
ANL-6826 
Radiation Effects 

on Mater ia l s 
(TID-4500, 31st Ed.) 
AEC Resea rch and 

Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Il l inois 60440 

DOSIMETRY FOR 
RADIATION DAMAGE STUDIES 

by 

A. D. Rossin 

Metal lurgy Division 

March 1964 

Operated by The Universi ty of Chicago 
under 

Contract W-3 1 - 109-eng-38 
with the 

U. S. Atomic Energy Commiss ion 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



TABLE OF CONTENTS 

Page 

ABSTRACT 3 

1. INTRODUCTION 3 

2. SHAPE OF THE NEUTRON ENERGY SPECTRUM 4 

3. MAGNITUDE OF THE FLUX 6 

4. RELATIVE IMPORTANCE OF NEUTRONS 9 

5. INTEGRATED EXPOSURE 12 

APPENDICES 

A. Step-by-Step P r o c e d u r e for Calculating Radiation Damage 
Exposure Using Multigroup Methods 14 

B. Determinat ion of RDU Values for the Energy-dependent 
Model for Iron and Copper 17 

REFERENCES 19 



DOSIMETRY FOR 
RADIATION DAMAGE STUDIES 

by 

A. D. Ross in 

ABSTRACT 

A method is p resen ted for report ing fas t -neutron 
exposure in a m^eaningful and unambiguous fashion. The 
steps involve determinat ion of spec t rum shape, absolute 
magnitude, an energy weighting for the neutrons , and a unit 
for report ing exposure . Various methods for performing 
the p rocedure a r e descr ibed , and the reasoning behind the 
approach is explained. 

1. INTRODUCTION 

This r epo r t p r e sen t s a p rocedure for determining and report ing 
fast-neutron exposure . The following s teps a r e involved: 

1. Determinat ion of the shape of the neutron energy spec t rum. 

2. Absolute naeasurement of the neutron flux ra te by activation 
de tec tors to fix the magnitude of the spect rum. 

3. Choice of an appropr ia te energy weighting for the neutrons 
( i .e . , re la t ive effectiveness in producing damage as a function 
of energy). 

4. Determinat ion of t ime- in t eg ra t ed reac to r pow^er during the 
per iod of the i r rad ia t ion , multiplying this by the flux r a t e , and 
repor t ing the exposure thus obtained in meaningful and unam­
biguous un i t s . 

Each step mus t be accomplished to a r r i v e at a useful resu l t . There 
a r e methods for accomplishing each step; however, the techniques available 
a r e all in the p r o c e s s of development and can cer tainly be improved. Each 
method depends on quantitat ive nuclear data, which a re subject to exper i ­
menta l unce r t a in t i e s . Cur ren t knowledge contains numerous gaps where 
assumpt ions mus t se rve in place of factual data, but the use of assurnptions 
does not change the logic of the ove r - a l l approach. 

In some ins tances the opinions of different invest igators differ on 
the choice of a ssumpt ions . This is only na tura l , considering the state of 
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presen t knowledge, but it makes it essent ia l for a repor t to state clearly 
what assumptions a re employed. If new^ experimental data a re obtained 
that fill some of these gaps , they can be applied to improve the numer ica l 
accuracy of the resu l t . It is expected that these gaps will be filled, so the 
procedure is wri t ten to pe rmi t d i rec t substitution of numbers without 
changing the method itself. 

P r o c e d u r e s for performing the four steps a re outlined. For each 
step, the investigator should choose the al ternat ive which best suits his 
purpose until experience or mutual agreement dictates one par t icular 
choice. The logic can be applied in a para l le l manner for any al ternate 
method. 

The availability of la rge computer p rograms and experience with 
f a s t - r eac to r physics analysis have made multigroup t rea tment of fast-
neutron problems quite feasible. Multigroup methods a re straightforward 
and easy to explain and a r e descr ibed fully in the procedure . Appendix A 
presen t s a complete p rocedure using multigroup methods in "cook-book" 
fashion. 

CP-5 FUEL ELEMENT 

VT-IO 

2. SHAPE OF THE NEUTRON ENERGY SPECTRUM 

The distr ibution of the neutron population will be defined as a func­
tion of neutron energy. For typical radiation damage studies, the energy 

range from 10 MeV to 10 keV should give 
sufficient coverage. This spect ra l shape 
is to be determined at the location of in­
t e r e s t , that i s , where dosimeter foils a r e 
mounted, where i r radia t ion specimens are 

(p —' ' ^ exposed, or \vhere a component must serve 
in a neutron environment. 

