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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

measurenents.
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INTRODUCTION
The activity induced in moteriszls cxposcd to neutrons may be calculated from
- the flux and the'energy diétribution of neutrons, the chemical composition includ-
ing trncp‘elenents,~and the isotopic activation cross sections for the nucléér
fcnctinac,ll’hlfunction of energy, The problem is simplified if results are de-
sired only to an order ofvmagnitude sn that these physical parameters may be
| approximated, if some of the components of the material have large cross sections
for thermal'nentfnns, and the radioactive products from thesé reactions have Iong
’nalf'lives,joniy these need be considered, since in this case contributions from
trace elements Wiil be innignificant.
It trace elements contribute significantly to the activity, it maJ be necessary
: to measure the induced radiation experinentally. In many cases a measurement of
1nduced act1v1ty'1s more sen51t1ve than other analyt:cal methods for determination
of trace elements., Most often, uncertﬂlnty exists in the parameters mentioned
above, and it is then necessary to measure-the activity experimentally.
Lxperimentally measured decay curves for about 50 materials, whinh were
irradiated in‘the isotope stringer of the CRNL Graphite Reactor, are here analyzed
into the component activities in order that the induned activity for'any exposufe
périod and denny time may be readily calculated, If materials are activated by
exposuré to a higher ratio of fast to thermal neutrons'than was present in this
instance (n, p) and (n,o¢) reactions,bwhich 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'prbve useful
as an 1nd1cat10n of order of magnltude. This should be true in particulaf in the

instances where a number o. related alloys have been examined,



After amtcrhl il renoved from the reactor a short céoling«off period will
allow shortelived activities to decey; tharef‘are‘, interest here is centercd in
m—liﬂ Mirlticl, The scneitivity of determining longuiivecl activities 1s
greatesh Lo luz reriods o:f exposure in the reactor, The exposure periods given
haxre ranged n‘ one mostth to two yearss After o eix nonth exposure period all
_aetivith,l mm: lives of less than a month are mearly saturated se that only
longer half 1dwes gomtinue to build upe Since the long~lived activities may
nack the shorteiived activities, the sensitivity of measurement of the shorte
lindumhm'mmn is less far the six month perdod than for an
exposure pﬂ‘hﬂ of & Lo hours,

Table I !.l - m of the decey curves, Nmniml‘compositionu of the materials
are listed m ﬂfm In Tﬂﬂe IT are listed saturated values of the componcnt
activitiss M wp mﬂmned from analya:la of the decay curves as dl) be
described M W values of the thermsl neutren cross scclions of the
elenente uhﬂn»h m ompmxts of the meterials are listed 1n Tgble 11le JTon chamber
responses tor oth-r dissntegrations relative to the response for & photon of the
average mergy of the pho'bms emitted by 0060 (which was used to calitwate the
ion chamber) are given in Table IVe In Table V the value of activity.calculated
from the valms of Tables I_II and IV is compared with the erperimentally measured
values, Halfthiclmes of lead values for absbrp‘bion of the radiation are listed

in Table Vie
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Teble I

Index to Decey Curves and Nominal Composition of Materiale

SRS
il Flgure Nominal Composition
D Aldays
Tron A Armco Ingot Iron S
Duriren A Fe; 0,80 C; 1ho5 S4, 0,35 Mn ‘ '
1as A2 Fej 0o70/1400 Mn; 0,13/0.18 C; 0.0LO max P; 0.050 max S
10 A2 Fe; 0,60/0,90 tin; 0,28/0,3L €; 0,0L0 max P; 0.050 max S
A2 Fe; 0460/0.90 lin; 0,43/050 C; 0,040 mex P; 0,050 max S
4150 2 Fe; 0,65/0.90 Mnj 0480/1.10 Cr; 0,20/0.35 §1; 0.040 max
P; 0,00 max S ) ‘ ‘
Nickel Alloys '
Niekel 43 99 N4; (0e0dl Co by chemicel analysis)
Hastelloy A - A3 Ni; 17/21 Mo; 17/21 Fe : ,
Hastelloy B A3 Ni; 2L/32 loy 3/7 Fe; 0,02/0,12 C
Hastelley C A3 Ni; LL/19 Mo; L/8 Fe; 0.0L/0605 C; 12/16 Cr; 3/5.5 W
o (0£05 Co by chemisal analysis)
Hestelloy D A3 Hig 8/11 s1; 2/% Cu; 1 max Al
Inconel AL 7985 Ni; 13 Cry 65 Fe; 0,08 C; 0s2 Cu; 0025 Mn
Inconel X Al 7390 Ni; 15 Cr; 740 Fej 000l Cj Oe7 AL; 0050 Mn;
00 Si; 160 Nb; 245 T4
X Monel A3 66 Ni; 30 Cu; 3 A1
Stainless Steels v '
Carpenter 20 A5 Fe; 20,0 Cr; 2940 Ni; 0407 max C; 2,0 min Mo; 3.0 min Cu
302 A6 Fe; 17/19 Cr; 8/10 Ni; 0,08/0,15 ¢ '
303 A6 Fe; 17/19 Cry 8/10 Ni; 0,15 max C
30k AT Fe; 18/20 Cr; 8/11 Ni; 0,08 max C
309 SCb Ab Fe; 22/2), €r; 12/15 Ni; Mb (Cb) added for stabilization
310 A8 Fe; 24/26 Cr; 19/22 Ni; 0625 max C
k3 1) A9 Fey 16/18 Cr; 10/1L Nij; Oad max C ,
a7 . A6 Fe; 18/20 Crj 11/1L Ni; 3/4 Mo; Opl max C
347 AL0 Fe; 17/19 Cr; 9/12 Ni; 10 x C min Nb
o5 Al Fe; 11/13,5 Crg 0,08 max C; 0,1/0.3 AL
10 A12 Fe; 11,5/1345 Cr; 0el5 max C (0,017 Co by chemical
analysis
Lk A2 Fe; 11a5/1345 Cry 1425/205 Ni; 015 max C
L30 A3 Fe; 1 Crs 0012 max C; (0.027 Co by chemical analysis)
lm:g A2 Fe; 15/17 Cr; 1425/2.5 N4; 042 max C -
All Fe; 23/27 Cr; 0435 max Cj 025 max N
502 A12 Fe; 4/6 Cr; Opl max C
Alumdnm ALY
(Alooa) =
25 A5 99 min AL
3s 416 Al; 1.2 M
528 A6 Al; 2.5 Mg; 0,25 Or
728 a1t Al 1.0 2n
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Tzble I (Cont,)

