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Abstract

The.sensitivity of primary knock-on atom (PKA) spectra and dis-
placement per atom (DPA) cross sections to different secondary neutron
energy and angular distributions and "in-group" weighting schemes is
investigated. It is shown that the sensitivity of the PKA spectra and
DPA cross sections for the (n,n' unresolved) and (n,2n) reactions in
Fe to different angular distributions and the same secondary neutron
spectrum is reasonably large (v 15%) whereas the sensitivity of these
quantities to grossly different secondary neutron spectra and the same
angular distribution is unexpectedly small. It will also be shown
that for Al, the sensitivfty of damage energy cross sections to different

"in-group" weighting schemes is, for the most part, small.



I. INTRODUCTION

Displacements per atom (DPA) and gas production cross sections are
used.to determine the effective damage levels fhat can be expected in
structural metals when they are'exposed to radiation environments. For
neutron radiation environments, ENDFB/IV pkoQides directly,in most céses,
reasonable data for the gas production cross sections. However, DPA
cross sections are obtained from primary knock-on atom (PKA) speétra
that must be deduced from ENDFB/IV data. For elastic and inelastic
resolved neutron reactions, ENDFB/IV, in most cases, provides the
necessary data by which PKA spectra can be obtained with essentially no
approximations or assumptions. However, in general, for the remaining
reactions, (n,n' unresolved), (n,p), (n,2n), etc., -there are not sufficient
data given so that totally definitive PKA spectra can be obtained without
resorting to various assumptions and approximations. For example, one
of the most common assumptions is that the angular distributign of the
secondary neutrons is isotropic in the center-of-mass (C-M) system and
that the secondary neutron energy distribution‘can be obtained from
ENDFB/IV or froh some sort of evaporation-type spectrum.

Presented in this paper is a set of calculations in which the sensi-

tivity of PKA spectra and DPA cross sections for the (n,n' unresolved)
and (n,2n) reactions in Fe to different secondary neutron energy and
angular distributions is investigated. It will be shown that the sensi-
tivity of the PKA spectrum and DPA crdss sections to different angular
distributions and the same secondary neutron spectrum is reasonably

large (v 15%) whereas for grossly different secondary neutron spectra

and the same‘angu1ar distribution, the sensitivity is unexpectedly small.
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Also presented is the sensitivity of the damage energy cross
sections to different "in-group" weighting, for example, constant, 1/E,
1/E0T. It is shown that for Al, the sensitivity is extremely small for
all weightings except 1/EoT and even'thfs weighting produces only - -
.s1ightly different integral results.

- The methods of calculation are presented in Sec. II and the results

are presented and discussed in Sec. III.

II. METHODS OF CALCULATION

The neutron and PKA-energy group structures used in the ca]éu]étions
are given in Tables I and II. The neutfbn group sfructure up to 14.91 MeV
is the same as the GAM-II group structure.! The PKA group'structﬁre used
is based on equa1 lethargy intervals from 20 eV to 10 MeV.

For elasffc, ineTastié, (n, 2h) (n,3n), (n,np), etc. reactions
1nvo1v1ng the emission of mass 1 part1c1es and exc]ud1ng absorpt1on .
reactions, a modified version of the XLACS modu]e from the AMPX code
system1 was used to ca]cu]ate the PKA spectra. For elastic and inelastic
resolved reactlons where angu]ar d1str1but1ons are usua]]y ava11ab1e,
the PKA spectra in the form of a neutron group (gn) to a PKA group (gR)

transfer matrix were obtained from the following expfession:

mo EnighMu9R)
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=] E u o9
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Table I

Neutron Group Structure (eV)

Energy Range

0.2000E
0.1900E
0.1800E

. 0.1700E

0.1600E
0.14922
0.13S0E
0.1221E
0.1105E
0.1000E
0.9048E
0.8187E
0.7408E

0.6703EF

0.6065E
0.5488E
0.4966E
0.4493E
0.4066E
0.3679E
0.3329E
0.3012E

' 0.2725E

0.2466E
0.2231E
0.2019E
0.1827E
0.1653E
0.14968E
0.1353E
0.122SE
0.1108E
0.1003E
0.9072E
0.8208E
0.7427E
0.6721E
0.6081E
0.5502E
0.4979E
0.4505E
0.4076E
0.3688E
0.3337E
0.3020E
0.2732E
0.2472E
0.2237E
0.2024E
0.1832E
0.1657E
0.1500E
0.1357E

