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Abstract

This report evaluates the experimental data and recommends values for the

thermal neutron cross sections and resonance integrals for the neutron capture

55 59 197

reactions: Mn(n,Y>, Co(n,y) and Au(n,y).

The failure of lithium and boron as standards due to the natural variation

of the absorption cross sections of these elements is discussed.

The Westcott convention, which describes the neutron spectrum as a thermal

Maxwellian distribution with an epithermal component, is also discussed.
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I. Introduction

Neutron capture reaction cross sections are usually measured on a relative

basis, i.e. a ratio measurement to some standard value. The most common abso-

lute standards used in the thermal energy region are gold, manganese, and co-

197 55 59

bait, i.e., Au(n,Y> ? Mn(n,Y^ » and Co(n,V) reactions.

In the epithermal energy region (between 1 eV and a few keV) especially

for elements with intermediate and high mass numbers, there are often particular

energies for which the rate of neutron capture is exceptionally high. These nar-

row peaks or resonances in the cross section curve have an analytical form given

by the dispersion formula analogous to optical dispersion or a resonating

electrical circuit, i.e.:

r E 1/2 .
Y ( oi 1Y ^ i + *_

where the resonance parameters are defined as follows:

E , a are the energy and peak cross section of the resonance
o o

, • 2 v ,„ 2.604;;106 rA+l-|
2 _ .„

°0 = 4TT ô § r n / i = E(ev) n r ] g r n / r

F, F , F are the total width, the radiation (neutron capture) width, and the

neutron scattering width, respectively, of the resonance (width at half

maximum) .

The statistical weight factor, g = (2J+1) /2(I+1) where I, J are the spin

of the target nucleus and the compound state.

If there are no nearby resonances, the cross section varies as /l/E (a

1/v dependence). The non-l/v dependence can be calculated from the (Breit-

Wigner) dispersion formula (1).
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For neutrons slowing down in a moderating medium from the fast region in

they are produced by fission to the thermal energy region (in which they

are in thermal equilibrium with the moderator), the neutron flux can be shown to

be inversely proportional to the energy. The epithermal reaction rate is given

by

dE
/ cr(E> <|)(E)dE = C 1 / o(E) — , ( 3 )

El El

where the neutron flux, 4>(E) , is assumed to vary as 1/E, c^ is an energy indepen-

dent corstant, and the integral on the right side of (3) is called a "resonance

integral," (RD.

The integration limits are usually a lower "effective cadmium cutoff

energy," E , and an infinite upper energy limit. Cadmium has a large capture

resonance at 0.177 eV, which strongly absorbs thermal neutrons. E . is the

Co

energy associated with a perfect filter, (which has infinite absorption below

the cutoff energy and zero absorption above the cutoff energy) , under which an

irradiated material would have the same reaction rate as under the cadmium

cover. Suitable cadmium covers terminate the neutron energy spectra at approxi-

mately 0.5 eV, which is sufficiently high to exclude most of the low energy devi-

ation of the neutron flux from the 1/E shape. By substituting (1) into (3) , the

resonance integral can be computed from measured resonance parameters, or it can

be directly measured using a cadmium covered experiment.

In the epithermal energy range, resonance capture integrals are usually

measured relative to gold, with manganese and cobalt as secondary standards.

Each of these reactions will now be reviewed in terms of the significant

measurements in the literature. Recommended values will be given for the ther-
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mal neutron capture cross section and the resonance capture integral for each of

the reactions.

II. The Cold Capture Standard

The most common reference standard for capture reactions is the gold cap-

ture cross section. Both the thermal neutron cross section and the resonance in-

tegral are considered to be well-known quantities, but there is a significant

difference in the number of absolute measurements reported in the literature for

them. As a result, these quantities will be reviewed separately below.

A. Thermal Neutron Capture Cross Section

1 98
The 2.3 day (12-) isomeric state at 812 keV in Au, which is seen in

197(d,p) reactions on Au, has not been found in the (n,y) reaction.

With only the ground state available, the activation and absorption

cross sections (a and a ) are the same for gold. There have been a
a y

large number of measurements of the gold capture cross section in the

thermal energy range. However, a number of measurements have been

discarded here because they were made relative to another cross sec-

tion. In most cases, the standard was boron. The boron absorption
10

cross section depends on the B contentf which varies in nature.

This fact makes it an especially poor choice for a standard. The same

remarks are true for lithium which depends on the Li content. (See

Appendix 1) . No measurements of gold were considered which were made

relative to another cross section. In addition, only measurements

were considered for which high resolution and accuracy in neutron

energy determination were obtained. This eliminated uncertainties

with determination of the shape of the neutron flux incident on

the standard, whether a true Maxwellian shape was available for the

- 3 -



neutron distribution, and what the actual temperature of the

distribution might be. It also eliminated errors caused by an epi—

thermal component of the neutron distribution which could contribute

significantly due to the 4.9 eV resonance in gold.

Table I lists the experiments which satisfied the above criteria.

The value reported in the literature is shown as well as the corrected

value for the experiment. Two of the eight measurements were further

discarded. Antonini's measurement of gold was performed merely as a

check of the effectiveness of a slow chopper constructed at the

Casaccia Nuclear Center in Rome. The uncertainty quoted, approxi-

mately four percent, is an order of magnitude worse than most of the

other experiments. Hence, this measurement was discarded.

Steyerl's thesis work is higher than any other. Although the uncer-

tainty quoted almost overlaps the difference between this result and

the weighted average of the other six measurements, the author indi-

cates that this uncertainty is actually three standard deviations.

This places Steyerl(s result approximately four and one half standard

deviations outside of the weighted average of other measurements. No

error analysis is available, although Steyerl does indicate that the

foil thickness is uncertain to 5%. Dilg, (see below) , performed addi-

tional measurements using Steyerl1s time of flight spectrometer for

ultra-cold neutrons at the FRM reactor in Munich. For gold foils

whose thicknesses were known to 0.02%, Dilg obtained a gold cross sec-

tion of 98.8±0.3 barns. This value is consistent with Dilg's more
o

precise result and indicates that there is no problem with Steyerl's

instrumentation, but possibly one with his poorly known sample thick-



Table I ^7Au(n,y> Measurements

Reference Reported Value Revised Value

(barns) (barns)

Carter1 (1953) 98.7±0.6 98.72±0.45

Egelstaff2 (1954) 98.6+0.9 98.6±0.9

Gould3 (1960) 98.8±0.3 98.7±0.3

Teutsch4 (1962) 98.9+0.3 98.8+0.3

Als Nielsen5 (1964) 98.6±0.2 98.58+0.22

Antonini (1965) 97.64±4.25 too imprecise

Steyerl (1972) 99.3±0.5 apparent error
see discussion

Dilg8 (1973) 98.68+0.12 98.63±0.11

Weighted Average = 98.645 barns ± 0.087 (Internal Error),

± 0.026 (External Error)

Recommended Value = 98.65 ± 0.09 barns
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ness. With such an unknown systematic error, Steyerl's results were

not used in obtaining a recommended value for the gold capture cross

section.

In the remaining six experiments, the total cross section was

measured below the Bragg scattering cutoff, where scattering contribu-

tions to the total cross section become small (j*0.1%). The 1/v curve

is fitted in this long wavelength region and then extrapolated to a

neutron velocity of 2200 meters/second (m/s). A correction for the

non-l/v portion of the gold cross section due to the 4.9 eV resonance

is made by using the parameters of this resonance (see discussion

under resonance capture integral) . The parameters recommended are

those of Tellier. This non-l/v portion contributes 0.902±0.025

barns to the cross section at 2200 m/s.

1) Carter et al., measured the total cross section in the wavelength

range 1.7 to 8.5 A with the Brookhaven slow chopper. In the wave-

length range, 5-9A°, beycnd the Bragg cutoff, a straight line

through zero cross section at zero wavelength fitted their points

well with a slope of 54.4+0.25 barns/A°. At 2200 meters per sec-

ond, the cross section was 97.82±0.45 barns for the 1/v part.

Adding the non-l/v portion of O.9O2±O'.O25 barns gives a final re-

sult of

a (2200 m/s) = 98.72±0.45 barns.

a
2

2) Egelstaff measured the total cross section with the Harwell slow

chopper in the energy range from 0.001 eV to 0.1 eV. Correcting

for incoherent scattering and thermal inelastic scattering beyond
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the Bragg cutoff the 1/v cross section was 97.7±0.9 barns. Adding

the non-l/v portion to this cross section gives the result

aa(2200 m/s) = 93.6±0.9 barns.

The systematic error correction was not discussed in detail, but
Q

the weight of this experiment is only 1.5% that of Dilg et al.,

so it does not critically affect the resulting average.