Index to Decay Curves and Nominal Composition of Materials

i
b

Material Figure Nominal Composition
Other Metalse
Beryllium A1S
Cadmium A8
Copper Al9
Lead A20
Nicbium A2l
Titanjium AL7
Thorium A2
Ferro-tungsten
Alloy 423 63.97 Fe; 35427 W3 0.47 Mn (by chemical analysis)
Zirconium 423
Concrete
Barytes Concrete,
Batch 147 : A2l 9,6 portland cemen?i type 13 L6.0 barytes, coarse(l);
40,0 barytes, fine );yﬁ.h vater

Brookhaven Cement, A2% 29.) portland cement, type 1; 58.2 limonite;

Batch 145 12,7 water

Portland Concrete, A26 100l portland cement, type 1; 56.0 rock; 25.5 sand;
Batch 1146 8.1 water

Graphite
GBF Graphite 427 National Carbon Company designation GBF (CGas=baked
and highly refined)
CS Graphite A28 National Carbon Company designation CS
C18 Graphite 429 National Cerbon Company designation C-18

1) Composition of barytes, coarse: 564l Ba; 39%.4 SOf3 0.5 Ca; 1.00 Fe; 0631 Si
0,15 Naj 0,08 Aly 0,01 Mg; 0.02 Mn; <0.3 Zn

(2) Composition of barytes, fine: 47.7 Bay 33.9 Sohg-0.9 Ca; 9.8 Fe; 1.00 Si;
0,15 Naj 0.3 Al} o3 e; 0,08 M¥n; 0e3 Zn
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Analvsis of Decay Curves

The ectivity induced in each component isotone increases iith the irradia-
tion time until the rate of decay of radioactive atoms approachies the rate of
formatione. At this time the activity is termed saturated. In seneral the
irradiation time for the materials whose decay curves are shown in the Appendix
was not long enough for the activities to recach saturation. A 1ifferent decay
curve is then obtained for each irradiation timc. To aid in the caleulation of
a decay curve for any desired irradiatioﬁ 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
followe,

When a material is removed from the reactor the value of each component
of the activily is civen as a fur~tion of time by

N g s

Ap A3« 0 (=DalD iy

n

where tq = the decay time equation 1
t1 = the half life
Aj ® the induced activity for gzero decay time

= the activity at decay time t

=
c-,.
1

By equation 1 a linear plot is given by the logarithm of the activity of the
component versus decay time. This is the basis for the following rrocedure:
Plot the logarithm of the r~ctivity versus thc decay limes 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 drav 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 time first subtracting out the second component from
the total curvee The process is continued until linear components are
obtained which add to give the total curves

The saturated values of the component activities are celculated from the ree

lationss
Ag © Ay/Xg equation 2
Ig @1 = @xp(~0.693 ti/t}) equatian 3
wheye Ag ® the saturated value of the component activity

A4 ® the activity at irradiation time t4 and zero decay time
t4 © the irradiation time

t%_ B the half life of the component activity

Xg © the saturation factor

A decey curve for any desired irradiation iime may be constructed by the following
procedures (
Determine Ay for each component using eq 2 and values of Ag from Table IXe
Plot the logaritim of the activity versus the decay time (a straight line)
for each componente Add the curves for the components to get the total
curve for the materinle
The method employsd to break down the decay curve inte components lumps together
21l activities with long M1f lives so thet extrapolation of the data 1s not
sccurate to irradiation times long enough far part of thie lumped value to
approach saturations
An example of a typical decay curve anelysis is preserted in Figure 1 which
shous the component activities for 34T steel, A tebulation of the parameters

followes

. Ag x% A

s (fram Table II} (for 11.70 hours irradiation) (for 11785 hours
v 4rradiation

253 3,2 x 107 00711 R

u5d 3,0 x 107 06520 1.6 x 107

1204 302 X igg 002l 7.9 x 208

Sedy Toh x 0,01.73 1.3 x 107
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Fig. 1 = Analysis of Decay Curve for 347 Steel



Iron Alloys
Armco Iron

Duriron
1015
1030
1045
6150

Nickel Alloys
Nickel

Hastelloy A
Hastelloy B
Hastelloy C
Hastelloy D
Inconel

Inconel

Inconel X
Inconel X
K Momel

Stainless Steels
Carpenter 20

Carpenter 20
302
303
304
304
309

Irrediation

Period,
hours
4870
5050
4700
4700
4700
4700

5050

1850
4370
4700

1170
4380
4700
4540
1170
4,380
4540

Saturated Values of the Component Activities of the Decay Curves, Equivalent cob0 P‘hotona'/ (sec, gnm,

