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The activation method of measuring slow neutron cross sections is discussed, in connection
with the survey made at Argonne Laboratory. A table is given listing 131 activation cross sec-
tions of 65 elements and properties of the radio isotopes produced.

I. INTRODUCTION

'OST radioactive isotopes produced from
& - natural isotopes by thermal neutron cap-

ture have half-lives and activities which have
been observed in the laboratory. The charge-to-
mass ratio of these arti6cially produced radio-
active isotopes is usually too low for stability,
so.they emit P -rays. ' When the decay is com-

plete, one P -ray will have been emitted for
every neutron which was captured by the original
stable nucleus. Thus the counting of p -rays

f The work reported herein was part of a program of the
Argonne Laboratory which was initiated by Dr. H. L.
Anderson and for which he provided much of the technique
and special apparatus. His guidance and invaluable counsel
during the course of the work are hereby acknowledged.
W. Sturm, W. Moyer, G. Miller, and H. Kubitscheck at
various times rendered valuable assistance. H. H. Gold-
smith cgntributed useful advice on isotopes and cross-
section measurements in general.

The work was completed in October, 1944. It was done
u~der contract between the Manhattan District, Corps of
Engineers, War Department, and the University of Chi-
cago, at the Argonne Laboratory.* Present address: General Electric Research Laboratory,
Schenectady, New York.**Present address: Department of Chemistry, Uni-
versity of Chicago.*~*Present address: Nuclear Engineering Powered
Aircraft Dept. , Fairchild Engine and Airplane Corporation,
& . O. Box 415, Oak Ridge, Tennessee.

enables the determination of the number of
neutrons captured by certain isotopes. If, in
addition, the thermal neutron Aux is known, and
the number of atoms doing the capturing is
measured, the thermal neutron capture cross
section can be calculated. This is the essence of
the activation method of measuring neutron
cross sections. 2 At the Argonne Laboratory in

June, 1943 a program was started to measure as
many thermal neutron activation cross sections
as possible. This paper describes the experimental
method and lists the cross sections measured.
The work was all done on the graphite pile
except that starting in July, 1944, irradiations
were begun in the heavy-water pile.

Several of the 137 different half-lives produced

by slow neutron capture gave. rise to daughter
activities, since the isotopes produced by p=decay
were not stable in these cases. An example is
26-min. «Pd"' produced by slow neutrons from
46Pd" . A 7.5-day 47Ag'" daughter activity was

~There are also several cases of positron emission,
E'-capture, and isomeric transition.

~ The first surveys of slow neutron cross sections by the
activation method were made independently by Franco
Rasetti, Phys. Rev. 58, 869 (1940}and R. D. O'Neal and
M. Goldhaber ibiX S9, &02 and 109 (1941).



THER. MAL 8EU'|'RON ACTI VA "1 ION CROSS SECTIONS 889

formed, but 48Cd"' is stable, ending the chain.
The number of neutrons captured by the 46Pd"0
was computed from the p -ray count of both

Pd111 and 47Ag&&&

2. DESCRIPTION OP MEASUREMENTS

A. Thermal Activation Formula v =nveN

When a thin detector is placed in the interior
of a diffusing medium the number of thermal
neutron captures per unit time is given by'

v =nVOX

where nv = thermal neutron Aux, 0 = thermal
neutron cross section (follows 1/v law), %=num-
ber of atoms of detector. Thus to calculate 0-,

the problem is to measure v, nv, and X. Note
that since o is proportions, l to 1/s, v is really
proportional to neutron density n.

B. Measurement of v

To measure the number of neutron captures
per unit time, the number of p-disintegrations
per unit time was measured after the irradiation
had been completed, and the detector foil ob-
served to decay with the proper half-life. With
the aid of the radioactive-decay laws, the number
of p-disintegrations observed at a given decay
time was reduced to the number of p-disintegra-

tions at saturation, which equals the number of
neutron captures per unit time. The p-disintegra-
tions were recorded on either a Duraluminum
(51 mg/cm') or a mica-window (4 mg/cm')
Geiger counter. Beta-rays of maximum energy
less than 0.85 Mev were always counted on the
latter counter. The counting rate of the Geiger
counter was converted into p-disintegrations per
unit time by correcting for the geometrical and
absorption loss of p-rays. The geometrical factor
was computed by using UXII and RaE p-ray
standards. Since p-rays in the early part of their
range are absorbed exponentially, the external
and self-absorption loss of p-rays were computed
with this exponential relationship. Thus the total
efficiency of the counter was taken as

Z=G exp~ —-x
~

p &

where G =geometry factor, p/p =mass-absorp-
tion coe%cient for the p-rays, and x=thickness
of counter wall, foil cover, and half of foil thick-
ness. For the UXn and Ra,E p-ray standards, the
mass-absorption coeAicients were found to be 6.j.
and 16.9 cm'/g Al, respectively, and using these
values in the above formula the Duraluminum
counter-wall thickness was found to be 51 mg/
cm'. This is equivalent to aluminum of 7-mil

TABr.E I. Comparison of activation vrith transmission cross sections.

Element Half-life

44 s
4.2 m

Total

22 s
2.3 IB

225 d

Total

13 s
54 m
48d

~capture
(from activation)

(barns)

150
12.8

162.8

51.3
25.3

77.7

54
150

2.7

206.7

105

~total ~scattering
(from transmission)

(barns)

59.2 .

189

96

~capture from total activation
Ratio:

~capture from transmission

1.09

1.09

+ ~scattering assumed to be 5)&10-24 cm~ and ~total is for a neutron speed of 2200 meters/sec.

3 H. A. Bethe, Rev. Mod. Phys. 9, 132 (1937).
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thickness. For every different activity observed,
the mass-absorption coefficient p/p of the p-rays
was measured.

Every substance irradiated in the thermal
column was accompanied by a standard monitor
(described below) for measuring ns Af.ter calibra-
tion, nv was obtained by simply multiplying the
saturated activity of the nv monitor by the
calibration factor.

The calibration of the nv monitors was done by
three methods. One calibration was made by
using Mr. Kubitschek's apparatus. ' This meas-
ures ev directly with BF3 counter, and includes
measurements of the cross section of- the boron-
trifluoride gas used, the velocity of the neutrons
and the number of B"(I,n) disintegrations per
mole of gas and per unit area of neutron beam.
This calibration made the cross sections come
out 1.06~0.03 lower than from the first standard-
ization and was considerably more accurate.

Another check on the nv monitors was made

by comparing the activation cross sections for
the elements 45Rh; 47Ag 4QITl 79Au with accurate
transmission measurements made by Fermi (see
Table I). These results made the cross sections
come out by a factor 1.09 lower than the erst
standardization. These last two calibrations were
for 2200-meters per second neutrons so that the
cross sections measured were then automatically
for 2200-meters per second neutrons.