Gould et al., measured the total cross section in the wavelengt

range 5.0 to 11.5A0 using a crystal spectrometer. The slope of

the line was 54.40±0.03 barns/A°. At 2200 m/s, the cross section

for the 1/v part was 97.82±0.06 barns. Adding the non-l/v portion

of 0.902±0.025 barns and including their estimate of all errors

gives a final result of

a (2200 m/s) = 98.7±0.3 barns.
4

4) Teutsch et al., measured the total cross section in the

wavelength range from 5.7 to 8.8A° using a time-of-flight spectrom-

eter. The slope of the line of best fit through the data was

54.47+0,. 10 barns/A°. At 2200 m/s the cross section for the 1/v

part was 97.9410.18 barns. Adding the non-l/v terms and given

their estimate of all uncertainties,

O (2200 m/s) = 98.8+0.3 barns.

a __^___

5) Als-Nielsen and Dietrich measured the total cross section in

the wavelength range 0.086 to 16.438 A 0 using a crystal spectrome-

ter at the DR3 reactor. The slope of the line through the data

gave a a /X value of 54.32±0.12 barns/A°, where the systematic

error was combined directly with the statistical error. At 2200
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ra/s, the 1/v part of the cross section ;s 97.68+0.22 barns.

Adding in the non-l/v part gives a final result of

o (2200 m/s) = 98.5810.22 barns.
a • ' ^ ~ * — * ~ ~

u

Diig et al. measured the total cross cocfion in the wavelength

range from 4 to 7.6A° using a time-of-flight spectrometer with

high wavelength resolution and ;>ccur=icy, sufficient intensity,

end excellent background conditions at the FRM reactor. In addi-

tion- supplementary transmission measurements in the 11-47A°

vavelength region were performed using the time-of-flight spectrom-

eter for ultracold neutron« at the FRM reactor as a check on

Steyerl's earlier results. These supplementary results disagreed

with Steyerl but were consistent with Dilg's more accurate measure-

ments which gave a slope cr_/X = 54.35±0.0* barns/Ao. At 2200 ir./s,

L\\e 1/v part of the cross section is 97.732+0.108 barns. With the

non-l/v portion, the cross section becomes

O (2200 m/si = O8.63±0.11 barns.
Using the above measurements, the weighted average of these

"-results is

c (2200 m/s) = 98.645±0.087 (internal error) barns

+0.026 (external error)

.•.Tie recommended thermal neutron capture cross .ection for gold at

2200 M/S is 98.65±0.09 barns.

Resonance Capture Integral

lhere have been a significant number of measurements of the gold reso-

nance integral in the literature. However, in alsost all rases the

.aiue is based on a normalization to the resonance integral calculated



from resolved resonance parameters. A typical example of values in
It)

the literature is that of Ben-David who quoted a resonance integral

It 12
tor gold referencing Ben-David, who in turn referred to Weale " as

13
the source. The Weale article quoted Macklin who used the 1955 Barn

14
Book to calculate the resonance integral from the first six resolved

resonances known at that time. There are two measurements of the gold

resonance integral which are not dependent on calculated resonance

parameters. An absolute measurement was made by Jirlow, and a mea-

9
suretnent relative to boron as a 1/v detector was made by Popovic.

Jirlow and Johansson's original measurement for gold was 1490±40

barns for the resonance contribution without the 1/v tail. However,

the detailed shape of the epithermal spectrum at r.he Rl reactor was

not known at that time. Subsequent to this gold measurement,

Johansson J measured the neutron spectrum with t fast chopper at the

Rl reactor. The oroduct of the neutron energy and neutron flux shows

a peculiar increase between 3 and 5 eV due to a speculated incomplete

moderation of the neutron source below the 6.68 eV resonance in the

uranium fuel. In his thesis, Johansson corrected the gold resonance

integral for the non-1/E shape in the Rl reactor and obtained the re-

sult 1510140 barns. The measured 1/v component was 43 barns givirr

a total reson2nce capture integral of 1553±40 barn .

9
Popovic irradiated boron and gold in the JEEP reactor with anc

without cadmium. The value reported was 1326±15 barns. Correcting

for the gold resonance self shielding and the presently recommended

thermal cross section and shape leads to a result of 1507 barns for

the total resonance integral. No mention is made of the actual sp^.-

- 9 -



trutn and how closely it woulci approximate a 1/E shape. The gold foil

thickness is Lifted to one digit. No er-or analysis is given. Sinr°

the careful, measurement of .lirlow is listed at approximately 3Z error

where the details arc given, an estimate of at least h-8% would

probably he reasonable for Popovic's error, making his result

1507+100 barns. This result gives support to the Jirlow measurement

but is -iot included in the averaging because of lack of details.

There have beer) a large number of reasonances measured in gold but

rhe major contributor to the resonance integral is the first

resonance at 4.9 eV. There nave been two measurements of the

parameters of this resonance. Table II gives the results from the

two measurements. The two sets of parameters were compared with the

iiriow integral measurement. Resolved resonances above 4.9 eV

contribute approximately 74 barns to the resonance integral. In

addition approximately 7 barns are contributed from the unresolved

resonances calculated above 2150 eV following the proscriptions of

i o in

Dresner and Itken. The total resonance integral including the

1/v component is 1597+67 barns (Wood parameters) or 1548+40 barns

(Tellier parameters). The results of Tellier are in better

agreement with the Jirlow integral measurement. In addition, for the

thinnest samples used, Tellier measured approximately six times as

many points about the peak of the resonance as Wood did.

- 10 -



Table II Parameters For The First Resonance in Gold

Reference

., ,16
Wood

Tellier17

4.

4.

Eo(eV

906+0.

900±0.

1

010

005

r (meV)

140±3

137.5±2

r
* r

15.

15.

,(meV)

6±0.5

0+0.2

ry(meV)

124.4±3

122.5±2.5

an(barns)

36964

36233

RI

1597±67

1548±40

As a result, Tellier's parameters were used in the determination of

the resonance integral and in the calculation of the non-l/v compo-

raent of the thermal neutron capture cross section in Section A above.

A weighted average of the gold resonance integral calculated from reso-

nance parameters and the value from the one good integral measurement

is 1550±28 barns.

III. The Cobalt Capture Standard

For neutron capture reactions, cobalt is used as a standard more often

than any other material with the exception of gold. Data on the thermal

neutron cross section and the resonance integral are reviewed and recom-

mended values presented below.

A. Thermal Neutron Capture Cross Section

59

Natural cobalt is mononuclidic, Co, and by neutron capture the com-

pound nucleus Co is formed. The ground state has a 5.27 year half-

life, and there is an isomer at 58.6 keV excitation energy which has

a half-life of 10.5 minutes, (see Appendix 2) . The isomeric state

decays primarily to the ground state by conversion electron and gamma

ray emission; in addition, there are two weak beta branches of 0.24Z,

and 0.0086% intensity. When Co is formed in thermal neutron cap-

ture, 54.5 percent of the compound nuclei are formed in the isomeric

state. Activation of the 5.27 year state does not account for all neu—
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tron absorption in 5"Co. As a result, the cobalt activation cross sec-

tion is 0.136% less than the absorption cross section, i.e., a 0.050

barns difference. This factor will be used to adjust the various acti-

vation measurements to the absorption basis.

11 Wu et al., performed <i time-of-f1ight measurement on the

total cross section. The analysis into a constant and a 1/v term

gave erroneous results. For thallium and niobrium, the results

disagree with present best estimates by 35 to 40 percent.

Ignoring these two, the iodine result is too high by 13.7±5% and

the osmium result is too high by ll±4°o compared to present best

estimates. Incorrect energy calibration would be an immediate con-

sideration as a source which would affect all these results.

Averaging the corrections to iodine and osmium, and applying the

59
12±6% correction to cobalt gives a ( Co) - 36.0+3.0 barns, where

•3.

the systematic error has been added directly rather than in

quadrature with the statistical error.

2) Coltner and Littler" measured the absorption cross section of co-

balt. The measurement «as based on natural boron <J = 710 barns.

a
If one revises the boron value to the Harwell boron standard = 773

barns (see Appendix P , the resulting absorption cross section is

59
a ( Col = 41.5±3.9 barns, where the spread in the boron-10 content

has been added as a systematic error. No chemical analysis was

performed on cobalt and the authors noted that the purity of the

cobalt sample was never checked so cobalt could have impurities of

large cross section which would cause a systematic error.

- 12 -



3) Harris et al.,22 performed a pile oscillator measurement of the co-

balt absorption cross section based on natural boron CT = 710
a

barns. With resonance absorption included, the cross section was

35.7 barns. If one renormalizes the result to an Argonne boron

standard cf 761 barns (see Appendix 1> , one obtains an absorption

cross section of 38.2 barns. Ii: one also corrects for resonance

50
absorption one obtains a result of a ( Co) = 36.1±4 barns, where

an estimated ten percent uncertainty was added to account for

uncertainties in the spectrum, foil thickness corrections,

standards, etc.