Component 1
Balf Life Activity
2.5 9x10
2.5h 1.3 x 109
2.5 1.5 x 10°
2.5h 1.5 x 10°
2.5 1.8 x 107
2.5 1.5 x 10°
2.5h 32107
2.5 1.1 x10°
2.% 1.5 x10°
2.5 3.6 x10°
2.5 1.5 x 10
2.5 3.5 x 10°
2.5 35 x 108
2.,5h 7 x 108
2.5k 7x108
2.5h 2 x 109
2.5 2.0 x 107
2.5h 1.5 x 10
2.5 1.4 x10°
2.5h 9 x 108
2.5h 8x10®
2.5 9 x10°
2.5 3.2 x 1

Component 2

Half Life Activity
454 3.5x10
454 2.9 x 107
454 3.7 x 107
454 3.7 x 107
454 37210
454 2.7 x 10
604 4ok x 207
60h 6x 107
6h 5 x 107
6Ch 2x10
1m 3.0 x 108
254 1.5 x 107

-13 -
Table II

decay time too short for analy-
sis of these components

254

2 x 107

decay time too short

13k

1%
15h
254
254
254
254
254

1.6 x 107

1.7 x 108
1.1 x 108

2.7 x 107

2.7 x 107
2.0 x 107
2,0 x 107

3 x107

Component 3
Helf Life  Activity

5.3y 5.7 x107
5.3y 7.3 x107
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 168
604 4x 107

604 2.5 x 107
25d 31 110
60d 4eb x 207
60d 4.9 x 107
60d 5.2 10

60d 31 x 10
254 2.5 x 107
254 1.6 x 107
45 4.0 x 107
454 4.0 x 107
454 4.0x10
454 4.0 107
458 4 x 207

10*2 fiux)
Component 4
Balf Life  Activity
5.3y 41 210°
5.3y 3.1 x10°
60 d 1lx 108
5.3y 4ol x 20°
5.3y 8.5 x 108
154 1.1x10°
5.3y 24 x 10°
454 4e2 £ 107
454 4.5 x 107
5.3y 7. x 108
5.3y 6.9 x 108
5.3y 6.3 x 108
5.3y 5.7 x 16
1204 4 x 107

UNCLASSIFIED

DWG. 17586
Component 5

Half Life  Aotivity
5.3y 1.1 x 109
5.3y g x 10°
5.3y 1.5 x 10°
5.3y 14 x 10°
5.3 9.5 x 108



Material

310
310
316
316
317
347
347
405
405
410

430
430
431
446

502

Aluninum Alloye

28

3s

528
- 728

Other Metals
Beryllium

Cadmivm

Copper

Irradiation

Period,
hours

1170
4500
1170
4500
4700
1170
4500
1170
4500
4870
4540
1170
4280
4540
1170
4380
4510

15380
4510
4510
4870

12170
1850
4370
4370

2.5h
2.5h
2.5n
2.5h
2.5h
2.5h
2.5h
2.5h
2.5h
2,5h
2.5h
2.5h
2.5h
2.5h
2.5h
2.5h
2.5n

2.5h
2.5h
2.5h
2.5h

2.5h
2.5h
2.5h
2.5h

Saturated Values of the Component Activities of the Decay Curves, Equivalent 0060

Component 1

Half Life Activity

3 x 107

4 x 107

2.5 x 10°
4.5 x 10°
4.5 x 10°
2.1 x 109
3.1 x 107
7x 108

1.1 x 107
1.0 x 107
1.0 x 10°
7x 108
g x 108
1.1 x 107
1.1 x 109
1.3 x 107
4.6 x 108

~ 2 xll'.)8
1.3 x 10
7 x 18

< 107

8x106

none
none

1 x 19

Component 2

Half Life Activity
254 3.6 x 107
254 3.6 x 107
25 2.8 x 100
254 3.5 x 100
250 3.5 x 10
254 3.2 x 10
254 3.7 x 107
254 2.3 x 107
254 2.4 x 107
25d 2.0 x 107
254 2.0 x 107
254 2.5 x 107
25d 2.8 x 107
25 2.1 x 107
254 4.6 x 107
254 4.3 x 107
254 6 x 106
15h 1.2 x 107
15 8.2 x 10
15h 8.2 x 18
15h 1.4 x 107
god 1.2 x 166
Y 2.3 x 108
60k 2.3 x 10
13h 4e2 x 109

-l -
Table II (Cont,)

Component. 3
Half Life Activity
454 4.2 x 107
454 4.2 x 107
454 3.6 x 107
454 3.7 x 107
454 4.0 x 107
454 3.0 x 10/
434 3.0 x 107
454 3.4 x 107
454 3.7 x 107
454 3.9 x 107
454 3.5 x 107
454 3.2 x 107
454 2,8 x 107
45 3.9 x 107
454 2.8 x 107
454 2.7 x 107
454 3.5 x 107
130d 1.3 x10°
454 2.3 x 10°
1204 3.6 x 10°
2504 1.4 x 107
5.3y 1.9 x 10°
408 24 x 1P
40d 24 x 106
> 1004 2x1b

Fhotons"/(sec, em, 10]'2 flux)