The use of standard indium, manganese and

copper monitors enabled all ranges of nv to be
measured. The ranges for which nv could be
conveniently measured were:

Indium 1 &10' to 1 X10' neutrons/cm2-sec. ,

Manganese 2 )& 10' to 5 & 10~,

Copper 2 &&10' to 1&10',
Silver 1)&10' to 2 &10".

The practical limit of irradiation which could
be given to substances in the graphite pile
thermal column was 10" neutrons/cm'. When
greater irradiations were required, the substances
were irradiated in the center of the pile.

The number of neutrons/cm'-kwh had been
determined by standard indium foils measured

at the same time that the watts being dissipated
were determined from heating of a central
uranium lump. A rough check on this value was
made by computing the number of 6ssions
necessary to give 1-watt power dissipation.
Finally, this value was checked with the standard
copper monitors which have no appreciable
resonance activation.

Some substances were left in the center of the
graphite pile for as long as two months. The
number of kwh for any irradiation was deter-
mined from the gold.-foil pile monitors, described
by Mr. Sturm.

D. Measurement of N

The number of atoms of detector, X, was
measured simply by weighing the foil on an
analytical balance and dividing by the molecular
weight of the compound. Substances which were
not reagent grade were assayed by Mr. Bane's
group of the Chemistry Division. For P-ray
counting the powders were brushed on Scotch
Tape over an area of 5 to 7.5 cm'. The Scotch
Tape was weighed before and after deposition of
the powder and the accuracy of weighing was
found to be 0.2 mg. The p-ray foils ranged in

weight from 2 mg to =200 mg.

E. Types of Foils Used

For p-ray counting, foils were made by brush-

ing a thin layer of the desired compound (ground

up finely) onto Scotch Tape. The powder was
spread over a measured area by means of a mask,
and then covered with another layer of Scotch
Tape. For long half-life activities, the powder
was irradiated while spread out in a Lusteroid
test tube. For short half-life activities it was
necessary to make up the foil before irradiation,
and irradiate together with the Scotch Tape
covering. In a few cases of short half-life com-
bined with small cross section it was necessary
to irradiate a blank Scotch Tape foil and sub-
tract from the measured foil the activity induced
in the blank foil. ' When very soft p-rays were
being detected (example: i6S" with p/p=290
cm'/g) the active deposit had no Scotch Tape
cover.

4 A description of standardization of neutron Aux will be
published in the Plutonium Project Report.

' The short half-life activity in Scotch Tape could be
ascribed to 2.4-min. qeAPs and 14.8-hr. ~yNa".
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metallic elements which could be obtained in
a malleable state were prepared by rolling the
pure element to the desired thickness (examples:
46Pd, 4yAg, 48Cd, 4gIn, and qoSn).

Elements like gadolinium and samarium which
have a very high total neutron capture cross.
section were irradiated by diluting the rare-
earth oxide powder one-hundred fold with BeO
powder. This dilution prevented self-absorption
of neutrons, but reduced the accuracy somewhat
because it was hard to mix the two po%ders
homogeneously.

For counting x-rays and 7-rays, where a
greater foil thickness was desired, the active
substance was pressed in the form of a pellet in

a 1-inch circular die with the aid of a hydraulic
press. These pellets were from =-', mm to 4 mm
thick. Substances which did not press easily
could be rendered so by adding 1 part of inactive
sulfur to 2 parts of the active substance.

F. Measurement of v for x-rays and y-rays

For the few isotopes which decayed by X-cap-
ture, the disintegration rate was determined by
detecting either the X X-rays of the next lower
element or by detecting the y-rays when the
disintegration energy levels were well known.
The x-rays were always detected using the tech-
nique of Alvarez, i.e., by taking absorption
coefficients in the proper adjacent elements, so
as to display X-critical absorption edge, thus
identifying the element emitting the x-ray.

The efhciency of the counter for different
energy x-rays and gamma-rays was computed to
enable a determination of the disintegration rate.
The y-ray ef6ciency of the counter was found
experimentally to be —,

' percent for the 0.5-Mev
annihilation y-rays from ~QCu'4 and was assumed
to be proportional to the y-ray energy. "

6. Dlscusslon of Errors

The measurement of cross sections by the
activation method is not an accurate measure-
ment. The following discussion of the errors
involved in the measurement of v, nv, N and ~

shows that the accuracy is limited 10 to 20
percent. 9/ith this in mind, the program at the
Argonne Laboratory was aimed at a rapid survey

' F. Norling. , Phys. Rt v. 58, 277 (j.940).

of all the cross sections, rather than a precise
measurement of a few of them.

Errors connected with the measurement of p

by detecting P-disintegrations are as follows:
Gamma-rays which accompany the p4isintegra-
tion give rise to conversion electrons which the
Geiger-counter counts as P-particles. This effect
is more pronounced for soft y-rays and high
atomic number. The diAiculty is that the frac-
tional number of conversion electrons compared
to the total P-ray spectrum is unknown for almost
all radioactive isotopes. In one of the worst
possible cases, that of ~gAu"', it was known that
the conversion electrons comprised 14 percent
of the P-ray spectrum. This correction was used
in computing the cross section of qgAu"', but was
unknown for other isotopes and may make some
of the calculated cross sections too high by as
much as 15 percent. Note that isotopes which
had p-rays of =1-Mev maximum energy or
greater, and also had soft y-rays of =0.4 Mev or
less, were counted on the Duraluminum counter,
which absorbed the conversion electrons com-
pletely.

The inaccuracy of the measurement of the
mass-absorption coefficient of the P-rays and the
extrapolation of the absorption of the P-rays in

the counter wall to zero mall thickness give rise
to errors as high as 15 percent.

Gamma-rays, when they accompany the P-dis-

integration, are also counted by the Geiger
counter. But the sensitivity of the Geiger counter
of 1-Mev gamma-rays is only 1 percent, so that
gamma-rays may make the calculated cross
section high by not more than 3 percent.

The calibration of the Geiger counters (geo-
metrical factor and wall thickness) was done
with four UXrr standards and three RaE /=ray
standards. The standards were prepared by
weight and o.-counting, respectively, and the
average deviation in p=counting rates was 4
percent, so that the calculated cross section could
be rendered either high or low by this amount.

Geiger counters themselves change their sensi-
tivity and plateau region with time. Even though
p=ray standards were always used to check the
operation of the Geiger counters, it has been
found by experience that individual foil counting
rates check to only 2 percent.

Errors connected with the measurement of nv,



TAm, z II. 'fhermal neutmn activation cross sections.

Item
No.

1

Natural
isotope

(1)
Bo18

Natural
abun-
dance
(per-
cent)

(2)

Half-life of
the A+1

isotope
(3)

0,20 31 sec.

Isotopic Natural atom
cross section cross section

(barns) (barns)
(4) (5)

0.00022 ': 0.000,000,4

Prob-
able

error
(per-
cent)

(6)

Mass-
absorption

coefficient of
P-rays in
cme/g of

aluminum
(7)

2.56

Substa, nce
lised
(8)

Distilled
HBO

Place of
irradia-

tion
(9) (10)

Remarks
(11)

Pile * Cf. Phys. Rev. 'Fo,
561 (1946)

12 sec.