23

4) Yaffe et al., measured the cobalt activation cross section using

a gold standard of 93 barns and a half-life of 5.26 years. Their

measured value of 34.2±1.4 barns is here renormali-ed to 36.5±1.5

197 ]97
barns, using a ( Au> = 98.65 barns, g( Aul = 1.005 (Westcottl,

and T. ,„ = 5.27 years. Adding the 0.05 barns adjustment gives an

equivalent absorption cross section of 36.6±1.5 barns. (For a dis-

cussion of the Westcott g-factor and notation, see Appendix 3 ) .
24

5) Potnerance measured the absorption cross section of cobalt rela-

tive to a gold standard of 95 barns. The value of 34.2+1.7 barns

measured when corrected for go (Au) would give a final result of
0 (59Co) = 35.7±1.8 barns,
a

43

6) Deutsch and Scharff-Goldhaber measured the ratio of the 5.2-year

to 10.7-minute cross sections to be 1.4+0.6. Correcting the

half-lives to 5.27 years and 10.5 minutes gives a ratio of

1.45+0.62 or a metas table state cross section of 15.2+6.5 barns

- 13 -



(10.5 minute state) using a * 37.2 barns from this cobalt

evaluation.

25
7) Grime land et al., measured the cobalt absorption cross section

in a pile oscillator relative to natural boron a = 710 barns.

Depending on the source of this boron, the value could be either

761 barns or 773 barns. The measured value of 33.9±0.4 barns

95
would become either 36.3±0.4 barns or 36.9±0.4 barns. Story in

his evaluation prefers the higher value. Adding the boron uncer-

tainty as a systematic error, and following Story, this result be-
59

comes a ( Co) = 36.9±1.0 barns,
a

8) Bernstein et al., measured the total cobalt cross section from

0,03 to 1.2 eV and separated a 1/v component as 6.1±0.1/l/E, or

38.4+0.6 barns. The 1.5 percent accuracy for a measurement which

was merely a test of the equipment is not realistic. Story esti-
59

mates the error as 3%, or a ( 'Co) = 38.4±1.2 barns.
3

27

9) Ailloud et al., performed a pile oscillator measurement of the

cobalt absorption cross section relative to natural boron at 710

barns. Depending on the source of the boron, the measured value

of 35.4+1.0 barns would become either 37.9 or 38.5 barns. Story

again chose the higher value. Adding in the boron uncertainty as
59

a systematic error, the result becomes O ( Co) = 38.5±1.6 barns.
44

10) Moss and Yaffe measured the activation of the 10.5 minute isomer

in Co using a gold standard of 93 barns and a branching ratio of

independent beta emission from the isomer of 0.28 percent. Correc-

tion to 98.65 barns, and 0.25 percent leads to a cross section for

- 14 -



the 10.5 minute state of 21.8±2.0 barns, where no systematic error

is included.

28

111 Eastwood and Werner in the process of measuring the cobalt reso-

nance integral, also measured the thermal activation cross section

relative to a gold standard of 98.8 barns. With self-shielding

corrections, they obtained a value of 36.4±1.5 barns. It might be

noted that when this article was subsequently published, the mea-

surement of the thermal cross section was not included, but the au-

thors used an average of three measurements in the literature

instead.
29

121 Tattersall et al., reported a pile oscillator measurement of the

absorption cross section of cobalt relative to natural boron as

59
767±4 barns. Correcting to a value of 773 barns gives o ( Co) =

38.5±0.7 barns.

13) Wolf measured absolute 3-Y coincidences in the cobalt activation

59
relative to gold a = 98.7 barns, g(Au) • 1.005, and a Co half

life of 1905 days. The reported value of 38.0±0.5 barns must be

59
revised to give 0 ( Co) « 38.4±0.5 barns including the activation

to absorption correction.

14) Meadows and Whalen measured the cobalt absorption cross section

with a pulsed neutron source in small geometries. They reported

59
a value of a ( Co) ' 36.3±0.6 barns. It might be noted that

their value for gold of 98.2 barns was low compared to best

estimates.

45
15) Keisch measured the ratio of production of the isomer and ground

states as 1.19±0.16 by counting the unconverted 59 keV gamma ray
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and applying the Kahn conversion coefficient of <r 40. Using a

total conversion coefficient of 47.8±2.1 from Hansen and

94

Legrand, the ratio becomes 1.42+0.20. The metastable state for-

mation cross section is 21.8+1.4 barns.
46

16) Schmidt-Ott measured the isomeric activation cross section to be

16.5 barns based on a Cu cross section of 4.3 barns, a Co

10.35 minute half-life, and a conversion coefficient of 47.

Correcting these data to 4.49 barns, 10.5 minutes, and 47.8, the

cross section become O = 17.8±2.0 barns, where the error was
selected consistent with other similar measurements.

32

17) Cance et al., measured the cobalt cross section in a report

cited by Vaninbroukx. The measurad value was 35.51±0.87 barns,

but no derails are available.
18) De Swiniarski et al., measured the thermal cross section in a re-

36
port cited by Vaninbroukx. The measured value was 34.9±1.0
barns, but no details are available.

34
19) Taylor and Linacre measured the cross section for cobalt wire

relative to gold foils in the BEPO and GLEEP reactors. They

obtained an effective cross section of 33.2 barns ±5.1% relative

to a(Au) = 96 barns, and t. . « 5.23 years. Using Co-Al alloys,

the self-shielding was calculated to be 0.927 for the wire.

Revising to an unshielded cross section and to a(Au) = 98.65,

g(Au) » 1.005, t..ACd) * 5.27 years, and correcting from activa-
59

tion to absorption, the cross section is o ( Co) - 37.5±1.9

barns.
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20) Huttel35 reported unpublished results on a pile oscillator mea-

surement for cobalt of 34.8±0.2 barns relative to a natural boron

cross section of 755 barns. No details are available on the irra-

diation or the sample. Self-shielding could be a problem, the

error is probably statistical only, and the usual uncertainty

exists with boron. Assuming California boron, this becomes

59
cr ( Co) « 35.1±0.7 barns, where the boron uncertainty was

included as a systematic error.

21) Vaninbroukx irrsclated 50 thin cobalt and gold foils in the BR1

reactor. Corrections were made for epithermal activation, flux

perturbation and flux anisotropy. A calibrated gamma spectrometer

and 4ITBY coincidence counter was used to measure the disintegra-

tion rate, which was corrected for y self absorption and x-ray

counting. Corrections were also made for burnup, decay to the

ground state, recoil effects, finite foil size, scattering in foil

and resonance absorption. Relative to gold 0(Au) = 98.8 barns,

g(Au) " 1.007, and t. ._ = 5.265 years, Vaninbroukx reported a »

37.4±0.3 barns, which is two standard deviation errors.

Correcting to o (Au) • 98.65 barns, g(Au) - 1.005, and tj.- - 5.27

59
years, the cross section is a ( Co) • 37.30+0.30 barns, where the

activation to absorption correction had been included.

22) Carre and Vidal performed an oscillator measurement with a boron

standard of 760 barns. The authors reported a value of 38.0±0.3

barns.
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23) De Worm38 measured the thermal cross section in a pure Maxwellian

spectrum of the BR1 thermal column relative to gold, a(Au) »

59
98.7±0.2 barns. He reported a( Co) » 37.7±0.4 barns.

39

24) Merritt and Green irradiated gold and cobalt in a highly thermal

neutron flux position of the NRU reactor. The epithermal fraction

(4.5x10 ) was determined by indium foil irradiation. Resonance

self-shielding was determined for both gold and cobalt, and g-

factors, half-lives, and direct decay to Ni were also

considered. The error analysis included self-shielding, detector

response, timing, impurities, half-lives for gold and cobalt, and

the gold cross section. Assuming o (Au> * 98.7±0.2, g(Au) "1.0056,
59tj ,„ (Co) = 5.261 years, they reported a cross section o( Co) =*

37.09±0.27 barns. Correcting these data to a cross section for

gold of o (Au) = 98.65+0.10 barns, g(Au) - 1.005, t, .. (Co) - 5.27
o i/z

59
years gives d( Co) = 37.1110.24 barns, or an absorption cross sec-

59
tion of a( Co) • 37.16±0.24 barns, where the lower uncertainty on

the gold cross section has been included.