Component 4

Half Life Activity
5.3y 1.2 x 107
5.3y 1.3 x 107
5.3y 8.1 x 108
5.3y 8.3 x 108
5.3y 1.1 x 10
120d 3.2 x 107
1204 3.3 x 107
5.3y 1.6 x 168
5.3y 1.6 x 108
5.3y 1.5 x 108
5.3y 2.2 x 108
5.3y 1.5 x 10°
5.37 1.3 x 108
5.3y 24 x 10°
5.3y 1.8 x 10°
5.3y 1.6 x 108
5.3y 6.8 x 107
5.3y 5.7 x 10°
5.3y 1.6 x 106
5.3y 4110
2504 1.8 x 10°
2504 1.8 x 1¢°

UNCLASSIFIED
DWG. 17587

Component 5
Half Life Activity

5.3y 7. x 168

5.37 7.0 x 18
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OWG. 17588
Saturated Values of the Component Activitise S iﬁe‘%‘;‘éﬁg’cms, Equivalent oS0 Fhotons"/(see, gm, 1012 flux)
Materiel Irradiation Component 1 Component 2 Component 3 Component 4 Component, 5
2}::‘:::1' Half Life Activity Half Life Aotivity Half Life Activity Half Life Activity Half Life Activity
Lead 4370 2.% <109 20-70h 4 x 105 1404 6.4 x 10°
Ficbiwm 5050 2.5 none 1154 7.5 x 108
Titanium 4870 2.5 5110 35k 2.5 x 160 8od 1 x 168
Thortum 670 2.5 none 2 3.5 x 107
Thorium 4370 214 3.2 x 107
Ferro-tungsten 5050 2.5h 1.5 x 109 20m 1.7 x 107 454 3.5 x 107 5.3y 3.2 x 107
Zirconimm 4700 2.5 3 x 108 2 8 x 107 60d 4.0 x 10°
c':g:.ry:u Conorete 160 2.5h not measured 124 1.2 x 107 60d 4 x 108 2504 2.3 x 107 5.39 5 x10b
680 2.5b 9 x 107 124 1.2 x 107 604 3 x 106 2508 2.2 x 107 5.3y 4x1®
4370 2.5h 1.0 x 10° 124 1 x 107 60d 3x1b 250 2x10 5.3y 5 x 1066
PBrookhaven Cement 160 2.0 not mesured 154 ot meesured 500 1.5 x 107 2504 1.7 x 106 5.3y 1.7 x 107
680 2.5h 9 x 108 15 2x10 50d 1.3 x207 250 1.7 x 106 5.3y 1.3 x 107
4370 2.5h 1.0 x 109 15h 3x107 504 1.6 x 10 2504 1.7 x 168 5.3y 1.3 x 107
Portland Consrete 160 2,5 not measured 15k not measured 12d 1.1 x 166 854 2.0 x 106 5.3y 6 x 106
680 2.5 9 x 107 15h 8 x 107 124 9 x10° gsd 2.0 x 10° 5.3y 5 x 16
4370 2.5 1.0 x 168 15n 9 x 10 124 9 x10° 85d 2.5 x 10° 59y 5x1df
Graphite GEBF 310 2.5h nome 15k 4 x 104 too weak to measure
640 2.5h none 15k 2 x 104 t00 wesk to measure
1360 2.5h none 15h 1 x 10° 100d 8.0 x 10° 5.3y 1.2 z 104
cs 310 2.5 none 15h 5.0 x 104 3% 1.5 x 104 854 1.6 x 104 5.3y 4.0 x 16
640 2.50 none 15n 2.5 x 104 35h 1.4 x 10 85d 1.9 x 104 5.3y 4.9 x 10*
1360 2.5h none 15h 1 x10° 35k 2 x 104 85d 1.6 x 10% 5.3y 5.0 x 10
c-18 15400 2.5 nons 1 7 x 105 700 1.3 x 105 5.3y 8.3 x 10°

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

If the required factors are known, A,, the saturated activity defined by
equation 2, may be estirnted for each component from the equation

Ay =OMR x 1012 equation L

vhere A. ® the saturated activity based on one gram of element and
1032 flux; equivalent co%0 photons®/(sec, gm, 1012 flux)
@ ® the isotopic thermal neutron croes section; sq. cme.
N 8 the atoms of reacting isotope per gram of material
"R ® the ratio of the lon chember response for & disintegration
of the radioactive isotope to the r.esponae for a photen of
the average energy of those emitted by co®0 (1,25 Mev)
For example, to calculate the 2,59 h activity induced in one gram of Mn, First
O°N is calenlated (Table YIY)
oY = (CAF/) ®(22 x 102l x 0,603 x 1074 x 1/55) © 0,13 &g cn/em Mn

where @ 2 the isotopic cross section for MnS5(n, ¥ )6 & 12 barns =
12 x 10=2L 8q cm
A 8 the mumber of atoms/mole, Avogadro's mmber ® 0,603 x 1024
F 8 the natural isotopic abundance expressed as fraction of
total number of atoms S 1,00 for M55

M w the chemical moleeular weight ® 55 gm Mn/mole

The 4on chamber response (Table IV% is calculated as the sum of the responses for
the photons emitted by 1n56

R é(Ei)R(Ei)/loo 8 (100 x 0480 $ 25 x 1625 ¢ 15 x 1,34)/200 & 1,32

ne v whic e Lon chanber was calibrated is deseribed on pe 31
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where R @ the response for the isotope relative to a Ccof0 photon (1.25 lev)
R(Ei) 8 the relative resnonse for the photon with energy E; emitted in
the deéay of the isotope
P(E4) ® the percemtage of disintegrations for which the photon with
energy Es is emitted
‘ | 3:‘2.1‘19 mmber of d:fferent encrgies of photons emitted in the decay
~of the isectope