The spectrum can be shown as a 
h is togram that gives the number of neutrons 
having energies within each energy in­
te rva l . The group fluxes from the h i s to ­
g ram may be presented in the form of a 
table. In the example shown at the left, 
the spectrum is broken up into smal l en­
ergy bands having equal width on a log plot. 
These numbers give a spec t ra l shape. They 
have not yet been normalized to a par t icular 
reac to r power level. A smooth curve is 
somet imes used in place of the h is togram, 
and some techniques give an analytical 
express ion that fits this smooth curve. A 
pair of exponential t e r m s with adjustable 
coefficients can work satisfactori ly. 

.01 0.1 1.0 

NEUTRON ENERGY, MeV 
to 

Group 

1 
2 
3 
4 

E L . 
MeV 

7.788 
6.065 
4.724 
3.679 

0i. 
n / c m ^ - s e c 

0.062 
0.103 
0.348 
0.627 

20 0.067 0.226 
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Spectra l shape may be determined by any one of the following 
methods: 

a. Assumption: There may be good justification for believing that 
the spec t rum in question fits a w^ell-know^n form, i .e . , the fission spec t rum, 
fission spec t rum with a l / E low-energy component, fission spec t rum a t ­
tenuated through a know^n thickness of a given m a t e r i a l (based on calcula­
tions found in the l i t e ra tu re ) , e tc . A specific shape may be assumed, 
provided of cour se , that a reasonable bas i s exists for the choice. 

b. Multigroup Calculation: The fas t -neutron energy range is 
broken into a number of in te rva l s . All neutrons having energies within the 
linaits of an in terval a r e t r ea t ed as one group. C ros s - s ec t i on sets a r e 
formed by averaging mic roscop ic data over each energy interval to give 
an effective value for neutrons in each group. The computer p r o g r a m de­
t e r m i n e s the migra t ion and slowing dow^n of neutrons throughout the s y s ­
t em by diffusion theory, t r anspo r t theory, Monte Carlo methods , etc . 
Examples of codes a r e shown in Sec. 10.2 of ANL-5800.'^^ The solution 
gives the number of neutrons in each energy group at any point in the r e ­
actor sys tem. The numbers in the table on the previous page a re examples . 

c. Analysis of Activation Data: By exposing a set of foils to the 
neutron flux in question, a set of activation r a t e s for var ious nuclides can 
be m e a s u r e d . If the c ros s sections for these fast neutron reac t ions a re 
know^n, a set of in tegra l equations can be constructed (in theory) and solved 
to find the neutron spec t rum. In p rac t i ce , this technique has produced 
l imited r e s u l t s . This is because exper imenta l uncer ta in t ies , lack of know^l-
edge of c r o s s sec t ions , complex shapes of c ross sect ions , and an inadequate 
spread of threshold energies for activation of various foils combine to make 
the solution of the equations undependable (if they can indeed give a solution 
at all). 

Some recen t innovations may increase the usefulness of this 
method. They depend f i rs t on abandoning the familiar concepts of t h r e s h ­
old energy and average c ro s s section. Few c ross sections look anything 
like a step function. By definition, the choice of a threshold energy value 
direct ly de te rmines the "average" or "effective" c ro s s - s ec t i on value. 
Consequently, t he re is l i t t le numer i ca l agreement in the l i t e r a tu re , since 
choices w^hich look reasonable for one sys tem seem to fail when tes ted in 
other spec t ra . 

Methods based on the use of foil data depend on assumptions 
about the spec t rum shape. W. Mcllroy* tabulated mult igroup c ros s - s ec t i on 
data for var ious de tec to r s . Choosing a wide var ie ty of neutron spect ra and 
present ing them in mul t igroup form, he calculated ra t ios of activation r a t e s 
between var ious p a i r s of detector nucl ides . Comparing data taken from a 
set of exper imenta l foil i r r ad ia t ions with the l ib ra ry of ra t ios he calculated. 

*lllinois Insti tute of Technology R e s e a r c h Inst i tute, Chicago, 111. 



a "most likely spectruna type" can be chosen. Then a computer code can 
use the chosen spec t rum as input data, and apply the foil data to it, a t ­
tempting to improve the accuracy of the spec t ra l shape. 

J . P . Genthon* approximated the fas t -neutron spect rum by a 
pair of exponential t e r m s with adjustable coefficients. The activation c ros s 
sections were also approximated by a pai r of exponentials, and foil resu l t s 
provided the best possible coefficients to r ep resen t the spect rum. Again, 
the choice of an approximate spec t ra l shape to begin with kept one bad 
piece of foil data from giving an unrea l i s t i c spec t ra l shape as a solution. 