08
08

0. 1900E
0.1800E
0.1700E
0.1600E
0.1U92E
0.1350E
0.1221E
0.1105E
0.1000E
0.9048E
0.8187E
0.7408E
0.6703E
0.6065E
0.5u88E
0.4966E
0.4U93E
0.4066E
0.3679E
0.3329E
0.3012E
0.2725E
0.2U66E
0.2231E
0.2019E
0.1827E
0.1653E
0.1496E
0.1353E
0.1225E
0.1108E
0.1003E
0.9072E
0.8208E
0.7427E
0.6721E
0.6081E
0.5502E
0.4979E
0.4505¢8
0.4076E
0.3688E
0 .3337E
0.3020E
0.2732E
0.2u072E
0.2237E
0.2024E
0.1832E
0.1657E
0.1500E
0.1357E
0.1228E

Group

Energy Range

0.1228E.

0.11"11E
0.8652E
0.6738E
0.5248E
0.4087E
0.3183E
0.2479E
0.1930E
0.1503E

0. 11T71E

0.9V19E
0.7102E
0.5531E
0.4307E
0.3355E
0.2613E

" 0.2035E

0.1585E
0.1234E
0.9611B
0.7485E
0.5830F
0.45U0E
0.3536F
0.27S4E
0.2145E
0.1670E
0.1301E
0.1013E
0.7889E
0.61U4UE
0.478SE
0.3727E
0.2902E
0.2260E
0.1760E
0.1371E
0.1068E
0.8315E
0.6476E
0.50UuE
0.3928E
0.3059E
0.2382E
0.18SSE
0.14USE
0.1125E
0.8764E
0.6826E
0.5316E
0.4140E

LI T B

0.1111E 06
0.8652E 05
0.6738E 05
0.5248E 05
0.4087E 05
0.3183E 05
0.2479E 05
0.1930E 05
0.1503E 05
0.1171E 0S5
0.9119E 04
0.7102E 04
0.5531E 04
0.4307E Ou
0.3355E 04
0.2613E 04
0.2035E 04
0.1585E 04
0.1234E Ou
0.9611E 03
0.7485E 03
0.5830E 03

- 0.U540E 03
- 0.3536E 03

0.2754E 03
0.2145E 03
0.1670E 03
0.130%E 03
0.1013E 03
0.7889E 02
0.6144E 02
0.4785E 02
0.3727E 02
0.2902E 02
0.2260E 02
0.1760E 02
0.13718 02
0.1068E 02
0.8315E 01
0.6476E 01V
0.5044E 01
0.3928E 01

- 0.3059E 01

0.2382E 01
0.1855E 01
0.1445E Ot
0.1125E 01
0.8764E 00
0.6826E 00
0.5316E 00
0.4140E 00
0. 1000F-03
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Table II

Primary Knock-On Atom Energy Group Structure (eV)

Energy Range

0.2000E
0.1900E
0.1800E
0.1700E
0.1600E
0.1500E
0.1400E
0.1300E
0. 1200E
0.1100E
0.1000E
0.8684E
0.754 1E
0.6549E
0.5687E
0.4939E
0.4289E
0.3724E
0.3234E
0.2809E
0.2439E
0.2118E
0.1839E
0.1597E
0.1387E
0.120SE
0.1046E
0.9083E
0.7888E
0.6850E
0.5949E
0.5166E
0.UUB6E
0.3896E
0.3383E
0.2938E
0.2551E
0.2215E
0.1924E
0.1671E