Substituting in equation h mives the Wealeulated" activity listed for Mn in Table
Vs
Ag ® OIR x 1012 @ 0,13 x 1,32 x 10%2 8 1,7 x 104} equivalent co0 photons/
(sec, oy 1042 flux)

The "measurcd" activity listed in 1ab1e V is the quotient of the saturated value of
the 2, 59 hour componeat activity in { TInconel X and the fraction of Mn in-Inconel

X as listed in Table Yo *

Absorption leasurements

Absorption mcasurements were made by interpbsing sheets of lead between the
materials and & Geiger tubee A typical ebsorption curve is shown in Figure 2
where the experimentesl 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 4m Table IT, The calcula-

tion is shown in the following tabulation:

Half Acti‘gﬁy of &%ﬁration Frac‘g':?.gn of Activity after Percentage
Life Saturated Factor for Activity 4700 Hours of Total
t1 Component, a L4700 Four Remaining Exposure and '

B Ag kxposure, Xg - after 30 30 Hours Decay :
Hours Decay e (1) x (2) x (3) -
2,5h 2 x10° 140 040002 0
13h  1¢6 x 10° 1,0 - 0620 3,2 x 108 63
60d 3ol x 107 06895 140 0e3 x 108 6
27

5,3y 2ol x 10° 0,0678 100 1.6 x 108 )
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Table IIY

Product of the Cross Segtion and the llurber of Targed
Abons yer Gran of Ilement, Ol

Target Half Life Isotopis Abundance, Chemical agi

Teatope gdioac’oive é:'g‘sm;iggion*, I;Ziecent lézgmxi;, a0 e/
Product 10~2L s em gns/mole

7950 74 04039 503 Ble9 246 x 2075
cr0 26954 16 Lel 52 Tob = 10=3
1155 2456k 12 200 55 0el3

Fe5® hbed Ol 0433 56 2,8 x 1075
co?? Sedy 3l 2,00 59 Ouls

37 Gl 24560 340 p X Ka? 3oL x 107
cu®3 1249h he3 69 6365 00028

7nbl 250d O 15e® 68 2.3 x 1073
zeSh 654 Oeli3 17eh a2  Le9 :1C7
7298 17h 0429 248 0142 Selt = 1075
1070 67n Ouls 2349 ) 6 = 107k
callh 55h 1ol 2648 12 17 x 107
calh h3d Oell; 2Ll 12 2.2 x 107k
5al30 120 6 8e10L, 137 247 x 100
el 01 13 21 100 261 740 x 2072
Web 2kh 3k 2847 18L 3.2 x 1072
THE 3R 27ehd 6 100 232l Le6 x 107

e e e

i* .
Taken from (L), e 31
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Table Iv

Jon Chamber Responses for Isotopes

Isotope Half Photon Relative Percentage of Average
Life Lnergies Ion Chamber Disintegrations Lelative
Response® Tielding a llesponse

} Photon R
Na2l U1.8h 1,38 140k 100

2475 1.0k 100 2.58
sc® g5d 0488 0.0l 100

112 0696 o8 1,80
CcroL 26454 0.27 0627 2

032 0u3L 3 70,01
o6 2.,55h 0,84 0,80 100

1001 1,01 2%

2613 2,13 15 1632
Fe59 ’_l.éd 1 .lO 0 ° 9Ll- SO

130 1,00 50 100
o0 Se3y 1416 0696 100

132 1,04 100 2,00
1165 2 .56h 1401 0490 1l

Lah9 1ol 2 > 0,13
cudlt 12,90 0451 0651 37 0619
7n5 2204 1612 0496 L6 0.l
795 65d 0423 0,23 93

De73 0472 93

0692 08l 7 0477
calld 58h Oe3L 0ol 2

0e52 0e52 60 >0,3
o102 1134 1413 0696 37

1622 1,02 57 092
%

Taken from (1) pe 31



Calculated and Measured Values of Induced Activity

Reaction o N Rela- Calculated | Measured Activity
(Table IITI) tive Jon Activity = from Table II Di-
Chamber 0N x Jon vided by the
Response Chamber Re- Fractional Composi=-
Disintegra- sponse x 10t tion of the Reacting
tion(Table IV) fl}x, equivalent Element
0090 photong/
‘ (sec,gm,lO12 flux)
A127(n,oQNa2h ——— 2.58 1.2 x 107 (fron 2S5 aluminum
7346(n,p)sch® - 1.80 -— 1ol x 106 (from both re-
actions on titanium)
7i50(n, 7)Ti51 2.6 x 10D —— -—
crS0(n,)crol 7.6 x 103 0,01 »8 x 107 1.4 % 108 (from 310 sS)
Mnss(n,‘)’)Mn56 0.13 1.32 1.7 x 1011 1. x 101 (from inconel)
Fe58(n,y)Fe59 2.8 x 1075 1.00 2.8 x 107 3.7 x 107 (from 1015 iron)
0059(n,7ﬁ0060 0435 2,00 7.0 x 1011 7.8 x 1011 (from electro-
lytic cobalt)
Ni58(n,p)Co58 ——— —— L. x 107(from nickel)

