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squares {its to the experimental data. The formula for gy, o = f (E) contains
terms to correct for non-1/v behaviour from the eV-range up to 100 keV. The
confidence interval gradually decreases from + 144 (thermal) to + 0.06 b
(100 keV).

R = constant = 6.3 + 0.3 up to 30 keV. From 30 to 100 keV higher order
terms are proposed to fit the data. All recommended values and curves are
summarized in the last chapter of this report, together with a set of numerical
values.
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SUMMARY

Data available on the 1B (n, ) cross section and the branching ratio in the
range from thermal energy to 1 MeV are compiled. After a critical evaluation
a set of data is selected to compute recommended values and best curves of
the (n, a) cross section and the branching ratio, for neutron energies up to
100 keV. The oy, a cross section is derived from this.

At thermal energy oo = (3835 + 14)b and R° — 6.308 + 0.012 are
nr o

recommended, the errors corresponding to confidence limits (95 9%). From
thermal energy to 100 keV best curves are recommended on the basis of least
squares fits to the experimental data. The formula for ¢,, , = f (E) contains
terms to correct for non-1/v behaviour from the eV-range up to 100 keV. The
confidence interval gradually decreases from + 144 (thermal) to + 0.06 b
(100 keV).

R = constant = 6.3 + 0.3 up to 30 keV. From 30 to 100 keV higher order
terms are proposed to fit the data. All recommended values and curves are
summarized in the last chapter of this report, together with a set of numerical

values.
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INTRODUCTION

From the data available in literature nave been derived
10

a. the best values of the B(n,a) cross section and
branching ratio at thermal energy,
b. the energy dependence up to 100 keV of the (n,.) and

(n,a1) cross sectlions and of the branching ratio.

To these ends a compilation of data from thermal energy to
1 MeV is contained in this report, together with a critical
evaluation, ending with a selection of those data wich
enter into the calculations, required for the above-men-
tioned purposes. Of the energy range up to 1 MeV, the re-
commendations are limited to the interval between thermal
energy and 100 keV as the latter is the most important
region for practical use at the present time. Nevertheless,
curves and formulae are also given above 100 keV, but

the accuracy 1s much less in this energy interval.

Such an evaluation also required a discussion of non-(n,a)—
reactions. It was considered useful to incorporate a
chapter on isotopic composition as well. On several
occasions published data had to be changed because of
afterwards better known isotopic composition. Further-
more, for convenience of the reader, 1t might be useful to
know which differences in isotopic composition of so-called
natural samples may be expected, and - on the other hand -
how accurate standard boron stocks have been defined and

how and where standard samples may be obtained.

The lOB cross sections have already been compiled and

evaluated earlier (Hu 58, Bu 60, St 64, Sp 67, Ir 67).
However, until now the most recent data and comments which
help to clarify the situation have not all been taken into
consideration. ‘

On the other hand, in this evaluation the special aspects
of lOB as a neutron data standard have been considered.
Chapter 6 summarizes the recommended values in such a way
that it is expected to be of practical use in neutron

measurements.



ISOTOPIC COMPOSITION OF NATURAL BORON

Until recent years the lOB isotope concentration in

"natural" boron has not been known accurately as is

clear from the values given In table I.

Table I. Former measurements of the isotopic composition

of natural boron

lOB atom % Reference lOB atom % Reference
18.83 In 46 19.3 Be 58a
18.45 - 18.98 Th 48 19.27 Be 60
19.569 0s 50 19.7 - 19.9 Fi 61
19.05 - 19.61 sh 56 19.83 - 20.00 Go 61
19.57 Se 57 19.72 - 19.84 Mu 61
19.65 Pa 58 19.80 Sh 63

Variations in the isotopic composition of natural boron
appear also from a series of intercomparisons carried
out by the Central Bureau for Nuclear Measurements in
1962 on reference stock used for neutron measurements
by different nuclear institutes (table II). The values
given in table II (De 63) have a precision of + 0.5%
relative but were uncorrected at that time for possible
systematic errors (such as mass discrimination).

Table I shows bthat lOB concentrations vary from 18.4 to
20.0 atom %, while it appears from table II that even
reference stocks are not 1identical,

To eliminate this uncertainty and consequently the error

(lO

contribution to On B), a long term effort at the

Central Bureau forANuclear Measurements has resulted in
highly reproducible (< 0.1%) and accurate (0.1%) isotopic
analysis of boron in boric acid. A small bias effect
(mass discrimination) of (0.13 + 0.07)% on the lOB/llB
ratio tnereby persisted in the measurements of known

10, 11

synthetic B blends, a:1 known systematic errors




Table II. 1962 Intercomparison of different natural boron

stocks
Sample lOB atom %

Argonne National Laboratory - stock I 19.80
Argonne National Laboratory - stock II 19.82
(now transferred to NBS)

Central Bureau for Nuclear Measurementcs -

stock I 19.81
Central Bureau for Nuclear Measurements -

stock II 19.85
Chalk River 19.83
Allgemeine Elektrizititsgesellschaft 19.81
Fontenay-aux-Roses 20.13
Harwell old stock (now destroyed) 20.13
Harwell new stock 19.78
Fontenay-aux-Roses - stock 1 20.11
Fontenay-aux-Roses - stock II 20.07

being either eliminated or corrected for. This bias
factor was constant over the concentration range 10% -
90% lOB and hence was reliable to correct any boron
isotopic measurement. Thus the lOB concentration of the
CBNM stock II of 200 kg boric acid (H3B03> was redeter-
mined, yielding an absolute value of (19.824 + 0.020)
atom % 9B (De 68).

This standard is avalilable for distribution provided
with a certificate for tne isotopic composition, either
in the original crystalline H3B03 form, or as solutions
of the same with chemical concertration known to 0.1%.
Furthermore, homogeneous evaporated metallic boron layers
with known lOB content (mass- and chemistry defined) can

be prepared, the isotopic definition being relative to



the standard. The U.S. Atomic Energy Commlssion Nuclear
Cross Section Advisory Group and the European-American
Nuclear Data Committee emphasize the desirability of

measuring boron neutron cross sections on CBNM standard

boron or on boron from the identical NBS stock (De 54).

