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ABSTRACT

The gamma activity induced in engineering materials in the X-reactor

was measured for long pile exposures, and long decay periods. The decay

curves were resolved into component activities which were tabulated so

that the activity for any irradiation period and any decay period may be

calculated. The half thicknesses of lead were determined from absorption

measurements.
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INTRODUCTION

The activity induced in materials exposre'd to neutrons may be calculated from

the flux and the energy distribution of neutrons, the chemical composition includ

ing tract'elements, and the isotopic activation cross sections for the nuclear

reactions as a function of energy. The problem is simplified if results are de-

Sired only to an order of magnitude so that these physical parameters may be

approximated. If some of the components of the material have large cross sections

for thermal neutrons, and the radioactive products from these reactions have long

half lives, only these need be considered, since in this case contributions from

trace elements will be insignificant.

If trace elements contribute significantly to the activity, it may be necessary

to measure the induced radiation experimentally. In many cases a measurement of

induced activity is more sensitive than other analytical methods for determination

of trace elements. Most often, uncertainty exists in the parameters mentioned

above, and it is then necessary to measure the activity experimentally.

•Experimentally measured decay curves for about 50 materials, which were

irradiated in the isotope stringer of the GRNL Graphite Reactor, are here analyzed

into the component activities in order that the induced activity for any exposure

period and decay time may be readily calculated. If materials are activated by

exposure to a higher ratio of fast to thermal neutrons than was present in this

instance (n, p) and (n,OC) reactions, which are in many cases more predominant

with fast neutrons, are likely to give relatively greater contribution.

The composition of trace elements in similar materials will likely be

different from this specific sampling; however, this sampling should prove useful

as an indication of order of magnitude. This should be true in particular in the

instances where a number ox related alloys have been examined.
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After a aattrlal is removed from the reactor a short cooling«eff period will

allow sass*t-&ls*»d activities to decays therefore^ interest here is centered in

losfc-livafi astlviticSft The sensitivity of determining long-lived activities is

grtfttsa* fsff \mt periods of exposure in the reactor. The exposure periods given

hers range* fffam out K»th to two years. After a six month exposure period all

activities idth half lifts? of loss than a month are nearly saturated so that only

longer half Uses eoatinaa to buUd up0 Since the long-lived activities may

mask ths steifc&feMd s*tfcrltiesf the sensitivity of measurement of the short

lived activities Sft saw Instances Is less for the six xwnth period than for an

exposure period cf & few hours.

Table I Is s* fevtex of the decay curves* Nominal compositions of the materials

are.listed here sis** In Table II ars listed saturated values of the co»ponent

activities sMsjn was* eeVtettfciStied from analysis of the decay curves as -will be

described later© IfewflfcCox values of the thermal neutron cross sections of the

elements which are ccsfxasants of the mterials are listed in Table III. Ion chamber

responses for other disintegrations relative to toe response for a photon of the
60average energy of the photons emitted by Co (which was used to calibrate the

ion chantoer) are given la Table IV. In Tabl* V the value of activity,calculated

from the values of Tablee III and IV is compared with the experimentally measured

values. Half thiclaieas of lead values for absorption cf the radiation are listed

in Table 7X»
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Table I

Index to Decay Curves and Nominal Composition of Materials

Figure

Iran Alleys
Xrsn A
Ifcrlrem Al
10X5 A2
1030

icK
A2
42

6150 42

Nickel Alloys
Nickel A3
Hastelloy A A3
H&stelloy B A3
Hastelley C A3

Hastelloy D A3
Inconel Alt
Inconel X Alt

K Monel A3

Stainless Steels
Carpenter 20 A5
302 A6
303 A6
301 A7
309 SCb Ac-
310 Ad-

316 A9

317 A6
3u7 A10
Uo5 All
iao A12

lah A12
U30 A13

i& A12

Alii
502 A12

Alumina* Alloys
(Alcoa)

2S A15
3S A16
52S A16
72S Al?

Nominal Composition

Armco Ingot Iron
Fej 0.80 Cj Hio5 SI, 0.35 ft*
Fej 0.70A»00 MB; 0.13/0.18 Cj O.OiiO max Pj 0.050 max S
Fej 0.60/0.90 Mnj 0.28/b«3U Cj O.OljO max Pj 0.050 »ax S
Fej 0«60/b.90 Mi 0^i3/D<50 Cj O.OliO taw Pj 0e050 max S
Fej 0.65/0.90 fej 0*80A*10 Crj 0.20/0.35 Sij 0.01*0 max
Pj O.OliO wx S

99+ Nij (OfrGQii Co by chemical analysis)
Nij 17/21 Koj 17/21 Fe
Nlj 2U/32 Moj 3/7 Fej 0*02/0.12 C
Nlj lit/19 **>j k/B Fej 0.0U/0.05 Cj 12A6 Crj 3/$.$ W
(0.05 Co by chemical analysis)
Nij 8/L1 Sij 2/5 Cuj 1 max Al
79»5 Nij 13 Crj 6.5 Fej 0,08 Cj 0,2 Cuj 0.25 Mn
73*0 Nij 15 Crj 7.0 Fej 0«0it C| 0*7 Alj 0.50 Jtoj
0.1*0 Sij 1»0 Nbj 2*5 Ti
66 Nij 30 Cuj 3 Al