- 1i80(n,p)cob® - 2,00 -— £.6 x 10°(from nickel)
nbln, i 3.1 x 10" >0.13 >8 x 107 < 3 x 107 (from nickel)
Cu.63(n,)")Cu.6LL 0,028 0.19 5.3 X 107 h.2 x 107 (from copper)
Zné’)-‘(n,r)Zn65 2.3 x 1073 0.lLb 1.0 x 107 1 x 109 (from 725 aluminum)
Zr9h(n,)f)Zr95 L9 x 1074 0.77 3.6 x 108 L x 108(from zirconium)
Zr96(n,7é2r97 S x 105 — —— 8 x 107 (from zirconium) y
Mo98(n,7ﬁMo99 6 x 10°k — — 2 x 108(from Hastelloy B)

calll(n,)58ncat™® 1.7 x 1073 >0.3 > 5 x 108 2.3 x 108(from cadmium)
callb(n, Pu3acal?® 2.2 x 107k - — 2.l x 108(from cadmium)

Bal30(n, PBal3l 2.7 x 10-5 ——— — 2.7 x 107 (from barytes
, concrete)

TalBl(n,77Ta182 7.0 x 10-2 0492 6. x 10%° —

W186(n,7ﬁW187 3.2 x 102 —— —— L8 x 107(from ferro-

tungsten alloy)

2R3 1.6 %102 - - 3.5 x 107 (from troriwn)
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The 13h componart is identified as ca&‘; the 5.3y ocmponent, as 0060. Absorption
surves of thé oauponents were p}oﬁted .:!.n Figure 2 fyom the above percentages
and the helf thickmesses for radiation from cuf and o taken from Figure 3,
The 60 day aemponent is fzem the m% (n,p) Co%0 resetion and can be lumped with
the o3y component since it is relatively smll,

Scattering of experimental points yrevents resolution of the total cwrve
of Figure 2 inde mxonen’os directdy as the decay curves were resolved, Only
for 'wctopea Hﬁ.‘th wore widaly d:!.tfu':l.ng abaarption half thicknesses is resclution
poadblc. ™ this :mshnco the canponentn merge to give for the total ourve &
balf thickness of o.ah in, of J.ead whish is only a little lower than the average

" of the ompoment ourves) 0s63 x 0628 ine § 037 x 0655 4ms 0437 in, Figure 3
;48 & plot of ha)f thickness varsus snergy for the ,mtgruls measured whoge

’co@osition and decay schemes are knowns The above example illustrates how
rough values for the average energy of materials of unknown composition may be
estimated from Figure 33 in this case the 0,3k ine value of half thickness gives
an average energy of 0,65 Mev, a value between cudh and 0060.

Table VII lists the half thicknesses of all the materials measured. Where
it is possible to resolve the curve into components, this is done, The percentage

figures for the components refer to percentage of the ion chamber response,
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Table VI

" Absorption of Garma Radiation

. Material - Irradiation Decay Timey Half Thickness,
o Period, hours hours " inches of lead

Iron (Armoo) .- LB70 ) 054
» - ~ . - . L870 10,000 0.56

Duriren . S50 27 053
ims5 W00 29 | 7 0653
1030 : L7700 29 0453
10L5 - 14700 28 0.53
6150 L4700 : 28 053

~ Nickel Alloys ' , R _ :

Nickel 5050 : ' 27 B ¢ P -0

- Nickel © 5050 - 9,600 0.56
Hestelloy A h680 600 0659
" " 1,680 9,100 L 0656
Hastelloy B 1680 - 600 0659
Hastelloy C L680 600 0.59
Hastelloy D - L1680 600 : 0.61
Inconel 1850 ’ 530 0.5
Inconel : 1850 L,B00 0.54L
Inconel ~ L370 | 770 0e5h
Inconel X , 1850 530 0653
Inconel X : 4,370 790 : . 0.5k
K Monel ' - L4700 720 7 0,3h
X Monel 1700 10,100 0.56

Stainless Steels , ”

Carpenter 20 1170 100 0.52
Carpenter 20 1,380 80 0.54
302 11700 27 Oeli9
303 L5LO 27 0.5L
304 4380 .100 Ouli7
309 1540 A 0,52
310 1170 100 0,48
310 . 1500 80 0.51
316 : 1170 100 Ooli5
316 1,500 80 Oo5L
317 : 14700 27 0.5
347 1170 ' 100 Oeki9
347 1,500 80 Oe5l
o5 1170 100 0,L9
1,05 1,500 80 0652
110 1,870 27 0.53
1l 1540 28 0e54
430 1170 100 0oL5
1;30 4280 80 0,53
L3 Li5h0 28 0650
L6 1170 100 O.L7
LL6 Lh280 & 0.49

502 L4510 30 0.51
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Table VI (Conte)

Absorption of Gamia idediation

Material Ircodintion Decay Pinc, Lol ihickmess,

T RAPNS - -1y DR e e
Perlod, hours hours irceher of lcad

Aluminum Alloys

25 11200 2,200 0.9
28 153€0 12,100 0.7
35 510 27 C..0
35 510 11.,700 0.57
528 1510 27 0uld
525 1510 11,500 0.5L
725 1870 33 0.51
725 L870 10,800 0.53
Cther lietals
Cadmium 1850 530 0437
Cadmium 1,370 32 0.2l
Cadmiun L1370 2,200 Oelil
Con-er 1370 2¢ 0.28
Coprer 4370 2,200 0.L9
Lead 1370 27 0.45
Lead 11370 2,070 Oui5
iiiobiwn 5050 27 0.52
liobium 5050 9,650 0.51
P4sonivm LeT0 28 0.42
Titanium 170 10,200 Ouhtly
Thoriim 670 29 705 0621
305 0605
Forro=tunssten T050 28 0ol
».rconium L700 2C 0.2C
“irconium 1;700 1,020 0.3k
peryllivm 12170 2L 0.1:5
Leoryllium 12170 £00 0..7
verylliun 12170 19,200 0.57
Concrete
Barytes Concrete 40 2,700 0,52
i n 4370 220 0e.l2
1,370 13,700 0.4l
srookhaven Gement 680 2,700 0,5
1,370 200 0450
1,370 13,700 UebV
Portland Concrete 680 2,700 Oty
11370 220 0.Lé