NON-(n,a) REACTIONS

The total cross section On and scattering cross section

T

GnS are not compiled In this report. However, some

results of absorption cross section Gn are obtained by

A

subtracting On from On . In the energy range of interest

S T
only elastlic scattering is involved : OnS = On,n

In addition to the lOB(n,a)7Li reaction, the following
processes are energetically possible and could

contribute to GnA

lOB(n,Y)llB, lOB(n,p)lOBe and lOB(n,t)24He.

As appears from the following discussion of these
competing absorption reactions, their contribution to

GnA is too small to account for any signif.cant deviation
from the 1/v dependence below 100 keV (within the given

accuracy limits) or to influence Gn a at thermal energies.

b

.{n,n) Cross Section

1OB(n,n)lOB

Hi 50, Argonne

. . . 10
Scattering cross section measurements on enriched B

and normal B with epithermal B-flltered neutrons in the

scattering chamber give 2.43 for lOB.

Wi 55, Oak Ridge -

Elastic scattering measurements with a proton recoil

proportional counter on a cylindrical sample enriched
in loB show angular distribution of scattered neutrons
fto be isotropic in the centre-of-mass system at

En = 550 keV and 1 MeV and yield by integration % 1
E

(corrected for neutron attenuation and multiple scat-

tering) k6 © n = 2.71 b and 2.43 b, respectively.

n,



Hu 58, Brookhaven

Quotes lOB thermal neutron scattering cross section for

the bound atom, calculated by multiplying the free atom

cross section, Gfree’ by the recoil correction factor:
2
A+l
Gfree§_i—’ = (4.0 + 0.5)Db.

La 67, Argonne

Integration of differentlal scattering cross section,

varying from 3 to 4 b in the region 80 < En < 500 keV.

Di 67, Harwell
Least squares fit of measured Gn

T ylelds a constant

scattering cross sectlon G = (1.95 + 0.10)b for

E_ < 10 keV.
n—

s

As 68, Harwell
Scattering measurements relative to carbon between 1 keV
and 130 keV neutron ernergy by TOF method, 93.0% enriched

OB samples, 6Li—glass detectors. Corrections applied

for sample impurities and sample holder, detector ef-
ficiency and size, multiple scattering; errors arising
from counting statistics, background normalization,
angular uncertainty, multiple scattering. Gn,n appears
to be constant below 20 keV, the average over energy
region 1 to 10 keV being Cpn = (2.20 + 0.06)b. At
higher energies agreement with the La 67 data is good.
By comparison of the quoted Gn,n = 2.20 b with the
constant term of 1.95 b found by Di 67, authors conclude

that the deviation from the 1/v dependence of G (lOB)

according to Be 58b, Sh 58 and Be 61 is given b;,g
constant of - (0.25 + 0.12)b (see further discussion in
section 4.5).

Although the error on this small constant is 50% and
further scattering measuremernts are needed, As 68 .
have led us to accept a deviation from the 1/v law

(see 4.5) which below 100 keV remains within + 4%

from this law and which may need revision as

soon as other measurements become available.
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3.4,
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(n,.) Cross Section
1

05(n,y) s Q = + 11.464 MeV

Ba 57, Caalk River

Measurement of the absolute intensity of the 4.47 MeV

capture y-line of llB with a pair spectrometer.

The partial O, ror the productiocn of this ;-line

by thermal neutrons was found to be Gn (lOB) =

(0.5 + 0.2)b.

3

Bi 65, Oak Ridge

Investigation of 9, in the neighbourhood of En = 250 keV,

3

nc y-rays observed, upper limit on Gn ¢ estimated to be
10 mb.

(n,p) Cross Section

105(n,0)1%e Q = + 0.227 MeV

Eg 48, Argonne
10

Be activity measured, produced by irradiating B in a
10
(

fast-vile spectrum, estimated <«<C B) ~ 3mb averaged

n,p”
over the spectrum. Mo 66 (see page 15) conclude from
this 9, o <30 mb as an average value over the interval

3

10 keV < E < 500 keV.

Cr 56, Buenos Aires

Investigation of the formation of lOBe from lOB by ther-

mal neutrons using radiochemical methods resulted in

10
Gn,p( B) < 7 mb.

Co 66, Aldermaston/Argonne

Mentions (without reference, however) a measurement with

thermal neutrons yielding Gn D < 0.2 b.

s

(n,t) Cross Section

B(n,t)24He Q = + 0.328 MeV

10

K1 65, Argonne

Investigation of the (n,t) reaction near E ~230 keV, no

tritium found in the irradiated B.0, samples, estimated

10 23
o (T¥B) <60 mb at these energies.

n,t
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(n,a) CROSS SECTION

105(n,4,) L1 Qo = + (2800.8 + 7.6) keV

loB(n,a1)7Li* Q =+ (2322.3 + 6.3) keV

Toi*s Toi E, = (478.5 1 1.5) kev
. Q-Values

The Q-values quoted above are taken from:

De 67a, Geel/Mol
15 pg/cm2 lOB layers together with a

239 24

Pu - lAm source
of about 6000 dpm in front of an Au-Si surface barrier
detector in a thermal neutron beam allowed simultaneous
measurement of the lOB(n,a)7Li reaction products and the
a-particles of the source. This 1s essentially the only
direct high precision measurement, the quoted error

being one standard deviation. (The actually recommended

value from La 66 is Qe = + (2.792 + 2) keV).

(n,a) Cross Section at Thermal Energy

The cross section at the thermal energy of 0.02526 eV
is denoted by ¢° throughout this report.

Sc 60, Oak Ridge c; o = (3844 + 38)b

Fast chopper time-of-flight spectrometer, transmission

measurement in the range 0.018 eV < E_ < 0.4 eV, B,O
R 22

dissolved in D~LO, samples enriched in B to

(99.89 + o.o5)% and (96.39 + 0.05)%, 6 BF counters,
multichannel analyser. Corrections applied for background
in the counters, differences in Dgglcontent between dif-
ferent samples, presence of 0 and B. Authors assume

= (3848 + 38)b. To arrive at the
;S(IOB) ~ 45 (Hu 58) nas been

subtracted here, Theerror given 1s one standard deviation.

that GnA

value quoted above, ]

is equal to G°
d nT

Authors stress that the uncertainty in the analysis of the

samples 1s the maln source of error.