Fej 20.0 Crj 29.0 Nij 0*07 max Cj 2.0 min Mo; 3.0 rain Cu
Fej 17A9 Crj 8/10 Nij 0,08/0.15 C
Fej 17A? Crj 8A0 Nij 0.15 max C
Fe; 18/20 Cr; 8Al Nij 0.08 max C
Fej 22/21; Crj 12A5 Nij Nb (Cb) added for stabilization
Fe} 2ij/26 Crj 19/22 Nij 0*25 max C
Fej 16A8 Crj 10/11+ Nij 0*1 max C
Fej 18/20 Crj llAU Nij 3A Moj 0.1 max C
Fej 17/19 Cr? 9^2 Nij 10 x C min Nb
Fej 11A3.5 Crj 0,08 max Cj 0.1/0*3 Al
Fej 11.5A3.5 Crj 0*15 max C (0.017 Co by chemical
analysis)
Fej 11.5A3.5 Crj 1.25/2.5 Nij 0.15 max C
Fej lii/M Or§ 0.12 max Cj (0.027 Co by chemical analysis)
Fej 15A7 Crj 1,25/2.5 Nij 0.2 max C
Fej 23/27 Crj 0.35 max Cj 0.25 max N
Fej k/6 Crj 0.1 max C

99 min Al
Alj 1.2 Mn
Alj 2.5 Mgj 0.25 Cr
Alj 1*0 Za
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Table I (Cont.)

Index to Decay Curves and Nominal Composition of Katerials

Material Figure

Other Metals
Beryllium A15
Cadmium A18

Copper A19
lead A20

Niobium A21
Titanium A17
Thorium A22

Ferro-tungsten
Alloy A23

Zirconium A23

Concrete

Barytee Concrete,
Batch ll*7 A2U

Brookhaven Cement, A25
Batch li*5
Portland Concrete, A26

Batch 1U6

Graphite
GBF Graphite A27

CS Graphite A28

C18 Graphite A29

Nominal Composition

63.97 Fej 35.27 Wj 0.1*7 Mn (by chemical analysis)

9.6 portland cement..type lj 1*6.0 barytes, coarse(Dj
1*0.0 barytes, fine(2>j l*.l* water
29.1 portland cement, type lj 58.2 lijuonitej
12.7 water
10.lt portland cement, type lj 56.0 rockj 25.5 sand;
8.1 water

National Carbon Company designation GBF (Gas-baked
and highly refined)
National Carbon Company designation CS
National Carbon Company designation C-18

(1) Composition of barytes, coarse: 56*1* Ba; 39.U S%j 0.5 Caj 1.00 Fej 0.31 Si
0.15 Na; 0.08 Alj 0.01 Mgj 0.02 Mnj<0.3 Zn

(2) Composition of barytes, fines 1*7.7 Baj 33.9 SOU 0.9 Caj 9.8 Fej 1.00 Sij
0.15 Naj 0.3 Al| 6.3 *%} 0»08 Mnj 0.3 Zn
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Analysis of Decav Curves

The activity induced in each component isotope increases with the irradia

tion time until the rate of decay of radioactive atoms approaches the rate of

formation. At this time the activity is termed saturated. In general the

irradiation time for the materials whose decay curves are shown in the Appendix

was not long enough for the activities to reach saturation. A different decay

curve is then obtained for each irradiation time. T0 aid in the calculation of

a decay curve for any desired irradiation time, the decay curves were analyzed

and saturated values for the component activities were calculated. These are

listed in Table II. The method by which these values were obtained is as

follows.

When a material is removed from the reactor the value of each component

of the activity is r.;iven as a fur~tion of time by

At • Ai • v (-:••..'.;.3 t.vV

where td = the decay time equation 1

U • the half life

Ai » the induced activity for zero decay time

At = the activity at decay time t

By equation 1 a linear plot j.s given by the logarithm of the activity of the

component versus decay tine. This is the basis for the following procedure;

Plot the logarithm of the activity versus the decay time. Draw a

tangent to the curve in the region with the greatest decay time.

This is a first approximation to the component activity with the

longest half life. Subtract this component from the total curve

and draw a tangent to the resulting curve. If this second component

is appreciable in the region that was used in the determination of

the first component, it is necessary to repeat the determination for the
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first component* this tiiae first subtracting out the second component from

the total curve. The process is continued until linear components are

obtained which add to give the total curve.

The saturated values of the component activities are calculated from the re

lations*

As •Aj/JCs equation 2

1,81- •*>(*Q*693 ti/t|) equation 3

where A, • the saturated value of the component activity

Ai • the activity at irradiation time ti and sero decay time

tj_ 8) the irradiation time

tio the half life of the component activity

Xg 9 the saturation factor

A decay curve for any desired irradiation time may be constructed by the following

procedures

Determine Ai for each component using eq 2 and values of A, from Table IX0

Plot the logarithm of the activity versus the decay time (a straight line)

for each component© Add the curves for the components to get the total

curve for the material*

The method employed to break down the decay curve into components lumps together

all activities with long half lives so that extrapolation of the data Is not

accurate to irradiation times-long enough for part of this lumped value to

approach saturation.

An example of a typical decay curve analysis is presented in Figure 1 which

shows the component activities for 3U7 steel. A tabulation of the parameters

follOWBS .