Other experience with these methods is descr ibed in the Proceedings 
of the IAEA Symposium on Neutron Dosimetry.^^^ See, in par t icu la r , papers 
by B r e s e s t i et a l . , Dierckx, and Moteff. 

In p rac t i ce , the difference between these methods and direct calcu­
lation (method b above) is in the choice of which data will finally determine 
the spec t rum shape. Foi ls can be used with multigroup calculations to 
verify the calculated shape as well as to determine the absolute magnitude 
of the flux. The method is descr ibed in Section 3 below. 

3. MAGNITUDE OF THE FLUX 

Take the spec t rum shape determined by one of the methods of Sec­
tion 2, and put numbers on the ver t i ca l axis to correspond to a specific 
power level of the r eac to r . The sketch below (left) is the spectrum shape 
or the unnormal ized spectrunn. The sketch below (right) is quantitative. 
It gives the flux ra te at a par t icular location when the reac tor is operating 
at 1 MW. 

* 

CP-5 FUEL ELEMENT 
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*C.E.A., Saclay, F r a n c e . 
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Foi ls do not m e a s u r e neutron flux. The only information obtainable 
direct ly from a foil is the activation ra te at a par t icular power level. The 
a r i thmet ic involved concerns the weight of the sample, cor rec t ions for de ­
cay with t ime , determinat ion of r eac to r power and operating t ime , counting 
efficiency, etc. 

The equation for the activation ra te of a foil is 

J
/>00 

f cr̂ ^^ (E) 0(E) dE. 
0 

If the c 
know^n, 

.5 

c 

09 
.o 

r o s s section of a nuclide for a par t icular fast-neutron react ion is 
and the neutron spec t rum is known, this integral may be evaluated. 

The multigroup notation is easily 
~ applied, approximating the actual 

c ross section (solid line) by group 
~ S^^(n D̂ P values (dotted line) in this sketch. 

The table below^ is used to compute 
the activation ra te for the react ion 
S " (n,p) P^2. The integral is ap­
proximated by the summation 

A = Y ^i(S) 0i 

.01 0.1 1.0 
ENERGY, MeV 

10 
But this activation ra te was obtained 
from an unnormalized spect rum. A 
normalizat ion factor F must be de­

fined so that 0 t rue ~ •^'^not normalized- "^^ ^° this , the calculated A is 
compared with a m e a s u r e m e n t . For example, in a sulfur foil, 

A , (P^^) = 0.2555 a c t / s e c (not normal ized) , 

and 

A 
m e a s 

(P^2) = 3.50 X 10^° ac t / sec / lO^^ Ŝ ^ atoms at 1 MW of re­
actor pow^er. 

F (based on P^^ activity) = ^rneas/-^ m e a s / calc 1.37 X 10 11 

Group E L 

Cross Section 
Oj, barns 

Calculated Flux 
Shape, 0^ 

Zai«i 

0101 

1 
2 
3 
4 
5 
6 
7 
8 

7 788 
6 065 
4 724 

3 679 
2 865 
2 231 
1 738 
1 353 

0 350 
0 335 
0 260 
0 245 
0 170 
0 075 
0 030 
0 

0 0206 
0 0570 
0 1606 
0 2545 
0 3898 
0 5358 
0 6161 
0 6734 

0 0072 
0 0191 
0 0418 
0 0624 
0 0663 
0 0402 
0 0185 

0 

0 2555 
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Now the mult igroup fluxes in the table can be multiplied by 1.37 x 10 
to give the r e su l t s in the table below, and flux units can be put on the graph. 

G r o u p 

1 
2 

3 
4 

C a l c u l a t e d 
F l u x Shape 

0.0206 
0.0570 
0.1606 
0.2545 

N e u t r o n 
F lux , 

n / c m ^ - s e c 

2.82 X 10^ 
7.81 X 10^ 
2.20 X 10^° 
3.49 X lO'"^ 

o 

1 

c 

- f t 
v-r 

20 0.4749 6.51 X 10 10 

10 
I I 

10 10 

10 

CP-5 CRYOSTAT 

REACTOR POWER = I MW 

n 
1 

.01 0.1 1.0 

ENERGY, MeV 

10 

When data from additional foils a re available, each foil can give a 
value for the normal izat ion factor F . Thus an average can be obtained, and 
should one foil resu l t be badly in e r r o r , it will show up when compared with 
the o the rs . One can also study the ra t ios of activation r a t e s of var ious 
pa i r s of detecting foils, both nneasured ra t ios and those calculated using 
the mult igroup spec t ra and c ross sect ions. 