Sa 60, Columbia/Brookhaven G; , = (3838 + 11)p

Crystal spectrometer, transmission measurement in the range

0.00291 eV < En < 0.1 eV, NaBO2 dissolved in DQO, samples
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enriched in 08 to (99.88 + 0.01) atom % and (92.84 + 0.06)

atom %. Corrections applied: GnA(S) and GnS(SO4 ) from
. 11

the NaESO4 reference sample, GnA(

ference in D,O content between different samples. By

(lOB) = (4.0 + 0.5)b (Hu 58) from their

B), onS(Bog), dif-

- - . o
suotracting GnS

(lO

measured Gg B), authors obtain above-mentioned GS =0

T A T1, 00
as a weighted average of the results for the two samples
of (3849 + 15)b and (3828 + 15)b, respectively. The quoted

errors are standard deviations.

Me 61, Argonne G; o = (3843 + 17)b
Neutron lifetime measurement in H3BO3 solutions in HEO’
sample enriched to (93.0 + 0.3)% in lOB, BF3 counter.

Corrections applied for dead time losses, background,
changes in diffusion coefficient of the solution,
macroscoplc scattering cross section of the moderator,
contribution of other elements in the compound. The

quoted error i1s mainly statistical.

Bl 62, Oak Ridge o; 0 = (3846 + 40)b
This is essentially a revised version of Sc 60.
Experimental data are fitted to 0 ., - O o = c + cg/VEn.
Thus authors obtain G;T(lOB) = (3850 + 40)b, the error
being standard deviation. From this, G;A = (3846 + 40)b
is re-evaluated here, taking O;é = 4b according to Hu 58.
Pr 63, Geel/Mol o2 = (3836 + 7)b

3

Slow chopper time-of-flight spectrometer, transmission
measurement in the range of 0.006 eV < E_ < 0.082 eV,

B203 dissolved in'Dgo, natural B [(19.838 + 0.030)mol % lOB]

and enriched [(96.525 + 0.006)mol% lOB] samples (De 67b,
new absolute determination of isotopic composition); bank

of BF, counters. Corrected for background and epicadmium

)

neutrons, assumed GnS(BEOB) = (21 + 2)b, multiple scat-

tering (<0.1%) neglected. G_, found to vary as 1/v. In

nA
tne original paper Pr 63, authors quote O;A = (3840 + 11)b

for the natural B and G;A = (3877 + 9)b for the enriched
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samples, the errors being standard deviations, with
restriction for a possible small systematic error due to
mass discrimination. Value given in the first line is

the weighted mean of the two re-evaluated results (De 67b)

with the standard deviation, i.e. G;A = (3835 + 11)b for
the natural B and G;A = (3836 + 9)b for the enriched
sample.

Al 64, Risd Gt = (3827 % 12)b

b4

Crystal spectrometer, transmission measurement in the
range 0.0015 eV < Erl < 0.10 eV; the same natural B sample
used as in the Pr 63 measurements. Found GnA to vary as
1/v. Assumed GnS(Bgoj) = (21 + 2)b. The above-mentioned
G°J}lOB) has been deduced here (according to new absolute
determination of isotopic composition by De 67b) from the
measured G;A (B) = (759.1 + 2.0)b. The guoted errors are

standard deviations.

Recommended Thermal Cross Section

o
|

(3835 + 14)b

o
prS
-1
i

0.02526 eV

Since all other neutron absorbing reactions at thermal
energy are negligible (see chapt.3), the absorption cross
section is practically identical with the (n,a) cross
section. The recommended value is the (weighted) mean of
the final results of Sa 60, Pr 63 and Al 64. The error
corresponds to confidence limits at 95% conlidence level
(C.L. 95%=+14b 0310.37%)f The results of all other
authors are in agreement with the recommended value;
however, they have not been taken into consideration

since their sample analysis 1s too poor and other short-

comings are evident.

(n,a) Cross Section from Thermal Znergy to 1 MeV

All available data are represented in figs. 1 and 2 to-
getner with the 1//E fit discussed in chapter 4.5.

* Purther denoted by: "errors are confidence limits....

"
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Bi 57, Rice
Modified long counter as flux monitor. Nal crystal and

multichannel analyser for detecting the 0.478 MeV y-

radiation. B shielded proportional counter with lOBF

multichannel analyser, background effects taken into3
account. No details given on errors and corrections.
Measured cross sections normalized at 20 keV (assuming
G;,a = 4010b and validity of 1/v law between thermal
energy and 20 keV). Authors conclude O o ~1/v up to

100 keV and assign a + 25% error to their absolute
values; their relative values presumably are more accura-
te. Data plotted in fig. 2 are renormalized to the new
recommended thermal value (chapt. 4.3.); for clarity of
presentation, error bars are not indicated. Recently

(Bo 66, Sp 67) the assumed constant efficiency vs.

energy of the modified long counter assigned by Bi 57 has

been called in question.

Bi 60, Duke
Long counter as neutron monitor. 122° neutron collimation-
detection system, 18 lOBF3

in parallel. Background effects taken into account.

proportional counters connected

On,a obtained by subtracting potential scattering Gn,n =
2.43 b (Hi 50) from G p measured with the 122° collimator
by Ro 60. Authors conclude that Cpg = 624//E within
statistical errors, corresponding to G°n L= 4036b, and

2

that cross section curve indicates Gn x ™~ 1/v up to

70 keV, ratio of BFj— to long—counter’counting rates
(assuming constant efficiency) indicates COp. o~ 1/v up
to 250 keV. Recently (Ta O67) the assumed flat response
of tne Bi 60 long counter has been suspected to be a

wrong assumption.

Da 61, Rice

Long counter as flux monitor, calibrated with Pu-Be sour-

ces, Cd-shielded grid-type ionization chamber with BF3

enriched to 96% in lOB. Wall effects and multi-channel

analyser dead-time taken Into account. Considered are the
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uncertainties of counting statistics, background corrections,
geometry, -amount of lOB in the chamber, wall effects,

neutron energy determination. Authors estimate their cross
sections to be in error by + 20%. Bogart comments in

Sp 67 that with the Da 61 data there are difficulties

in separating the (n,zo) and (n,a1)groups because of large
epithermal background contribution, and that accuracy is

poor as En is lowered to several hundred keV.