-** (from Table II) (for 1170 hours Irradiation) (for 11?$ hours
•* •—*• y irradiation)

25d 3.5x10? 0.71(1 2.2 x Id
U5d 3«oxio? 0.52G HXJS
120d 3.2xiOg 0.21*6 MX}S
$«& 7*k xlO8 0.0173 1.3x10?
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Fig. I - Analysis of Decay Curve for 347 Steel
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Saturated Values of the

Material Irradiation
Period,
hours

Compo

Half Life

nent 1

Activity

Iron Alloys
Armco Iron 4870 2.5fa 9 xlO7

Duriron 5050 2.5h 1.3 x 109

1015 4700 2.5h 1.5 x 109

1030 4700 2.5h 1.5 x 109

1045 4700 2.5h 1.8 x 109

6150 4700 2.5h 1.5 x 109

Hlckel Alloys
Niekel 5050 2.5h 3 x 107

Hastellov A 4680 2.5h 1.1 x 109

Bastelloy B 4680 2.5h 1.5 x 109

Hastelloy C 4680 2.5h 3.6 x 109

Hastelloy S 4680 2.5h 1.5 x 109

Inconel 1850 2.5h 3.5 x 108

3.5 x 108Inconel 4370 2.5h

Inoonel X 1850 2.5h 7 x 108

Inconel X 4370 2.5h 7 x 108

K Monel 4700 2.5h 2 x 109

Stainless Steels
Carpenter 20 1170 2.5h 2.0 x 109

Carpenter 20 4380 2.5h 1.5 x 109

1.4 X109302 4700 2.5h

303 4540 2.5h 9 x 10*

304 1170 2.5h 8 x 10*

304 4380 2.5h 9x10*

309 4540 2.5h 3.2 x 109

- 13 -

Table II

Component Activities of the Decay Curves, Equivalent Co60

Component 2

Half Life Activity

45d 3.5 x 107

45d 2.9 x 107

45d 3.7 x 107

45d 3.7 x 107

45d 3.7 x 107

45d 3.7 x 107

60d 4.4 x 107

60h 6 xlO7

60h 5 x 107

60h 2 x 107

13h 3.0 x 10*

25d 1.5 x 107

Component 3

Half Life Activity

5.3y 5.7 x 107

5.3y 7.3 x 107

5.3y 5.3 x 107

5.3y 5.3 x 107

5.3y 9.0 x 107

5.3y 5.3 x 107

5.3y 9.1 x 10*

60d 4 x 107

60d 2.5 x 107

25d 3.1 x 107

60d 4.4 x 107

60d 4.9 x 107

Photons'A"0. «•» 1q12 flux)
Component 4

Half Life Activity

decay tiae too short for analy
sis of these components

25d 2X 107

decay time too short

13h

1»

15h

254

25d

25d

25d

25d

1.6 x 10*

1.7 x 10*

1.1 x 10*

2.7 X107

2.7 x 107

2.0 x 107

2.0 x 107

3 x 107

60d

60d

25d

2}d

454

454

4)4

454

454

5.x 10'

3.1 x 107

2.5 x 107

1.6 x 107

4.0 x 107

4.0 x 107

4.0 x 107

4.0 x 107

4 xlO7

5.3y

5.3y

60 d

5.3y

5.3y

1154

5.3y

454

454

5.3y

5.3y

5.3T

5.3X

1204

4.1 x 107

3.1 x 109

1 xlO8

4.4 x 109

8.5 x 10*

.8
1.1 x 10

2.4 x 10

4.2 X 107

4.5 x 107

7.1 x 10*

6.9 xlO*

6.3 x 108

5.7 x 10*

4 xlO7

UNCLASSIFIED
DWG. 17586

Component 5

Half Life Activity

5,3y 1.1 x 109

5.3y

5.3y

5.3y

8 xlO°

1.5 x 109

1.4 x 109

5.3JT 9.5 x 10*
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Table II (Cont.)
UNCLASSIFIED
DWG. 17587

Saturated Values of the Component Activities of the 60
Decay Curves, Equivalent Co Photons /(see, 12

gm, 10 flux)

Material Irradiation
Period,

Component 1 Component 2 Component 3 Component 4 Component 5

hours Half Life Activity Half Life Activity Half Life Activity Half Life Activity Half Life Activity

310 1170 2.5h 3 xlO9 254 3.6 x 107 45d 4.2 x 107 5.3y 1.2 x 109

310 4500 2.5h 4 xlO9 25d 3.6 x 107 45d 4.2 x 107 5.3y 1.3 x 109
316 1170 2.5h 2.5 x 109 25d 2.8 x 107 45d 3.6 x 107 5.3y 8.1 x 10*

316 4500 2.5h 4.5 x 109 25d 3.5 x 107 45d 3.7 x 107 5.3y 8.3 x 108

317 4700 2.5h 4.5 x 109 25d 3.5 x 107 45d 4.0 x 107 5.3y 1.1 x 109

347 1170 2.5h 2.1 x 109 25d 3.2 x 107 45d 3.0 x 107 120d 3.2 x 107 5.3y 7.4 x 108
347 4500 2.5h 3.1 x 109 25d 3.7 x 107 4Jd 3.0 x 107 120d 3.3 x 107 5.3y 7.0 x 108
405 1170 2.5h 7 x 108 25d 2.3 x 107 45d 3.4 x 107 5.3y 1.6 x 108

405 4500 2.5h 1.1 x 109 25d 2.4 x 107 45d 3.7 x 107 5.3y 1.6 x 108

410 4870 2.5h 1.0 x 109 25d 2.0 x 107 45d 3.9 x 107 5.3y 1.5 x 10*

414 4540 2.5h 1.0 x 109 25d 2.0 x 107 454 3.5 x 107 5.3y 2.2 x 10*

430 1170 2.5h 7 x 108 25d 2.5 x 107 45d 3.2 x 107 5.3y 1.5 x 108
430 4280 2.5h 8 xlO8 25d 2.8 x 107 45d 2.8 x 107 5.3y 1.3 x 108
431 4540 2.5h 1.1 x 109 25d 2.1 x 107 45d 3.9 x 107 5.3y 2.4x 108
446 1170 2.5h 1.1 x 109 25d 4.6 x 107 45d 2.8 x 107 5.3y 1.8 x 108
446 4380 2.5h 1.3 x 109 25d 4.3 x 107 45d 2.7 x 107 5.3y 1.6 x 10*
502 4510 2.5h 4.6 x 10* 25d 6 xlO6 45d 3.5 x 107 5.3y 6.8 x 107

