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Foreword

Interchange of scientific and technical knowledge will greatly facilitate the
work of the scientists and engineers whose skills will be devoted to the
future development of the peaceful uses of atomic energy.

The United States has made available to the world’s scientific com-
munity a large body of such data. In honor of this historic Conference
and to stimulate further exploration and development of the beneficial
applications of nuclear energy, the United States Atomic Energy Commis-
sion has prepared this special collection of technical data for the use of
the delegates and the nations represented.

The purpose of this collection is to provide information concerning the
ways that we have found in which fissionable materials can be put to
work in nuclear reactors for research purposes and for the production of
power and radioisotopes.

It is our sincere hope that this material will be of practical value to the
men and women of science and engineering in whose hands the great
power of the atom is becoming a benign force for world peace.

Chairman, U.S. Atomic Energy Commission
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The present compilation actually cbnstitutés y

the second edition of AECU-2040, whichwas pub-
lished in May 1952 and followed by three sup-
plements. All of these publications have been
prepared at Brookhaven National Laboratory, un-

der the auspices of the Atomic Energy Commis- -

sion's Neutron Cross Section Advisory Group.
The motivation of AECU-2040 was primarily a
result of the needs of reactor physicists, and,
while it has turned out to be of important.use to
physicists in general, its organization is still
a result of the reactor needs. Thus the energy
range extends over that appropriate for pile neu-
trons and the cross sections at thermal energy

occupy a prominent place because of their im-

portance to reactors. Material that appeared in
the classified compilation BNL-250 is now .to be

found in the present volume as a resultof its re-

cent declassification.

In the present compilation it has beéen at-
tempted to present the experimental data in a
form mostuseful to physicists in general as well
as reactor specialists. Where possible "bestval-
ues" for the cross sections are given, together
with estimated errors, rather than a complete

list of all measured values. The cross sections

listed are based on all published values as well

g gye s

" as those unpublished ones available to the au-

thors. References only to those experimental
values actually used are listed, a compromise
that it is hoped will satisfy those desiring the
source of the pertinentinformation, without mak-
ing the data too cumbersome for those desiring
only the carefully evaluated best values.

The specific treatment of data and refer-
ences is described in the introductory text at the
begihning of each data section. As can be seen
by comparing the Table of Contents with AECU-
2040, several types of data appear here that were
not compiled in the earlier edition, primarily
resonance parameters, but also angular distri-
butions and inelastic scattering data.

The presence of much recent datais possible
because of the excellent cooperation of experi-
menters in making their data available to the au-

thors; its rapid production as a compilation is

largely a result of the effective work at Brook-
haven of H. Strasser and E. Becker in handling
the data, of G. Cox in the preparation of curves
and cover,; andof R. Brown inpreparing the texts
and tables. The work of the compilation group
at Brookhaven will be assisted greatly if workers
in the field continue to be as generous as they
have with their contributions and comments.
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THERMAL CROSS SECTIONS

INTRODUCTION

The tables of Thermal Cross Sections are divided for convenience into
two parts: Z < 84 and Z > 83, the latter containing the fissionable isotopes.
They contain the "best values” of several types of slow neutroncross sections,
based on a careful considerationof all available data. Most of the cross sec-
tions have been measured several times, sometimes by different methods, and
the error quoted in the table (standard error) is estimated from the consist-
ency of the results as well as from the errors quoted for the individual meas-
urements. References are given to the results actually used in the evaluation
only; earlier work is usually described in the quoted references. The refer-
ences shown for individual elements and isotopes are grouped according to
laboratories and chronologically under each laboratory.