0.wusE

0.1260F
0.1094E
0.9501E
0.8251E
0.7165E
0.6222E
0.5403E
0.4692E
0.407SE
0.3539E
0.3073E

- 0.1900E

0.1800E
0.1700E
0.1600E
0.1500E
0.1600E
0.1300E
0.1200E
0.1100E
0.1000E
0.868UE
0.754 1E
0.654 9E
0.5687E
0.4939E
0.4289E
0.3724E
0.3234E
0.2809E
0.2439E
0.2118E
0.1839E
0.1S97E
0.1387E
0.120SE
0.10L6E
0.9083E
0.7888E
0.6850E
0.5949E
0.5166E
0.4U86E
0.3896E
0.3383E
0.2938E
0.2551E
0.2215E
0.1924E
0.1671E
0.1451E
0.1260E
0.1094E
0.9501E
0.8251E
0.716SE
0.6222E
0.5403E
0.4692E
0.407SE
0.3539E
0.3073E
0.2669E

Group

Energy Range

0.2669E

-0.2317E

0.2012E
0.1748E
0.1518E
0.1318E
0.V144E
0.9938E
0.8631E
0.7495E
0.6508E
0.5652E
0.4908E
0.4262E
0.3701E
0.3214E
0.2791E
0.2424E
0.2105E
0.1828E
0.1587E
0.1378E
0.11978
0.1040E
0.9028E
0.7840E
0.6808E
0.5912E
0.5134E
0.4458E
0.3872E
0.3362E
0.2920E
0.2535E
0.2202E
0.1912E
0.1660E
0.1442E
0.1252E
0.1087E
0.9443E
(.8200EB
0.7121E
0.618UE
0.5370E
0.4U663E
0.4050E
0.3517E
0.3054E
0.2652E
0.2303E
0.2000E

0.2317E
0.2012E
0.1748E
0.1518E
0.1318E
0. 1144E
0.9938E
0.8631E
0.7495F
0.6508E
0.5652E
0.4908E
0.4262E
0.3701E
0.3214E
0.2791E
0.2424E
0.2105E
0.1828E
0.1587E
0.1378E
0.1197E
0.1040E
0.9028E

0.7840E "

0.6808E
0.5912E
0.5134E
0.44SBE
0.3872E
0.3362E
0.2920E
0.2535E
0.2202E

- 0.1912E

0.1660E
0.1442E
0.1252E
0.1087E
0.9443E

- 0.8200E
- 0.7121E

0.618U4E
0.5370E

- 0.4663E

0.4050E
0.3517E
0.3054E
0.2652E
0.2303E
0.2000E
0.0



where
d(E,um) = the neutron energy and angular dependence
(um = COoS em) of the cross-section data obtained
from ENDFB/IV,
¢(E) = the flux weighting factor taken to be one of the
following: 1/E-Maxwellian (standard), constant-
Maxwellian (1), fission-1/E-Maxwellian (2),
1/E0T-Maxwe11ian (3),
W, T the angular quadrature weights, and
o(gn+gR) = the probability (or cross section) for a neutron in
' neutron group 9 to produce a PKA in group 9p-
This expression contains no complicated physics except for the deter-
mination of the 1imits on the dE integral, and these, of course, are
determined through momentum and energy conservation. The calculations
were carried out in the following way: for an angle Mo the PKA energy
range of Tbjgh and Tlpw was determined from the expressions
Vi

Th =0y N, Ej + (n]/nz) Em;j - 2n](Ej E m

m,Jj

1.

T =y, By * (0/mg) By saq = 2 (B By gag)™ 1y
Where
n, = 1.009/(1.009 + A), -
n, = A/(1.009 + A),
A = atomic number of the target,
E. = upper neutron.energy for neutron group j,



Ej+1 = lower neutron energy for neutron group j,
Em,j = n2(n2Ej+Qi) = recoil neutron energy in the C-M system,
Q. = excitation energy for the ith level (for elastic

. scattering, Q = 0).