1370 13,700 .50



- 25 - ‘ ©h
Pable VI (Conts)

Absorption of Gamna Radiation

CMaterle T frredistion " Decay Time, Half Thickness,
s o .. . Perled, hours hours inches of lead
Graphite - e | | |
- 6l 2l 0eSh
S - 100 0.5
1850 100 0.h5
| . , 1360 15,240 0450
cs . | élly 2l O.Eb
o | Al 100 0eli5
: - . 18%0 - 100 Ooh7
| 1% 15,140 0059
c28 25400 100 Olt6
| 15400 2,200 0.4

15400 ©12,180 0,52
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DISCUSSION

Thermal neutron cross sections are used for tle (n, ¥) reaction calculations,
and activation which takes place with neutrons cf greater than thermal energy
is neglecteds The relatively large number of thermal neutrons in comparison with
those of higher energy plus the fact that thc cross section varies as 1/V make
this a good approximation for (n, 7’ ) reactions.

Reactidns in which charged particles are emitted by the mucleus, (n, p) and
(n,et) 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
(2) with a new flux versus energy function should make possible, howecver, pre-
dictions of induced activity for the new flux-energy function for elements whose
cross sections are known as a function of energye.

Iron Alloys

The 2,.5~hour component may be due both to the Fesé(n,p)MnS6 and the Mn55(n,)’)Mn56
reactionse. 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 conten£ of this iron alloy; the high
values for the othér iron alloys are due to their maganese contente The Lif~day com-
ponent checks closely for all the iron alloys and is 509 higher than the value
calculated for the Fe58(n,)7 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.

The activity component with the longest half 1life was taken as 5.3 year Coéo
and is accounted for by a cobalt content of the iron alloys from 0.0l to 0.05%.
In [10 and 430 steels, which are stecls containing iron, chromium, and

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

confirmed by chemical analysise
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After .ﬁ'an 28 to 30 hours vdecay tame, when the ionization chember current is
50 to 95 & to FeS?, sbmorption moasmauarte give 1.1 ¢ 0.1 Hevy after longer
. sz perhdl when the proportion of activity fxom Fe99 ms dsorensed end the
* pepartden fron a0 b sonressed, the @wrey approschos 12 § Ol Mev.

Sines the 2,5 hour somponent is only about 10% of the tetal activity of the |
nickel sarple at the tims desay measurexsmtbs were begum, the ackmrwy‘ni‘ resclution
of this oarponent is mot groat (sbout S%)e The activity valus calulated for
tre ueS (n, ¥) recction dnes mot check the measured welue even within this spread,
m; the calculatod value bheing shout three times too large. It appears that
either t}e eross Isection @ the fon chember response are given too high a wvalue.

The decay curve of the nickel saxple shows & 60=70 cuy componet which is |
probehly from the N455(n,p)CoSS reaction. In the analysis of the dscey curves for
nickelecontaining etainless stesls which neve both large b6 dey and 5.3 year come
pements Fesolution of the €0~70 day component fram the 16 doy component is d4Pfi-
cult and for this reason the 60=T0 day component is ineluded with the hé day |
camponent, wmeking the 46 day cmponent greater tham for iron alloyse

The 543 yesr component activity in nickel-conteining raterisls is in part
accounted for by the N&ﬁo(n,p)t}oéo reactione The measured value of the activity
induced by this resction was deterwined from the 5.3 year activity induced in a
sarple of nickel which contained O.0LLE cébalt. This cobalt content sccounted for
6% of the 5,3 yesr somponent by the co59(n,1) reaatioh; ol is then due to the

1%(n,p) reactione In the otter niskel-comtaining mterlals - except for in-
conel and inconel X, which oontaﬂn even less cobalt than the nickel sample -

the 5.3 year sotivity, afber correction for the (n,p) reaction, is equivalent to
from 0 to 1% cobelte |



After 27 hours decay time the ion charber response for the nicltl sazple ic
shout 4O from the 60w70 day conpengnt end 6075 from the 53 vear corponent, The
. op - .60 nm o B0 e s
averege valuc cf rana cnerpy ic 1425 ilev for ¢of0 ane Oet0 for Co-%; this wives
tn average anercy for nickel of Oely x 0gl0 ¢ Oob x 125 & 1407 licv 'y in good errce-

ment with the valuc from absorhtion ncasure: mnl,s, Lol ¢ Oul licve

Stainless Stesls

Activities induced in these alloys are included in the discues?on for iron
and niclcl 2lloys except for the 26 day and 11°% day activitiese 1lx 75 dey activity
is not accurately caleculable because of uneertainty as to the exact lccay scheme
of Crsl. The 115 day activity is due to tantalunm rresent in richium -thieh has
been added to stablize the 309 and 347 alloyse

The 0e3 Mev photons from Cr51 account for ;tho low abeorpticen ol ~thicknesscs
for the hishechromiwa steels with 1170 hour cxposure tine en o N droe deeas
tlae vhen the chromium contributes a significant portién ol the tetel induced
act:i.vity.

