.

It should be emphasized that the measured transmissions of the oralloy spheres, par-

ticularly with the “25” counter, are subject to considerably more uncertainty than the statis-

tical uncertainty of about 0.2 percent, because of the problems of eliminating or evaluating

these backgrounds.

The estimated upper limit on the remaining error in transmission due to backgrounds is

0.005 when these two B
10

spheres are used as described.

3.1.2 Method of Analvsis of Data

Our approach here will be somewhat different from that in Chapter 2, where we con-

sidered the various threshold detectors separately. We will try to satisfy simultaneously the
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sphere transmissions messured with the three detectors by adjusting the important cross sec-

tions in our three neutron groups: Group 1, 0 to 0.4 Mey Group 2, 0.4 to 1.4 Mev; Group 3,

1.4 to co. We must really consider all three transmissions together because fission couples

the three groups together so that changes in one group will affect the number of neutrons es-

caping h another group.

We will endeavor to obtain three quantities from our analysis. From the “25” detector

analysis we obtain ~, the average number of neutrons produced per fission in oral.lo y by a

fission spectrum neutron. Actually, as mentioned previously in this report snd also in Chap-

ter 8, LA-1429, uf(iLl) - UC* is the quantity determined by the oralloy sphere multiplication.

However, since Uf is known quite well and UC is small snd fairly well known, we actually de-

termine ; from our analysis. The “28” detector transmission gives us the cross section for
inremoval of neutrons from group 3 by inelsstic scattering, namely, U3 , since u; is quite small

snd known approximately. inFrom the “37” detector transmission we determine cr2 + o;.

Actually, we have one more unknown present in the analysis than we have independent equa-
. .

tions. This additional unknown is u~2/u~l, the ratio of the cross section for transfer by in-

elastic scattering from group 3 to group 2, to the cross section for transfer from group 3 to

group 1. For this we use a ratio which is consistent with that determined experimentally for
~238

. If sn error were made in our selection for this ratio, only u: + a: will be affected

to a first approximation, not ; or u:, All other three-group constants requtred for the anal-

ysis are fairly well known quantities. Furthermore, the uncertainties in these quantities can

introduce relatively little error into the determination of our unknowns.

Of course the “25” detector is really not a flat response counter and for that reason is

not ideal for these experiments. However, the average detector sensitivity in our three energy

groups is computed for a fission spectrum shape and used to take into account the variation

from flat response. This actually turns out to be a very small consideration. Transmissions

computed for a flat response detector are less than 1 percent clifferent from those including

the “25” detector sensitivity explicitly.

The three-group formulas for our analysis are derived following the methods of Chapter

8, LA-1429. The analysis assumes an equivalent three energy group neutron source inside of

the sphere because the experiment is done with an external neutron source. In the derivation

of formulas, the three conditions in Section 8.1 of LA-1429, necessary for legitimate inter-

change of source and detector, will be satisfied.
25 25 25

Let us now consider formulas for a “25” detector. We designate PI , P2 , and P3 as

the detection sensitivities of our neutron detector in energy groups 1, 2 and 3. The terms

*The aver~e refers to the average vdUe Of t~s qUantity over the fission neutron ‘pectru -
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fl, f2 and f3 are the emission probabllittes of groups 1, 2 and 3 respectively, as well as being

the fractions of the fis@.cm -on spectrum in groups 1, 2 and 3. Equation 8.20 of LA-1429

gives the following

[
*3 u: + U3c + U;(1

three equations for

3
- ‘3f3) + p ’331

[
lp2 +’ +U2c+U:(1 - V2f2 ) + P2 U22

1

the integrated neutron flux per energy group, vi

-Utr *

=P~5(l-e3 )

+ *2 ‘23(1 - P3) + *1 U13(1 - P3)

-Ctr ~

=P25(l-e2 )

+ $3 ‘32(1 - P2) + 41 U12(1 - P2)

+..
4$ x

*lK +U;(1 - Vlfl) + PIU
111=P~5(l - e )

+ lp3 U31(1 - P1 ) + *Z a21(l - P1)

where u =0 et f
33 3 + ‘3 ‘3 ‘3

f
’32 = 02 ‘2 ‘3

f
’31 = ‘1 ‘1 ‘3

’22 = U:t + u; V2f2

f in
’23 = ‘3 ‘3 ‘2 + ’32

f
’21 = ‘1 ‘1 ‘2

’11 = a;t + a: VI fl

f h
’12 = ‘2 ‘2 ‘1 + a21

f in
’13 = ‘3 ‘3 ‘1 + ’31

All cross sections used in these formulas are defined

escape probabilities are determined for each energy group.