14.8 hr,

11.1 10.2 min.

5 ieAI» 2.4 min.

2 BFie 100

iiNa28 100

0.0094

0.63

0.21

0.0094

0.63

0.0054

0.21 &20

0.93

6.1

2.5

NaCl
Naecoe

Mg-metal
powder

Al foil

Pile

Thermal
column

~ may be high due
to conversion elec
tron s.

6 i4siee

7 leper

8 iese4

i~Cl»

4.2 170 min.

100 14.3 d

4.2 87.1.d

V5.4 87.1 d
for iesee

0.116

0.23

0.26

0.169

0.00485

0.23

0.011

0.13

&20

&20 5.3

+20 290

+20 290

Si metal
powder

Red P
powder

S flowers

NH4Cl
Nacl

Pile

Pile

Pile

Thermal + This reaction
column nclee(e, p)iesee

goes with thermal
neutrons.

10 iyClei 24.6 3V nlin. 0.56 0.137 ~20 8.7
3.2

NaCl Thermal
column

Two groups of beta-
rays.

11 ieK44

12 reca4"

6,61 12,4 hr. 0.067

&0.000125 &0.00012 +HO K-capture
X-rays

Kecoe
K&CBOeH&o

CaFB
caco&

ca(NOB)2

Pile

Pi.le See Table III.

13 geCa44

14 eeCa 48

15 eeCa48

16 eisc4'

17 yeTi»

18 eeTice

19 2BVel

2.06 180 d

0.19 30 min,

0.19 150 min.

100

5.34 6 min.

5.34 72 d

100 3.9 min.

0.63

0.205

0.141

0.039

4.50

0.013

0.00105

0.00039

0.0075

0.0021

4.50

~20

~20

+20

+20

~20

+20

128
7.5

3.9

CaFB

CaFB
CaCOe

CaFB
caco,
Sc208

XBSc(SO4);

Ti-metal
powder

Tio2

Pile

Pile

Pile

Pile

Thermal
column

Two groups of
P-rays. Ratio of
soft to hard

450

See Table III.
Nuclear isomer.

See Table III.
Nuclear isomer

See Table III.

Half-life previously
reported 2.8 min.
We find 6 min. over
3 half lifes.

Nuclear isomer.

20 84cree 4.49 26.5 d

0.0061 ~.00014

+40 K-capture
conversion
electrons

~40 Creoe

See Table IV.

Reported half-lifes
of 1.6 to 2.3 hr. We
find weak activity
of 1.3 hours.

22 eeMn» 100 2.59 hr. 10.7 1.0.7 Mn-metal
powder

Thermal
column

23 BeFe«

24 Banco»

0.28 47 d

100 10.7 min.

0.36

0.66

0.0010

0.66

~20

+20 14V
12.9

Feeoe

Comoe

Pile

Thermal
column

See Table III.

25 87co«100 5.3 yr. 21.7 21.V +20 Coeoe Pile

26 28Nie4 0.88 2.6 hr. 0.0173 7e3 Ni-metal
Nio

Thermal
column

27 28cuee '70.13 12.8 hr. 2.0 +20 Cu-metal
powder

Thermal
column
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TABLE II.—COSMOS@|;d.

Natural
Item isotope
No. (1)

Natural
abun-
dance
(p«-
cent)

(2)

29,87

Half-life of
the A. +1
Isotope

(3)

5 min.

Isotopic
cross section

(barns)
(4)

Prob-
able

Natural atom error
cross section (per-

(barns) cent)
{5) {6)

ass"
absorption

coeKcient of
P"rays ln
cmg/g of

aluminum
(7)

Substance
used
(8)

Cu-metal
powder

Place of
irradia-

tion
(9)

Thermal
column

(10)
Remarks

(11)

29 8pZn84

30 gpZngg

31 8pZn88

32 glGapp

50.9 250 d

17„4 57 min.

17.4 13.8 hr.

61.2 20 min.

0.51 0.26

0.054

+20

~20

~20

107

17.1

6.5

Zn foil

Zn foil

Zn foil

GagOg

Thermal
column

Pile

Thermal
column

See Table IIl.
Nuclear isomer.

Nuclear isomer.

33 glGa»

34 ggGezP

35 ggGezP

38.8 14.1 hr.

21.2 40 hr.

21.2 11 d

0.073

1.30

0.0155

+20 9.6
~20 25.V

%40 X-capture
X-rays

Pile

Pile

Pile

Positron activity.

See Table III.

36 ggGC74

37 8gGC78

38 8gAs76

37.1 89 min.

6.5 12 hr.

100 26.8 hr. 4.2

~20

~20

~20

13.3 GCOg Pile

Thermal
column

39 g4Sc74 09 115 d &40 Z-capture
X-rays

Se-metal
powder

Pile ~ See Table III.

4Q g4Sc78,8P

*1 84SC78,80

42 g4Segg

44 ggBr»

19 min.

57 min.

9.3 30 min.

50.6 18 min.

50.6 4.4 hr.

0.060

8.1

2.76

0.0056

4.1

%20 7.9
for daughter

15.6
for 868rgg

&20

&20

Se-metal
powder

Se-metal
powder

Se-metal
powdel

Thermal
column

Pile

Thermal
column

Thermal
column

Nuclear isomer.

Nuclear isomer.

a calculated by ob
serving 140 min.
g6Brgg,

Nuclear isomer.

Nuclear isomer.

45 ggBrgl

46 gzRb86

47 gzRb87

49.4 34 hr.

72.8 19.5 d

17.5 JIlln,

2.25

0.122 0.033

0.128

~20

~20

+20

6,Z

conversion
electrons

RbNOg

RbNOg

Pile

Pile

Thermal
column

Thermal + See Table III.
column

82.56 55 d

100 60 hr.

22 63 d

1V.Q hr.

0.0050

1.24

0.33

0.053

0.073

0.009

~20

&40 60

9.4

SrCOg

Vg(SO4) g

Zl metal
Zro(Nog) g

Zr-metal
powder

Pile

Pile

Pile Isotopic assignment
not certain.

GlYes I'lsc to 75-mine
„Cbzs

53 4pZrgg 1.5 6 min. 0.016 Zr-metal
powdcl

Thermal
column

54 41Cbpg 100 6.6 min. ~1.0 9.5 Cb metal
Cbg06'

Thermal
column

Decay of 41Cbg4 Is
mainly by E-cap-
ture or isomeric
transition. See
Table III.

55 48MolPP

56 48Mogg

57 48Mo»?

9.25 19 min.

24.1 67 hr.

7 hr.

0,475 0,044

0.10

%20 10

&20 11.7

~40 K-capture?