40
25) Kim and Adams measured the activation cross section of cobalt

with and without a cadmium filter. Using a half-life of 5.24

years for Co, and gold data of a (Au) « 98.8 barns, g(Au) »

1.005, E * 411.8 keV, I - 94.53%, they reported a cross section

of 36.61±0.47 barns. Correcting to t. . (Co) » 5.27 years,

197 197 10ft
C M 1 * Au) - 98.65 barns, g( Au) - 1.005, Ey( * Au) - 411.8 keV,
I ( Au) » 95.5%, the best estimate becomes crr'co) - 37.14±0.48

59barns. Correcting to an absorption cross section gives a ( Co)

« 37.19±0.48 barns.

- 18 -



26) Schuman and Berreth^l measured the sub-cadmium activation cross

section of 5.26 year cobalt to be 38±2 barns relative to gold

a(Au) * 98.8 barns. Correction for the half-life, the gold stan-

dard and the activation to absorption does not significantly

change the reported value.

42
27) Silk and Wade measured the cobalt absorption cross section by

59
the pulsed neutron method. The result at 2200 m/s is a ( Co) «

37.245±0.11 barns.
Q

28) Dilg et al., measured the total cross section of cobalt in the

wavelength range from 5.4 to 7.6 A° and from 11 to 47 A* using a

time of flight spectrometer with high wavelength resolution and ac-

curacy, sufficient intensity, and excellent background conditions

at the FRM reactor. The resulto for the two wavelength ranges

were of the same accuracy and can be considered as independent

since the principal systematic uncertainties were different in

both ranges. The slope determined was O /\ * 20.657±0.04
SL

barns/A , or a cross section O ( Co) " 37.145±0.07 barns.
47

29) Gryntakis measured the activation cross section of the 10.47

minute state relative to gold. A value of 18.8±1.5 barns for the

10.47 min state was determined, using E (I ) * 59 keV (2.1Z) for

6 0 mCo, E (I ) - 412 keV (94.53%) for 9 Au, CTQ(AU1 * 98.8 barns.

Using 58.6 keV (2.04Z) for 6 0 mCo, 411.8 keV (95.5Z) for 1 9 8Au,

aQ(Au) - 98.65 barns, and g(Au) - 1.005 leads to aJ'i^Co) -

19.7±1.6 barns.

The results of all these experiments on the absorption cross section of

59
Co are given in Table III. Because of insufficient data on standards, self-
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shielding, resonance absorption, absolute intensities of gamma rays, conversion

coefficients, etc., many of the experiments are not considered very reliable. In

Table IV, the most reliable measurements on the absorption cross section of co-

balt are included for those experiments in which various corrections were con-

sidered to minimize the systematic error. The resulting value of 37.18±0.06

barns is recommended. It can be noted that the average of all dats from Table

III is 37.20±0.08 barns for this cross section.

The results of the activation experiments on the formation of the 10.5

60
•iiinute isomer in Co are given in Table V. The best estimate of 20.4±0.8 barns

is recommended.

B. Cobalt Resonance Capture Integral

There have been a number of measurements of the cobalt resonance csp

tare integral using the gold resonance integral as Che standard. Each

of the experiments are reviewed be3ow and the results normalized to

the recommended thermal cross section for cobalt ind the recommended

resonance integral for gold. In addition, there are differential mea-

surements of the cross section from which resonance parameters can be

derived. However, the capture width of the 0.132 eV resonance varies

by 20% in various measurements. As a result, the resonance pa-

rameters can not be used to determine the resonance integral. Con-

versely, the recommended resonance in tegral could be used t^ obtain

a best estimate of Y for the 0.132 eV resonance. F is estimated to
Y Y

be 0.47±0.02 eV. For a discussion of the Westcott parameters, g,

r/T/T , S, S , and K, see Appendix 3.

29
1) Tattersall et al., performed a pile oscillator measurement on a

cobalt solution after self-screening was observed in a cobalt wire.
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Reference

M 20Wu

Co liner

22
Harris

Yaffe23

Pomeranee

Gritneland

Bernstein

27
Ailloud

28
Eastwood

29
Tattersal l

WoU30

« J 31
Meadows

32
Cance

33
De Swiniarski

Taylor34

35
Huttel

„ . . , 3 6vPitimbroukx

Carre3 7

^ r, 38
De Worm

Mer r i t t 3 9

Kim

Schuman

Si lk 4 2

Table I I I 59Co(n,V

Reported Value (barns)

40.210.9

38.213.0

35.711.8

34.211.4

34.2H.7

33.910.4

38.410.6

35.4+1.0

36.4+1.5

38.210.7

38.0+0.S

36.310.5

35.5110.87

34.911.0

37.0+2.0

34.8+0.2

37.410.3

38.010.3

37.710.4

37.0910.27

36.6110.47

3812

37.24510.11

Measurements

Corrected Value (barns>

36.013.0

41.513.9

36.114

36.6H.5

35.7H.8

36.911.0

38.4H. 2

38.511.6

36.41 1.5

38.5+0,7

38.410.5

36.310.6

35.5110.87

34.911.0

37.511.9

35.110.7

37.310 3

38.010.3

37.7±0,4

37.1610.24

37.1910.48

38+2

37.24510.11
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Table III (cont'd)

Reference Reported Value (barna) Corrected Value (barns)

Dilg8 37.145±0.07 37.145+0.07

weighted average (barns) - 37.204±0.053 (internal error)

0.075 (external error)
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59
Table IV Co(n,y> Most Precise and Documented Measurements

Reference Reported Value (barns) Corrected Value (barns)

Vaninbroukx

Merri t t

Kin,40

Si lk 4 2

Dile8

37.4+0.3

37.09+0.27

36.61±0.47

37.245+0.11

37.145±0.07

37

37

37

37

37

.3+0.3

,i6±0.24

.19±0.48

.245±0.11

.145*0.07

weighted average (barns) = 37.178*0.056 (internal error)

0.024 (external error!

Recommended Value = 37.18 1 0.06 barns

59
Table V

Reference

43
Deutsch

Moss

Keisch

46Schmidt-Ott

. 47
Gryntakis

Co(n,Y>

Reported

g . m

m, g
a /cr =

Co 10.5 Minute

Value (barns)

1.

18.

1.

18.

410.6

3H.7

1910.16

16.5

80+1.50

Activation Cross

Corrected Value

15.216.5

21.8+2.0

21.8+1.4

17.8±(2.

19.7+1.6

Section

(barns)

0i

weighted average (barns) = 20.4+0.84 (internal error*

0.84 (external error)

Recommended Value » 20.4 ± 0.8 barns
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A preliminary result gave an unshielded value of approximately 70

barns.

21 Johnston et al., measured the activation resonance integral of

cobalt relative to gold with and without cadmium. Using a 1 mm

thick cadmium container, the cadmium ratio was 2.17 for gold and

10.20 for cobalt. The epithermal index r/T/T is 0.04755 and when

the half life is corrected from 5.3 to 5.27 years the resonance in-

tegral, reported as 74.1, is 75.22+5 barns. The parameters g(Au) •

1.005, a (Au> = 98.65 barns, a (Co) - 37.18 barns, g(Co) = 1.0 and

K = 2.2931 or E , * 0.53 eV were used in the calculation.
cd
49

3) Feiner and Esch measured the cobalt resonance integral using a

30 mil cadmium wire for cobalt and 31.2 mils for gold, or K =

2.197 (Col , and K = 2.21 (Aû  . rA/T is 0.0595 and S (Au> -
o o

17.22 and S (Co) = 1.924. RI'= 63.4, and RI = 80.3 barns,
o

Gavin has determined that the epithermal neutron flux per unit

lethargy increases by 13.5% between 1.46 eV and 337 eV in the TTR.

Estimating the increase at 132 eV to be 9.7%, the resonance inte-

gral must be lowered by the approximate 57 barn contribution of

the 132 eV resonance tines the 0.097 overestimate of the neutron

59
flux or 5.5 barns. This gives a value Rl( Co) » 74.817.2 barns,

where the 1.5% cadmium ratio uncertainty for cobalt was added in

quadrature to the 4.5% uncertainty quoted by the authors and half

the systematic error change was added linearly, i.e., 4.75% »

/4.5%+1.5% and 4.75% + 4.85% - 9 >%.

54
4) Dahlberg et al., measured the resonance integral of the 10.4

minute isoaer in cobalt. A reduced resonance integral to thermal
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cross section of 1.45 was obtained. Correcting the gold standard

from 1490 barns to 1510 barns for the reduced resonance integral,

Rl'/a is 1.47±0.12. Using a™ - 20.4±.8 barns, then RI'=30.0, and

m 59
RI ( Co) * 38.8 barns. Correcting the half-life to 10.5 minutes,

the result becomes Rlm( Co) - 39.2±3.5 barns, where the uncer-

tainty in the isomeric cross section was added in quadrature with

the uncertainty in the RI'/CJ value.