probabilities refer to

probabilities occur in

For a given set

these energy groups and do not mean

the formulas.

of three-group cross sections we
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(3.1)

(3.2)

in Sections 2.1 and 2.3. Average

The superscripts on the escape

that squares or cubes of escape

compute
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and then use these to solve for the neutrons actually escaping from the shell in the three

energy groups, namely

-Otr *
.P25e 1

% 1 + (*1 all + *2 U21 + *3 U31) $1

-Otr ~

q2 = P~5 e 2
+ (*1 U12 + *2 U22 + *3 U32) $2

-Otr ~

q3 = P~5 e
3 A3

+ (+1 ’13 + Y2 ’23 + V3 ’33) p

The sphere transmission for our “25” detector is

~25 = +fqflql+f2q2 3 3
25 25 25

‘1 ‘1 ‘f2p2 ‘f3p3

(3.3)

(3.4)

The formulss for the transmissions with the “28” and “37” detectors follow easily from this
25

by merely replacing PI , P~5, and P;5 with the appropriate probabilities for these detectors.

To speed up the computing problem, these equations have been coded for the CPC machines

at Los Alsmos. If one uses the B. G, Carlson S4 methodg with three

pute these transmissions, one obtains essentially the same answers as

for, of course, the same input parameters.

Although it is not obvious from our equations, it is nevertheless

energy groups to com-

we get by this method

true that the actual

computed transmissions are not very sensitive to most of the auxiliary data which one uses.

The sources of this auxiliary information used in our computing problem will next be noted.

Total cross sections Ul, U2,t t and u: were averages of the total cross sections from LA-149317

over the portions of the fission neutron spectrum corresponding to our individual energy groups.

The u;, u:, and a: were similar averages of the U
235

and U238 fission cross sections using

the latest ffssion cross section data in LA-1714.18 The (uet/ue1)3 was obtained from an angu-

lar distribution of elastic scattering measured by Jurney and Zabe13 for U238, (u%8el)2 is

essentially the Walt and Barscha118 measurement at 1.0 Mev neutron energy for U , and

(uet/uel)l is estimated from the trend of the previous ratios with energy and also recent
12

measurements by Los Alamos Group P-3. The three-group capture cross sections are

those estimated from bomb data by Hansen and Engle.
19 These capture cross sections may

not be the best set. Bomb data give a capture to fission average ratio of 0.15, while sn

“Wlgm!!w“*:. ,7-
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average of 0.11 is used here and the difference is attributed to the presence of a degraded

fission spectrum in a bomb. Recent Argonne data
20

from the EBR (Experimental Breeder

Reactor ) indicate that the capture to fission ratio varies appreciably with spectrum, but in-

dicate that 0.11 may be too high a ratio from an undegraded fission spectrum in U . Clearly
235

this ratio has a large uncertainty at present. The i7 selections for each energy group were

made as follows: In groups 1 and 2, group averages based on Leachman’s 5 calculations were

used and v only was adjusted on the basis of the oralloy sphere multiplication with the “25”3
detector. All escape probabilities were read from the general sets of curves in Chapters 5

and 6 of LA-1429.

The best set of three-group constants for 94 ~ercent enriched oralloy is given in Table

3.1. With these cross sections, we calculate the same oralloy sphere multiplications as we

measured experimentally with our three fission detectors. Multiplications for three shells

were measured. The shells varied in size from 4 kilograms to 25 kilograms of material.

Usihg these same three-group constants in a Carlson S4 critical radius calculation for

an untamped oralloy sphere gives a critical radius of 8.644 cm. The experimentally messured

critical radius of Godiva (untarnped oralloy sphere) was 8.69 cm.