If T, and T] fall within one PKA group, the averaged neutron cross

h
section is assigned to that group, and the calculation proceeds to the
next angle. However, as is usually the case, Th and T] will span several
PKA groups. Therefore, starting with the energy of the first PKA group
Tk above the PKA energy T], the neutron energy,Ek (between Ej and Ej#])
~is determined from Eq. (1b). The average of the neutron cross sections
between neutron energies of E] and Ekzcan then be determined and assigned
to PKA group k. The above process is continued until the PKA energy
Th is reached. The calculation then proceeds tp the next angle. The
integration of the angular variable was replaced by a quadrature sum.
For the results given, a modified 96th QrderﬁLOBatto angular quadrature1
was used. The effect of gamma rays emitted aftervnonelastic and in-
elastic collisions on the PKA spectra is sma]]kand was not included in
the calculations.

For the remaining reactions given above, the PKA spectra were
- obtained by using a one-neutroﬁ emission model2 and the secondary-neutron

spectra (assumed to be applicable at all angles in the C-M system) given

in ENDFB/IV. Therefore,

a(g,)
(9, > o) = 77

M
Z Wm z P] (gn'CQM > 'gR) Pz(Um)
m=1 In'C-M

)



where

"P1(gn'C-M > gR) = the normalized probability for the C-M emission
of a neutron with energy in group 951 C-M that can
be related to a lab PKA energy in group 9R by using

T = nnyE + (ny/ny)E' = 2n (EE')Z) where E is the

172 1
energy of the incident neutron and E' and u are the

energy and angle cosine in the C-M system of the emitted

neutron,

Pz(um) = the normalized probability for the C-M emission of
a neutron at the angle um(=cos em), [PZ(“m) =1
for isotropic emission],

o(gn) = the cross section for the reaction for incident

neutrons in group 9, and the remaining variables are
as described before.
The unnormalized angular distributions considered here are isotropic;
75% forward'(um>0), 25% backward (um<0); and (1+cos ©). Note that no
coupling of the distributions has been considered; i.e., it is assumed
that d20/ddE = (do/dE)(do/dR). ‘

For neutron absorption reactions, such as (n,p) (n,a), etc., the
methods of Doran,3 Jenkins,? and Parkin and Goland“ were used.

For (n,y) reactions, a Monte Carlo program was written. The
secondary gamma-ray energies, along with their emission probabilities,
were obtained from the nuclear data sheets. In contrast to previous
calculations?®, the incident neutron energy is used in the kinematic
equations for total energy and momentum balance with the gamma rays being

emitted isotropically in the rest system. Even though the capture-level



probabilities used in the calculations are for thermal-neutron energies,
it was assumed that they apply for all neutron energies. It was also
assumed that the gamma rays are emitted fast enough so that no inter-
action with other nucléi takes place until the residual nucleus is fully
deexcited.

The Lindhard et .al.,> theory as used by Robinson® is employed to
determine that fraction of the energy of the PKA that will produce
damage, i.e., further nuclear displacements. The damage energy cross

section can be evaluated from the expression

Tmax
- do. (E,T) :
Oi,damage(E) - J ;T 'Tdamage > (2)
Td : :
where
Oi,damage(E) = the damage energy cross section as a function of
neutron energy E for the ith reaction type,
doi(E,T) ' V o
a7 the EKA spectrum for the ith reaction type as a
function of PKA energy T and of neutron energy E,
Tdamage = that fraction of the energy T that will produce
further nuclear displacements, and
Td.= the effective threshold energy.
Tdamage can ?e cq]cu]ated as follows:

T =T + kg(e))™ , - (3)

damage



g(e) = € + 0.40244 ¢3/% + 3.4008 l/6

2/3 1/2 3/2
i 0.0793 Z, / Z, / (A;+A,) /

k
2/3 2/3\3/4 p 3/2 p 1/2
(z] /3 + Z, /3y3/ A, / A, / ()
e = AT
0.8853 A2
A= (ev-1)

2/3 2/3Y1/2
27.2 1, 1,(1, /3+ Z, /3y1/ (A;*A,)

where
A],Z] = the atomic weight and numBer of the PKA, respectively, and
A2,Z2 = like quantities for the matrix atoms.
For a]]oyé
N N
Po T (L ML
(5)
N - N
12 ) 121ni Zi/Izlnk ,
where
ny = the numher density of the ith element, and
Ai’Zi = the atomic weight and number of the ith element in the

alloy, respectively.
The displacement cross sections are evaluated in a similar way by

replacing Tdamage with Nd’ defined as
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Nd=0 T<Td