Aluminum Alloys
2S 15380 2.5h ~2 x 10* 15h 1.2 x 107 1304 1.3 x 105 5.3y 5.7 x 105
3S 4510 2.5h 1.3 x 109 15h 8.2 x 106 454 2.3 x 105 5.3y 1.6 x 106

52S 4510 2.5h 7 x 106 15h 8.2 x 106 120d 3.6 x 105 5.3y 4 xlO5
72S 4870 2.5h < 107 15h 1.4 x 107 250d 1.4 x 107

Other Metals

Beryllium 12170 2.5h 8 xlO6 80d 1.2 x 106 5.3y 1.9 x 106
Cadmium 1850 2.5h none 60h 2.3 x 10* 40d 2.4 x 106 250d 1.8 x 106

4370 2.5h none 60h 2.3 x 108 40d 2.4 x 106 2504 1.8 x 106
Copper 4370 2.5h 1 xlO9 13h 4.2 x 109 > lOOd 2 xlO6
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Material Irradiation

Period,

Saturated Values of

Component 1

Table II |
the Component Activities of the

Component 2

[Cont.)
Decay Curves, Equivalent

Component 3
Co60 Photons*/(seo, (a, 1C)12 flux)

Component 4 Component 5

hours Half Life Activity Half Life Aotivity Half Life Activity Half Life Activity Half Life Activity

Lead 4370 2.5h <105 20-70h 4 x 105 140d 6.4 x 105
Hiobium 5050 2.5h none 115d 7.5 x 10*

Titanium 4870 2.5h
7

5 x 10 35h 2.5 x 106 80d 1.4 x 106
Thorium 670 2.5h none 274 3.5 x 109

Thorium 4370 274 3.2 x 109

Ferro-tungsten 5050 2.5h 1.5 x 109 20h 1.7 x 107 45d 3.5 x 107 5.3y 3.2 x 107
Zirconium 4700 2.5h 3 xlO* 20h 8 x 107 60d 4.0 x 108

Cotcrete

Barytes Concrete 160 2.5h not measured 12d 1.2 x 107 60d 4 x 106 250d 2.3 x 107 5.3y 5 xlO6
680 2.5h 9 x 107 12d 1.2 x 107 60d 3 x 106 2504 2.2 x 107 5.37 4 xlO6

4370 2.5h 1.0 x 108 12d 1 xlO7 60d 3 xlO6 2504 2 xlO7 5.3y 5 x 106
Brookhaven Cement 160 2.5h not measured 15h not measured 50d 1.5 x 107 2504 1.7 x 106 5.37 1.7 x 107

680 2.5h 9 x 10* 15h 2 x 107 50d 1.3 x 107 2504 1.7 X 10° 5.37 1.3 x 107
4370 2.5h 1.0 x 109 15h 3 xlO7 50d 1.6 x 107 2504 1.7 x 106 5.37 1.3 x 107

Portland Concrete 160 2.5h not measured 15h not measured 124 1.1 x 106 854 2.0 x 106 5.37 6 xlO6
680 2.5h 9 x 107 15h 8 xlO7 124 9 x 105 854 2.0 x 106 5.37 5 xlO6

4370 2.5h 1.0 x 108 15h 9 xlO7 124 9 x10s 854 2.5 x 106 5.37 5 xlO6
Graphite GBF 310 2.5h none 15h 4 x 10* too weak to measure

640 2.5h none 15h 2 x 10* too weak to measure

1360 2.5h none 15h 1 x 105 1004 8.0 x 102 5-37 1.2 X 10*
CS 310 2.5h none 15h 5.0 x 10* 35h 1.5 x 10* 85d 1.6 X 10* 5.37 4.0 x 10*

640 2.5h none 15h 2.5 x 104 35h 1.4 x 10* 85d 1.9 x 10* 5.37 4.9 x 10*
1360 2.5h none 15h 1 x 105 35h 2 x 10* 85d 1.6 x 10* 5.37 5.0 x 10*

C-18 15400 2.5h none 15h 7 x 105 704 1.3 x 105 5.37 8.3 x 105

"See page 31 for the method of calibration of the ion chamber
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Calculation of Activity

If the required factors are known, A8, the saturated activity deftoed by

equation 2, may be estSinated for each component from the equation

Aa -tfNR x10^ equation h

where A • the saturated .activity based on one gram of element and

lO2-2 flux; equivalent Co60 photons*/(see, gm, id2 flux)

0* » the isotopic thermal neutron cross section} sq. csu

K s the atoms of reacting isotope per gram °* material

R • the ratio of the ion chamber response for a disintegration

of the radioactive isotope to the response for a photon of

the average energy of those emitted by Go°° (1.2$ Mev)