Mo 66, Argonne

Two collimated counting systems, each consisting of
34 BF3 counters in a moderator medium, one system used

as monitor, the other as counter. Natural B samples and

10

samples enriched to 93% in ~ “B. G and OnT/OnS have

T
I OnT - OnS derived from this,

3 by integrating the differential scattering
data of La 67. Authors conclude that OnA follows the 1/v

law from 10 - 500 keV except for a resonance at En ~ 250 keV

been measured and On

taking On

and a slight dip around 340 keV, and that GnA - Gn,a <<

100 mb at any En in this interval. Error estimates assigned
to the cross sections were obtained from a least squares
fit to the measured quantities and vary for OnA from about
+ 2% at 10 keV to + 4% at 250 keV, 10 to 20% between 300

and 400 keV, and + 5% between 400 and 500 keV.

In fig. 2 error bars are only shown when the uncertainty
exceeds the size of the circle.

Co 66, Aldermaston

Spherical shell transmission method, B powder shell en-
10

riched in “°“B to 89.4%, either neutron source or detector
in thé centre of the shell, BF3 counters. Corrections
applied for variation of detector efficiency with neutron
energy, finite counter size and source to detector
distance, anisotropic neutron emission, multiple scattering
and neutron energy loss using Monte Carlo and Carlson
calculations., The values given are weighted means of dif-
ferent measurements with standard deviations. Author

concludes that On 0 = GnA with a negligible error and that
’
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anl follows quite well a 1/v extrapolation from a

tnermal value of (3840 + 10)b up to 250 keV. Ma 67 comments
that statistical and other errors of Co 66 are so large
(varying from about 5% at 10 keV to 14% at 250 keV), that
the three points between 100 and 160 keV whose error bars
fall above the 1/v line are not considered a significant

~departure.

Di 67, Harwell

Transmission measurement by TOF method, flight path 120 m

and 300 m, neutron burst width 140 ns. Detectors: Al can
containing lOB powder mixed with vaseline moderator for
efficiency improvement. Samples: three (93.0 + 0.2)% lOB
samples of different thickness. No corrections for competing
processes applied. Background effects, sample Impurities

and counting corrections are taken into consideration.

Mean root square errors calculated.

The measured Gn from 76 eV to 10 keV are least squares

T

fitted by G n = (610.3 + 3.1)A/E + (1.95 + 0.10)b, corre-

sponding to an extrapolated GST = (3839 + 20)b. The last

term in the GnT formula is attributed to a constant

potential scattering cross section On = (1.95 + 0.10)b.
By subtracting the G data of Mo 66/La 67 from the

3

7 GnA values are obtained up to 500 keV.
Author concludes that the 1//E law is apparently followed

up to about 300 keV to within the experimental errors

measured Gn

which vary from + 1% at a few hundred eV to + 3% at
about 100 keV and + 7% at 500 keV.

In this report the GnA values below 25 keV are re-

evaluated by subtracting the very recent As 68 G, , data
>
from the measured Di 67 Oop -

The GnA data thus obtained are plotted in figs. 1 and 2,

tne errors being in the order of the triangles' size.

Ma 68, Oak Ridge

Measurement of the inverse reaction using the graphite

sphere 4~ neutron detector, determination of the lOB(n,a)

cross section aoplying tne reciprocity theorem and the
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lOB(n,a) branching ratio. Thin metallic "Li Van de

Graaff targets placed 1n the centre of the graphite
sphere. Corrections appllied for background effects,
energy spread and target tnickness. Normalization of the
relative data by extrapolating Gn’a(lOB) of Sc¢ 60, Sa 60,
Pr 63 and Al 64 (both uncorrected for new determination
of isotopic composition) from thermal ernergy to 30 keV,
and by the own branching ratio results. In this report
the data are renormalized according to the recommended
thermal value (chap. 4.3) and 1/v law (chap. 4.5).
Author states that the lOB(n,a) data are consistent with
a departure of less than 3% from 6ll/fEn benaviour below
166 keV, whereas the separate ground state and excited
state cross section show significant departure from a

1//]3rl dependence at and above 30 and 100 keV respectively.

Analysis of Data and Recommended Best Curve

All available data are represented in figs. 1 and 2. At
first sight the 1/v behaviour seems to be Jjustified over
a wide energy range, even up to 300 keV, For a more
detailed analysis, however, four data sets were chosen
from those reported in the preceding section. These four
sets are Mo 66, Co 66, Di 67 and Ma 68, as these are the
most accurate measurements in the energy range from ther-
mal to about 300 keV. Moreover, Co 66 used a completely
independent method.

The first step was to assume a
!

_ -1/2
Gn,a = C En

in which C was computed from the recommended thermal cross

section value of section 4.3., yielding

C = (19.274 + 0.071) b-keVlE

The error in C corresponds simply to the error of the
recommended thermal cross section (i.e. C.L. 95% of +

0.37%).
The next step was to compute the differences between

this "1/v cross section” GA o and the measured cross
’

sectlons On a (observed). These differences were plotted as
3
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function of energy (lfig. 3).

As i1t 1s clear that the scatter of the points is not uni-
form around the zero line, a weighted least squares fit
was computed according to

+1/2

n + D-E, , (1)

+(E,) =A + B'E

yielding the values

A =-(0.32 + 0.05)b
B = +(0.079 + 0.012)b.kev™1/2
D = -(0.0039 + 0.0006)b-keV

Errors are standard deviations

The curve corresponding to this fit is traced in fig. 3.
Formula (1) is in accordance with the model developed

by Sh 58 and the shape of the curve seems to fit the
experimental data fairly well. Even at 300 keV the agree-
ment 1s still good. Earlier measurements below 30 keV by
Be 58b and Be 61 based on the theoretical considerations
of Sn 58 but neglecting the higher order coefficients B
and D ylelded a term a (equivalent with our A) = - 0.40b,

whereas As 68 found a value of - 0.25b.

~

Some recommended values Gn,a=a'n,a+ §{see(1l))are tabulated

in Table III.

The errors AGnJa in this table are confidence limits

(P=95%), which were computed from three contributions:

- the uncertainty of the thermal value, which yields a
corresponding error in the coefficient C (C.L. = + 0.37%)

- the uncertainty in the scattering cross section

- the errors in the constants and coefficients of the least
squares [1it.

