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Standard Practice for
Characterizing Neutron Exposures in Iron and Low Alloy

. . 1

Steels in Terms of Displacements Per Atom (DPA)
This standard is issued under the fixed designation E693; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This practice describes a standard procedure for charac-
terizing neutron irradiations of iron (and low alloy steels) in
terms of the exposure index displacements per atom (dpa) for
iron.

1.2 Although the methods of this practice apply to any
material for which a displacement cross section 6,4(E) is known
(see Practice E521), this practice is written specifically for iron.

1.3 TItis assumed that the displacement cross section for iron
is an adequate approximation for calculating displacements in
steels that are mostly iron (95 to 100 %) in radiation fields for
which secondary damage processes are not important.

1.4 Procedures analogous to this one can be formulated for
calculating dpa in charged particle irradiations. (See Practice
E521.)

1.5 The application of this practice requires knowledge of
the total neutron fluence and flux spectrum. Refer to Practice
E521 for determining these quantities.

1.6 The correlation of radiation effects data is beyond the
scope of this practice.

1.7 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.8 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

! This practice is under the jurisdiction of ASTM Committee E10 on Nuclear
Technology and Applications and is the direct responsibility of Subcommittee
E10.05 on Nuclear Radiation Metrology.
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2. Referenced Documents

2.1 ASTM Standards:*

E170 Terminology Relating to Radiation Measurements and
Dosimetry

E521 Practice for Investigating the Effects of Neutron Ra-
diation Damage Using Charged-Particle Irradiation

E706 Master Matrix for Light-Water Reactor Pressure Vessel
Surveillance Standards

E821 Practice for Measurement of Mechanical Properties
During Charged-Particle Irradiation

E853 Practice for Analysis and Interpretation of Light-Water
Reactor Surveillance Neutron Exposure Results

3. Terminology

3.1 Definitions for terms used in this practice can be found
in Terminology E170.

4. Significance and Use

4.1 A pressure vessel surveillance program requires a meth-
odology for relating radiation-induced changes in materials
exposed in accelerated surveillance locations to the condition
of the pressure vessel (see Practice E853). An important
consideration is that the irradiation exposures be expressed in
a unit that is physically related to the damage mechanisms.

4.2 A major source of neutron radiation damage in metals is
the displacement of atoms from their normal lattice sites.
Hence, an appropriate damage exposure index is the number of
times, on the average, that an atom has been displaced during
an irradiation. This can be expressed as the total number of
displaced atoms per unit volume, per unit mass, or per atom of
the material. Displacements per atom is the most common way
of expressing this quantity. The number of dpa associated with
a particular irradiation depends on the amount of energy
deposited in the material by the neutrons, and hence, depends
on the neutron spectrum. (For a more extended discussion, see
Practice E521.)

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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4.3 No simple correspondence exists in general between dpa
and a particular change in a material property. A reasonable
starting point, however, for relative correlations of property
changes produced in different neutron spectra is the dpa value
associated with each environment. That is, the dpa values
themselves provide a spectrum-sensitive index that may be a
useful correlation parameter, or some function of the dpa
values may affect correlation.

4.4 Since dpa is a construct that depends on a model of the
neutron interaction processes in the material lattice, as well as
the cross section (probability) for each of these processes, the
value of dpa would be different if improved models or cross
sections are used. The calculated displacement cross section
for ferritic iron, as given in this practice, is determined by the
procedure given in 6.3. The currently recommended iron
displacement cross section in this practice (Table 1) was
generated using the ENDF/B-VI iron cross section (1).> A
recent calculation using ENDF/B-VII.O produced identical
results (2, 3). The iron cross section data in ENDF/B-VII.1
does not differ from ENDF/B-VIIL.O. Although the ENDF/B-VI
based iron displacement cross section differs from the previ-
ously recommended ENDF/B-IV iron displacement cross sec-
tion (1) by about 60 % in the energy region around 10 keV, by
about 10 % for energies between 100 keV and 2 MeV, and by
a factor of 4 near 1 keV due to the opening of reaction channels
in the cross section, the integral iron dpa values are much less
sensitive to the change in cross sections. The update from
ENDF/B-1V to ENDF/B-VI dpa rates, when applied to the
H. B. Robinson-2 pressurized water reactor, resulted in “up to
~4 % higher dpa rates in the region close to the pressure vessel
outer surface” and in “slightly lower dpa rates ... close to the
pressure vessel inner wall” (4, 5). Table 2 presents a compari-
son of a previous edition (Practice E693-94) and currently
recommended dpa estimates for several neutron spectra.