MoOg

MoOg

MoOg

Pile

Pile No 7-hr. activity
was found.

44RuIPg s104 0,122 ~20 Ru-metal
powder

Pile



TABLE II.—Continued.

Natural
Item isotope
No. (1)

59 44Ru?

60 44Ru?

Natural
abun-
dance
(per-
cent)

(2)

Half-life of
the 8+1
isotope

(3)

37 hr.

Isotopic
cross section

{barns)
(4)

Natural atom
cross section

(barns)
{5)

0.15

0.37

Prob-
able

error
(per-
cent)

(6)

~20

Mass-
absorption

coefficient of
P-rays in
cmg/g of

aluminum
(7)

40

Substance
used
(8)

Ru-metal
powder

Ru-metal
powder

Place of
irradia-

tion
(9) (»)

Pile

Reinai ks
(11)

Other investigators
have reported a 20
hr. half life.

Other investigator»
reported 45 %5
days.

44 sec.

62 4«Rhlos 100 4.2 min.

osPdlos 26.8 13 hr.

61 4«Rhlog 100 137

11.6

3.0

&10

&20 16.1

Rh-metal
powder

Rh-metal
powder

Pd-metal
foil

Thermal
column

Thermal
column

Thermal
column

Nuclear isomer.

Nuclear isomer.

4spd»0 13.5 26 min. 0.39 0.0525 %20 Pd-metal
foil

Thermal
column

Gives rise to 7.5
day 4qAg»l.

65 47Ag107

47Aglog

51.9 2.3 min.

22 sec, 97.0 46.6 2.9

Ag-metal
foil

Ag-metal
foil

Thermal
column

Thermal
column

67 4. Aglog 48.1 225 d Ag-metal
foil

o computed assum-
ing one particle per
disintegration.
Resonance contri-
bution to the cross
section is suggested
by the work of M.
Goldhaber, Phys.
Rev. VO, 8'9 (194'6l.

68 4sCd»4 28.0 2.5 d +20 10.7 Cd-metal
foil

Pile Gives rise to 4.1 hr.
4 gin»«s&

69 4sCd»' 28.0 43 d 7.0 Cd-metal
foil

Pile g Cf. Seren et al. ,
Phys. Rev. '71, 409
(1947).

70 4s

71 4sCd?

7,3 3.7'5 hr.

2 min.

0,10

0.05

~20

5.7

Cd-metal
foil

Cd-metal
CdO

Pile

Pile

Gives rise to 2 hr.
«gin»g

72 «gin»s

73 jgInll«

74 ogInl»

75 «oSn»g

95.5 13 sec.

95.5 54 min.

1.1 105 d

2.52

l.38

0.012

:+10 6.35
for 72 sec.
daughter

5,4

&40 X-capture
X-rays

In-metal
foil

In-metal
foil

ln-metal
foil

Sn-metal
foil

Thermal
column

Thermal
column

Thermal
column

Pile

Gives else to 72-sec.
40I»»4

Nuclear isomer.

Nuclear isomel

See Table III.

76 «0Sn»4

77 «oSn~»«

78 «0Sn los

79 «0Sn»s

soSn '"

68 9 min,

40 min.

26 hr.

10 d

400 d

0.574 0.039

0.0142

0,018

+20

~20

5,2

13.6

Sn-metal
foil

Sn-metal
foil

Sn-metal
foil

Sn-metal
foil

Sn-metal
foil

Pile

81 siSblgi

60 d

w20 -in

I- 20

Sb-metai
powder

Sb-metal
powder

Pile

f'ile

sgTelos 19.0 9.3 hr. 2() 27.2 Te-metal
powder

Pile 4' Nuclear isomer.

«g fe126 i9.() 9(r &I ().073 -i-20 Te-metal
powder

Pile Nuclear isomer
gives rise to 9.3-hr.
fe»7



Natural
Item isotope
No. (1)

Natural
abun-
dance
(per-
cent)

(2)

85 ggTellus 32.8

Half-life of
the 4+1
isotope

(3)

72 inln,

Isotopic
cross section

(barns)
{4)

Natural atom
cross section

(barns}
(5)

0.0436

Prob-
able
error
(per-
cent)

(6)

Mass-
absorption

coeKcient of
P-rays in
cm~/g of

aluminum
(7)

12.6

Substance
used
(8)

Te-metal
powder

Place of
irl adla-

tion
{9) (10)

Pile

Remarks
{11)

Nuclear isomer,

86 ggTci&~ 32.8 32 d 0.0154 0,00504 -+20 ~12.6 Te-metal
powder

Nuclear isomer.
Gives rise to 72--
fnln Tci&

87 52TC140 33.1 25 min.

33.1 30 hr. &0.008

%20 7. 1 Te-metal
powder

Te-metal
powder

Thermal
column

Pile

Nuclear isomer.
See Table III.
Nuclear isomer.
Glvcs risc to 25-
min. Tel+.

89 5llim 100 25 min. 6.25 &20 Pblg Thermal
column

90 Ii;Cs» 100 3 hr.

91 5aCsl+ 100 1.7 yr.

71.66 86 min.

0.016 0.016 ~20 r sNO&

CsNOs

Ba02

Pile

Thermal
column

Nuclear isomer.

Nuclear isomer.

94 iiypr141 100

93

goal

al~& 100

19.3 hr.

21 min.

1.0, 1 10.1

~20

&20 8.25

La metal
L,a(NH4) ~{NO3)s

Pr40v 'I'hermal
column

Thermal
column

152 26

97 nSmP

98 63EuM

99 pi Eu151 ~ 158

60 d

9.2 hr. 1380

5-8 yr.
(6.5 yr. )

.+20'

20

SmpOa

Sm201

Ku oxalatc

Pill oxalate

Thermal
column

Thermal
column

Pile

See Table III.
See Table III.

See Table III.
-This long period
activity is due to
both Eu»~ and
Eu'~. See M. G.
Ingram and R. J.
Hayden, Phys.
Rev. 71, 130 (1947),

102 e4Gdg

103 64Gd'?

104 egTbi~~ 100

160 d

3.9 hr.

2.3

-0.6

&0.25

10.7

8.7

:+40 -20

&40

Gd2Ol

& '-dpi

Gd~O»

Tb4Di

1 lje

Thermal
column

Reported half-life is
8 hr,

May be due to im"
purities in Gd2O3.

May be due to im-
purities in GdgOi.

No 160-day ac-
tivity was found
during 210 days
decay.

105 eyDyle4 27.6 140 min. 2620 12.4 DyiO4 Thermal
column

Cadmium ratio is
97 &7.

106 giiDy184 1.25 min. 120 Thermal
colunln

Our cross section
assumes beta-ray
decay and is prob-
ably erroneous be-
cause the later work
of Ingraham, Shaw,
Hess, and Hayden,
Phys. Rev. 72, 515
(1947} indicates a
soft gamma-ray de-
cay (isomeric tran-
sition to the 140-
min. activity).

l 07 4yHoi~ 100 30 hr.