For example* to calculate the 2,$9 h activity induced in one gram of Mn, First

0*N is calculated (Table Hi)

tTN • «TAFAl) •&2 xlO-2** x0.603 x102*1 xl/$$) a0,13 sq cm/gm

where <T s the isotopic cross section for Mn#(n, T)*ta# e12 bams s

12 x lo*2** sq cm

A « the number of atoms/mole, Avogadro'e nuraber « 0»603 x Hru

F o the natural isotopic abundance expressed as fraction of

total number of atoms a1.00 for lft$>

M » the chemical molecular weight • 52 gm Ito/raole

The ion chamber response (Table IV* is calculated as the sum of the responses for

the photons emitted by Ktt5°-

RS>(Ei)R(Ei)A00 • (100 x0.80 f 2$ x1.2$ f1$ x 1.3U)A00 a1.32

ay which the ionisaiion chanber was calibrated Is described on p. 31

Mn
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Where R• the response for the isotope relative to a Co^° photon (1.25 Kev)

r(EU) mthe relative response for the photon with energy Ej emitted in

the decay of the isotope

HH) • the percentage of disintegrations for which the photon with

energy E£ is emitted

H • the number of different energies of photons emitted in the decay

of the Isotope

Substituting la equation h gives the "calculated" activity listed for Ma to Table

V.

A„ • 0~NR x lOl2 • 0.13 x 1.32 x IQ12 a 1.7 x 1(P- equivalent Co60 photons/

(sec, gm, 10*"2 flux)
vs

The "measured" activity listed in Table V is the quotient of the saturated value of

the 2,59 hour component activity irflnconel Xand the fraction of ,gn in'Inconel

X as listed In Table la *

Absorption Measurements

Absorption measurements were made by interposing sheets of lead between the

materials and a Geiger tube© A typical absorption curve is shown in Figure 2

where the experimental points for K monel are shown. The curve of Figure 2 is the

sum of the curves shown for the component activities which were calculated

starting with the saturated component activities listed In Table II. The calcula

tion is shown in the following tabulations

Half Activity of
Life Saturated

ti Component,

~"*~" Aj

2.5h 2 x 10?

13h 1.6 x 10?

60d 3*1 x 10?

5.3y 2.ii x 10?

duration
Factor for
a it?00 Hour
Exposure, X8

1.0

0.895

0.0678

Fraction of
Activity
Remaining
after 30
Hours Decay

0.0002

0.20

1«0

1.0

Activity after
itfOO Hours
Exposure and
30 Hours Decay
» (1) x (2) x (3)

0

3.2 x 108

0.3 x 108

1*6 xlO8

Percentage
of Total

63

37
31>>
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Table IH

Product of the Cross Section and the Uvtnber of Target
Atoms per Gram of SLementjO*!!

Target
Isotope

Half Life

Of
Badioactive

Product

Isotopic
Activation
Cross Section*,
10-21; sq cm

Abundance,
mole

per cent

Chemical

Atomic

Weight,
gns/mole

sq cm/cci

Ti*> 72d 0.039 S.3 ii7e° 2.6 x 10"^

cr* 26.5* 16 Uel 52 7.6 x 10-3

mq£> 2.59h 12 100 55 0.13

Fe*8 h6*A 0.8 0.33 56 2.8 x 10*"^

Co# 5#3y 3U 100 5? 0.3$

III61* 2.56h 3.0 1 #•7 3.1 x 10~k
Cu*3 12t9h 1.3 <ss> «8e5 0.026

Zn61* 250d 0.5 l$4& 65 2.3 x 10-3

zr& 65d 0^3 17ti; 91s2 I4.0 x 10"^

Zr^ 17h 0.2? 2#e sua 5tA x io-£

liO?C 67h 0«li. 23.? 26.0 6 x 10"^

Cd3llr 58h 1.1 25.8 132*0; 1.7 x 10-3
Cdlllt U3& 0»ll; 2C.o 112*1; 2.2 x 10-k

Bal30 12d 6 0*10)4 137^ 2.7 x 10*"^
nwLoX 113d 21 100 181 7.0 x 10"2

#86 2J4h 31; 28.7 181; 3*2 x 10*2

Th^32 27.2td 6 100 232J. 1.6 x 10"2

>••»«

tt.Tal-ten from' (II), p» 31
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Table IV

Ion Chamber Responses for Issotopes

Isotope Half
LiJfe

Photon

Siergies
Relative

Ion Chamber
Response*

Percentage cf
Disintegx-ations
Yielding a
Photon

Average
Relative

Response
R

Na2** 24.8h 1.38
2.75

1.01;
1.5U

100

100 2.58

S> 85d 0.88
1.12

0.81;
0.96

100
98 1.80

Cr& 26.5d 0.27
0.32

0.27
0.3U

?

3 >0,01

Ma^6 2.59h 0.81;
1.81
2.13

0.80
1.81
2.13

100

25
15 1.32

Fe# U6d 1.10
1.30

0.91;
1.00

50
50 1.00

Co60 5.3y 1.16
1.31

0.96
1.01;

100

100 2.00

Ni6^ 2.56h 1.01

1.U9
0.90
1.1

11;
1 > 0.13

Cu61^ 12,9h o.5i 0.51 37 0.19

7*P 250d 1.12 0.96 U6 O.lii;

7x?$ 65d 0.23
0.73
0.92

0,23
0.72
0.81;

93
93

7 0.77

can* 58h 0.3U
0.52

0.31;
0.52

?