If a set of exponentials or other analytical express ions is used for 
the flux, the normal izat ion can be performed in two ways. The cross s e c ­
tion can be approximated analytically so that the integration 

«/n 

a(E) 0(E) dE 

can be performed, or, the spect rum can be broken into a multigroup fornnat. 
In either event, the remainder of the procedure to obtain the normalizat ion 
factor remains the same. 

The more finely divided the energy group s t ruc ture , the better the 
approximation to a rea l integral . Use of only a few broad groups will yield 
adequate r e su l t s in some spec t ra but may fail badly in o thers . The concept 
of a single threshold energy and its associated effective c ross section is the 
limiting case of two energy groups; hence, the values only have meaning for 
the spect rum used in their definition. This fact follows from the definition 

a(E) 0(E) dE 

'eff 

Jo 

0(E) dE 



and any change in spect rum 0(E) or threshold energy E^ will give a dif­
ferent value for CTgff. Thus, to use effective c ross sect ions, one naust f irst 
know the spect rum to be determined. The multigroup format successfully 
avoids this l imitation. 

4. RELATIVE IMPORTANCE OF NEUTRONS 

The previous two steps have produced a complete picture of the 
fast neutron flux. These neutrons a r e spread over an energy range of 
g r e a t e r than a factor of 100. Neutrons of different energies may have dif­
ferent re la t ive effectiveness in producing radiation damage. The detailed 
mechan i sms involved in radiat ion damage a r e not completely understood. 
However, theor ies have been proposed for severa l par t s of the p roces s . 
P e r h a p s these can be applied to a r r i v e at the relat ive importance of neu­
t rons of var ious energ ies . 

The energy-dependent model used by Rossinw) and Hyderv^^ indi­
cates that the importance of a neutron is proport ional to its energy and to 
the probability that it has an elas t ic scat ter ing collision. The theory, as 
presen ted by Snyder and Neufeldl^) or Kinchin and P e a s e , ' ° / comes from 
basic energy and momentum considerat ions applied to the scattering event. 

Most of the energy t r ans fe r red by 

DISPLACEMENT PRODUCTION 

CROSS SECTION 

c 

(0 
.a 

the neutron to a s truck latt ice atom 
ultimately goes into displacing 
lattice a toms. This model t h e r e ­
fore implies that the amount of 
damage is re la ted to the number of 
displacements produced. This model 
of neutron importance for fast neu­
t rons in iron^-^' is sketched at the 
left. The dimensions of the damage 
c ross section a re the same as for 
microscopic neutron c ross sect ions. 

.01 0 .1 1.0 

ENERGY, MeV 

10 
events 

neutron 
(cm^ x 10"^*), or "barns . " 

If (as it is classical ly stated) it takes 
about 25 eV to displace an iron atom, 

the c ross section could be put in units of the number of displacements p r o ­
duced if all energy available due to the collision goes to produce d isp lace­
men t s . Using this assumption, the sketch suggests that a 2-MeV neutron 
causes over 2000 displaced a t o m s / c c . There a r e many theor ies on how^ 
many displacements a re produced or survive more than a few microseconds 
after the neutron collision. Since the purpose of the model is to determine 
neutron exposure , only the re la t ive effectiveness of the neutrons need be 
used, and the numbers in the ordinate do not need to be normal ized to 
anything. 



Variations on the Model 

At the high-energy end of the spectrum, the energy-dependent model 
exaggerates neutron effectiveness. This is because primary knock-ons 

(0 

1000 

100 

DISPLACEMENT PRODUCTION 

CROSS SECTION 

IRON 

0.1 1.0 

ENERGY, MeV 

ENERGY FLUX 

CROSS SECTION 

having extremely high energies lose 
some energy by ionization of neigh­
boring atoms rather than by elastic 
collisions. Ionization does not give 
rise to displacements. Therefore 
the damage model tends to level off 
above some energy (not universally 
agreed upon). Since the cross sec­
tion for isotropic scattering is also 
decreasing because of forward-
peaked scattering at high energies, 
the damage model shows a further 
dropoff above 2 MeV. 

Other models have been used 
that are based on neutron energy 
alone. Here the effectiveness is as­
sumed to be directly proportional to 
neutron energy ignoring any influ­
ence of scattering cross section. Thi 
model gives the "energy flux." 