108 iiQTm16" 100 105 d

59.6 HolO4 Thermal
column

Thermal
column

Half-life sometimes
given as 35 hr. , but
we find 30 hr.
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TABLE II.—Continued.

Natural
Item isotope
No. (1)

Natural
abun-
dance
(per-

.cent)
(2)

Half-life of Isotopic Natural atom
the A+1 cross section cross section
isotope (barns) (barns)

(3) (4) (5)

Prob-
able
error
(per-
cent)

(6)

Mass-
absorption

coefficient of
P-rays in
cm'/g of

aluminum
(7)

Substance
used
(8)

Place of
irradia-

tion
(9) (1o)

Remarks
(11)

109 p 1Lu175,08

110 ~1Lur«

111 ysHf&so

112 psTa?

3.4 hr,

2.5 6.6 d

35.14 46 d

16.2 min.

3640

10.0

15.9

91.0

3.5

0.034

~20

~20

~20

12.0

47.0

Lu20s

J.usOs

HfOC1. 7H20

Ta-metal
foil

Thermal
column

'1'her mal.
column

Pile

Thermal
column

Refer to ingrain
el al. , Phys, Rev. 71,
270 (1947).

Listed half-life is 55
days. We find 46&3
days over 2-,' half
lifes.

See Table III.
Cf. Seren, Fried-
lander, and Turkel,
Phys. Rev. 72, 163
(1947).

113 qsTaisi 100 11V d

1]4 p4W184,

20.6 :&20 Ta-metal
foil

W-metal
powder

Thermal
column a—~800

See Table III.

115 v4Wiss

116 gsReiss

117 psReil

118 vsOs»

119 VaOs»s

29.8 24.1 hr.

38.2 90 hr.

61.8 18 hr.

410 17 d

34.2

101

V5.3

5.34

10.2

46.5

2.19

~20

~20

~20

&20

16.9

14.5

W-metal
powder

Re-metal
powder

Re-metal
powder

Os-metal
powder

Os-metal
powder

Thermal
column

Thermal
column

Thermal
column

Pile

Pile

Literature half-
lives are 29 hr. and
32+2 hr. We find
30 hr.

120 qvIr»' 1.5 min. 260 100 &40 ~28
Isomeric

transition

Ir-metal
powder

Thermal
column

This isomer decays
into the 70 days ac-
tivity listed below.
See Table III.

121 gyIr»1

122 qqIr»s

123 ysPt»s

124 vsPt»s

38.5 70 d

61.5 20.7 hr.

26.6 18 hr.

26.6 3.3 d

1000

4.5

79.0

0,30

1.20

~20

~20

~20

33.5

114

Ir-metal
powder

Ir-metal
powder

Pt-metal
foil

Pt-metal
foil

Thermal
column

Thermal
column

Pile

Pile

Half-life in 1itera-
ture is 60 days. We
find 70&2.5 days.
The cross section
listed here includes
the contribution
from 1.5-minute
activity.
See Table III.
Half-life in litera-
ture is 19 hr. We
find 20.7 ~5 hr.

See Table IV.

125 vsPt»s 7.2 31 min.

2.7 d126 ysAui& 100

3.92

96.4

0.292

96.4

+20 9 4.

19.3

Pt-metal
foil

Au-metal
foil

Thermal
column

Thermal
column

A 14 percent cor-
rection for conver-
sion electrons has
been made.

12V soHgs04 6.7 5.5 min. 0.0228 ~20 HgO powder Thermal
column

128 soHg202is04

129 siTl» 29, 1

51,5 d

4.23 min. 0.2 I3

0.725

0.079

~20

~20

77

10

HgO powder

T1NOs Thermal
column

130 siTlsos

131 ssBi»

70.9 3.5 yr.

100 5.0 d

3.1
0.015

2.2

0.015

~20

&20

25.6

16.0

T1NOs

Hi-metal
powder

Pile

Pile



THERMAL NEU f RON ACTIVATION CROSS SECTIONS

irradiated in the center of the pile~ where the
thermal Aux was 470 times greater, and, in
addition, resonance neutrons from fission energy
and below were present. Thus substances which
received pile neutron irradiations were activated
by resonance neutrons in addition to thermal
neutrons. The exact contribution from resonance
activation was unknown, hence, was not subtracted

og in the calculatioe of the thermal cross section

However, the following will show that the reso-
nance contribution was small for most cases.

Column 9 of Table II indicates that pile
irradiations were used mostly' for substances
with low thermal cross sections. Low thermal
cross sections usually indicate a very small value
of J'o(E)dZ, and hence would give very little
resonance activation.

Substances prepared for pile irradiation were
spread out in a Lusteroid test tube lying Hat in

the center of the pile. This allowed 95 percent or
more transmission in the thermal region, but
resonance neutrons would be strongly self-ab-
sorbed. The strong resonance absorption is
caused by the sharp peaks in the resonance
cross-section vs. energy curve. ' Hence, the self-

absorption reduces the resonance activation.
The intended program at Argonne included

the measurement of J'a(E)dZ/E for all activities
possible, but because of more urgent experiments,
only a few of these values have been obtained
so far. Mr. W. Sturm has developed the technique
and wi11 report on it independently. The value of
J'0 (E)dZ/Z for a few activities was obtained by
measuring cadmium ratios, as follows:

the thermal neutron Aux, are as follows: After
intercalibrating the standard indium monitors
with the standard manganese and copper moni-

tors, the e8'ect on the calculated value of the
cross sections was about ~15 percent. The nv

determinations from gold-foil pile monitors was
only accurate to ~15 percent. This largest source
of error was reduced considerably by two other
independent ms calibrations (Kubitschek's BFI
counter and cell and comparison with Fermi's
transmission measurements) each of which were
accurate to about 3 percent. As a result of these
calibrations, all the cross sections measured in
the thermal column were reduced by the factor
1.09.

Errors connected withithe measurement of N,
the number of atoms on the foil, were: The
accuracy of weighing on the analytical balance
was 0.2 mg, so for the lightest foils of 2.0 Jng
this leaves an error of ~10 percent, and con-
siderably less on the heavier foils. The error of
assay was quite small, less than 0.3 percent.

Errors connected with the measurement of v,
the mean life, arose as follows: In general, no
attempt was made to accurately measure the
half-life, and the value listed in Seaborg's table
of radioactive species was taken. In a few cases
the value listed was found to be quite different
from the observed half-life. The latter was then
used. These are noted under "Remarks" in the
tables. An example is 60-day iridium which we
followed for 2 half-lives and found 70~2.5 days.
The error in half-life is thus probably less than
5 percent unless stated otherwise.

In general the error for any calculated cross
section was less than the sum of all the errors
listed above. For each cross section listed in
Table III the probable error was computed on
the basis of the number of trial runs made, the
type of radiation detected, the strength of the
p-rays, and the presence or absence of gam. ma;
rays. The probable errors are listed as ~10, &20,
or a40 percent.