5) Eastwood and Werner irradiated cobalt and gold under cadmium

covers in the ZED-2 and NRX reactors. Based on a 5.2 year half-

life, a (Au) -98.8 barns, Rl(Au) = 1535 barns, and a (Co) =37.5

o o

barns, a value of RI(Co) = 69.9 barns was obtained. Correcting

the half life to 5.27 years, CTQ(Au> = 98.65, RI(Au) = 1550 barns,

a (Co) = 37.18 barns, a value of RI(Co> - 72.29±4.2 barns is
o

obtained. In addition resonance integral of the isomer was found

to be RII°(59Co) = :

om(Co)»20.4 barns.

to be RIm(59Co) = 38.4±2.3 in ZED-2 and 38.2±1.3 in NRX, based on

34
6) Taylor and Linacre measured the cadmium ratio of cobalt relative

to gold in the GLEEP reactor. For a 1 mm of cadmium, K * 2.2931

(Westcott) , CR(Au) - 2.17, CR(Co) - 10.62, g(Au) - 1.005, <Jo(Au)

» 98.65 barns, RI(Au) - 1550 barns, and a (Co) = 37.18 barns, we

have r/T/To * 0.0476, SQ(CO) - 1.701, and RI(Co) = 72.74 barns.

Renorma1izing from 5.23 years to 5.27 years, the result becomes

RI( Co) - 73.3±7.9 barns, where the uncertainty in spectrum esti-

mate at 5% was added linearly with the quadrature errors of stan-

dards (2X), self-shielding (2%), cadmium ratios in cobalt (3Z),

and in gold (42) .
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7) LeSage and Sher 5 1 measured the cobalt resonance integral using

cadmium filters, and a Moxon-Rae counter. Based on a gold reso-

nance integral of 1565 barns, and cross section of 98.8 barns, and

59
a cobalt cross section of go = 37 barns, they obtained RI( Co)

= 71.0±5 barns. Correcting to best estimates of 1550 barns, 98.65

barns, and 37.18 barns for RI(Au) , CT (Au) and a (Co) gives

59
RI( Col = 70.85 barns. This includes a self-shielding correction

for resonance neutrons which was calculated to be 1.045. The sig-

nificance of a self-shielding factor greater than unity is not

clear. The self-shielding factor was removed and the 4.5% system-

59atic error was introduced leading to RI( Co> = 74.0±8.3 barns.

8) Carre and Vidal measured the resonance integral for cobalt solu-

tions and plates. Correcting for the latest data, the average be-

59comes RI( Co) = 70.4+7.0 barns, where the uncertainty includes a

4.5% spread in measurements, 2% in standards and 5% in spectrum.

52

9) Wall, in a measurement of the capture width of the 132 eV reso-

nance in cobalt, also measured the resonance integral for two

thicknesses of cobalt and extrapolated to zero thickness to obtain

result of 69 barns. The experiment was based on gold but no indi-

cation was given of what value was assumed.
40

10) Kim and Adams measured the resonance integral of cobalt relative

to gold and obtained 75.3 barns. Using 5.27 years instead of 5.24

years, and a (Au) - 98.65 barns, g(Au) = 1.005, RI(Au) » 1550

barns, and a (Co) » 37.18 barns, the resonance integral for cobalt

becomes RI(59Co) « 75.8+3.7 barns.
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11) Schuman and Berreth measured the cobalt activation resonance in-

tegral relative to gold for the 5.26 year state using as data

a (Au) = 98.8 barns, RI(Au) = 1558 barns, and a (Co) = 38 barns

and obtained 74.6±3 barns as a result at a cadmium cutoff of 0.55

eV. Using a (Au) = 98.65 barns, RI(Au) = 1550 barns, ff (Co) =

37.18 barns and t..„ ( Co) = 5.27 years, the renormalized result

59
is RI( Co) = 72.9 barns. Correcting to a 0.50 eV cutoff gives an

additional 0.7 barns. Adding to the author's 3 barn uncertainty,

a 2% uncertainty in standards, and a 5% uncertainty in the spec-
59

trum produces a value of RI( Co) = 73.6±7 barns.

35

12) Hu'ttel applied a reactivity technique using a pile oscillator

by the two spectra method to determine self-shielding in cobalt.

The standard was boron assumed without explanation to have a cross

section of 760.8 barns. By extrapolating to zero thickness, the

resonance integral became 70.3 barns.
53

13) Steinnes measured the activation resonance integral relative to
gold and obtained 77±4 barns. E is approximately 0.475 eV.

59
Correcting to 0.5 eV and using the latest data gives RI( Co) =

76.2 barns. No information on the half-life assumed («/*l%) , or the

absolute intensity of y rays in cobalt or gold (J\L%,»/'1%) or on the

spectrum in JEEP reactor (s5% systematic) . This gives a total un-

59
certainty of 10.6% or RI( Co) = 76.218.1 barns.

14) Gryntakis measured the resonance integral of the 10.47 minute

isomer using a 1-mm cadmium cover. The gold standard was a (Au)

= 98.8 barns, RI(Au) = 1551 barns, R(Cd) = 3.98+.08 and the cobalt

data were a m(Co) = 18.8 barns and R(Cd) = 23.4±2.0. The resulto
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obtained was 39.7*4.3 barns. Renormalizing to the latest data on

gold and correcting from E = 0.54 eV to E = 0.50 eV gives

RIm(Co) = 42.7±4.6 barns.

In Table VI, the results of all these experiments on the resonance inte-

59

gral of Co are given. Because of insufficient data, three of the experi-

ments are not considered reliable. The average of the remaining experi-

ments give a value of 74.2±2.0 barns for the resonance integral.

For the isomeric level, Table VII lists the results of the experimental

data. A recommended value of 39±2 barns is obtained.

IV. The Manganese Capture Standard

Manganese is another mononuclidic element which is often used as a neutron

capture standard. The reaction product is 2.58 hour Mn. The principal

gamma radiation, E = 0.847 MeV, has an absolute intensity of 98.87%.

Data on the thermal neutron cross section and the resonance capture inte-

gral are reviewed below and recommended values given.

A. Thermal Neutron Capture Cross Section

The various experiments on maganese thermal cross sections are:
56

11 CoItman and Goldhaber measured the manganese cross section to be

10.7±0.2 barns based on a boron value of 600 barns. Assuming natu-

ral boron with 761 barn cross section, this result becomes

a ( Mn) • 13.610.3 barns. There is no discussion of self-

shielding, or foil size. The only error is due to statistical

counting and error in the scattering cross section used to calcu-

late the scattering correction. Uncertainty in boron would add

0.3 barns to an estimated 82 uncertainty to give 13.6±1.4 barns.
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59
Table VI Co Resonance Integral Measurements

Reference Reported Value (barns) Corrected Value (barns)^

29
Tattersall

Johnston

_. . 49
Femer

Eastwood

Taylor34

Le Sage51

Carre

Wall52

Kim40

Schuman

Huttel35

o • 53Stemnes

«/70

74.8

8114

69.913.5

*

71.015

68.715.

^69

75.3+0.8

74.613

^70.3

77±4

75.215.

74.817.2

72.314.2

73.317.9

74.018.3

70.417.0

-

75.813.7

73.617

-

76.2+8.1

weighted average (barns) 74.212.0 (internal error)

±0.2 (external error)

Recommended Value = 74 ± 2 barns

Table VII Resonance Integral Co(n,y) mCo 10.5 minute state

Reference

Dahlberg54

Reported Value (barns)

*

.50
Eastwood'

39.7±4.3

weighted average (barns)

Gryntakis

Recommended Value (barns)

39.213.5

38.412.3

42.714.6

39.2±1.8 (internal error)

±0.3 (external error)

Recommended Value * 39±2 barns
*No value reported in original work.
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2) Colmer and Littler21 measured the pile oscillator absorption cross

section of manganese relative to boron with a value of 710 barns.

The resulting value of 12.810.8 barns is corrected to 13.9±0.9

barns using a value of 773 barns for the Harwell natural boron

standard. The authors note that no chemical analysis was per-

formed, a large systematic error is possible and an unspecified

self-shielding correction was applied. Allowing a systematic

error half as large as the error quoted leads to an estimate of

a (55Mn) = 13.9±1.4 barns,
a

22

3) Harris et al., measured the manganese cross section in a pile

oscillator relative to a natural boron value of 710 barns.

Renormalizing the reported value of 12.3 barns to a boron cross

section of 761 barns gives 13.2 barns. A correction for resonance

absorption cannot be made since solid manganese of unspecified di-

ameter was irradiated. Such a resonance absorption correction

would be approximately 0.4 barns. Typical uncertainties for these

measurements in the late 1940's would be 6% plus the possible

self-shielding correction. The result is 13.2±1.2 barns.