60 >0.3

Tal82 113d 1.13
1.22

0.96
1.02

37
57 0.92

#

Taken from (1), p. 31
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Calculated and Measured Values of Induced Activity

Reaction 0" N
(Table III)

Rela

tive Ion

Chamber

Response
Disintegra-
tion(Table IV)

Calculated

Activity s
<TN x Ion
Chamber Re

sponse x 1q12
flux, equivalent
Co°° photons/
(sec,gm,10l2 flux)

Measured Activity
from Table II Di

vided by the
Fractional Composi
tion of the Reacting
Element

Al27(n,oONa2l± 2.58 1.2 x 107 (from 2S aluminui^

Ti^6(njP)Sc^6

Ti£0(n,y)Ti£L 2.6 x 10"5

1.80

:}
1,1; x 10" (from both re
actions on titanium)

Cr^Cn^Cr^1 7.6 x 10"3 >0.01 > 8 x 107 l.U x 108 (from 310 SS)

Mn^(n,7)Mh£6 0.13 1.32 1.7 x 1011 1.1; x 10H(from inconel)

Fe^8(n,^)Fe59 2.8 x 10-^ 1.00 2.8 x 107 3.7 x 107(from 1015 iron)

Co^9(n,^)Co60 0.35 2.00 7.0 x 1011 7.8 x lcll(from electro
lytic cobalt)

Ni^8(n,p)Co^8 — — u.u x 10?(from nickel)

. TJi6°(n,p)Co6° — 2.00 — 8.6
Q

x 10°(from nickel)

Ni6^(n,7-)Ni65 3.1 x 10-i; >0.13 >8 x 107 <3 x 10?(from nickel)

Cu63(n,/")Cu61i 0.028 0.19 5.3 x 109 U.2 x 10°(from copper)

Zn^Cn^Zn6^ 2.3 x 10-3 0.10; 1.0 x 10? 1 X 10?(from 72S aluminum)

Zr^n^Zr?* U.9 x lo"*1 0.77 3.8 x 108 h x 10 (from zirconium)

Zr96(n3^)Zr97 5.1; x 10-5 — --,. 8 x 10'(from zirconium)

Mo^8(n,^)Mo" 6 x 10~k — — 2 x 108(from Hastelloy B)

Cd11^(n^58hCd11^ 1.7 x 10-3 >0.3 > 5 x io8 2.3 x 108(from cadmium)

Cd11^(nj7^U3dCd11^ 2.2 x 10"^ — — 2.U x 10°(from cadmium)

Bal30(n5^,Ba131 2.7 x 10-5 -«.- — 2.7 x 107(from barytes
concrete)

Tal8l(n,*)Ta182

Wl86(n,^W187

7,0 x IO"2 0.92

-23.2 xlO

Th232 (n,y) Th233 l.6 x 10"2

,106.1; x 10

U.8 x 107(from ferro-
tungsten alloy)

3.$ x 10'(from thorium)
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The l&imvm*fi fe identified as 0**1 the *.3y component, as Co6*3. Absorption

eni'vee of the o<»poaents were plotted in Figure 2 from the above percentages

and the half thicknesses for radiation from Cu°** and Co60 taken from Figure 3*

The 60 day Component ie from the W^ (n,p) Co56 reaction and can be lueped with

the £.3y component since it is relatiTely smell.

Scattering of experimental point* prevents resolution of the total curve

of Figure 2 3nte cOKponentB dir«c1ily aa the decay curve* were resolved. Only

for laolopee with acre widely differing absorption half thicknesses is resolution

poaffible. TBkl tide instance the components merge to give for the total curve *,

half ffelckness of 0»3b In. of lead wfcieh is only a little lower than the average

of the otmienont curvesj 0.63 x 0.28 in. r 0.37 x 0.56 la* • 0.37 5n# Figure J

it ft plot of half thickness versus energy for the materials measured whose

composition and decay schemes are known. The above example Illustrates how

rough values for the average energy of materials of unknown composition may be

estimated from Figure 3j in this case the 0,31; in. value of half thickness gives

an average energy of 0,65 Mev, a value between Cu®* and Co •

Table TH llets the half thioknesses of all the materials measured. Where

it ia possible to resolve the curve into components, this is done. The percentage

figures for the components refer to percentage of the ion chaafl>er response.
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Material

Aluminum Alloys
2S

2S

3S

3S
52S
52S
72S
723

Other Metals

Cadmium

Cadmium

Cadmium

Copper
Copper
Lead

Lead

Niobium

Niobium

Titanium

Titanium

Thorium

j/ovTo-tunr;sten
Zirconium

Zirconium

Berylliura
Beryllium
ijeryllium

Concrete

Barytes Concrete
it 11

ijroolchavcn Cement

Portland Concrete

- PA -

Table VI (Cont.)

Absorption of Gamma Rpdiation

Tr^cCSction

nours

1L'3C0
15320

1610
U510
U5io
]i5l0
I4O7O
48 70

1850
ii370
U370
U370
i+370
1:370
4370
5050
5050
UF70
1£70

670

5050
i'.700
I'JOO

12170

12170
12170

680
4370
li.370

680
U370
4370

680
U370
u370

Decoy Time,
hoars

2,200
12,l;00

27
11,700

27
11,500

33
10,800

530
32

2,200
28

2,200
27

2,070
27

9,650
28

10,800
29

28
28

1,020
21

500
19,300

2,700
220

13,700

2,700
200

13,700

2,700
220

13,700

I.r.lf Thickness,
:a:.c::er of lead

70;^
30;^

0.1:9
o.;.'7
c.;o

0.57
o,56
0.5U
o.5i
o.53

0.37
0.214.
0.1 !.0
0.28

O.49

o.U5
0.45
0.52
0.51
0.U2

o.hh
0.21

0.05
O.UC
0.28

0.3U
0.15
0.1,7
0.57

0.52
0.iZ2
0.1^8

o.cr
0^50
0,^0

O.48
0.U6
0.50
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Table VI (Cont»)

Absorption of Gamma Radiation

JRjP^ ^w**^P, «^«*i*» t . Irradiation '
. Period, hours

Decay Time,
hour8

Half Thickness,
inches of lead

Graphite

DBF m

I8g0
1360

2k
100
100

0.51t
0.1*5
0,1*5
0.5o

CS 6M
6&

18&
1360

2U
100
100

15,H|0

0„&

0*1*7
0.59

C-18 I5li00
l5Uoo
i5&oo

100
2,200

' 12,1*80

0.1*6
0.1*6
0,52



- 26 -

DISCUSSION

Thermal neutron cross sections are used for the (n, Y) reaction calculations,

and activation which takes place with neutrons of greater than thermal energy

is neglected. The relatively large number of thermal neutrons in comparison with

those of higher energy plus the fact that the cross section varies as l/v make

this a good approximation for (n, y) reactions.