In the energy interval from thermal to 0.01 keV the main

contribution is that of the error in C. Up to 10 keV the

contributions are about equal in magnitude. From 10 to

40 keV the error in the least squares fit passes through

a minimum; the contribution of the error in C decreases

continually with increasing energy En' From 40 to 100 keV
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the final error is mainly determined by the uncertainties

in the Gn n correction and in the constants of the fit.

3

BRANCHING RATIO
By branching ratio is meant in this report the probability

of the lOB(n,a) reaction going to the ground state of 7Li.
For practical reasons this probabillty 1s multiplied by
100, hence the sum of ground state and excited state (n,a)
reaction probablility should be 100

R =100 © /G with
n,a n,a

E] [ I

The branching ratio at the thermal energy of 0.02526 eV
is denoted here by R°.
In the literature this branching ratio is sometimes mixed

up witn the cross section ratio © /G , Or even
N,Xe n,a1

with its reciprocal, which 1s at the origin of some con-

fusion.

Branching Ratio at Thermal Energy

Bo 45, Copenhagen R® = 6.
Cloud chamber, about 400 tracks evaluated. Value given
in the paper is Gn,a./cn,a1 = 0.067.

Gi 48, Cambridge R®* = 8.6

Cloud chamber with B(OCHB) gas, total ranges of Li- and
a-particles measured, corrected for variations of stopping

power.

Ha 50, Chalk River » R* = 5.8 + 0.1

Grid-type ionization chamber with BF multichannel

3)
analyser, wall effects not taken into consideration.
Author comments that the error quoted is an attempt to
give reasonable limits of error, the reproducibility of

the measurement being considerably better.
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Cu 51, Strasbourg R° = 4.08 + 0.15

Borate charged nuclear emulsions, 30531 tracks measured.

n,ao/ Gn’a = 0.0427 + 0.0015,

tne uncertainty obviously representing énly the statistical

Value given in the paper is G

error.

Bi 52, Basel R® = 6.5 X 0.7

Parallel plates ionization chamber with BFj, wall effects
neglected, photograpnhic pulse-height spectrograph and

multichannel analyser. Only statistical error considered.
0.070 + 0.007.

. . 3 G
Value given in the paper is Gn,ao/ n,a,

Ha 52, G¥ttingen R°® = 5.8 X 0.1

B(CH3)3 proportional counter in paraffin, Ra-Be neutron

source, l6-channel analyser. No corrections applied.

Rh52, Pennsylvania R® = 5.9 * 0.9

Cylindrical ionization chamber with thin B layer enriched
to 96% in lOB, photograpnic pulse-heignt spectrograph,
wall effects and layer thickness taken into account.

e / Gn,a1 = 0.063 + 0.009.

De 54, Washington R® = 6.52 * 0.05

Value given in the paper 1is Gn

Two pulse-ionization chambers with thin B films, three-
channel discriminator. Integral measurements. Exposure

in the NBS standard slow-neutron flux, Cd difference method.
Effects of geometry and film thickness taken into account,

The error quoted is the statistical probable error.

Se 57, Aligarh R® = 3.8 *+ 0.14

BF} proportional counter. Measureme:.t obviously erroneous
by systematic errors. Value givern in the paper 1is

Gn’ao/ Gn,a1 = 0.040 + 0.0015.

Bu 58, Debrecen R° = 7.9 £ 0.9

B-loaded nuclear emulsion, exposed to a Ra-Be source in

paraffin. 1230 tracks measured with a microscopne. Geometrical
corrections taken into account. Value gi.ven in ithe paper

is Gn,ao/ G nay " 0.086 + 0.009.
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Br 60, Rossendorf R® = 6.51 * 0.05

Proportional counter with BF collimated beam from thermal

3}
column of RFR reactor, Cd difference method, 70-channel
analyser, ¥-ray effects on tne counting plateau taken into
account. Measurement errors due to radiation from Al and

Cu counting tubes are negligible.

Ma 6%, Studsvik R® = 6.08 * 0.07
10

Proportional counter with BF3, multichannel analyser.
Pulse-helght resolution 2.6%, statistical accuracy <l1%.
Author quotes that the average value of 10 measurements
give the ratio to + 0.0005 and that, with an estimate of

systematical errors to + 0.0005, © / G = 0.0647 + 0.0007.
- I’l,(lo n)a1 -

Ma 65, Oak Ridge R® = 6.3 + 0.2

Two face-to-face Si surface-barrier detectors with lOB2H6,

coincidence, multichannel analyser. Thermal neutron spectrum

(wax moderator). Value given in the paper is © / C =
n)aﬁ n)a1

0.067 + 0.002 as an average of four measurements.

To 66, North Carolina R® = 6.43 + 0.11

10

Semiconductor detector with thin B converter film,
200-channel analyser, thermal neutron beam, epi-cadmium

cneck. Standard error assumed to be entirely statistical.

De 67a, Mol/Geel R® = 6.3080 * 0.006)

Thin lOB layer on Au-coated quartz disk in front of an

Au-Si surface barrier detector, thermal neutron beam,
Cd-difference method, 400-channel analyser. Due to the
geometry, backscattering and selfabsorptlion are eliminated.
20 runs evaluated taking into account all error contri-
butions, corrected for epi-Cd data. The error indicated

is one standard deviation of the mean.

Ma 68, Oak Ridge R° = 6.32 *+ 0.03

Considerable improvement of the Ma 65 measurements using
sell-supporting 10 roils of 80 - 100 ,ug/cm2 between the
two face-to-face surface barrier silicon detectors. Cal-

culated energy losses in the foils. Thermal neutrons from
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wax moderator. Error quoted by the authors combines the

statistical standard deviation and the effect of uncertainty

in identifying the 478 keV energy difference from the spectra.

Recommended Thermal Branching Ratio

R® = 6.308 + 0.012
at E_ = 0.02526 eV

The De 67a result is recommended as thermal value, since
its precision is about one order of magnitude or more
better than that of all previous measurements. It is in
agreement with the latest solid state detector data of

Ma 65, To 66 and Ma 68, but disagrees with the most precise
previous results of De 54, Br 60 and Ma 63. The above men-
tioned error gives confidence limits(P=95%), derived

from the standard deviation quoted by De 67a.