5. Procedure

5.1 The displacement rate at time ¢ is calculated as follows:

dpals = f()' o (E)o(E.f) dE (1)
where:
o (E) = the displacement cross section for a particular
material, and
o(E,t) dE = the fluence rate of neutrons in the energy

interval E to E + dE.

5.2 The exposure index, dpa, is then the time integrated
value of the displacement rate, calculated as follows:

‘) -
dpa=f0 0 lm(t)f0 o (E)w(E,t) dE dt (2)

where:

9oi(t) = the time dependent fluence rate intensity, and

w(E,t) = the fluence rate spectrum normalized to give unit

integral fluence rate at any time when integrated
over energy.

3 The boldface numbers in parentheses refer to a list of references at the end of
this standard.

Full document details: ASTM E693-23

5.2.1 If the fluence rate spectrum is constant over the
duration, t,, of the irradiation, then:

dpa= 9, [ 0 (E)(E) dE = 0,,1,5, 3)

where G,=the spectrum-average displacement cross sec-
tion.

5.3 It is assumed for purposes of this practice that the
fluence ¢, and the spectrum y(E) are known.

6. Calculation

6.1 The integral can be evaluated by a simple numerical
integration as follows:

[ odB)o(E) dE = X (0,) 0.0E, @)

where (c,); and ¢; are grouped-averaged values over the
interval E; < E < E,, |, and AE, is the width of the interval and
is given by E,,, — E..

6.2 The only computational problem, then, is to obtain
o,(E) and ¢(E) in the same group structure. 6 ,(E) is available
(15) in the SAND-II group structure (included here as Table 1),
which is as fine or finer than the group structure in which @(E)
is generally available. Hence the problem is to collapse ¢ ,(E)
to match the @(E) group structure.

6.2.1 If the @(E) group structure is sufficiently fine, a simple
group averaging is sufficient:

| M
= rEl AZ] (G(l)ikAEik (5)

where M, is the number of groups in ¢,E between E; and
E..,, and the AE, = E,,, — E; are the group widths.

6.2.1.1 If the AE;, are constant (as above 1 MeV in Table 1),
this becomes a simple average of the M, groups in AE; as
follows:

o) 31 2, (o ©)

6.2.2 For a coarse group representation of ¢(E), the group
averages of 6,(E) should be weighted averages, unless such
weighting has been shown to have negligible effects. The ideal
weighting function is the actual spectrum @(E). For light-water
reactor applications, a generalized spectrum is often used
consisting of a fission spectrum plus a low energy 1/E tail. Let
the weighting spectrum be designated by W(E). Then the
recommended form and energy regimes are as follows:

W(E) = C,/E E<0.82 MeV (7)

= C,E"e /14 E = 0.82 MeV

The constants C; and C, are arbitrary.
The group averages are then computed from the following
equation:

(o), = (®)

 (04)
i <
where E;, = the average energy.of thDOQuments
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TABLE 1 ENDF/B-VI-based Iron Displacement Cross Section