Nd =1 Td Al damage < 2Td
B T :

N, = - damage 2T 5T

d 2 Td d = damage °

where
g =0.8

The values used for Td are Al, 25 eV; and Fe, 40 eV.

| [11. RESULTS AND DISCUSSION

Some of the differential secondary neutron energy spectra for
Fe. (n,2n), and (n,n' unresolved reactions), used in the calculations
are shown in Fig. 1. The histograms represent ENDFB/IV data. The (n,2n)
ENDFB/IV data can be closely approximated by an evaporation-type spectrum.
In contrast to this, the (n,n' unresolved) ENDFB/IV data cannot.

The sensitivity of the Fe(n,2n) and (n,n' unresolved) Lab PKA spectra
resulting from incident neutrons in Group 1 to different C-M secondary
neutron energy and angular distributions are shown in Figs. 2 and 3,
respectively. The symbols o, X, and - represent midpoint histogram values.
As can be seen, a rather diverse set of distributions can be obtained
depending upon the initial conditions.

The sensitivity of the Fe(n,2n) and.(n,n' unresolved) DPA cross
sections as a function bf incident neutron energy to different secondary
neutron angular distributions and energy spectra are given in Tables 3
and 4. Rather large (v 15%) variations are evident. Considering that
rather diverse secondary neutron energy spectra, but the same angular

distributions are used to obtain the results in columns 2 and 5
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Fig. 1. Differential .Secondary Neutron’Energy Spectra for Fe.
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Fig. 2. Sensitivity of the Fe (n,2n) Lab PKA spectrum resulting
from incident neutrons in group 1 to different center-of-mass secondary
neutron energy and angular distributions. The symbols o, x, and -
represent the midpoint histogram values. The center-of-mass secondary
neutron energy spectrum, unless otherwise specified, has been taken |
from ENDFB/IV.
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Fig. 3. Sensitivity of the Fe(n,n' unresolved) Lab PKA spectrum
resulting from incident neutrons in group 1 to different center-of-mass
secondary neutron energy and angular distributions. The symbols o, x,
and - represent the midpoint histogram values. .The center-of-mass
secondary neutron energy spectrum, unless otherwise specified, has
been taken from ENDFB/IV.
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Table III

Sensitivity of the Fe(n,2n) DPA Cross Sections
to Different Secondary Neutron Angu;ar
Distributions and Energy Spectra

. DPA Cross Sections (barns)

Neutron gg_z 1 do _ 2 gg_= 3 do _
Group ds da qQ do
Number %%—= A %%-= A %%—= A %% =
1 1095 968 925 1118
2 1084 959 917 1108
3 1060 938 897 1084
4 1011 895 856 1032
5 898 798 764 915
6 631 566 544 642
7 230 210 204 233
8 13.6 12.9 12.7 13.

calculated using the one-neutron emission model approximation.

by

3
A

constant; 2 = 75% forward, 25% backward;
E/T

1 + cos ©. _
ENDFB/IV; B = Ee

where T(eV) = 3.22x103 V/E'/A , A is the atomic
number of the target, E' is the incident neutron energy in eV, and
E is the energy of the emitted neutron.

A1l energy and angular distributions are for the center of

mass system.
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Table IV

Sensitivity of the Fe(h,n' unresolved) DPA Cross Sections
’ to Different Neutron Angular
Distributions and Energy Spectra

DPA Cross Sections (barns) -

Neutron do _ ;a do _ do _ 4 do _ |
Group ds2 ds2 o do @
Number %%-= A %g—= A %%-= A %%—= B
1 460 376 346 394
2 472 385 356 | 410
3 504 412 381 444
4 565 463 428 506
5 689 566 524 631
6 955 791 . 736 906
7 1309 1099 1028 1289
8 1485 1259 1183 1492
9 1395 1181 1109 1410
10 1261 1066 1000 1277
1 1112 939 ' 881 1129
12 936 792 744 ' 956
13 730 622 . 585 751
14 512 442 419 533
15 308 271 259 323
16 144 130 126 152
17 27.5 : 25.4 24.8 28.3

a1 = constant; 2 = 75% forward, 25% backward; 3 = 1 + cos O.