The types of cross sections in the table correspond closely to methods of
measurements and the cross sections themselves are the actual measured,
rather than derived quantities, as far as possible. All values given for an
element refer to the natural mixtures of isotopes, that is, they are atomic
cross sections, while those given for specific isotopes are isotopic cross
sections. Allcross sections, unless marked "mb" (millibarns) or "ub" (micro-
barns), are in barns. ; '

The "reaction cross sections”" refer to ail cases in which the neutron is

not re-emitted, that is, to (nyy), (n,p), (n,a), and (n,F) reactions. Practically

all the reaction cross sections for Z < 84 are for (n,y)'s, and the few that are not
are marked. The absorption cross sections, ¢ ,},5, are those particular reaction
cross sections that are measured by observing the reaction itself in which the
neutron-is absorbed. The principal method used is the pile oscillator, which
measures the effect on the reactivity of a pile caused by the absorption of the
neutron. Pile oscillator results mainly from Argonne, Oak Ridge, and Harwell
are represented in the table. In some cases (n,p) and (n,a) reactions have
been measured in cloud chambers and counters, while other absorptioncross
sections have been estimated from the changes in isotopic abundances after

long pile irradiations, In several instances, examples being boron, gold, and
the uranium isotopes, the absorption cross section has been obtained from the
total cross section by subtraction of scattering, or by extrapolation from sub-
thermal energies, where scattering is negligible.

The activation cross sections, 0acts are those determined from the radio-
activity of the product nucleus, usually the result of an (n,y) reaction, and in
a few cases, which are specially marked, by (n,p) or (n,a) reactions. The ac-
tivation cross sections always refer to particular isotopes, and hence are iso-
topic cross sections; for monoisotopic elements they are atomic cross sec-
tions as well, The absorption cross section, if measured for a single isotope
or monoisotopic element, should agree with the activation cross section if the
latter includes all activities produced. The activation cross sections for iso-
meric states are sometimes difficult to measure, as well as to understand in
tables. In this table the upper (metastable) state is listed above the ground
state (where the order is known) and the cross sections refer to the direct
formation of each state. In those cases for which the amount of an.isomeric
activity would be increased indirectly by decay of another (shorter-lived) state,
the percentage of the parent state that augments the activity is given. An ex-
ample is cobalt for which there is a 20 b cross section for direct formation
of the 5.28 y activity, and a 16 b cross section for the 10.4 m activity, prac-
tically all of which decays into its 5.28 y daughter.

The quantity a, the ratio of the capture to the fission cross section, is
measured directly from mass spectrographic analysis of highly irradiated
fissionable materials to determine the amount of the isotope produced by cap-
ture and the amount of the fissionable isotope destroyed. It can also be cal-
culated from the total and fission cross sections if one corrects for the scat-
tering cross section. The number of fission neutrons produced per thermal
neutron absorbed, 7, is usually measured by the pile oscillator method. The
number of neutrons emitted per fission, v, can be measured relative to a



INTRODUCTION TO THERMAL CROSS SECTIONS

standard source but is most accurately calculated from » and e by the equa-
tion » = (1l + a).

The reaction cross sections listed are those for a neutron velocity of
2200 m/s even though the actual measurements were usually made with neu-
trons of wide energy spread. It should be remembered that thermal flux values

(nv) are always stated for a velocity of 2200 m/s (even though the neutrons

may be above room temperature), hence the cross section at this velocity
must be used in calculations of reaction rate. In some cases, such as irradi-
ationwith well thermalized neutrons, it is quite simple to obtain the 2200 m/s
value from experimental results. In other cases, such as activation cross
sections for pile neutrons,it is difficult, and for still others, such as isotopic
cross sections measured by the mass spectrometer, it is almost impossible.
Eachreaction cross section, unless marked "not 1/v," will have the same reac-
tion rate in a Maxwell distributionas a 1/v absorber with the same 2200 m/s
cross section. Inother words, the unmarked cross sections are either strictly
1/v in the thermal region or indistinguishable from 1/v within the accuracy
quoted. The few marked "not 1/v" will have an effective 2200 m/s cross sec-
tion in a Maxwell distribution (at, or within about 100°C of, room tempera-
ture) obtained by multiplication of the 2200 m/s value by the factor shown.

This effective cross section, when used with a thermal flux stated for 2200 m/s, )

will give the correct reaction rate in a Maxwell distribution. For a fewcases
in which the 2200 m/s value could not be determined, the cross sections are
still included but are marked "pile neutrons"” by means of an asterisk.