Bin Eng” (MeV) o4 (barns) Bin Eng” (MeV) o4 (barns) Bin Eng” (MeV) o4 (barns)
1 0.100E-09 158.3543 2 0.1050E-09 154.6209 3 0.110E-09 151.1395
4 0.1150E-09 147.8895 5 0.120E-09 144.1054 6 0.1275E-09 139.9202
7 0.1350E-09 136.0860 8 0.1425E-09 132.5445 9 0.150E-09 128.7502
10 0.160E-09 124.7860 1 0.170E-09 121.1728 12 0.180E-09 117.8527
13 0.190E-09 114.8137 14 0.200E-09 111.9561 15 0.210E-09 109.3199
16 0.220E-09 106.8646 17 0.230E-09 104.5694 18 0.240E-09 101.8930
19 0.2550E-09 98.93331 20 0.270E-09 96.65981 21 0.280E-09 94.12717
22 0.300E-09 91.05218 23 0.320E-09 88.24872 24 0.340E-09 85.68787
25 0.360E-09 83.33912 26 0.380E-09 81.17265 27 0.400E-09 78.92472
28 0.4250E-09 76.63646 29 0.450E-09 74.53734 30 0.4750E-09 72.59930
31 0.500E-09 70.81827 32 0.5250E-09 69.14790 33 0.550E-09 67.59222
34 0.5750E-09 66.13822 35 0.600E-09 64.64189 36 0.630E-09 63.12039
37 0.660E-09 61.70157 38 0.690E-09 60.37332 39 0.720E-09 58.92732
40 0.760E-09 57.39681 41 0.800E-09 55.97892 42 0.840E-09 54.65984
43 0.880E-09 53.43220 44 0.920E-09 52.28703 45 0.960E-09 51.21545
46 0.100E-08 50.07727 47 0.1050E-08 48.89598 48 0.110E-08 47.79609
49 0.1150E-08 46.76870 50 0.120E-08 45.57125 51 0.1275E-08 44.25006
52 0.1350E-08 43.03653 53 0.1425E-08 41.91761 54 0.150E-08 40.71708
55 0.160E-08 39.46333 56 0.170E-08 38.32018 57 0.180E-08 37.26968
58 0.190E-08 36.30967 59 0.200E-08 35.40710 60 0.210E-08 34.57391
61 0.220E-08 33.79705 62 0.230E-08 33.06956 63 0.240E-08 32.22424
64 0.2550E-08 31.28942 65 0.270E-08 30.57002 66 0.280E-08 29.76999
67 0.300E-08 28.79791 68 0.320E-08 27.91048 69 0.340E-08 27.10139
70 0.360E-08 26.35879 71 0.380E-08 25.67357 72 0.400E-08 24.96309
73 0.4250E-08 24.23960 74 0.450E-08 23.57548 75 0.4750E-08 22.96268
76 0.500E-08 22.39920 77 0.5250E-08 21.87094 78 0.550E-08 21.37982
79 0.5750E-08 20.91994 80 0.600E-08 20.44705 81 0.630E-08 19.96509
82 0.660E-08 19.51724 83 0.690E-08 19.09670 84 0.720E-08 18.63984
85 0.760E-08 18.15581 86 0.800E-08 17.70708 87 0.840E-08 17.29049
88 0.880E-08 16.90205 89 0.920E-08 16.54074 90 0.960E-08 16.20166
91 0.100E-07 15.84242 92 0.1050E-07 15.46908 93 0.110E-07 15.12094
94 0.1150E-07 14.79594 95 0.120E-07 14.41855 96 0.1275E-07 14.00095
97 0.13050E-07 13.61661 98 0.1425E-07 13.26338 99 0.150E-07 12.88403