TABLE 3.1

AVERAGE THREE-GROUP CROSS SECTIONS FOR 94 PERCENT

Group 3 values Group 2 values

‘;e
2.59 + 0.18 ‘;e 1.85 * 0.22

f
‘3

1.24

et
‘3

2.01

tr
‘3

4.60

‘:2
0.85

‘%
0.42

=;
0.08

‘3
2.65

*The underlined quantities
and computations.

f
‘2 1.15

et
‘2

3.31

tr
,=2 5.16

‘:1 0.52

‘; 0.18

‘2
2.54

are the ones primarily determined by the

ENRICHED ORALLOV

Group 1 values

=; 0.33

f
al 1.44

*et
1 6.66

tr
‘1

8.45

‘1
2.49

=
v 2.60

present measurements
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At this point it seems in order to make some comments on the use of these three-group

constants for oralloy. Many of the auxiliary data are from preliminary or non-precise ex-

periments or computations and may change in the course of time. As noted above, there h

already considerable disagreement in the value of a = uc/uf.

However, the numbers in Table 3.1 are consistent within themselves and, as mentioned,

predict a critical mass with relatively high accuracy. Therefore, if new values for some of

the auxiliary data become available at a later date, one is not necessarily justified in changing

only those numbers and expecting to compute critical masses even more accurately. It might

be necessary to adjust all of the remainder of the mimbers in Table 3.1 in order that self-

consistency be maintained. For example, there are now several sets of three-group constants, 19

all slightly different, but each set predicting the correct critical mass for untamped oralloy.

Our set of constants differs from previous sets of three-group constants in that we have

used for our auxiliary data the most recent values for differential cross sections and have in-

cluded a F which varies with neutron energy. Jn addition to satisfying critical mass measure-

ments, our set of constants will also correctly predtct multiplications for subcritical shells of

oralloy measured with various neutron detectors. Not all of the previous sets of constants

will do this.

The value of ; determined by this analysis for the entire fission spectrum is about
235

1.055 times T for thermal neutron fission in U . Leachman’s ca.lculations5 would indicate
235

a 7 of 1.10 times the thermal V for U . This difference may or may not indicate a dis-

crepancy between theory and experiment. We, of course, actually determine af (F-1) - Uc

for the fission spectrum most exactly in our analysis and must know crf and Uc to obtain ~.

If the capture cross sections used are in error by 50 percent and if Uf is in error by a few

percent, then we could probably obtain a value for ~ which is 4.5 percent higher to agree with

Leachmsn’s calculations. The over-all uncertainty of ~ from this experiment and analysis is

about 5 percent. Our ~ is, however, definitely in disagreement with that measured at Oak

Ridge for monoenergetic neutrons.
21

A numerical integration of these data gives a ~ for fis -

sion spectrum neutrons about 30 percent above the V for thermal neutrons.

The non-elastic cross section obtained for oralloy in group 3 is very nearly the same

as that for tuballoy. Our u~ for oralloy is uncertain to 7 percent. In group 2, the oralloy

non-elastic cross section is considerably higher than that for tuballoy, because of the large

contribution of fissions, and it is uncertain to about 12 percent.

3.2 Non-elastic Cross Section and T for Orsllo y at 4.0 and 4.5 Mev Neutron Energies

The I? (p, n )He3 neutron source was used to produce the 4.0 and 4.5 Mev neutrons for

this sphere transmission investigation. a! b~e &.rge :V~-de: C@aff at Los Alamos. The
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experiment was routine, requiring no special corrections for background effects in the shell

for the fnelsst.fc scattering determinations. The measurements were made with a 5 inch out.

side dismeter, 3/8 inch thick shell of 94 percent enriched or alloy. As in Section 2.5 the cross

section was determined for sever~ energy thresholds of the detector. The non-elastic cross

section is 3.34 * 0.40 for both 4.0 and 4.5 Mev neutrons. Here the correction which must be

made to the observed fnelastic cross section, because ffssion neutrons from the shell are de.

tected, is about 25 percent. Uncertainty fn this correction is responsible for most of the ex-

perimental uncertainty. The evaluation of the measured transmissions was done by the CarlSon

S4 method,g assuming an external neutron source.