Reactions in which charged particles are emitted by the nucleus, (n, p) and

(n, ot) reactions, are highly dependent upon the energy of the neutrons, and both

cross-section versus energy and flux versus energy functions must be taken into

account. Activity measurements listed here are for exposures in the isotope stringer

of the X-reactor. Comparison of the flux versus energy function of the X-reactor

(3) with a new flux versus energy function should make possible, however, pre

dictions of induced activity for the new flux-energy function for elements whose

cross sections are known as a function of energy.

Iron Alloys

The 2.5-hour component may be due both to the Fe56(n,p)Mn56 and the llxP^(n}/)l'1xP

reactions. An upper limit on the (n,p) reaction is fixed by the lowest value of the

2.5-hour component measured for any of the iron alloys. The 2.5-hour component is

lowest for Armco iron due to the low manganese content of this iron alloy; the high

values for the other iron alloys are due to their maganese content. The U6-day com

ponent checks closely for all the iron alloys and is $0$ higher than the value

calculated for the ~Fe5"(n}/) reaction in Table V. This difference may be due to error

introduced by the use of the thermal neutron cross section as an approximation to

the cross section for the neutrons with the energy distribution present in the

reactor.

6n
The activity component with the longest half life was taken as 5«3 year Co

and is accounted for by a cobalt content of the iron alloys from 0.01 to 0.05$.

In lilO and Ij.30 steels, which are steels containing iron, chromium, and

manganese, the presence of enough cobalt to account for the 5.3 year activity was

confirmed by chemical analysis.



After from 28 to 30 hours decay time, when the ionization chajaber current is

80 to 9& dw» to fe®, absorption wssoONsmfre give 1.1 £ 0.1 Mevj after longer

decay periods when the proportion of activity fro« Fe$9 has decreased and the
p>r«pc*>ti©n fipow 0»^ has Increased, the energy approaches 1«2 £ 0*1 Mev.

mxm the *«£ hour eoKgxsnent la otfly about 10* of the total activity of the

nlcfeel sample at the ttoe decaymaassareweiifea were begun, the accuracy of resolution

of this etmo&mt is not great (about $£#)• The activity value calculated for

the Ni^1 (n, $) reaction does art check the measured value even within this spread,

however j tte calculated value being about ttoee ttees to© large* It appears that

either the cross section or the ion chassber response are given too high a value.

The decay curve of the nickel saaiple shows a 60-70 day component which is

probably from the Hl^Cn^CoS8 reaction. la the analysis of the decay curves for

nickel-coatalatog etalriLess steels which hare both large h$ day and 5.3 year com

ponents resolution of the 60-?0 day component from the U6 day component is diffi

cult and for this reason the 60-70 day component is included with the 1*6 day

component, waking the J4.6 day coaaponent greater than for Iron alloys*

The 5.3 year component activity In nickel-containing materials is In part

accounted for by the Hi^°(n,p)Co • reaction* The measured value of the activity

Induced by this reaction was determined from the £.3 year activity induced In a

sample of nickel -which contained 0.012$ cobalt. This cobalt content accounted for

6% of the 5.3 year component by the Go£9(n,*¥ ) reactions 9\& is then due to the

Nl^°(n,p) reaction. In the other nlckel-contakiing jtftterfals - eacept for In

conel and Inconel X, which contain even less cobalt than the nickel sample -

the 5,3 year activity, after correction for the (n,p) reaction, 1* equivalent to

from 0*1 to 1% cobalt*



After 27 hours decay time the ion chamber response for the nickel sarnie is

about IjDjJ from tlie 60-70 day coiipoiisat and 60;> from the 5e3 year component. The

«"erage value cf gamma energy is 1*25 Hev for C060 and. 0,80 for Oo^; this f/ives

an average energy for nickel of 0.1. x o.fio T 0*6 x 1.25 « 1*07 Mev, in good agree

ment with the value from absorption measurements, 1.1 £ 0.1 Mev*
Stalnlesc Steel*

' imi 11 ii.mii

Activities induced in these alloys are included in the discussion for Iron

and nickel alloys except for the 26 day and 115 day activities* T!x. ?$ day activity

is not accurately calculable because of uncertainty as to the exact decay scheme

of Cr-> , The 115 day activity is due to tantalum present in niobium "hieh has

been added to stablize the 309 and 3^7 alloys*

The 0*3 Mev photons from Cr^l account for the low absorption halJ-thicknessos
for the hiah-chromiom steels with H70 hour exposure time an :a fr, dr-s deca~~

time- idien the chromium contributes a significant portion of the tr,tal induced

activity.