The'scattering cross sections are usually constant with energy in the ther-
mal region, except for crystal effects, and are hence not quoted for 2200 m/s.
The coherent cross section, ¢cgh, is listed with the sign of the amplitude,
where the positive signcorresponds to hard sphere scattering. The coherent
scattering is that part of the total "bound atom cross section" which contrib-
utes to such interference effects as Bragg scattering and mirror reflection.

The "bound atom cross section” is the cross section that would be observed,

if the atoms were completely bound (hence no thermal diffuse scattering) and
yet scattered completely independently. Such a cross section, of course, is
not observable experimentally but is calculated by applying the reduced mass
correction, (A + l)z/A to the free atom cross'section, of,, which is the scat-
tering cross section measured in the energy region (usually 10 - 20 ev) where
the atom can be considered as a "free atom." No free atom values are listed
when the presence of resonances near thermal prevents the calculation of the
bound atom cross section. If there are no sources of incoherent scattering,
such as spin dependent, isotopic, or inelastic incoherent scattering, then the
measured value of ¢.op should be equal toos, (A + I)Z/AZ, as it is for Be as

an example, compared to H in which oo, is much less than the bound atom
cross section. Sometimes the only scattering cross section that has been
measured for a particular element is that averaged over the Maxwell distrib-
ution. This average scatteringcross section, 4, will depend on the crystalline
form of the sample and even upon the size of the crystal grains, but it is listed
because of utility in certain practical applications.
i

It is the purpose of the compilation to list only the actual directly meas-
ured quantities, eventhough it is possible in some cases to infer certaincross
sections from other measurements. For instance, the calculated bound atom
cross section, which is sometimes known quite accurately, could be listed as’
the coherent cross section if it is assumed that there are no sources of inco-
herent scattering. However, only the measured value of the coherent scatter-
ing (2 measurementof 7.} itself, or both o, and the incoherent cross sec-
tion) is given in the column for o¢cgoh even though in some cases the value in-
ferred from the bound atom cross section has smaller error. An example is
fluorine, where the bound atom value is-more accurate than ¢_,, and an as-
sumption of negligible incoherent scattering would seem justified. Neverthe-
less; only the measured coherent cross section is listed in the ¢ 44 column.

Again, for the activationcross sections, it could be inferred that the more
accurate absorption value, measured with the pile oscillator, is correct tolist
for activation as well, if it is certain that only one actlvxty is produced. Here
an example is Al1%7 where the actlvatmn agrees with the absorptmn but 15 not
as accurate. The principle of listing only the directly measured quant1t1es in
the appropriate columns is again followed in this case. Some _]udgment is thus
necessary in using the table, especially in those cases where values of differ-
ent types of cross sections, which presumably should agree, do not, For in-
stance, it would be safe to use the more accurate absorption value, 0.19 £0.03 b,
for the production of 14.3 day P*, even though the directly measured activa-
tion cross section is 0.23. % 0. 05 b. On the other hand, the cross section for
productlon of 87 day S3% by the C135(n,p) reactlon has been measured as
0.30 £ 0.10 b by direct observation of the reaction (in a cloud chamber) and
as 0, 17+ 0.04 b by activation. In th1s case it is certamly not clear that one
value is right and the other wrong, hence a we1ghted average probably should
be used. The present status of thermal cross sections is sufficiently good that
very few examples of such d1screpa.nc1es still remain.

This introduction to the listed thermal cross sections is not'intended to
be a complete discussion of the experimental techniques of cross section meas-
urements or interpretations. Further details may be found in the section on
The Neutron by B.T. Feld in Experimental Nuclear Physics Vol II (Wiley,
1953), and Pile Neutron Research by D.J. Hughes (Addison-Wesley, 1953).