Many investigators have used 
a step-function damage model with-

ENERGY, MeV out referring to it in these terms. 
The most familiar model is shoŵ n below (right), where damaging flux is 
expressed in terms of neutrons greater than 1 MeV (solid line). Thus any 
neutron greater than 1 MeV is taken 
to have one unit of effectiveness, 
and those less than 1 MeV are not 
counted. Any other arbitrary step 
choice is possible, as suggested by 
the dotted step at 0.3 MeV. cr 

These models have all been 
expressed in arbitrary units, since 
the aim is to account for the relative 
effectivenes s of different energy neu­
trons. For consistency, the models 
have been normalized below so that 

>lMeV MODEL 

> 0 .3 MeV 

MODEL - ^ 

± 
.01 0.1 1.0 10 

ENERGY, MeV 

when integrated over the fission spectrum, the result is unity. That is, 

Oj^iE) 0£(E) dE /I. 0f(E) dE = 1. 
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This 
tion 

can be shown graphical ly. At the left (below), the damage c ross s e c -
is a dotted line, the normal ized fission spect rum is shown by dashes , 

and their product is a solid line. The 
.•" "•.. c ros s sections (dotted line) have been 

adjusted to make the shaded a rea under 
the solid curve equal unity. The mul t i -
group values of var ious damage c ross 
sections in the table below have been 
normal ized in this manner . Appendix B 
p resen t s details of the computation of 
RDU values for iron and copper. 

The unit shaded a r ea could be 
used as a unit of radiation danaage ex­
posure . This quantity of fast neutrons 
may be called one "radiation damage 
unit," or RDU. Thus 1000 neutrons hav­
ing a perfect f i ss ion-spec t rum energy 
distr ibution will deliver 1000 RDU, by 
definition. 

0.1 1.0 
ENERGY, MeV 

SHADED AREA = I RDU 

M U L T I G R O U P CROSS SECTIONS 

Group 

1 
2 
3 
4 
5 
6 
7 
8 

9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 

EL. 
M e V 

7 788 
6 065 
4 724 

3 679 
2 865 
2 231 
1 738 
1 353 
1 054 
0 821 

0 639 
0 498 
0 388 
0 302 
0 235 
0 183 
0 143 
0 111 
0 086 
0 067 

Activation 

S"(n,p)P", 
barns 

0 350 
0 335 
0 260 
0 245 
0 170 
0 075 
0 030 
0 

Ni^«(n,p)Co^8 
barns 

0 660 
0 610 
0 540 
0 410 
0 240 
0 140 
0 060 
0 015 
0 005 
0 

Fe^^{n,p)Mn^*, 
barns 

0 650 
0 600 
0 530 
0 375 
0 150 
0 075 
0 030 
0 005 
0 

U"« fiss, 
barns 

1 040 
0 840 
0 600 
0 567 
0 572 
0 583 
0 528 
0 283 
0 0568 
0 0114 
0 0027 
0 0006 

0 

Damage 

RDU 
(iron) 

1 223 
1 213 
1 121 
1 643 
1 601 
1 416 
1 164 

0 991 
0 736 

0 609 
0 749 
0 475 
0 647 
0 358 

0 291 
0 240 
0 234 
0 156 
0 170 
0 120 

R D U 
(Cu) 

1 357 
1 542 

1 409 
1 313 
1 182 
1 156 
1 127 
1 088 
0 998 
0 889 
0 777 
0 685 
0 580 
0 504 
0 400 
0 311 
0 257 
0 209 
0 154 
0 147 

RDU 
>1 MeV 

1 45 
1 45 
1 45 
1 45 
1 45 
1 45 
1 45 
1 45 
1 45 
0 34 
0 

To find the exposure r a t e , the neutron spect rum, normalized to a 
par t icu lar reac tor power level , is multiplied by the RDU cross section in 
the same manner in which the activation ra te of a foil is calculated. The 
RDU c ros s section is expressed in mult igroup format or as an analytical 
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function of neutron energy. The resu l t is an RDU ra t e . In a pure fission 
spec t rum, al l the damage models d i scussed above will give the identical 
RDU r a t e . F r o m the definition of the RDU, this RDU ra te will be identical 
to the number of fission neu t rons . In any other spec t rum, the different 
models will give different RDU r a t e s . As an example, the damage models 
used in the table above are-appl ied to four actual spec t ra and the r e su l t s 
a r e shown below. The spec t ra w^ere a rb i t r a r i l y normal ized to the S (n,p)P 
activation r a t e ; that is a sulfur foil w^ould give the same activation in each. 