A = ENDFB/IV; B = Ee /T, where T(eV) = 3.22x103 VE'7R,
A is the atomic number of the target,
E' is the incident neutron energy in eV, and
E is the energy of the emitted neutron.
A1l energy and angular distributions are for the center of mass system.
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in Table 4, the results are remarkably similar. The reason for this
is due to the nonlinear depeﬁaence of the damage energy, that is, as the
PKA energy increases the fraction of deposited.enérgy that contributes
to damage decreases. | |

Given in Tables 5-8 ére the percent changes in the total and
various partial groups averaged damage energy cross sections for Al due
to different in-group weighting schemes. The type of weighting has been
defined in Sec. II. Overall, except for weighfing 3, there is little
effect. The damage energy cross sections given in the tables can, to a
good approximation, be converted to DPA cross sections by multiplying
by 0.8 and dividing by two times the effective displacement threshold.
In Table 9 the changes are investigated by averaging over several types
of "typical" neutron environments.

Even though Al and Fe have been used to demonstrate thé sensitivity
of various neutronic parameters, the effects seen here can be expected

for other elements.



Table V

Changes'in the Total Group Averaged Damage Energy Cross Sections
for A1 Due to Different In-Group Weighting Schemes

Standard Type of Weighting Standard Type of Weighting
Neutron Damage 1 2 3 Neutron Damage 1 2 3
Group Energy o(b-eV) % Change Group Energy o(b-eV) % Change
i 0+,1B063E 06 -0, 0.0 0.0 54 0.25RIYE 05 1e2 1e6 2242
a 0s18095E 0% “0.0. 0.0 «0.0 55 0e3R63LE 05 4,2 =640 =35,4
3 0+18107FE 06 «040 . 0.0 =0,.0 56 0.2(9115 05 641 A9 ~8R,2
a 0«183050E 06 =040 -.Q.TNO OOHO TTRY T G eH%453YET 04 =0ed 0,0 '0-"3
5 0.178)7E706 =00 =01 00 CY) ().HQH&OF 04 -l 0.0 -S540
6 0s17364E 06 =00 “0ed =040 59 ‘We31658E 05 =049 0.0 -27.4
7 0:168B4U2E 06 0.0 «()y2 e 0 60 HDe2N2h3E 04 O_.B 0,40 .25 46
‘g 0.163K3E 06 0,0 0,2 =040 6T U.R27T5SETO3 =03 00 Y rey
TT9TT 0e15436E 06 T Deh =0ed =00 62 OeRBHIRIE 03 0l 0.0 Col
10 0.14827E 06 00 -0,3 «0e¢0 —63 UL BSTT4E_ 03 042 D.e 0 =149
11 0s14410E 06 =0.0 0.0 0.0 64 De726hKE 03 D¢ 0e0 =141
12 Oel4494E OB =040 0.0 -0l _ 65 53360E 03 [ 0,0 0,1
T137TTT 0. 14284E706 =040 .2 =041 56 0+94501E 03 =248 040 a2,