24

4) Pomerance measured the manganese cross section in a pile

oscillator relative to gold with a value of 95 barns. His

reported value of 12.8±0.6 barns must be revised to 13.29±0.7

barns for a (Au) = 98.65 barns.

3.
25

5) Grimeland et al., measured the pile oscillator cross section of

manganese to be 12.4+0.2 barns relative to a boron value of 710

barns. This could be revised to 13.29 barns (a(B) = 761 barns) or

to 13.5 barns (<j(B) = 772 barns) depending on the source of the

- 30 -



-A.

boron. Assuming the first value and taking 6% as a reasonable

error estimate + 0.2 barns for the boron gives a result of

13.3±1.0 barns.

98

6) Barloutaud and Leveque measured the ratio of manganese to ura-

nium. This is a better estimate of uranium relative to manganese

than vice versa. This measurement is neglected here.

7) Bartholomew et al., measured the manganese cross section, rela-

tive to a gold value of 93 barns, to be 12.7±0.3 barns.

Correcting to a value of O (Au> = 98.65 barns, and g(Au) = 1.005,

the result becomes a ( Mn) = 13.5±0.3 barns. No information was

provided on sample thickness, self-shielding, cadmium ratios.

Since gold resonance self-shielding would be 0.53, and the beta

branch varies between 47-60%, a 10% total uncertainty was assumed,

which gives 13.5±1.4 barns.
58

8) De Juren and Chin measured the manganese cross section using a

"known" neutron flux density and obtained a value of 13.19±0.30

barns. There are no details to allow a correction of this value

except that boron of 750 barns was used. Assuming a 4-5% system-

atic error and that the boron cross section is 761 barns, this be

comes a ( Mn) = 13.38+0.6 barns.
59

9) Cummins measured the manganese absorption cross section, rela-

tive to a boron value of 783 barns, to be 13.2±0.2 barns.

Assuming a 4% systematic uncertainty and renormalizing to Harwell

boron gives a ( Mn) = 13.0±0.6 barns.

10) Meister measured the manganese cross section to be 13.19±0.38

barns relative to a gold value of 98.7±0.6 barns. This becomes
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a (55Mn) = 13.18±0.6 barns for 0 (Au) » 98.65 barns, since g(Au)

= 1.005 was assumed in the original work and a 4-5% systematic

uncertainty.

29
11) Tattersall measured the manganese absorption cross section to be

13.25±0.15 barns relative to boron of 767±3.5 barns in a very ther-

mal spectrum; R(Cd) = 160 for gold. Using Harwell boron with o

= 773 barns, t:he result becomes a ( M

a 4-5% systematic uncertainty is used.

773 barns, t:he result becomes O ( Mn> = 13.35±0.6 barns where

31

12) In a pulsed neutron experiment, Meadows and Whalen measured the

manganese cross section to be 13.2±0.1 barns- However, the result

for gold was 98.2 barns compared to the value recommended here of

98.65 barns. If one allows a systematic uncertainty and assumes

that the manganese cross section should be adjusted as the ratio

of the gold cross section discrepancy, a ( Mn) becomes 13.26±0.6

barns.

13) Hiittel and Liewers measured the manganese cross section in a

pile oscillator in the Rossendorf reactor. A value of a ( MiO -:

SL

1.3.3+0.08 barns relative to boron = 755 barns was obtained. There

is no information on the source of the boron. Assuming 761 barns

and usiing a systematic error of 0.22 barns (possible Harwell

boron) and an estimated additional 6% uncertainty gives 13.4+-1 0

barns.

14) Jozefowicz measured the ratio of the manganese to sodium activa-

tion cross sections to be 25.0±0.2. This should be used as a mea-

sure of the sodium cross section since manganese has the better

known value. It is neglected here.
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15) Bouzyk et al.,62 measured the manganese absorption cross section

relative to a boron value of 755 barns. The value obtained was

a ( Mn) = 13.4±0.4 barns. No information was giver on the source

of the boron. Assuming a '/61-barn boron value, the result is

C (55Mn) = 13.5±1.0 barns.

16) Sokolowski and Bladh measured the manganese cross section rela-

tive to boron, manganese and indium. A value of 13.20±0.15 barns

was obtained. A value of 13.3±0.1 barn was input along with

values for boron and indium to obtain reactor calibration con-

stants which were than used to obtain a self consistent manganese

cross section. Most of the weight is due to boron with a = 759
a

barns. Renorraalizing to a = 761 gives a (Mn) = 13.23 but this is
3 O

not an independent measurement. It is neglected here.

17) Hogg and Wilson measured the manganese cross section (13.5±0 5

barns) relative to a cobalt cross section of 37 barns. Cadmium-

covered activity was used to correct the measured '•otal activity

of the 2.58 hour state. No details were given on the cadmium

ratios, self-shielding, size of detectors, and energy or intensity

of gamma radiation studied. With an estimated systematic error,

the result becomes 13.5±1.0 barns.

]8> Adib et al., measured the total cross section of manganese and

obtained a 1/v component corresponding to a cross section of

i3.64±0.19 barns. No discussion of the error analysis is given.

'<ith an estimated systematic error, the result becomes 13.64±0.9

barns.



19) DeVolpi.108 measured the ratio of the hydrogen to manganese absorp-

tion cross sections to be 0.0253l±0.00003. Impurity concentra-

tions in the manganese bath must first be investigated before this

can be accepted as the thermal cross section ratio. This

measuement is neglected here.

In Table VIII, the reported and revised values are given, along with a

weighted average of the revised cross sections of 13.3±0.2 barns.

B. Resonance Capture Integral

There have been a series of measurements on the resonance integral or

the reduced resonance integral of manganese in the literature. The

various measurements are reviewed below:

66
1) Harris et al., measured the manganese resonance integral in the

Argonne heavy water reactor. The epithermal flux was assumed to

be 1/E. Cadmium ratios of manganese, 35, relative to gold, 2.91

gave a resonance integral of 9.77 barns based on a (Mn) * 12.1
a.

barn, a (Au) = 93 barn and RI(Au) = 1337 barns. From a 1/v

absorber (boron), the cadmium cutoff energy is estimated to be

0.64 eV. For a cadmium cutoff energy of 0.64 eV, RI(Au) = 1544.9

barns, RI(Mn) = 11.7 barns. A 0.7 barn correction is necessary to

convert from E , = 0.64 eV to 0.50 eV. This gives RI(Mn) = 12.4

barns. For manganese, the cadmium ratio is uncertain between 3%

and 12%. Assuming R(Cd) is uncertain to 6%, with a 3% uncertainty

for standards, 5% for cadmium cutoff energy and 6% for the spec-

trum (systematic effect) then Rl(Mn) = 12.4±1.6 barns.
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55
Table VIII Mn Thermal Neutron

Reference Reported Value (barns)

Coltman

r, , 21
Colmer

22
Harris

24
Pomerance

Grimeland

Bartholomew

DeJuren

• 59
Cummins

Meister

29
Tattersall

Meadows

HCittel61

Bouzyk

63
Sokolowski

Hogg

Adlb65

10.7±0.2

12.8±0.8

12.3

12,8±0.6

12.4+0.2

12.7±0.3

13.19±0.30

13.2±0.2

13.19±0.38

13.25±0.15

13.2±0.1

13.3±0.08

13.4+0.4

13.20±0.15

13.5+0.5

13.64±0.19

Cross Section

Corrected Value (barns)

13.6+1.4

13.9±1.4

13.2±1.2

13.3+0.7

13.3±1.0

13.5±1.4

13.38±0.6

13.0±0.6

13.18+0.6

13.3510.6

13.26+0.6

13.411.0

13.5+1.0

see text

13.6+1.0

13.64+0.9

Weighted average = 13.32+0.2 barns

Recommended Value = 13.310.2 barns
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2) Klimentov and Oriazev^'? measured manganese relative to lithium.

Lithium is similar to boron in having a highly variable isotopic

composition in nature and one isotope responsible for most of the

absorption, Li. In addition, large quantities of lithium de-

6
pleted in Li have been dumped into chemical reagents making its

use, without determination of its composition, as a neutron absorber

questionable. In this experiment gold and cobalt have apparently

been self shielded by factors of 2 1/2 and 2 respectively. These

two effects make this experiment highly uncertain. It is

neglected here.

29

3) Tattersall et al., measured the reduced manganese resonance inte-

gral in a pile oscillator relative to gold. The result of RI' =

9.5+5.0 barns relative to a (Au> = 99.3 barns, RI'CAu^ = 1513

barns, g(Au) = 1.006 and a (Mn) • 13.25 barns would be revised to

8.9±5.0 barns for the reduced resonance integral or 14.9±5.0 barns

for the total resonance integral.