Model 

S32(n,p)p32act/sec/l024 
0 total if f iss . spect . 
RDU (Iron) 

0 > 1 MeV 
RDU (>1 MeV) 
RDU (>0.3 MeV) 

F i s s ion 

1.00 
(15.35) 
15.35 

(10.68) 
15.35 
15.35 

Spe 

C P - 5 Fuel 

1.00 
(15.35) 
22.93 

(12.78) 
18.52 
25.13 

c t rum 

C P -5 Dummy 

1.00 
(15.35) 
24.29 

(11.57) 
16.77 
25.06 

EBR-I 

1.00 
(15.35) 
26.09 

(13.50) 
19.58 
33.02 

It was shown above that knowledge of the spec t ra l shape is needed 
to pe rmi t act ivation data to give a t rue pic ture of the neutron flux. The 
re la t ive impor tance of the neutrons also has an influence. Compare t-wo 
methods: The RDU r a t e s de te rmined above for the EBR-I and the CP-5 
fuel elenaent for ident ical sulfur activation r a t e s give the rat io 1.14:1. If 
fission spec t r a had been a r b i t r a r i l y assumed in each case , the resu l t would 
have been off by 14% This is not neces sa r i l y the wors t case , nor do these 
deviations for pa r t i cu la r sets of assumpt ions follow a simple pat tern . In 
addition to the au thor ' s w^ork, numerous s imi la r examples a re in the l i t e r ­
a tu re , such a s , Dahl and Yoshikawa,!"^) Shure , ' ° / Pawl ick i , \ ° ' Claiborne,'1*^) 
and Wright. (11) 

5. INTEGRATED EXPOSURE 

Once the instantaneous RDU ra te has been de termined for a given 
r eac to r power, the in tegrated exposure can be obtained direct ly from the 
operating h i s to ry of the r e a c t o r . It is useful to de te rmine the dose r a t e in 
RDU/sec for a nominal power level , such as 1 MW. Then the number of 
MW-sec the r e a c t o r has opera ted , mult ipl ied by RDU/sec at 1 MW, gives 
the in tegrated exposure . 

A word of caution should be given about the simple concept of MW-
sec of r e a c t o r operat ion. The exper imente r naust find out exactly how that 
number is obtained. Some r eac to r ope ra to r s do not include s t a r t -up or 



shutdown t r ans i en t s in the i r r e p o r t s , and somet imes conflicting values from 
different s enso r s a r e repor ted . Although t rans ien ts may be negligible in 
long- t e rm i r r ad ia t ions , they can be significant in short runs for cal ibrat ion 
or dos imet ry purposes . 

Thus the integrated exposure can be repor ted in RDU for any r e ­
actor i r rad ia t ion . For design purposes , the approach is the same except 
that foil r e su l t s upon which the spec t rum shape may be normal ized will not 
be available. The neutron-f lux intensity must be calculated from the f i s ­
sion ra te in the r eac to r core . The resul t ing uncertainty becomes g rea t e r 
with i n c r e a s e s in dis tance from the fuel region. 

Using these concepts , compar i sons of i r rad ia t ion data from different 
r e a c t o r s will be free from e r r o r s resul t ing from differences in spec t ra . 
I r rad ia t ion effects a r e influenced strongly by t empera tu re , differences in 
m a t e r i a l composit ion and h is tory , and even by dose r a t e at elevated t e m ­
p e r a t u r e s . Fo r compar i son , these var iab les must be carefully analyzed. 
To unders tand the i r influence, accura te exposure m e a s u r e m e n t s throughout 
an ent i re exper imenta l p r o g r a m a re essent ia l . 



APPENDIX A 

S T E P - B Y - S T E P PROCEDURE FOR CALCULATING RADIATION 
DAMAGE EXPOSURE USING MULTIGROUP METHODS 

1. Spectrum Shape 

a. Select the mult igroup code and c ross section set that will give 
adequate detail in the energy range between 100 keV (or below) and 10 MeV. 
(Twenty energy groups of 0.25 lethargy unit width, from 67 keV to 10 MeV, 
a re used in the example.) 

b. Choose an idealized geometry that represen t s the location of 
in teres t . Supply, as input, the dimensions and compositions of the regions 
and the distr ibution of fission neutron sources . 

c. Tabulate the calculated spectrum at the point of in teres t as in 
Column (2) of Table A - 1 . 