100 0.160E-07 12.48759 101 0.170E-07 12.12633 102 0.180E-07 11.79428

103 0.190E-07 11.49039 104 0.200E-07 11.20760 105 0.210E-07 10.94298

106 0.220E-07 10.69745 107 0.230E-07 10.46804 108 0.240E-07 10.20132

109 0.2550E-07 9.906717 110 0.270E-07 9.679449 11 0.280E-07 9.427035

112 0.300E-07 9.118745 113 0.320E-07 8.838819 114 0.340E-07 8.582926

115 0.360E-07 8.347962 116 0.380E-07 8.131618 117 0.400E-07 7.907534

118 0.4250E-07 7.678809 119 0.450E-07 7.468805 120 0.4750E-07 7.276812

121 0.500E-07 7.097598 122 0.5250E-07 6.930767 123 0.550E-07 6.775607

124 0.5750E-07 6.630701 125 0.600E-07 6.482083 126 0.630E-07 6.330435

127 0.660E-07 6.188963 128 0.690E-07 6.056631 129 0.720E-07 5.913148

130 0.760E-07 5.760298 131 0.800E-07 5.618617 132 0.840E-07 5.486900

133 0.880E-07 5.364337 134 0.920E-07 5.250029 135 0.960E-07 5.143171

136 0.100E-06 5.029254 137 0.1050E-06 4.911427 138 0.110E-06 4.801945

139 0.1150E-06 4.699714 140 0.120E-06 4.581585 141 0.1275E-06 4.450361

142 0.1350E-06 4.329614 143 0.1425E-06 4.218222 144 0.150E-06 4.099185

145 0.160E-06 3.974304 146 0.170E-06 3.860402 147 0.180E-06 3.756055

148 0.190E-06 3.660761 149 0.200E-06 3.571313 150 0.210E-06 3.488699

151 0.220E-06 3.411616 152 0.230E-06 3.339466 153 0.240E-06 3.256051

154 0.2550E-06 3.163276 155 0.270E-06 3.091628 156 0.280E-06 3.013147

157 0.300E-06 2.916945 158 0.320E-06 2.829403 159 0.340E-06 2.749808

160 0.360E-06 2.676750 161 0.380E-06 2.608835 162 0.400E-06 2.527930

163 0.4250E-06 2.440897 164 0.450E-06 2.374384 165 0.4750E-06 2.313606

166 0.500E-06 2.257462 167 0.5250E-06 2.205331 168 0.550E-06 2.154114

169 0.5750E-06 2.108733 170 0.600E-06 2.060134 171 0.630E-06 2.011735

172 0.660E-06 1.966045 173 0.690E-06 1.923586 174 0.720E-06 1.877395

175 0.760E-06 1.828596 176 0.800E-06 1.783008 177 0.840E-06 1.741254

178 0.880E-06 1.703417 179 0.920E-06 1.667792 180 0.960E-06 1.632082

181 0.100E-05 1.5695754 182 0.1050E-05 1.5658720 183 0.110E-05 1.5622295

184 0.1150E-05 1.490200 185 0.120E-05 1.451554 186 0.1275E-05 1.409592

187 0.1350E-05 1.370247 188 0.1425E-05 1.334635 189 0.150E-05 1.296298

190 0.160E-05 1.256143 191 0.170E-05 1.219824 192 0.180E-05 1.187621

193 0.190E-05 1.156028 194 0.200E-05 1.126746 195 0.210E-05 1.099981

196 0.220E-05 1.075226 197 0.230E-05 1.051885 198 0.240E-05 1.026221

199 0.2550E-05 0.9965719 200 0.270E-05 0.9722222 201 0.280E-05 0.9476671

202 0.300E-05 0.9157118 203 0.320E-05 0.8876799 204 0.340E-05 0.8611951

205 0.360E-05 0.8377314 206 0.380E-05 0.8153836 207 0.400E-05 0.7928756

208 0.4250E-05 0.7695923 209 0.450E-05 0.7481711 210 0.4750E-05 0.7286609

21 0.500E-05 0.7107515 212 0.5250E-05 0.6941600 2138 0.550E-05 0.6778895

214 0.5750E-05 0.6635014 215 0.600E-05 0.6480775 216 0.630E-05 0.6327240

217 0.660E-05 0.6182052 218 0.690E-05 0.6047435 219 0.720E-05 0.5900444

220 0.760E-05 0.5745604 221 0.800E-05 0.5600318 222 0.840E-05 0.5467011

223 0.880E-05 0.5345984 224 0.920E-05 0.5232391 225 0.960E-05D0‘cu3mms_
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