THERMAL CROSS SECTIONS, Z<84

Reaction Cross Sections Scattering Cross Sections
(2200 m/s)
Isotope 3
Element (%, Ty /2) %abs T act o .oh (sign) Tfa (A +A 1) Ts References
\H 330 + 3 mb 1.79 + 0.02(-) 81.5 + 0.4 38 + 4 (gas) ANL 30,34,35; Cav 3; CR 4; Col 1; LA S5
H!(~100)
H?(0.015) 0,46 + 0,10 mb 12.4y 0.57 + 0.01 mb 5.4 + 0.3 (4) 7.6 + 0.1 71 ANL 23,31; Cav 1; CR 3,16; ORNL 4
,He 1.1 £ 0.2 (4) 1.3 £ 0,2 0.8 £0.2 ANL 41; BNL 4
He3(0.00013) np 5400 + 300 1.0 £0.7 LALD
He*(~100) 0 0
sLi 71.0 £ 1.0 0.40 + 0.03 (-) 1.2 +£0.3 1.4 £ 0.3 ANL 31,41; CR 1; Fr 7; Har 2; ORNL 4,6
Li%7.52) (na 945) <0.1 6 3 (+) _ ANL 41; Comp 1l; ORNL 4
Li?(92.48) 0.85s 33 £ 5 mb 0.80 + 0.05 (-) 1.4 +£0,2 ANL 5; ORNL 4
+Be Be’(54d) np 51,000 &+ 6000 Har 10
na <1 :
Be’(100) 10 + 1 mb 2.7x10% 9 +3 mb 7.53 + 0.07 (+) 7.54 + 0.07 7+1 ANL 2,41; BNL 5,6; Cav 1
5B 755 + 4 44102 4411 ANL 34,41; BNL 12; Col 2; Har 9,10;
LA 5; ORNL 2,15; Swed 5
B'%18.8) (na 4010) 4.0 +0.5 ANL 41; Comp 1; ORNL 2
np <0.2 :
B!(81,2) 0.03s <50 mb 44103 ANL 41; ORNL 2
Mo 3.2+0.2mb 5.50 + 0.04 5.51 + 0.03 4.8 +0.2 ANL 41; Han 1; ORNL 2,8
C'%(98.89) 3.3+ 0.2 mb ANL 41
CP(1:11) 0.5 + 0.2 mb . 5570y 0.9 +0.3 mb 4.5 1+ 0.6 (+) 5.5 + 1.0 ANL 39,41; ORNL 8
C!'4(5570y) <200 2.4s <1l ub CR 9; ORNL 2
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. THERMAL CROSS SECTIONS, Z< 84

Reaction Cross Sections

Scattering Cross Sections

(2200 m/s) _
Isotope "
Element (%, Ty/2) Tabs -T act o coh (sign) Tfa (A_A_l) Tg References
N 1.88 + 0.05 11.0 + 0.5 (+) 11.4 + 0.5 10 + 1 BNL 4; Har 2: ORNL 2,6,9
N'%(99.63) np 1.75 £ 0,05 CR 7; Har 10; LA 2
ny 0.10 £ 0.05
N'5(0.37) 7.48 24 + 8 pb ANL 41; CR 18
O <0.2 mb 4.2 0.3 (+) 4,24 +0.02 4.2 +0.3 BNL 8; Cav 1; CR 3; ORNL 4
0'%(99.59) ‘
017(0.037) 5570y C* 0.5 1 0.1 CR 2
0%%(0.204) 29s 0.21 + 0.04 mb ANL 6
oF F1%(100) <10 mb l1s 9 + 2 mb 3.8 £ 0.3 (+) 4.0 +0.1 3.9 +0.2 ANL 1,6,16,41; Cav 1; ORNL 4
10Ne <z.8 2,9 £0,2 2.4 £0,3 ANL 25,41; ORNL 2
Ne?9(90.92)
Ne?!(0.26)
Ne?%(8.82) 40s 36 + 15 mb CR 18
uNa Na?3(100) 505 + 10 mb 15.0h  0.56 + 0.03 1.55 + 0.05 (+) 3.4+0.2 4.0 + 0.5 ANL 6,26,41; CR 15,23; Har 2; ORNL 2,4,6
Mg 63 +4 mb 3.60 4 0.10 (+) 3.70 £0.10 3.6 £ 0.4 ANL 26; Cav 1,2; Har 2,6; NYU 1; ORNL 6
Mg?4(78.60) 33 + 10 mb ORNL 10
Mg?3(10.11) 270 + 90 mb ORNL 10
Mg?$(11.29) 60 3+ 60 mb 9.5m 50 + 10 mb ANL 6; ORNL 10
1341 A177(100) 230 + 5 mb 2.27Tm  0.21 £ 0.04 1.5 £ 0.1 (+) 1.51 £ 0.03 1.4 0.1 ANL 6,26; Fr 3; Har 2; ORNL 2,4,6