(ri),/$) N) ~.(~)d&/~

ns~(s)N&thermal

~ Except that after July, 1944, the thermal column of the
Argonne heavy-mater pile mas used whenever possible.

' More explicitly, pile irradiations mere used for sub-
stances for which e,t, /half-life mas quite small, so that a
fem substances with a very long half-life received pile
irradiations in spite of rather large cross section; for ex-
ample ~Co»' giving rise to a 5.5-year activity with a =22.5
X10~ cm'.

The 1.4-ev resonance of 54-min. goin ' has been in-
vestigated with a velocity selector by W. W. Havens, Jr.
and J.Rainwater, Phys. Rev. VO, 154 (1944) and has a peak
value of' 26,000&10 ~4 cmm.

3. RESONANCE NEUTRON ACTIVATIONS

The survey of all the slow neutron activities
was conducted by irradiating in the thermal
column of the graphite pile. But when this did
not give sufhcient intensity, the substances w'ere

/ =390 cm from the observed cadmium

ratio in the graphite pile with standard indium
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foils. Also for graphite, X=2.7 cm and )=0.158.
Using A for activity instead of v for capture
processes.

t &r(Z)dE/E =22.8(A /2th a, i)0'(V).

Since

+need/wraith Cd (+ree~thermal)/Area = C. R.,

the desired ratio is then

&ree/&thermal= 1/LC

The cadmium ratio (C. R.) is determined by
irradiating identical foils, one covered with
cadmium, in the center of the pile. The foils
were made thin enough to allow a resonance peak
of 30,000X10 "cm'. The values of J'o(Z)dE/E
found are listed in column 11 of Table II,

4. COMPARISON OF ACTIVATION METHOD WITH
OTHER METHODS OP MEASUMNG SLOW

NEUTRON CROSS SECTIONS

The other methods of measuring slow neutron
cross sections utilize the absorption properties
of the total atom, rather than specific isotopes.
In a beam geometry the intensity of the beam
both with and without the absorbing element is
measured by a suitable thermal neutron detector.
The general scheme of measuring the reduction
of intensity of thermal neutrons by a known
weight of the desired absorber can also be applied
in.a diffusing medium of thermal neutrons, such
as paraffin or graphite, and also at the surface of
such a medium. ' Volz' utilized a Helmholtz
tube filled with radon gas and beryllium to
obtain a uniform density of neutrons in water.
Qfith the advent of the chain-reacting pile, it
has been found possible to measure absorption
effects quite accurately by poisoning a few cells
with the desired element. " Calibration is then
made by a similar poisoning with a "black"
substance (such as cadmium) of known area.
A11 of the methods which utilize a diffusing

' J.W. Coltman and M. Goldhaber, Phys. Rev. 69, 411
(1946), measured the capture cross sections of 19 elements
in this manner.

"Helmut Volz, Zeits. f. Physik 121, 201 (1943) meas-
ured the absorption cross section of 49 elements in this
manner.

"A. Wattenberg has investigated about 50 elements in
this manner. See Anderson, Fermi, Wattenberg, Weil, and
Zinn, Phys. Rev. V2, 16 (1947).

medium measure the absorption cross section of
the atom, while the beam geometry measures
the absorption plus the scattering cross section.

The main differences between measuring the
absorption cross section by the absorption and
activation methods are:

(1). The absorption method measures the cross section
for the whole atom, whereas the activation method meas-
ures the cross section for the isotope producing the observed
activity. For elements with only one stable isotope, the
results should be essentially the same.

(2). The absorption method requires the order of grams
to kilograms of material, while the activation method re-
quires the order of milligra, ms. Volz" used from 1 to 4200
grams of the different elements in his survey, while P-ray
foils in this survey were from 2 to 200 milligrams.

(3). The absorption method requires the element to be
either in pure form or in a compound with other elements
whose cross sections are very much smaller. The activation
method requires only that the desired induced activity can
be separated from the induced activity of all other isotopes
present. This property of the activation method allows a
wide choice of compounds. For example, it was found
possible to measure the cross section of 11Na23 by using
NaC1. However, 1yC1 has a cross section which is about 50
times greater than 11Na28, so that this compound could not
be used for the absorption method.

{4).When the scattering cross section is of the same
order or larger than the absorption cross section, it is not
possible to use the beam-absorption method, but the
activation method is not even affected by scattering.

S. ACTIVATION CROSS SECTIONS MEASURED

In Table II, the erst column lists the isotope,
the second column gives the percent natural
abundance of this isotope, the third column gives
the half-life of the (A+1) isotope (i.e., the
isotope produced by neutron capture). Note that
the half-life enters into the value of the cross
section, and any small change in the accepted
value of the half-life would mean a linear change
in the cross section value. The cross sections for
the isotope and natural atom are given in col-
umns 4 and 5, respectively, and refer to a neutron
velocity of 2200 meters per second (one ba,rn
equals 10 '4 cm'). Note that column 4 is ob-
tained by dividing the value of column 5 by
that of column 2. In column 6 is given an
estimate of the probable error (see Section 26).
The external absorption coefficient of the P-ray
activity, as measured with aluminum absorbers,
is given in column 7. Two values are given in
column 7 when tw'o distinct groups of p-rays
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could be separated. Column 8 gives the type of
foils used and column 9 the place of irradiation,
and column j.i gives pertinent remarks. Pile
i.rradiations may result in high cross sections
because resonance effects have not been sub-
tracted (see Section 3). An asterisk (*) in column

10 indicates that the production of the radio-
isotope by thermal. neutrons had not been re-
ported in the literature previous to this work.

Table III gives information about certain
isotopes decaying by Z-capture and new proper-
ties of isotopes discovered in our survey.

Year, E III.Additional remar'ks concerning certain isotopes.

Remarks

gpCa4P(n, 7)2QCa4' 8.5 day

The reported ~QCa4' isotope decays by K-capture. An
attempt was made to observe the 1.1 Mev y-ray accorn-
panying each disintegration. The observed activity did not
show a fixed half-life but tailed o8' from 6.1 days to ))8.5
days. Hence, the upper limit of cross section was computed.
The last run was made with especially pure Ca(NO3) 2 from
which CaCOO was precipitated out after irradiation. Note
added f'n proof: Overstreet and Jacobson, Phys. Rev. V2,
349 (1947), also fail to find this reported 8.5-day Ca
activity.

gpCa4P(n, y}gpCa49 30 min. , 150 min.

The decay of ~QCa4' required a somewhat unusual treatment
to obtain the cross sections because its isomeric activities
of 150-minutes and 30-minutes half-life, both give rise to
the same 57-minute half-life daughter, 2rSc4'. This in turn
decays to the stable 2gTi49. Graphs were first drawn from
values obtained from the theoretical equations of such re-
lationship in order to study the decay. These were approxi-
mate because the equations assumed the initial number of
daughter atoms to be zero, whereas they actually were
growing and decaying exponentially with the decay of the
parent while being irradiated. A general equation was then
derived in which the entire activity, without approxima-
tions, was extrapolated to include all the growth and decay,
during irradiation and afterwards. The cross sections sub-
mitted are a result. of the application of this equation.