4) Walker et al., measured the manganese resonance integral rela-

tive to gold in the NRX reactor to be 7.8±0.8 barns (reduced). The

gold parameters were a (AiO • 98.6 barns, and RI'(Au^ = 1525

barns. For an estimated cadmium cutoff of 0.47 eV, the

recommended values would be a = 98.65 barns and RI' = 1504.4

barns. This gives 7.1 barns for the reduced resonance integral.

2 97

In addition, for the 1 mg/cm gold foil Brose has measured and

calculated a self-shielding factor of 0.92 compared to the 0.978

used. This was added as an uncertainty to the result of 13.1±0.9

barns. There was a 141 ,'epression in the neutron flux at the 337
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eV manganese resonance noted. It is assimed that this was

corrected for in the measurement.

54

5) Dahlberg et al., measured the manganese resonance integral rela-

tive to gold in the Rl reactor. Cadmium ratio measurements were

made, although no details on the values obtained were given. The

non-l/E shape changes the gold reduced resonance integral from

1490 barns to 1510 barns and the stated RI' = 8.15±0.6 barns be-

comes a full resonance integral of 14.3±0.8 barns.
68

6) Feiner measured the manganese resonance integral in the thermal

test reactor (TTR) relative to gold. For the 20 mil cadmium

cover, the cutoff energy is = 0.41 eV. The measured value of 15.8

barns must be corrected for the gold resonance integral from 1534

to 1554 barns to give a reduced resonance integral of 9.28 barns.

There is a non-l/E spectrum shape correction due to Gavin who

found that the epithermal neutron flux/unit lethargy increases by

13.5% between 1.46 eV and 337 eV in the TTR. Estimating the reso-

nance contribution to be 7.45 barns from the 337 eV resonance, the

correction is 1.01 barns. The reduced resonance integral becomes

8.27 barns and the resonance integral = 14.24 barns. The statisti-

cal uncertainty in the cutoff energy, the cadmium ratios and uncer-

tainty quoted by the authors when added to the systematic uncer-

tainty (estimated at 1/2 the non-l/E effect) gives a final result

of RI(Mri) - 14.2±1.2 barns.
69

7) Jacks irradiated manganese and gold (both bare and cauraium

covered) in the Savannah River Standard Pile for which the KAPL

TTR is the prototype. The reported value of 14.!±0.3 barns when
- 37 -



corrected for the latest data RI(Au) » 1550 barns, a (Au) - 98.60

barns and g(Au) * 1.005, the resulting resonance integral is 13.94

barns. Gavin found the TTR prototype to have an enhancement of

the flux per unit lethargy of 13.5% between 1.46 eV and 337 eV.

This possible systematic error, 1 barn, was included with a 3Z sta-

tistical certainty to give Rl(Mn) - 13.9±1.4 barns.

8) Axton measured the manganese resonance integral relative to gold

in the GLEEP reactor. His result of 14.6 barns was obtained using

c (Mn> = 13.25 barns, a (Au) * 98.8 barns, g(Au) - 1.0086, and
a a

RI(Au) = 1559 barns. Correcting these values to 13.3 barns,

98.65, 1.005 and 1550 respectively, the result becomes 14.31+0.83

barns.

9) Louwier and Aten irradiated manganese foil with a Pu-Be source.

With a 19.2 mil cadmium cover, the result was 15.Oil.4 barns. The

cadmium cutoff energy is estimated to be 0.39 eV and the 1/v compo-

nent to be 6.8 barns and the reduced resonance integral to be 8.2

barns. No self shielding was evident on a number of samples of

varying density. The revised value is 14.2+1.5 barns.

72

10) Kohler and Schmelz measured the manganese resonance integral rel-

ative to gold and obtained a reduced resonance integral of

7.55+0.60 barns relative to a gold value of 1507 barns.

Correcting to a cadmium cutoff of 0.5 eV, this gives a total reso-

nance integral of 13.5±0.98 barns, where a 5% uncertainty was
added to cover a possible non-l/E spectrum shape.

Carre and Vidal used the oscillator method to measure reactior

rates and derive resonance absorption integrals from them. The
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i

measured value of 16.5±1 must be revised to 15.1±1.8 barns when

the gold data, Og = 98.9 barns, RI = 1540 become a =98.65 barns,

g • 1.005, and RI * 1550 barns, and a 5% uncertainty due to a pos-

sible non-l/E shape, are accounted for.

. 73
12) Orvini measured the activation resonance integral relative to

gold in the ISPRA 1 Reactor using O (Au) = 9 8 . 8 barns, Rl(Au) =

1535 barns, g = 1.005. Correcting to a = 98.65 barns and RI(Au)

= 1548 barns for Ec<J = 0.54 eV, gives RI(Mn) = 14.0±0.2 barns

(counting uncertainty only) . When the deviation from the 1/E spec-

trum shape (3%) is added linearly to the 0.57 barns from uncer-

tainty in standards, cadmium ratios and counting, the result be-

comas RI(Mn) = 14.0±1.0 barns.

74

13) Ryves et al., measured the manganese reduced resonance integral

relative to the hydrogen scattering cross section in a manganese

sulfate bath. The resulting value is 5.7±1.7 barns relative to hy-

drogen scattering cross section of 20 barns. Complicating this re-

sult is the determination by Reeder of an impurity content of 1.1%

in Axton's manganese bath which is principally magnesium and cal-

cium. An uncertainty in the spectrum shape must be included also

since a 1/E shape is assumed. The resulting total resonance inte-

gral becomes 11.7±2.0 barns.

14) Sher measured the resonance integral of manganese relative to

gold using cadmium ratios of low density manganese and gold in the

BNL graphite reactor. The measured value of 14.41iO.48 barns was

based on gold with O • 98.8 barns, and RI * 1565 barns.

Correcting to the parameters a (Au) - 98.65 barns, and RI(Au) -
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1550 barns gives a revised result of RI(Mn) - 14.3±0.5 barns. For

2
a gold density of 0.33 mg/cm , the resonance self shielding factor

97
could be about 0.965 according to Brose. Adding this uncertainty

(0.5 barns) with the uncertainty in standards, cadmium ratios, sta-

tistics, and spectrum shape gives a final value of RI(Mn) *

14.3+0.7 barns.

41
15) Schuman and Berreth measured the activation resonance integral

of manganese relative to gold using low density alloys in the MTR.

Using gold values of O = 98.8 barns, and RI = 1558 barns, and a
3.

manganese thermal cross section of 13.2 barns, a resonance inte-

gral for manganese of 14.0±0.7 barns was obtained. Correcting to

a (Au) = 98.65 barns, Rl(Au) = 1550 barns, a (Mn) = 13.3 barns,

and g(Au) = 1.005, and estimating a possible 3.5% self shielding

correction, and a 5% spectrum shape uncertainty gives RI(Mn) =

14.0±1.3 barns.

16) Breitenhuber et al., measured the activation resonance integral

of manganese in the Argonaut (thermal) reactor as a check on the

spectrum shape of the reactor. The measured value of 15.4 barns

when corrected for a self shielding of 0.955 rather than 0.972 for

2 97
0.48 mg/cm (see Brose), and for the latest gold data becomes

15.0 barns. The cadmium cutoff energy is estimated to be 0.415

eV. This leads to a 0.5 eV cutoff value of 14.46 barns. There is

no error analysis nor any error quoted. Since this measurement

.. was a determination of the spectrum shape effort, an uncertainty

of 0.5 barns for the spectrum shape should be included with an

estimated 5Z uncertainty in self shielding, standards, cadmium
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ratios, and cadmium cutoff energy. This gives a final result of

14.46±1.2 barns for RI(Mn) .

17) Nanjyo measured the activation resonance integral of manganese

relative to gold at the Kyoto Research Reactor. Absolute counting

2 2

of manganese foils 0.05 gm/cm , and gold 0.05 gm/cm under cadmium

covers 0.7 mm thick resulted in a resonance integral of 14.1-0.6

barns. Space dependent spectrum calculations in the PI

approximation gave a near-l/E shape and agree with the time of

flight spectrum. The cadmium cutoff energy was estimated to be

0.485 eV. This leads to a total resonance integral of 14.0 barns.