Branching Ratio from Thermal Energy to 1 MeV

All available data are represented in figs. 4 and 5§, to-
gether with the recommended best curve.

Pe 51, Wisconsin

Cd-shielded proportional counter with lOBF}, wall effect

corrections, photographic recording. Considered are the
uncertainties of concentration of lOB in the counter,
background corrections, counting statistics, neutron
energy determination. In the paper are presented the

Gn,a./ Gn,a values, the total uncertainty of which is,
according td the authors, somewhat greater than the statis-
tical uncertainty indicated in the graph.

Bi 52, Basel

B-shielded parallel plates ionization chamber with BF

wall effects neglected, photographic pulse-height spez-
trograph. Considered are the uncertainties of evaluation
of the pulse-height spectrum, statistics, neutron energy.
It concerns a single value at 500 keV which is quoted in

- / Gn,a1 = 0.31 + 0.04, the total error

fthe paper as Gn

B
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of 13 % being composed of a 8% statistical error and a

10% uncertainty in evaluation.

Da 61, Rice

Cd-shielded grid-type ionization chamber with BF, enriched
10 2

to 96% in

B, wall effects and multichannel analyser dead-
time were corrected. Considered are the uncertainties of

counting statistics, background corrections, geometry,
amount of lOB in the chamber, wall effects, neutron energy
determination. Measured are both Gn,ao and Gn,a with
estimated errors of + 20%. Bogart comments in Sp167 that
with the Da 61 data there are difficulties in separating
the ae and a1 groups because of large epithermal back-
ground contributions and that accuracy is poor, as En is

lowered to several hundred kevV.

Ma 65, Oak Ridge

Two face-to-face Si surface-barrier detectors with lOBEH6,
detection of 7Li and a-particles from the reaction in
colincidence, multichannel analyser. No detalls given on
corrections and errors. Energy uncertainties are only
mentioned for 30, 110 and 160 keV. In the paper are pre-
sented Gn,ao / Gn,a values. Authors comment that above
160 keV the pulse héight resolution became progressively
worse (most due to longer exposure of the detector to
lOB2H6) and difficulty was experienced in determining

the ratio.

So 66, Harwell

Proportional counter with BF3 enriched to 90% in loB,

and end wall effects taken into consideration. Time-of-
flight technique with 35 m (open circles o) and 52 m

(open triangles a) flight paths, resp., two-dimensional
multichannel analyser. Background neutrons proved to be
negligible. Horizontal bars on measuring points indicate
energy intervals (not errors in energy determination).
Vertical bars include all uncertainties In corrected ratios.
Author comments that tne ratio is constant with a value of
6.5 + 0.5 up to about 100 - 130 keV but above this energy

the values given may be in error because the wall effects
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may alter appreciably with energy.

Mo 66, Argonne

G / G used in a detailed-balance calculation for a
AP 10 - 7 10
comparison of o, a( B) of Mo 66 with tne 'Li(a,n) "B

cross section of GiI 59. No indication on errors.

Ma 68, Oak Ridge

Considerable improvement of the Ma 65 measurements using

self-supporting lOB foils of 80 - 100 pg/cm2 between the
two face-to-face surface barrier Si detectors. Calculated
energy losses in the foils, small thermal neutron contri-
bution taken into account. In the paper Gn,ao / Gn,a
values are quoted, the errors combining the statistiéal
standard deviation and the effect of uncertainty in iden-
tifying the 478 keV energy difference from the spectra.
Authors point to the difficulty of ratio measurements in
the 100-300 keV range, as neutron source strength is low
and thermalized neutron effects important and difficult

fo measure,

Analysis of Data and Recommended Curve

The curve of figs. 4 and 5 suggestsa constant branching
ratio from thermal energy up to about 30 keV.

The (unweighted) mean of all data out of the data sets

Mo 65, So 66 and Ma 68 - which were chosen for the same
reasons as indicated in section 4.5 - in the energy inter-
val 20 eV « Erl < 30 keV is R=6.3% with a standard deviation
of 0.13.

With a recommended thermal value of §° = 6.308 (confidence
limit Aﬁ=0.012) it 1s recommended to assume the branching

ratio

R=6.3. +0.3 (C.L. 95%)
above thermal to 30 keV

Above 30 keV a weighted (based on the standard deviations

quoted by the authors) least squares fit was computed
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according to tne model

1ooon’ao/on’a =C + A(En-BO)2 + B(En - 50)5 s (2)

where E 1s expressed in keV. C was fixed at 6.3.

A significance test showed that terms of an order higner
than 3 gave no significant improvement (F-test, 5% level)
in the interval En <300 keV. So it 1s recommended to
accept for 30 keV <En < 100 keV formula (2) witn the

following constants

C=6.3+ 0.1
A= (2.1 # 0.1)107% kev™2
B =-(3.6 + 0.6)107( kev™~

Errors are standard deviations

Some numerical values of R and the confidence limits Aﬁ
are tabulated in Table III. From the quoted On a and R,

3

Gn’a1 is computed by

Gn,a1 =S, 4 (1 - R/100) (3)

and the confidence limit Aﬁ is deduced from the propagation
of error law, which can be applied here as far as Gn

3

and R have been independently measured.
. ~ o)
Some numerical values of both Gn a and AGn o are also

to be found in Table III. 1 T

6.APPLICATION OF THE RECOMMENDED DATA AS STANDARDS FOR
NEUTRON MEASUREMENTS

As a result of the present evaluation, some recommended

values of the loB cross sections G and G together
~ n,a n,a1

with the branching ratio R = 100 © /G
: n,ao n,a
are tabulated with the corresponding confidence limits A

from thermal energy tc 100 keV (see Table III).