THERMAL CROSS: SECTIONS, Z <84

Reaction Cross Scctio_ns

Scattering Cross Sections

(2200 m/s)
Isotope
Element (%, Ty /2) T abs Tact Teoh (sign) Tfa (A 1 l)z Tg References
e 0.13 £0.03 2.0 £.0.2 (+) 2.4 +0.2 1.720.3 ANL 26; BNL 3; Cav 1; Har 2; ORNL 6
Si%%(92.27) 80 + 30 mb ORNL 10
Si%%4.68) 0,27 £ 0.09 ORNL 10
8i3%(3.05) 04104 2.62h 110 £ 10 mb ANL 6; ORNL 10,14
1sP P"(IOQ) 0.19 £ 0.03 14.3d  0.23 £ 0.05 3.1 +0.16 (+) 3.6 £0.3 541 ANL 6,41; Har 2; ORNL 6,15
1S 0.49 % 0.02 1.20 + 0.08 (+) 1.2 £ 0.2 1.1 $0.2 ANL 26; Cav 1; Har 2; ORNL 4,6
§%(95.018) ‘
$%%0.750) 25.1d P 2.3 :+1.0mb ‘ " Swed 4
S34(4.215) 87d 0.26 + 0.05 ANL 6
S%{0.017) 50m  0.14 + 0.04 ORNL 2
17C1 31.6 £ 1.0 12.1 £ 0.8 (+) 16 + 3 ANL 26; Cav I; CR 15; Fr 2; Har 2; ORNL 4,6
C1%(75.4) np 0.30 £ 0.10 3.08 x 10% 30 +20 ANL 6; Ger 2; ORNL é; Switz 2
87d 5% 0.17 + 0.04
C1%(3.08 x 10%) 90 4 30 CR 27
C137(24.6) '37.5m 0.56 £ 0.12 ANL 6
-1 0.62 + 0.04 0.5 1 0.1 (+) 0.9 +0.2 1.5 + 0.5 ANL 25; BNL 4; Har 2; ORNL 2
A%%(0.37) 35d 6+2 CR 8
A%%(0.063) 265y 0.8 +0.2 BNL 7
A*(99.600) 109m  0.53 £ 0,02 BNL 7
>3.5y >60 mb BNL 7

A*(109m)