Aluminum Alloys

The 15 hour component is due to the n27(n,0d )Ha2k reaction. The difference
in activity values cbtt.ined for this reaction for different alloy, j.F attributed

to error in resolvinr this component. The best value is probably -5von by the

25 alloy since the values of ether components are lowest for th? r?/Bterial. The

250 day (nn6^) activity induced in 72S aluminum agrees with the calcvJLatocI value,
based on ljo Zn content, within experimental error* The \\$ day component in 3c

aluminum is probably d,e to 0*5'i iron* The other components of the aluminum alloys

could be accounted for >- trace clients: 5 ppm tantalum, 1 ppm cobalt. The

absorption measurements on the aluminum alloys give energies in agreement tdth the

identity of th.ee activities as Ta1® and Co^°e

Beryllium

From typical Be analyses it is deduced that the 80 day component is a

combination of the activities induced in Zn, Fe, and Mi. It is difficult to resolve
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this portion of the curve into more than one component due to the large 5*3 year

component which is probably due to a trace of cobalt.

Cadmium

The 58 hour component (Or^) is less than 1/2 the calculated value. It is

likely either that the decay scheme used in Table IV is in error or the cross

section of Table III is too high. After 32 hours docay time, when the 60 hour

component comprises the major portion of the activity, the energy is about O.lj.

Ym9 about the average energy of photons from Cd13-? (see Table Xv)»

Since more than 9% of the photons from Cu°^ result from positron annihilation,

the others were neglected in the calculations*

I/yd

The portion of the r-i-ro frora .30-370 hours'is x.-trapolated-frw;-. the rest cf

the c rve because the rloot:.'«..rt r a.tb out of order during this decay period*

The energy and half life of tie **130 day component correspond roughly to Ta~ «

Niobium

The activity is accounted for by a tantalum content of 1*2$.

Tjltemkra

It is speculated that the appro:i:iirl.ely 35 hour component is Sc«8 from the re
action Ti^(v.,p)0 The straightens of the latter :>art of the decay curve indicates

most of the activity is T1& or &J*6 (from Ti^(n,p)}* The half lives are too

nearly the same to distinguish between the Ti& *-nd Se'1".

Thorium

The activity measured is from Pa233. rfe Is possible to resolve the absorption

curve into two components, 0*05 and 0*30 Mev*

Barytes Concrete

The measured activity listed in Table Vfor Ba1^0 was determined using the

analytical value of barium 3n the concrete* The approximately 60 day component



- "0 -

agrees with the analytical value of iron and the amount of 1*5 day activity in

duced in iron alloys0 The 250 day activity corresponds to the analytical per

centage of zinc using the cross section determined from the activity induced

in the 2n in 72S aluminum.

Other Concretes and Graphite
'—•"III » . I Klin., m i| ». . |i ..,1.,.,,

The 15 hour component is Na2^e The 35 hour and the 85-100 day components

may be composed of mixtures of isotopes as was found for beryllium. The 5.3y

component is probably due to a trace of cobalt.

EXPERIMENTAL

Activity was measured with a high pressure ionization chamber which was

calibrated with Co60 (which gives photons of 1.25 Mev average energy). Ionization

chamber response is calculated for disintegrations of other isotopes relative to

avalue of 2„0 for adisintegration of Co^° (which gives 2photons per disintegra

tion), and are tabulated in Table IV. The response versus energy curve given in

(1) was used to determine the response of photons of various energies.

Irradiations were conducted in the isotope stringer of the X-reactor where

irradiation positions are calibrated in terms of the percentage of maximum thermal

neutron flux. To obtain the average flux over the exposure period, the exposure

expressed as kilowatt hours is divided by the exposure time in hours and multiplied

by the percentage of maximum flux and by the maximum flux of 2.8 x 108 thermal

neutrons^sq cm, sec, kilowatt) given in (2)« To put all the measurements on the

basis of 10l2 flux, values of induced activity are divided by the average value
of thermal flux expressed as a fraction of 10l2Q

In order that the measurements would not be affected by self-absorption, thin

filings of the materials were irradiated. Check irradiations indicated reproduce

ibllity within about 5$. Activity measurements were not started until the sample

had decayed from three to six hoursj therefore, activities with half lives of less

than an hour did not show up in most instances* Measurements for most of the

materials were continued for more than a year. .'
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APPENDIX I

Calculation of Roentgens., ..Equivalent Physical per Hqjjfr

Since the principal use for induced activity data will be in shielding cal

culations, and for personnel protection*, it will generally be necessary to convert

ths preceding data from gamma flux to roentgens per hour.

The gamma flux in photons/(sec* sq cm.) is related to the roentgens equivalent

physicalyrhour by the absorption coefficient of tissue for !the gamma radiation, the

energy of the radiation, and an energy conversion factor?

rep/hr c (n/a) E K/C^, equation 5

where (N/A) *S the number of photons/second crossing unit area,

photons/(sec, sq cm)

E 6 the energy of the photons,. Mev

/*m* the mass absorption coefficient fof the photons in tissue *

about 0.03 sq cm/gm for photon energies from about S*5 to 2 Mev

K«a conversion factor »1,6 x10*°" ergs/Mev x1 rep gm/83 ergs

x 3600 sec/hr *?x 10"£ rep, gm, sec/(Mev, hr)

Examplej Calculate the rep at a distance of 1.0 cm from a 10^ photon/sec point

source of 1.0 Mev photons* The area over which the photons are distributed is;

A »4TTr^ •Ux3*lU x (1.0)2 * 12,56 sq cm. Substituting in eq 5 gives rep/hr

(10fyl2.56) x1.0 x 0.03 x7x10-5 a 0*135 rep/hr
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APPENDIX XI

Decay Curves
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