Table A-1 

S A M P L E CALCULATION T A B L E 
E B R - I , MIDPLANE, C3, 1 MW 

(1) 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

(2) 

Ca lcu la t ed 
S p e c t r u m 

0.053 
0.147 
0.341 
0.606 
0.894 
1.107 
1.203 
1.419 
1.420 
1.389 
1.580 
1.673 
1.409 
1.317 
1.079 
0.912 
0.632 
0.531 
0.291 
0.277 

(3) 

c^act (ba rns ) 

0.650 
0.600 
0.530 
0.375 
0.150 
0.075 
0.030 
0.005 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

(4) 

F lux a t 1 MW 
( 2 ) - ( F ) 

0.051 X 10'^ 
0.141 
0.328 
0.582 
0.859 
1.064 
1.156 
1.364 
1.365 
1.335 
1.518 
1.608 
1.354 
1.266 
1.037 
0.876 
0.607 
0.510 
0.280 
0.266 

(5) 

CRDU 

1.223 
1.213 
1.121 
1.643 
1.601 
1.416 
1.164 
0.991 
0.736 
0.609 
0.749 
0.475 
0.647 
0.358 
0.291 
0.240 
0.234 
0.156 
0.170 
0.120 

A * = ^ (2)(3) = 0.7909; Aex = 7.60 x lO'^ a c t / s e c / l O ^ * a t o m s / M W 
20 

ex 7 60x10"^^ V^ 
F = = - =9 .61x1012; RDU=2^ (4)(5) = 1 . 3 0 x l 0 ' * R D u / s e c / M W 

A* 0.7909 20 
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2. Absolute Magnitude of the Flux: Exper imenta l 

a. F o r each foil m a t e r i a l avai lable, tabulate its activation c r o s s 
section, as in Column (3) of Table A-1 for the react ion Fe^^(n,p)Mn^^, 

b. Multiply the flux by the c r o s s section. Column (2) x Column (3), 
and add, thus obtaining the unnormal ized activation r a t e . A*. 

c. F r o m i r rad ia ted foils obtain the activation ra t e , A , in units 
of act ivat ions per second per 10 per Megawatt of reac tor power. 

d. Compute the rat io of each experimental ly determined activation 
ra te to its calculated counterpar t . Analyze these ra t ios to determine the 
normal iza t ion factor F for the calcula ted flux. (If they ag ree , or if only one 
foil is avai lable , F is uniquely de termined. If d i screpancies exist , F is the 
average of al l reasonable ra t ios . ) 

e. Multiply the unnormal ized flux values by F to give the actual 
flux spec t rum. Tabulate as in Column (4). 

3. Absolute Magnitude of the Flux: Design 

a. Since foil data cannot exis t , obtain the normalizat ion from the 
design power density of the r eac to r . Normalize the neutron source d i s t r i ­
bution to that expected at 1 MW. 

b. Tabulate the flux spec t rum as in e above, and normal ize to r e ­
quired r eac to r power level . 

c. Calculate p red ic ted act ivat ion r a t e s for var ious de tec tors as 
above, if des i red . 

4. Damage Rate 

a. Select the appropr ia te damage model . Identify the choice and 
reasons for it [Column (5) of Table A - l ] . The example used is the energy-
dependent model (c^RnTj) ^°^ i ron. 

b. Multiply the mul t igroup fluxes, Column (4), by the RDU mul t i -
group va lues . Column (5), and add. This gives the damaging exposure ra te 
in RDU per second pe r Megawatt of r eac to r power. 

c. To find the instantaneous damage ra te , multiply the above by the 
actual r e a c t o r power level in Megawatts . 



5. Integrated Exposure 

a. F r o m the r e a c t o r operating his tory (s t r ip char t , integrated pow­
er indicator, log book, etc.) de termine the number of megawat t -seconds of 
operat ion during which the sample was in the reac to r . 

b. Multiply this integrated power by the RDU rate to find total RDU 
exposure that the spec imen has received. 

6. Simplified P rocedu re for I r radia t ions of Steel Specimens 

a. Consider a number of s teel specimens distr ibuted in a r eac to r 
sys tem, and calculate the spec t rum as a function of position. 

b. Calculate the re la t ive Fe^*(n,p)Mn activation ra te and the 
RDU ra te . 

c. Construct curves showing the rat io of RDU/Fe^^^^ ra tes as a 
function of posit ion in the core . 

d. Count the Mn^ activity in each sample . This makes each spec i ­
men its own dos imete r foil. 

e. Make the a r i thmet ic cor rec t ions for buildup and decay to give 
the activation ra te of Fe^'* in each. 

f. F r o m the plot of ra t io v e r s u s position, obtain direct ly for each 
specimen the RDU exposure r a t e . 

g. Multiply exposure r a t e s by integrated r eac to r power to obtain 
the total integrated exposure . 