Values at thermal energy with their confidence limits

(P = 95%) are quoted as evaluated in sections 4.3 and 5.2.
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Between thermal energy and 0.001 keV values may be

computed from:

Above

-1/2 .
19.274 En b(En in keV)

*
G

I

n,

A 2 __5A
[(Aon a) + 10 (Gn

f
I+

Il
I+ O

-5

0.0037 Gn,a

L1 - R/100) b

s

b

’a)ejl/eb

(the errors A are conf.limits (P=95%))

0.001 keV values may be calculated from:

19.274 E;l/2—0.32 + 0.079 Ei/

~
g

n,a(

1 - R/100) b
*

6.3 + 2.1 x 10

2

- 0.0039 E_ b(E, in keV)

E_- 30)° - 3.6 x 1077 (E_- 30)3(13n in keV)

Confidence limits A are easily obtained directly from Table III

Table :
and C
n

g
n

s

the corresponding confidence limits (P=95%) A

polation of G
n,a

III

Some recommended values of the
100 ©
n

77

» the branching ratio R =

s

A
and <
n,o

10

3

is not justified!

n,a

and

B cross sections

a/G

. Linear inter-

Q>

Q>

E n,a AGn Q n,a Aon a I~ 3
n ? ? 7 > R AR
(keVv) (o) (b) (b) (b)
0.25258-10-4 3.835 + 14 3.5931 + 14 |6.308 + 0.012
0.001 609.2 2.3 570.8| + 3.0 [6.3 + 0.3
0.002 430.7 1.6 403.5 2.1
0.003 351.6 1.3 329.4 1.7
0.004 304 .4 1.1 285.2 1.5
0.005 272.3 1.0 255.1 1.3
0.006 248.5 0.9 232.8 1.2
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By “n,a "n, n,0. 1"%n,q ~ o
’ ! ' ’7y R AR
(keVv) (b) (b) (b) | (b)
0.007 230.0 |+0.9 215.6 |+ 1.2 6.3 |+ 0.3
0.008 215.2 0.8 201.6 + 1.1
0.009 202.8 0.8 190.1 1.0
0.01 192 .4 0.8 180.3 0.9
0.02 136.0 0.5 127.4 0.7
0.03 111.0 0.5 104.0 0.6
0.04 96.1 0.4 90.0] 0.5
0.05 85.9 0.4 80.5| 0.5
0.06 78.4 0.3 73.4 0.4
0.07 72.6 0.3 68.0 0.4
0.08 67.8 0.3 63.6 0.4
0.09 64,0 0.3 60.0 0.4
0.1 60.6 0.3 56.8 0.4
0.2 42.8 0.2 40.1 0.2
0.3 34,9 0.2 2.7 0.2
0.4 30.2 0.2 28.3 0.2
0.5 26.99 0.2 25.29 0.2
0.6 24.62 0.2 235.07 0.2
0.7 22.78 0.2 21.7%5 0.2
0.8 21.3C 0.2 19.96 0.2
0.9 20.07 0.2 18.80f 0.2
1.0 19.03 0.15 17.83 0.15
2.0 13.41 0.12 12.57 0.12
3.0 10.9% 0.12 | 10.24| o0.12
4.0 9.46 0.12 8.86 0.12
5.0 8.46 0.10 7.92 0.10
6.0 7.72 0.09 7.23  0.09
7.0 7.15 0.08 6.70 0.08
8.0 6.69 0.08 6.27 0.08
9.0 6.31 0.07 5.91 0.07
10.0 5.99 0.06 5.61] 0.06
20.0 4,27 0.06 4,00 0.06
30.0 3.52 0.06 3.29 0.06
40.0 3.07 0.06 2.88/ 0.06
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E, °n,a 3 a On,a1 8O a % A%

(keV) (b) (b) (b) (b)
50.0 2.77  p0.06 2.59 |+ 0.06 [ 6.4 |+ 0.3
60.0 2.55 0.06 2.38 0.06 6.5 0.3
70.0 2.37 0.06 2.22 0.06 6.6 0.3
80.0 2.23 0.06 2.08 0.06 6.8 0.4
80.0 2.11 0.06 1.96 0.06 7.0 0.4
100.0 2.01 0.06 1.87 0.06 | 7.2 0.4

Acknowledgements

The authors wish Lo express thelir appreciation to Dr. J. Spaepen
who has suggested and initiated the present evaluation, for

many valuable discussions and for his continuous interest in
tnis work. Thanks are also due to Dr. P. De Biévre for his
contripution to chapt. 2 and to Dr. G. Nastri who took charge

of tne computations.

REFERENCES
Al 54 %ls—Nielsen, J., 0. Dietrich, Phys. Rev. 133, B 925
1964)

As 68 Asami, A., M.C. Moxon, EANDC(UK)99 "AL"; J. Nucl.
Energy A/B, to be publisned (1968)

Ba 57 Bartholomew, G.A., P.J. Campion, Tan. J. Phys. 35,
1347 (1957)

Be 58a Bentley, P.G., A.N. Hamer, Neture 182, 1156 (1958)

Be 58b Bergman, A.A., A.I. Isakov, I.P. Popov, F.L. Shapiro, J.
Exp.Theor. Phys. (USSR) 33, 9; Sov.Phys. JETP 6, 6 (1958)

Be 60 Bentley, P.G., J. Sci. Inst. 37, 323 (1960)

Be 61 Bergman, A.A., F.L. Shapiro, J. Exptl. Theor.Phys.(USSR)
40, 1270; Sov. Phys. JETP 13, 895 (1961)

Bi 52 Bichsel, H., W. H¥lg, P. Huber, A. Stebler, Helv.
Phys. Acta 25, 119 %1952)

Bi 57 Bichsel, H., T.W. Bonner, Phys. Rev. 108, 1025 (1957)

Bi 60 Bilpuch, E.G., L.W. Weston, H.W. Newson, Ann. Phys.
10, 455 (1960)

Bi 65 ?iggegstaff, J.A., in ORNL-TM-1271, p. 8, unpublished
1965



Bl

Bo

Bo

Br
Bu
Bu

Co

Cr

Cu
Da

De

De

De

De

De

De

De
Di
Eg

Fi
Gi
Gi
Go
Ha
Ha
Hi
Hu

66
56

51
61

68
67
48

61
48
59
61
50
52
50
58

- 29 .