Sc45(n, y) SC4P 85 day

The cross section was computed by assuming. '. 95 percent
decay by p-rays and 5 percent by X-capture, from Walke,
et. cl., Proc. Roy. Soc. London A17'1, 372 (1939).

P(n y) 24Crs' 26.5 day

Cross section computed by observing the p-rays and as-
suming 0.03' per disintegration, from Walke, et. al. , Phys.
Rev. 57, 171 (1940).

qqCo'p(n, y}gqCopp 10.7 min.

Concerning the 10.7-minute Co ', Livingood and Seaborg'
suggested that the radiation consisted largely of conversion
electrons resulting from an isomeric transition to the longer
lived {5.3 year} Co'. Later Nelson, Pool, and Kurbatov'
claimed that-the radiation was that of continuous beta-rays
of end point 1.35&0.1 Mev and a y-ray of 2.5+0.02 Mev
but no conversion electrons. Finally, Deutsch and Elliott'
found that the direct transitions constitute only 10 percent
or less of the disintegrations. The p-ray has a maximum
energy of 1.50&0.15 Mev and is followed by a 7-ray. At
least 90 percent of the disintegrations proceed by an
isomeric transition; a 0.056&0.003-Mev y-ray with cor-
responding conversion electrons. Our findings are, as a
whole, in accord with that of Deutsch and Elliott. We find
that 10.8 percent or less of the disintegrations produce a
p-ray whose p/p- in Al is 12.9 cm~/g while the rest of the
disintegrations (89.2 percent) show up in the form of low

Remarks

energy, electrons whose p/p in Al is 147.5 cm'/g. These low
energygelectrons must have been produced by a p-ray of
greater than 0.07 Mev in order for our counter to observe
them. The cross section has been calculated on the basis
of this p-, ty-branching, assuming that each particle (hard or
soft) represented a disintegration.

3QZn'4(n, y) 3QZn'~ 250 day

Cross section computed assuming 0.6y per disintegration
and 5 percent of disintegration by positron emission.
Deutsch, Roberts, and Elliot, Phys. Rev. 61, 389A (1942).

3gGe" (n, y}3gGe" 11 day

By means of critical absorption in different elements, it was
verified that the x-rays observed from 11-d.germanium are
actually gallium x-rays, hence come from E-capture of 11-d.
germanium. From Compton and Allison's book on x-rays,
p. 784 and p. 792.

grGa E~ x-ray line is 1.34A.
32Ge X~ x-ray line is 1.255A.
2pCu X-absorption limit is 1.37A.
gpZn X-absorption limit is 1.28A.

We observed very marked absorption in copper, but very
little absorption in zinc, showing that the x-ray was a
Ga E+-x-ray. Mass-absorption coefficients observed are:

for Scotch Tape (hydrogen. carbon, oxygen) 6.13 cm'/g
for 13 aluminum 40.8
for 29 copper 165.0
for 30 zinc 57.8

The energy of the Ga X -x-ray is only 9.23 kilovolts. No
p-rays or electrons were observed. The efFiciency of the
mica-window Geiger counter for these x-rays was computed
by using a'. .value of the mass-absorption coefficient in argon
from Compton and Allison, p. 802. The counter was filled
with a 10 to 1 mixture of argon-alcohol, but the contribu-
tion from the alcohol was negligible.

34Se~4{n, y}34Se~P 115 day

p4Se'P has been reported as a X-capture isotope with a half-
life of 48 days and also of 160 days. We found a E-capture
activity produced by an (n, p} reaction on selenium with a
half-life of 115+5 days. One sample has been followed for
over 180 days. This is the first report of this activity pro-
duced by an (n, y) reaction. To prove that this was a
selenium activity, 99.9964 percent pure Hilger Spectro-
scopic selenium was irradiated in the Argonne pile. From
the active material 3gGe, 33As, and 3pBr were separated. No
activity was found in any of these fractions. The &4Se frac-
tion was then found to contain all the original activity. The
E-capture decay to stable As~~ was demonstrated both in
the cloud chamber and by x-ray critical absorption edges
which show that arsenic X x-rays are produced. The arsenic
Z x-rays are more strongly absorbed in gallium than in
germanium; while the selenium X x-rays mould be weakly
absorbed in both. Gallium and germanium absorbers were
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TABr.E III.—Continued.

Remarks

prepared and the following mass-absorption coefficients
were obtained:

p/p for i3A1=42 cm'/g,
y/p for giGa =102 cm'/g„
p/p for g2Ge =56 cm'/g.

Several y-rays were found by absorption in lead including
an intense one of about 0.4 Mev. The cross section was
calculated both on the basis of the cloud-chamber work, an
estimation of the counters efficiency for arsenic E x-rays,
and on the basis of an estimated efficiency for the y-rays.
The three calculations checked fairly well. A weighted
average of these calculations is reported for the cross
section. To prove that this activity was that of Se 5, arsenic
(which consists of only one isotope, As75) was bombarded
at the St. Louis cyclotron with 12-Mev deuterons thereby
producing Se7' by a (d, 2e) reaction. This is the only possi-
ble selenium isotope that could be produced which is not
stable. The selenium was then separated from the arsenic
and the decay of this sample has been followed for a month.
It too gives-a half-life of 115&10 days, Cf. Friedlander,
Seren, and Turkel, Phys. Rev. '72, 23 {1947).

»Sr"(n, y)»Sr" 2.7 hr.

The 2.7-hr. activity of Sr is due to»Sr"*, an isomer of the
stable isotope. In the past this isotope has easily been pro-
duced by fast neutrons on Sr with some indication that the
reaction»Sr"(n, gamma}Sr'7* also took place. Stewart,
et al. (Phys. Rev. 52, 901 (1937)) produced 2.7-hr. »Sr"*
by irradiating Sr inside of a few cm of paraffin with Li+D
neutrons. Although thermal neutrons were present, the few
cm of paraffin could not remove all the fast neutrons, so the
experiment was not conclusive. H. Reddeman (Natur-
wiss. 28,

' 110 (1940)) showed that the fast neutron
activity on Sr was due to the»Sr' (n, n}»Sr' * reaction. By
irradiating in the same geometry with fast Ond slow neu-
trons, the 2.7-hr. activity was doubled, thus indicating that
the reaction»Sr"(n y)»Sr"* also took place. In the
thermal column of the Argonne pile (where the cadmium
ratio is &20,000) we irradiated Sr(NOg) 2 and observed the
2.7-hr. »Sr' * activity. Since no fast neutrons are found in
the thermal column, this seems to indicate conclusively
that the reaction»Sr86(n, y)»Sr"* does take place. The
identification of our slow neutron produced activity as
Sr"*was made from

(a) the 2.7-hr. half-life,
(b} the shape of the absorption curve which clearly indi-

cated conversion electrons instead of a continuous
P-ray spectrum,

(c) the end point of the particles of 0.36 Mev,

all of which agree with the properties of Sr"* listed in
Seaborg's tables. Cf. Seren, Engelkemeir, Sturm, Fried-
lander, and Turkel, Phys. Rev. '7l, 409 {1947).