APPENDIX B 

DETERMINATION OF RDU VALUES FOR THE ENERGY-DEPENDENT 
MODEL FOR IRON AND COPPER 

The energy-dependent damage c ross section Oĵ ĵ xj ^̂  constructed 
using the formula 

t7RDu(E) = caiso(E)E. (B- l ) 

Here , Q R D U ^S normal ized so that 

AiCO 

/ ^RDU(E) 0f(E)dE 

= 1 (B-2) 

where 

E is the incident neutron energy, 

c is the constant of normalizat ion, and 

cr̂ gQ is the c r o s s section for isotropic scat ter ing of the fast neutron by 
the lattice atom. 

Note that 

^iso = ( ^ t o t " ^ c " ^in)( l -M). (B-3) 

where 

â  . is the total c ro s s section, 

o-^^ is the inelast ic sca t ter ing c ro s s section, 

ffj, is the capture c ro s s section, and 

Ji is the t r anspo r t cor rec t ion for anisotropic scat ter ing; M is 
la rge if forward sca t te r ing is appreciable . 

Equation (B-3) is developed in the author ' s f i r s t paper on this sub­
j e c t . \ ' ' . The mult igroup format was used, but the normalizat ion and RDU 
concept a r e new. The 20 energy group s t ruc ture used here gives more de­
tail in the high-energy range, and the quar te r - l e tha rgy unit group widths 
a re convenient because they a re used with severa l popular c ros s section 
l i b r a r i e s . The mult igroup s t ruc ture is tabulated in the report . 
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Tables B- l and B-2 p resen t the RDU c ros s sections for iron and 
copper. Cross sections a r e taken from BNL-325 and other c ros s section 
se t s . Values for p for iron were taken from Yiftah,(l^/ and for copper 
from Wollenberger.(13) The fission spect rum is Cranberg ' s , as given in 
ANL-5800 (Rev.).(l) 

Table B - l 

f̂ uriTT FOR IRON 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Eave. 
MeV 

8.825 
6.873 
5.352 
4.167 
3.245 
2.528 
1.970 
1.534 
1.193 
0.930 

<̂ iso. 
barns 

0.336 
0.428 
0.508 
0.956 
1.196 
1.358 
1.432 
1.568 
1.496 
1.588 

0f 

0.0064 
0.0168 
0.0464 
0.0681 
0.0966 
0.1140 
0.1190 
0.1120 
0.0983 
0.082 

^RDU' 
barns 

1.223 
1.213 
1.121 
1.643 
1.601 
1.416 
1.164 
0.991 
0.736 
0.609 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

ave' 
MeV 

0.723 
0.564 
0.438 
0.342 
0.267 
0.208 
0.161 
0.125 
0.098 
0.076 

ISO' 

barns 

2.512 
2.044 
3.580 
2.536 
2.644 
2.787 
3.523 
3.014 
4.222 
3.884 

*f 

0.0646 
0.0501 
0.0371 
0.0276 
0.0197 
0.0143 
0.0100 
0.0071 
0.0049 
0.0035 

SDU' 
barns 

0.749 
0.475 
0.647 
0.358 
0.291 
0.240 
0.234 
0.156 
0.170 
0.120 

Table B-2 

OoriTT FOR COPPER 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Ot-°c-'̂ in, 
barns 

2.15 
2.30 
2.20 
1.90 
1.80 
1.90 
2.20 
2.66 
3.10 
3.46 

M 

0.78 
0.70 
0.63 
0.49 
0.38 
0.26 
0.20 
0.18 
0.17 
0.15 

K 0f 

0.0267 
0.0797 
0.2011 
0.2750 
0.3510 
0.4052 
0.4126 
0.3748 
0.3018 
0.2245 

•^RDU. 
barns 

1.357 
1.542 
1.409 
1.313 
1.182 
1.156 
1.127 
1.088 
0,998 
0.889 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

°t-°c-°in. 
barns 

3.80 
4.2 
4.5 
4.9 
4.9 
4.8 
5,0 
5,2 
4,9 
6,0 

M 

0.13 
0,11 
0.095 
0.075 
0,06 
0,04 
0,02 
0,01 
0,01 
0,01 

K 0f 

0.1544 
0.1056 
0.0662 
0.0428 
0.0242 
0,0137 
0,0079 
0,0046 
0,0023 
0,0016 

°RDU. 
barns 

0.777 
0.685 
0.580 
0,504 
0,400 
0,311 
0,257 
0,209 
0,154 
0,147 
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