Block, R., G. Slaughter, N. Pattenden, J. Harvey,
Symp. Int. Conf. Pile Neutron Research, Vienna (1962)

Bfggild, J.K., Mat. Fys. Medd. Dan. Vid. Selsk. 23,
n® 4 (1945) "

Bogart, D., Conf. 560303, Book 2, paper CC-T7;
NASA TR R-240 (19656)

Brinckmann, H.F., D. Gerber, Kernenergie 3, 309 (1960)
Bujdoso, E., Nucl. Phys. 6, 107 (1958)

Buckingham, B.R.S., K. Parker, E.D. Pendlebury,
AWRE-0-28/60 (1960)

Cox, S.A., WASH-1054,4 (1966); Conf. 660303, Book 2,
701 (1966)

Crespi, M.B., A.E. Cairo, J. Inorg. Nucl. Chemistry 3,
248 (1956)

Cler, P., J.P. Longchamp, Compt. Rend. 232, 1824 (1951)

Davis, E.A., F. Gabbard, T.W. Bonner, R. Bass, Nucl.
Phys. 27, 448 (1951)

De Juren, J.A., H. Rosenwasser, Phys. Rev. 93, 831
(1954)

Deruytter, A., G. Debus, K. Lauer, H. Moret,
A. Prosdocimi, EUR 12.e (1962)

De Biévre, P., G.H. Debus, J. Spaepen, J. Nucl.
Energy, A/B, 17, 349 (1963)

Announcement in Nucl. Sci. Engin. 19, 242 (1964);
Nukleonik 6, 158 (1964); Z. Physik 179, 228 (1964)

Deruytter, A.J., P. Pelfer, J. Nucl. Energy, A/B,
21, 833 (1967)

Debus, G.H., P.J. De Biévre , J. Nucl. Energy 21, 373
(1967)

Debus, G.H., P. De Biévre, to be published (1968)
Diment, K.M., UKAEA-HL 67/762, EANDC(UK)85 "s" (1967)

Eggler, C., D.J. Hughes, C. Huddleston, Phys. Rev. 74,
1239 (1948)

Finley, H.O0., E.E. Leuang Jr., NBL-170 (1961)

Gilbert, C.W.,Proc. Cambr. Phil. Soc. 44, 447 (1948)
Gibbons, J.H., R.L. Macklin, Phys. Rev. 114, 571 (1959)
Goris, P., T.D. Morgan, R.A. Nielsen, IDO-14549 (1961)
Hanna, G.C., Phys. Rev. 80, 530 (1950)

Hauser, U.H., Z. Naturforschg. 7a, 781 (1952)

Hibdon, C.T., ANL-4552, 6 (1950)

Hughes, P.J., R.B. Schwartz, BNL-325, 2nd Ed.(1958)



Ir
K1l
La

La

Ma
Ma

Ma <

Me

Mo

Mu

Pr

Rh

Ro
Sa

Sc

Se
Sh
Sh
So
SO

St

Ta
To
Wi

Pe

Oy OV ON
~N Oy W

(o)
=

\

[GANNG)Y
3

o~

51

- 30 -

Irving, D.C., ORNL-TM-1872 (1967)
Klein, P.D., F.P. Mooring cited in Mo 66 (1966)

Lauritzen, T., Ajzenberg-Selove, F., Nucl. Phys. Z§,
1 (1965)

Lane, R.0., A. Elwyn, F.P. Mooring, A. Langsdorf, to
be published (1967)

Malmskog, S., Pnysica 29, 987 (1963)

Macklin, R.L., J.H. Gibbons, Phys. Rev. 140, B 324
(1965)
Macklin, R.L., J.H. Gibbons, Phys. Rev., 165, 1147
(1968)

Meadows, J.W., J.F. Whalen, Nucl. Sci. Eng. 9, 132
(1961)

Mooring, F.P., J.E. Monahan, C.M. Huddleston, Nucl.
Phys., 82, 16 (1965)

Mc Mullen, C.C., C.B. Cragg, H.G. Thode, Geochim.
Cosmichim. Acta 23, 147 (1961)

c
Prosdocimi, A., A.J. Deruytter, J. Nucl. Energy A/B
17, 83 (1963)

Rhodes, J., W. Franzen, W.E. Stephens, Phys. Rev. 87,
141 (1952)

Roher, R.H., Unpublished, cited in Bi 60

3afford, G.J., T.I. Taylor, B.M. Rustad, W.W. Havens Jr.
Phys. Rev. 119, 1291 (1960)

Schmitt, H.W., R.C. Block, R.L. Bailey, Nucl. Phys. 17,
109 (1960) :

Seghal, M.L., Indian J. Phys. 31, 329 (1957)

Shapiro, F.L., J. Exptl. Theoret. Phys. (USSR) 34, 1648;
Sov. Phys. JETP 7, 1132 (1958)

Shima, M., Geochim. Cosmochim. Acta 27, 911 (1963)
Sowerby, M.G., J. Nucl. Energy A/B 20, 135 (1966)

Spaepen, J., in "Nuclear Data for Reactors, Vol. I",
Vierna, CN-23, p. 263 (1967)

Stehn, J.R., M.D. Goldberg, B.A. Magurno, R. Wiener-
Chasman, BNL 325, 2nd Ed., Suppl. No. 2 (1964)

Taschek, priv. commun. to J. Spaepen (1967)
Toney, W.M., A.W. Waltner, Nucl. Pays. 80, 237 (1966)

Willard, H.B., J.K. Balr, J.D. Kington, Phys. Rev. 98,
609 (1955)

Petree, B., C.H. Johnson, D.W. Miller, Phys. Rev. 83,
1148 (1951)



100 ,
) _1/2 ~
O o(0)=19.27 - E, \
3 \\
r
r
: \
a
310 :
< A\\
S \
v
5
2
v Bi 60
a Di 67
1
0.01 0.02 0.05 0.1 0.2

E, (keV)

Fig.1. 10B(n,a) cross section from 007 fo 17 k=v.
























	Table of contents
	Introduction
	2. Isotopie Composition of Natural Boron
	3. Νοη-(η,α) Reactions
	3.1. (η,η) cross section
	3.2. (η,γ) cross section
	3.3. (η,ρ) cross section
	3.4. (η,t) cross section

	4. (η,α) Cross Section
	4.1. Q-values
	4.2. (η,α) cross section at thermal energy
	4.3. Recommended thermal cross section
	4.4. (η,α) cross section from thermal energy to 1 MeV
	4.5. Analysis of data and recommended best curve

	5. Branching Ratio
	5.1. Branching ratio at thermal energy
	5.2. Recommended thermal branching ratio
	5.3. Branching ratio from thermal energy to 1 MeV 22 5-4. Analysis of data and recommended best curve

	6. Application of the recommended data as standards for neutron measurements