In order to determfne values for ~ at 4.0 and 4.5 Mev neutron energy, sphere multipli-

cations of a small oralloy sphere were performed with a “25” counter. Since the “25” counter

is especially sensitive to low energy neutrons which might origfnate from room scattering,

effects of this type were measured and removed experimentally from the observed multiplicat-

ions . Statistical uncertainty in the multiplication measurements is responsible for 5 percent

uncertainty in T. Other uncertainties were such that the values of F given here have an over.

all uncertainty of about 10 percent. At 4.0 Mev the sphere multiplications give ~ = 3.13 ● 0.91

and at 4.5 Mev 7 = 3.26 ~ 0.33. Ten percent ts not the limiting precision which can be at-

tained in this type of experiment. It appears, however, that 4 or 5 percent uncertainty fs the

limit if extreme care is taken. These values of ~ lie at present between those of the Dfven-

Terrell-Leachman group
22 21

and those of J. L. Fowler of Oak Ridge.
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Chapter 4

INELASTIC CROSS SECTIONS AND ~ FOR PU239

4.1 Fission Neutron Soectrum Results

The experiments and analysis of data for plutonium using a fission spectrum neutron

source parallel those for oralloy in Chapter 3. The analysis uses Eqs. 3.1 through 3.4 to
in tndetermine the same three unknowns as before, ~, U3 and U2 + a;. This analysis was also

checked aga.kst S4 calculations of sphere multiplications using the same input data. The

transmissions calculated by the two different methods agreed to a few tenths of a percent.

Auxiliary input data came from the same cross section sources as we used in Section 3.1.2.

The three quantities determined from our analysis for Pu
239

are somewhat more un-

certain than those obtained for oralloy. It will be recalled that the multiplication measured

with a “25“ detector determines ~, the average ~ for the fission neutron spectrum in pluto-

nium, This quantity is about 5 percent uncertain. The sphere multiplication measured with

the “28” detector gives the inelastic scattering plus capture cross section in energy group 3,

This quantity is uncertain to about 15 percent. The sphere multiplication messured with the

“3T’ detector gives the inelastic scattering plus capture cross section in group 2. This

quantity is uncertain to about 25 percent.
239

Table 4.1 gives the three-group constants for Fu which best satlsf y our multiplication

measurements. These constsnts were used in an S4 critical radius calculation. The radius

which we obtain is 6,275 cm, whereas the measured radius of Jezebel (untamped critical mass

of plutonium) was 6,285 cm. The effect due to the gallium (about 4 atomic percent) hi the

fabricated plutonium was put explicitly Into the calculations (see Table 4.2 ). For the 200 MWD/T
240

plutonium sheUs, we assumed that the Pu
239

had the same cross sections as RI since such
240

a small amount of Pu was present, However, for the critical radius calculations, esti-

nmte,aa
240

of the group fission cross sections of Pu
~240

were used, but the other constants for
239

were assumed to be the same as for W .

The ~ for the fission spectrum is again (ss for #35) only about 4 or 5 percent above

the thermal 7 for plutonium. Leachman’s predlctions5 for plutonium indicate that ~ should be

about 1,10 times the thermal ~. This difference is just inside of our experimental errors.
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TABLE 4.1

THREE-GROUP CROSS SECTIONS FOR ~23g*

Group 3 values Group 2 values Group 1 values

tr
4.66 tr tr

‘3 ‘2 5.53
‘1

8.39

f 2.01 f f
‘3 ‘2 1.80

‘1 1.70

V
2.85 ~ 0.42 et

=:e
2.67 k 0.66

‘1
6.40

et 1.81 et
‘3 ‘2 2.87 0;

0.29

=:
0.04

=;
0.13

‘1
2.90

in
G?2

0.45 ’21 0.74

in
’31

0.35
‘2 2.96

‘3
3.05

*The underlined quantities are the ones primarily determined by the present measurements
and computations.

TABLE 4.2

THREE-GROUP CROSS SECTIONS

Group 3 values Group 2 values

tr
2.25 tr

‘3 ‘2

=Y

et
‘?

0.71 ‘2

et
‘3 1.54

‘$

in
=;

o ’21

‘?2 0.47

%
0.24

● 8* ●.m. ● ●

2.03

0.27

1.76

0.01

0.26

● 8* ***

=
v = 3.01

FOR GALLIUM

Group 1 values
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4.2 Non-elastic Cross Sections and ~ at 4.0 and 4.5 Mev Neutron Energies

All sphere transmission runs were evaluated ushg the Carlson S4 methodg to take into

account multiple scattering and fission effects. Fission neutron detection was corrected for

in our high energy threshold detector by the method given in Section 2.5. The non-elastic
239

cross section for Pu is measured as 3.30 + 0.35 barns at these two energies. The T de-

termined from a “25” detector multiplication was 3.66 * 0.40. Leachman’s calculations give

3.37 for E The non-elastic cross section for plutonium is influenced by the = which we use

in the fission correction calculation. Since ~ is uncertain by 0.40, an uncertainty of 0.15 barns

was introduced into the over-all uncertainty of the non-elastic cross section.
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Chapter 5

CONCLUSIONS

$38 ~~ficient information is 11.lvIn the case of , available to allow one to determine

the general shape of the variation of the inelastic collision cross section with energy (Fig. 2.2).