There is no error analysis given nor cadmium ratios listed. An un-

certainty of 0.6 barns is included to account for the author's es-

timate of 0.63 eV for the cadmium cutoff energy. Allowing 0.2

barns uncertainty for a "near-l/E" shape gives a result for the

resonance integral of 14.0±l.l barns.
78

18) Van der Linden et al., measured the activation resonance inte-

gral of manganese relative to gold in the Ghent University Thetis

reactor. The resonance integral to thermal neutron cross section

is 1.04 for manganese relative to RI(Au) = 1551 barns and a (Au>
ci

= 98.8 barns. There are no data on cadmium ratios measured, on

sample sizes for self shielding calculations, no information on

flux shape and the closeness to a 1/E spectrum and no error anal-

ysis. Authors quote RI(Mn) = 13.8±0.8 barns. Adding a 5% uncer-

tainty for the lack of knowledge of a 1/E shape or 0.4 barns gives

RI(Mn) - 13.811.2 barns.
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19) Gleason79 measured the activation resonance integral in the graph-

252
ite moderated Cf facility. The resulting resonance integral is

17 barns relative to O (Au) = 98.8 barns, RI(Au) = 1560 barns, and

a (Mn) = 13.3 barns. There are no error assignments, no error

analysis, no information on sample sizes for self shielding calcu-

lations and no information on the closeness to 1/E of the spectrum

shape. There is no information on the cadmium thickness used.

Allowing 0.6 barns for a cadmium cutoff uncertainty, 3% for stan-

dards (or 0.5 barns') , 4% for possible self shielding in gold stan-

dard and/or manganese, 5% for a spectrum shape effect gives a re-

sult of RI(Mnl = 16.8+1.9 barns, where the recommended parameters

for gold are used a = 98.65 barns, g(au) = 1.005, and RI(Au) =

1550 barns.

The integral measurements of the manganese resonance integral are shown in

Table IX as reported and as revised. The weighted average of these 18 measure-

ments is 14.0+0.3 barns.

The resonance parameters cannot be used to determine the resonance inte-

gral of manganese because the first resonance at 0.337 eV is the most prominent

and the T has not been measured. It has been estimated on the basis that it is

responsible for most of the capture cross section. The estimate is given to

20%. The integral experiments could be used to estimate this parameter instead.

T is estimated to be 0.435±0.100 eV.

Y
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Table IX Mn Resonance Capture Integral

Corrected Value (barns)Reference

• 66
Harris

29
Tattersall

Walker67

Dahlberg54

_ . 68
Femer

Jacks

Ax ton

• 71Louwier

Kohler72

37
Carre

Orvini

Ryves 7 4

Sher75

Schuman

» • 7 6

Nanj yo

Breitenhuber

Van der Linden

79
Gleason

Reported

9

15

13

14

15

14

14

15

13,

16.

13.

1 1 .

14.

14.

14.

15 .

7 8 13.

17.

Value (barns)

.77

.5+5.0

.8±0.8

.12+0.6

.8

.l±0.3

.6

.0+1.4

.52+0.60

,5±1

.7+0.7

7+1.7

4±0.5

0+0.7

l±0.6

4

8±0.8

0

12.4+1.6

14.9±5.0

13.1+0.9

14.3+0.8

14.2±1.2

13.9±1.4

14.3110.83

14.2±1.5

13.5±1.0

15.15±1.8

14.0110.97

11.7+2.0

14.310.7

14.0+1.3

14.0+1.1

14.511.2

13.811.2

16.8+1.9

weighted average » 14.010.27 barns (internal error) ,

±0.17 barns (external error) .

Recommended value » 14.010.3 barns.
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Appendix 1

A. Boron Cross Section - Variation in Nature

In the thermal neutron energy region, the absorption cross section of

boron is due overwhelmingly to the (n,d) reaction in B. However, the B con-

tent of a boron sample is variable in nature depending upon the source of the

30
sample. Holden has reviewed the data. Absolute measurements of some extreme

variations have been made by Schwarcz, who obtained a B abundance of 19.1%

for seaweed samples, and by Finley: who obtained 20.3% for B content in

Argentine ulexite.

83
For boron samples used in cross section measurements, Debus, used B O

whose B content was determined as (19.83810.030)%. Dehus also measured th«;

ratio of this sample to Harwell boric acid standard and the * rontent ratio of

these two samples was 0.98510.003. From the above two measurements, the Harwell

standard had a 10B content of (20.14+0.07)% .

Using Debus, Schraitt, " Safford, and Meadows the B(n,a> cross sec-

tion is 383816 barns (see Table X) . This implies that the cross section for the

Argonne and CBMN boron standards was 761±2 barns, while that for the Harwell

and Fontenay-aux-Roses standards was 77313 barns. For other sources see Table

XI. Unless one knows for certain the standard used, the use of a boron standai '

carries a 1 ** systematic error (uncertainty) in any cross section measurement.

B. Lithium Cross Section-Variation in Nature

In the thermal neutron energy region, the absorption cross section of

lithium is due to the (n,ci> reaction in Li. Absolute measurements by Svec

and Cameron give Li isotopic abundance ranges of 7.34%-7.60% and 7.36%-7.63%

respectively. Flesch determined a Li absolute abundance of 7.68%. From



r
Table XII, the ^Li (i,09 cross section is 941±3 barns. Using the above, the

lithium absorption cross section varies between 68.7 and 72.3 barns. In addi-

{•ion, there is the problem of man-made variations. Lithium, depleted to as low

as 2.5% Li, has found its way into commercial lithium stocks, see de Goeij

Inis lithium has an absorption cross section of approximately 24 barns.
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Au thor

Debus
83

Schmitt
85

86
Safford

87
Meadows

Recommended Value

Table X. 10B (n,oi) Cross Section

Cross Section (barns) Comment

3835 + 11
3836 ± 9

3846 ± 38

3838 + 11

3842 ± 18

3838 ± 6

Assumed a = 2 barns
s

Weighted Average

Table XI. B (abs.) Cross Section

Mineral
Sample

(Location)

Crude Borax
Searles Lake, California

Borax

Searles Lake, California

Ulexite - Argentina

Inyoite - USSR

Howlite - California

10B Content
(Percent)

19.72±O.O5

19.8410.07

20.32±0.04

19.45+0.03

20.15+0.04

Resultant
Cross Section

(barns)

757±2

761.5±3

780 ±2

746±2

773±2

Author

87
s

silk103

Meadows^

Becker

Recommended Value

Table XII. Li (n,a) Cross Section

Cross Section (barns)

943.8 ± 2.8

936 ± 4

944 ± 19

941 + 3

Comment

Weighted Average
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Appendix 2

60
Co - Nuclear Data

60 88
The best half-life measurements of the Co ground state are by Walz,
89 90 91 92

Merritt, Rytz, Vaninbroukx and Legoutine. The recommended half-life is

5.27±0.01 years.

For the 58.6 keV isomer, the best half-life determination is by

93
Bartholomew. The recommended half-life is 10.5±0.1 rain. The absolute photon

46
intensity for the 58.6 keV gamma ray is 2.04% using Schmitt-Ott's transition

94
probability of 99.76%, and Hansen and Legrand's total internal conversion

coefficient of 47.8±2.1.
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Appendix 3

Westcott Notation

Westcott proposed a convention which assumes that the neutron spectrum

consists of a thermal Maxwellian distribution characterized by a temperature T,

with an epithermal component proportional to dE/E. This epithermal component

terminates at a lower energy limit of ykT, where y is usually £ 5 and k is the

Boltzmann constant.

For an ideal detector, the reaction rate per milligram (ing) of foil is

R = Nn V d, (3.1)
o

where N is the number of detector atoms per mg, d is the effective cross sec-

tion of the foil in cm , n is the total neutron density (neutrons/cm ) and V is

the most probable velocity (cm/s) of a thermal neutron (at T = 20.43°C or E =

0.02530 eV, it is 2200 m/s) .

For a detector whose cross section does not vary inversely with neutron ve-

locity, the effective cross section is

9 = aQ * (g + rs) , (3.2)

where 0 is the detector cross section for 2200 m/s neutrons, the epithermal

index, r, is approximately the fraction, f, of the neutron density in the

epithermal component, and s is a temperature dependent quantity given by

„ _ A T RI1 (3.3)
S ~ ~TJf~ ~ '

o o

where RI1 is the resonance integral minus the integral of the effective

Maxwellian cross section 6* . The g-factor is the ratio of the Maxwellian to
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2200 m/s cross sections. In equation (3.2), g is given by

v
o o o

Where V is the velocity corresponding lo an energy of kT, and V is an integra-

tion variable. Since the Maxwellian neutron density is normalized, i.e.,

0 A VT
3

then if the cross section varies as V . the Maxwellian is

e -iVo o ^ V VT3 V Q ~°

and g = 1.

The measured cadmium ratio, R(Cd), is the ratio of the total measured ac-

tivity to the cadmium covered activity. In Westcott notation for thin foils, we

have

R(Cd) = (-4= + ^ )
/T/T 8

where K = 1/4/iTE ,/E (E , is the cadmium cutoff energy)cd o ccl

and s = s /T /T = /4/ir RI'/O i s a constant for a mater ia l ,o o o
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