4iCb93(n, y) 6.6 min.

The radio-isotope produced decays either by E-capture or
isomeric transition. We are indebted to M. Goldhaber and
W. J. Sturm 'VO, 111 (1946), who discovered this, and cor-
rected our old erroneous value of the cross section based on
Cb94 P decay.

qoSnn2(n, y) ~OSn"3 105 day

The indium x-rays produced by the E-capture of ~OSn"'
were detected by taking absorption curves with 45rhodium,
46palladium, and 47silver absorbers. From Compton and

Allison's book on x-rays:

For 49 Indium

XE'„2=0.5155A
XE.,=0.5111A
'AXp3 =0.4542A
XEpi =0.4536A
P Ep2 =0.4441A

Remarks

E'-critical absorp X's

for 45Rh, X =0.5330A
46Pd, X =0.5080A
47Ag, ) =0.4845A

Note that both the Eo~ and E„2x-ray lines of 49In would be
strongly absorbed in 45Rh but not in 46Pd or 47Ag. The E' i
and E 2 comprise 84.3 percent of the x-ray transitions of
49In and the E'p lines the remainder. On the absorption
curve, the absorption points taken with 45Rh absorbers fall
lower than the 4qPd or 47Ag absorber points due to the
presence of In E' x-rays. The Sn foil was covered first with
lucite to remove all the electrons. S. W. Barnes has pro-
duced the Sn"3 isotope by proton bombardment of 49In and
finds 2 p-rays, 0.85 Mev and 0.39 Mev in equilibrium with
the 1.05 day x-rays.

62Sm(n, y)q2Sm 60 day

No 60-day activity was found. The decay showed a half life
of 46 hours for 33 days, and then leveled off into some
activity of half-life &3 years.

63Eu(n, 7)63Eu 9.2 hr, 5—8 yr.

The 9.4-hr. 63Eu'" and 6.5-year 63Eu'I '" have been found
to emit negative particles (Fajans and Steward, Phys. Rev.
56, 625 (1939)}.Hence the mode of disintegration seems to
be P-rays, although the possibility of E-capture exists be-
cause 62Sm'" and 62Sm'" are stable as well as 64Gd'" and
64Gd'". The cross sections reported here assume P-ray
disintegrations, and E'-capture would make the cross
sections even larger because the Geiger counter is less
sensitive to x-rays than to P-rays. The cross section of long-
period Eu was computed assuming that the half-life was
6.5 years, since it is reported from 5 to 8 years.

73Ta(n, y)7~Ta 16.2 min. , 117 day

73Ya has only one known stable isotope. A new period of
16.2~0.5 minutes was discovered by irradiating tantalum
in the heavy-water pile thermal column. The well known
~100-day 73Ta'8~ is also produced by slow neutrons. The
new 16.2-minute activity was shown to be tantalum because

(1) Very pure (99.9 percent) tantalum foil gave this
activity when irradiated with only slow neutrons.

(2) No other element gives a known 16.2-minute activity
with slow neutrons, hence it is unlikely that the observed
activity was due to an impurity.

(3) Finally, the element, was confirmed as Ta by chem-
ical separations. A soluble salt, (NH4) 2TaF7, was irradiated
in the thermal column and then put into Hf solution.
Addition of NH4OH precipitates the tantalum, which was
then washed, redissolved, reprecipitated, and counted. The
ratio of short period to long period P-rays was found to be

q2Te (n, y}52Tei3i 25 min. , 30 hr.

Both the 25-min. and 30-hr. periods induced in q~Te"' by
neutron-capture decay into 8.0 day»I'". The cross section
computed on the basis of the latter activity is almost ex=
actly equal to the cross section computed on the basis of the
former two activities, but this is more of a coincidence
rather than a demonstration on the accuracy of our meas-
urements. Note that the cross section of all three isotopes
52Te'26' ' 8~d 130 is only 0.287&(10 "cm' per natural atom.
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(a) the chemically separated, Ta,
(b) thc unseparated (NH4)2TRFy salt,
(c) the Ta metal foil.

This shows that both activities are produced by slow
neutron capture of q3TR. The new 16.2-min. Ta activity
may be an isomer of the ~100-day y3TRIS~ activity or it
may be produced by an undiscovered stable isotope. The
former possibility would require two independent p-ray
transitions because the 16.2-min. activity does not show
any growth after short irradiation, and the shape of its
absorption curve indicates a continuous p-ray spectrum
ra. ther than a line of conversion electrons. The P-rays of
16.2-min. Ta have a short range of ~50 mg/cm~ Al or ~0.2
Mev. , and a y-ray or x-ray is also present. It is difhcult to
explain the low energy P-ray for such a short half-life.
Tantalum and caesium seem to be strikingly similar in that
both have only one stable isotope, give rise to two periods
upon slow neutron capture, and the long period has a cross
section of the order 1000 times greater than that for the
short period.

Concerning the long-period. q3TR'~, we have followed the

Remarks

decay for 2 half-lives and find 117 days &3 days instead of
97 dQys %'hlch is 11stcd in thc tRbles. OUI value of 117&3
days is confIrmed by Zumstein, et al, Phys. Rev. 63, 59
(1943)~ Using this VRluc .half"life R ncw VRluc of thc cross
section for thermal neutrons was obtained by irradiating in
the heavy-mater pile thermal column. This value is 40
percent lower than the previously reported value obtained
by irradiating in the center of the graphite pile. That the
diA'erence was due to resonance capture was checked by
obtainIng the cadmluIQ I"Rtlo o'f 1.6 for thc 11 mg/cIn Ta
foil.

yyIr ('8, p)77Ir 1.5 Olin. Rnd 70 dRy

We are indebted to M. Goldhaber, C. O. Muehlhause and
S. J. Turkel, Phys. Rev. 'll, 372 (1947), who called to our
attention the fact that the 1.5-min. Ir'" decays into its
70-day Isomel lc stRtc.

gsPt"6(n y)ysPt'" 3 3 day

As much as 0.5 barns of the reported natural atom cross
section of 1.2 barns may be due to 3.3-day activity of
geAu"' formed by the decay of VsPt. I9'.

& I ivingood and Seaborg, Phys. Rev. 60, 913 (1941).
~ Nelson, Pool, and Knrbatov, Phys. Rev. 62, 1 (1942).
3 Dentseh and Elliott, Phys. Rev. 62, 559 ~1942).