Aluninum Alloys

The 15 hour comonent is due to the .L.127(n,0(. )Mazh reaction, “he differcnce
in ~etivitr values chieined for this reaction for dj_fferent allo;. ie cttributed
to errer in resolvin: this componente The best valuc is probaily -dven by the
25 2llor eince the vel os of cther cormponents are lowest forr thic interial, The
230 dar (¢ :nés) activit:- inluced in 728 aluminum agrees with the cale.lr*ed velue,
based on 1% Zn content, within experimental errorg The !5 day componerd In &
aluninum is probably .o to 04" irone The cther components of the aluminur cllo—s
could be accounted foi - trace clerints: § ppm tantalu, 1 pmm cobelte “he
absorption measurencnts on the aluminum alloys give enerpgles in agreement with the
identity of tivee activitics ac Ta.l& and 00609
Bexyrllium

from typicel Be analyses it is deduced that the 80 day eomponent it a

conbinction of the activities induced in Zn, Fe, and N1, It is difficult %o recsolve
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this portion of the c:urve. into more than one coir}ponent due to the large 5.3 year
" component which. is probably dué to a t‘race of cobalte
‘Cadmium i | |

The "58 hour component -(Gdlls) is lese tlan 1/¢ the calculated valuce It is
likely either that the deeay scheme used in Table IV is in exrvor or the cross
section of Table III i too highs After 32 hours decay time, uhen the €0 hour
’componen'b comprises .the major portion of the activity, the energy ie about Nali
| Mewvy about the average energy of photone fyom calld (see Table IV)e
Sopper

Singe more than 95% of the photons from Gu.é}4 result from positron annihilation,
the others werce ncglected in the calowlationse

The porddon of the roo~re from 30470 houre is «:irapolated fron the pegb of
the ¢ rve beeause the elootivact © wee ouf of oxder duxlng this c’:,ecai' reriode
The ener-v and ‘z;tali‘ life of tle N 130 doy component sorresgpond roushly to Talﬁ2°
13 0bdum '

The activity is accounted Zor by a tentalum content of 1e27%e

It is gpeculated that the winvordmebely 35 hear conlponbnt is St::h8 from the ree
sctlon T:ths (»prde The stroichtiocs of the ladter part of_ the deeay curve ‘ndileates
most of the zctlviiy is 7251 o sali6 (from Tihé(n,p)). 'l‘hé helf lives are ‘oo
neaxrly the sove %o distinpuish beticen the T3%% end s6lib,
Thordum |

The 2ctivity measured 1s fron re233, Tt %18 possible to resolve tle zbsorption
curve into tuo components, Ce05 andd 0630 Nevy
Barytes Concrete

The reasurcd activity listed in Table V loa patd0 ymg determined using the
enelybiosl velue of barium in the concretes The approximabely 60 day camponent
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[agrees with the analytical velue of iron and the amoﬁnt of L5 day activity in-
duced in iron alloyso» &he 250 day activity corresponds to the analytical per-
centage of zinc using the cross section determined from the activity induced
in the Zn in 728 aluminum,

Qther Concretes and Graphite

The 15 hour component is Nazh° The 35 hcur and the 85-100 day compoﬁents
may be composed of mixtures of isotopes as was found for berylliume, The 5.3y

component is probably due to a trace of cobalt,

EXP,.JiTHENTAL

Activity wes measured with ¢ high nressure ionization chamber which was
calibrated with CoP0 (which gives photons of 1,25 Mev average energy)s Ionization
chamber response is calculated for disintegrations of ofher igotopes relative to
a value of 2,0 for o disintegration of 0060 (which gives 2 photons per disintegrae
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 ac kilowatt hours is divided by the exposure time in hours and multiplied
by the percentege of maximum flux and by the maximum flux of 2.8 x 10% thermal
neutronsfsq em, sec, kilowatt) given in (2)e To put all the measurements on the
basis of 1012 flux, values of induced activity are divided by the averagevvalue
of thermal flux expressed as a fraction of 1012°

In order that the measurements would not be affected by self-absorption, thin
filings of the materials were irradiated, Check irradiations iadi.c}atod reproduc;-.'
ibility within about 5%, Activity measurements were not started until the sample’
had decayed from three to six hours; therefore, activities with half liveé 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 Hour

8ince the principal use for induced activity data will be in shielding cal=
culations,; and for personnél protection, iﬁlwill generally be necesséry to convert
the preceding data from gamﬁé flux to roentgghs‘peffhour,

The gamma flux :x.n photons/(sec, sq vcm-) is felé'i‘téd to the roentgens equivalent
phwslca%/hour by the absorption coeff1c1ent of tissue for ‘the gamma radiation, the

energy of the radiation, and an energy conver51on factor:s
rep/hr & (N/A) E K i ' equation 5

where (N/A) ® the number of photons/second crossing unit area,
P photons/(sec, sq cm)
"14_ E ﬂ the energy of the photons,‘ﬁev
,Lgnﬁ the mass absorptlon coeffncient f@? the photons 1n tmssue B
“about 0403 sq cm/gm for photon energies from about &,5 to 2 Mev
K # a conversion factor ® 1,6 x 10‘63ergs/Mev-x 1 rep gm/83 ergs

x 3600 sec/hr B 7 x 100 rep, gm, sec/(Mev, hr)

Examples Calculate the rep at a distance of 1.0 cm from a 106 photon/sec point
source of 1.0 Mev photonse The area over which the photons are distributed is:
Aw )T ® ) x 3.1) x (140)2 ® 12,56 sq cm, Substituting in eq 5 gives rep/hr ®

(106/12,56) x 1.0 x 0603 x 7 x 105 ® 0,135 rep/hr
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 APPENDIX II

'Decay‘ Curves
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Fig. A2 - Gamma Decay of 1015, 1030,1045 and 6150 iron Alloys
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