THERMAL CROSS SECTIONS, Z<84

Reaction Cross Sections

Scattering Cross Sections

(2200 m/s)
Isotope 2
Element (%, Ti/2) - ot Tcoh (sign) Tfa (A; 1) Ts References
sl 1.97 + 0.06 1.5 + 0.1 (+) 2.2+ 0.1 1.5 £ 0.3 ANL’23,26; Cav 1; Har 2; ORNL 4,6
K39(93.08) 1.87 + 0.15 1.3 x 10% 3 2% ORNL 10; Wis 1
K*%9%0.012) 70 + 20 ORNL 2,10
np <1
K*(6.91) 1.19 £+ 0.10 12.4h 1.0 £0.2 ANL 6; ORNL 10
2Ca 0.43 4 0.02 3.0 £ 0.1 (+) 3.2 £ 0.3 ANL 26; Har 2; ORNL 4,6
' Ca*"%96.97) 0.22 +0.04 3.0 £ 0.1 (4) 3.1 +0.3 ORNL 4,10
Ca*3(0.64) 40 + 3 ORNL 10
Ca*3(0.145)
Ca*(2.06) 152d 0.63 + 0.12 0.40 £ 0.03 (+) ANL 6; ORNL 4
Ca*$(0.0033) 4.84d 0.25 + 0.10 CR 22
Ca*$(0.185) 8.5m 1.1 10,1 BNL 10
215¢ Sc*%(100) 24.0 £1.0 20s 10 + 4 17.5 £ 1.5 (+) 24 £ 2 ANL 6,11; Har 5; ORNL 11,13,15
85d 12+ 6 ; '
20s+85d 22 +2
(205 —>85d)
salh 5.6 + 0.4 1.4 0.3 (-) 4.4+0.2 441 ANL 26,4]1; BNL 3; Har 2; ORNL 4,6
Ti*%(7.95) 0.6 + 0.2 3.3+1.0 2,22 ANL 41; ORNL 10
Ti*(7.75) 1.6 £+ 0.3 5.2+ 1.0 431 ANL 41; ORNL 10
Ti%%(73.45) 8.0 £ 0.6 9+4 442 ANL 41; ORNL 10
Ti¥(5.51) 1.8 £ 0.5 2.8+1.0 bl ANL 41; ORNL 10
Ti3%9(5.34) <0.2 5.8m 0.14 + 0.03 3.3 £ 1.0 Fal ANL 6,41; ORNL 10

*Pile neutrons




THERMAL ‘CROS‘S. SECTIONS, Z<84

Reaction Cross Sections

Scattering Cross Sections

(2200 m/s)
Isotope 2
Element (%, T1/2) - Tabs % act 7 coh (sign) Tfa (A +A I) 3 i References
i
2V 5.1 £0.2 0.032 4+ 0.008 (-) 5.1 £ 0.1 541 ANL 26; Fr 2; Har 2; ORNL 6,9,15
v59(0.24) 250 + 200 CR 19
v51(99,76) 3.76m 4.5 £ 0.9 ANL 6
24Cr 2.9 +0.2 l.5v6’:t 0.03 (+) 4,1 +4 0.3 3.0 £ 0.5 ANL 26; Cav 1; Fr 2; Har 2; NYU 1; ORNL 4,6
Cr39(4.31) 16.3 £ 1.3 27.8d - 115 ANL 6; ORNL 10
Cr%%(83.76) 0.73.+ 0.06 ORNL 10
Cr%3(9.55) 17.5 + 1.4 ORNL 10
Cr342.38) <0.3 3.6m 0.37 + 0.04 MIT 1; ORNL 10
- 2sMn Mn*¥(100) 13.2 £ 0.4 2.58h 13.4:0.3 1.7 £ 0.1 (-) 2.0 £ 0.1 2.3+0.3 ANL 26,27; CR 23; Fr 2; Har 2; ORNL 2,4,6
2Fe 2.53 £ 0.06 11.37 + 0.05 (+) 11.80 £ 0.04 11 +1 ANL 26; BNL 9; Fr 1,2,8; Har 2; ORNL 2,6;
na <5 mb Switz 1 .
Fe¥(5.84) 2,2 +£0.2 296y 2.210.5 2.20 £ 0.13 (+) 2.54+0.3 ORNL 4,10,15
Fe%(91.68) 2.6 +0.2 12.8 + 0.2 (+) 12.8 £ 0.2 ORNL 4,10,15
Fe57(2.17) 2.4 +£0.2 . 0.64 + 0.04 (+) 2.0 £ 0.5 ORNL 4,10
Fe%¥(0.31) 2.5+ 2,0 46d 0.9 £ 0.2 ORNL 2,15
na <1.5 mb
27Co Co%(100) 37.0 £ 1.5 10.4m 16 £ 3 1.00 £ 0,06 (+) 61 7 %1 ANL 6,26,41; BNL 2; Cav 1; CR 14,24; Fr 2,7
528y 20%3 Har 2; ORNL 4,6
10.4m+5.28y 36,0 £ 1.5
(99.7% of 10.4m—>5.28y)
Co®™M(10,4m) 1.75h 100 % 50 CR 26
Co%%(5.28y) 1.75h 6 2 CR 26