The cross section behaves about like the other heavy elements tungsten and gold, risfng quite

r~idlY to a f~rly flat plateau region as more and more levels fn the target nucleus beCOme

available for excitation by inelastic neutron scattering. The non-elastic cross sections for
239

$38 at energies above approxf-oralloy and Pu appear to be about the same as that for

mately 2 Mev. In Table 5.1 the non-elastic cross sections for a fission spectrum and the
~238

threshold detector are all within 9 percent of each other and the non-eIsstic cross sec-

tions at 4.0 or 4.5 Mev are within 6 percent of each other. However, in energy group 2

(0.4 to 1.4 Mev) one does not get the same values for the three isotopes, Indicating at least

some difference in the energy dependence of the inelastic cross section for the three fsotopes

at low energies.

We can conclude also that less than 20 percent of the inelastic scattering events fn $38

occurring above the “28” detector threshold for a fission spectrum source produce neutrons

that remain above the threshold, and this is probably true for oralloy snd plutonium also.

One can see this from the fact that the cross section for scattering below the “28” detector

threshold for a fission spectrum is a large fraction of the inelastic cross section. For ex-
238

ample, if one calculates the average non-elastic cross section of U measured with a “28”

detector and fission spectrum neutron source by taking the appropriate average of the curve

in Fig. 2.2, a cross section of 3.00 barns is obtained, while we measure 2.64 barns for the

U’38 non-elastic cross section in Section 2.1. The difference, 0.36 barns, represents the

cross section, averaged over all neutrons initially above the “28” detector threshold, for such

inelastic scattering that leave them above the threshold.

It is possible to estimate the non-elastic cross sections for the fissionable isotopes con-

sidered in this report by extrapolating the curves of cross section vs A2/31’2 to the appro-
2/3

priate values of A for the various isotopes. The cross sections estimated by this method

agree very well with the measured cross sections at all energies.

Three-group cross sections for U
238 239

, oralloy and Pu have also been obtatned, mainly

from the shell multiplications with u’38, Np237 ~d u’” fission detectors. These three-grOUp
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Neutron
energy

Fission
spectrum

Fission
spectrum

Fission
spectrum

4.0 and 4.5

Mev

4.0 and 4.5
Mev

4.0 snd 4.5

Mev

Isotope

338

orslloy

-239

238

oralloy

~239

TABLE 5.1

PRIMARY Quantities DETERMINED

ne inu
‘3 + =:

2.09 + 0.11

1.35 * 0.14

0.84 * 0.13

3.16 + 0.20

3.34 * 0.40

3.30 * 0.35

*Aversged over the fission spectrum.

fn in
‘2 + =: ’31

IN THE INVESTIGATION

‘3;2 T =?

0.86 * 0.30 0.46 k 0.35 1.59 * 0.35 2.64 * 0.13

0.70 + 0.25 0.42 * 0.30 0.85 * 0.30 2.60 * 0.13* 2.59 + 0.18

0.87 * 0.25 0.35 * 0.25 0.45 * 0.25 3.01 * 0.15* 2.85 * 0.42

3.10 * 0.40

3.13 * 0.31
3.26 + 0.31

3.66 ● 0.40

0.86 * 0.30

1.85 ● 0.22

2.67 * 0.66
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cross sections have been tested to some extent by computing critical masses for orslloy and

plutonium assemblies (Godiva snd Jezebel).

A by-product of this investigation has been the determination of ~ for the fission spec-

trum and also 4.0 and 4.5 Mev monoenergetic neutrons in various fissionable isotopes. Unfor-

tunately, the precfsion of these measurements has been only between 5 and 10 percent. @r

values differ from those of Leachman5 and Diven and Terrell 22
by about our experimental

error. However, the experimental results given here are in definite disagreement with the ~

measurements for L?35 reported in ORNL-1715.21 The problem of determining T from our
24multiplication measurements has also been taken up using the Monte Carlo method of com-

puting sphere multiplication. The results of this analysis are essentially in agreement with

those given here.

The primary quantities determined in this investigation are collected in Table 5.1.

,
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