14 O.ISQQdE 06 0,0 ..0 1 -0, 2 67 QeI7H4UIE 03 07 040 (e 3
15 0e137RGE 06 0.1 “0.3 w02 65 0+239105E 03 045 0.0 040
16 0e13598BE 06 =00 D1 =0.2 __ 69 0+23106E 03 () 040 =00
17 0e13040E706 0.0 =01 “0,3 70 D18135E 03 0.5 0s0 Gol
18 0¢12795E 06 =0s0 o.l ~0¢4 71 0+141G5E 03 05 0e0 =042
19 0¢1298RE 06 0.0 ~0e0 =0e2 72 0.11075E 03 045 0,0 Gl
20 0.12936E 06 0.0 =0,0 LAY -—73—-“0.860325 02 0.5 D.0 <01
T21T T0e12399E 706 0490 =0,0 <0.5 74 . 0ebHSINE N2 093 0.0 =1.3
22 N0e12314E 06 0.0 =0s0 1,1 75 DeH1120E 02 05 0,0 043
23 0«13008E 06 w041 el cmle7 - 76 0¢3A5H5E 02 0.t D40 01
24 0es1079KE 06 “0e3 041 ~2.0___- 7700281 75ET02° 0.7 0.0 0.3
TSTTTTT0e12518E 06 =0e¢0 0.0 “0e8 78 0+19330E 02 0,9 0.0 0.5
26 0+11324E 06 0,3 =0,0 =249 79 0.11529€ 02 1.3 0.0 1.0
27 0¢107H7E 0F w0l “0s0 241 80 0s0H263E 01 2.1 0.0 1.7
25 0+10196E 06 -(yl =(le 0 =1e5_ BT TTOV29460ET01 =0, 2 00 w0,
29 ‘D+93B6HBE 05 "Dt 0.0 240 82 0+ 3198YE 01 -0y 0.0 a0y}
30 0e87297E 0% ~0e2 =04l =1e2 83 0,3S106E 01 -O.J 0,0 0,9
31 0.10511EF 0H “0e0. =00 =243 84 0e40173E U1 “0,3 Ne0 0.2
32 0e7%860E 05 =040 =00 =28 TTB5T T 0.45675E701 .03 0ol 0.0
T33TTT0.70694E 0S5 00 040 19 a6 0«51193E 01 0,3 0.0 -0,0
34 0¢92101E 05 =0e3 =0,2 =244 87 0¢5TRG2E 01 -D,3 040 w0y
35 G«10DBYE 0B 0¢3 0.3 =He3 a8y 0eB5191E 01 =0,3 0en =0,1
3e Ueb4sBTI7E 05 Del 0.1 =le2 T 89 0e73234E701 =-0,3 0,0 =042
—37 «78636E N5 063 0¢3 “By4 90 0. R2545F 01 -0, 3 0,0 -N,?
38 0+70326F G5 042 =0e2 =648 91 De9IATSE 01 -0e3 0s0 02
39 0e70814E 05 0.3 NDe3 wid o2 g2 010593 02 =0¢3 040 1.0
40 NeHSRBEE 05 1e4 =0al *3v2 TTQITTTT0,L,12001E 702 “0.3 =0.0 0.3
TUITTTTT0, 754848760705 0.0 0.0 -1,0 94 < 13593E 02 =0,3 0,0 0.1
a2 Qe 0B232E 05 -0 =046 =2146 95 0+1540)E 02 0.3 0.0 =01
a3 0e83452€E 0S5 [ 1.0 =109 96 0s1744KE 02 =03 .0'.0 _:0,1
(X 0+51097E 05 w0e3 =044 -2,9 TTQTTTTT0 1QATRSE G2 T e0,3 0,07 7%0,1
g5 0.5ARBBE DS 03 0% w1157 94 De223HYE 02 -0ed 0.0 -0,2
ab Ne22N030E (b5 *0)e 6 =08 . =9,2 99 Ve25362E D2 =0.3 0.0 “0.?
a7 0,33601K 05 -0,5 -n.6 -2.8 100 0.26731E 02 -0e3 0.0  «0,2
a8 0 BUBIRE DY -De3 =04 -le6_ TR0 T 32552F 02 T «0,37 =0,0 0,7
TR U .31 340E7 05 055 av7 =372 102 0+36892E 02 =043 040 0,4
50 0.33181E 05 -0,3 “0e5 =145 : 103 0+,41816FE 02 0.3 0.0 0.1
51 Ve6T7507E 0S =0, “0.2 =4,9 10¢ 0.47394E 02 “0,3 0,0 =041
52 0+5948nE 05 N.8 141 =iD.3 105 770, 163cle 0377 =8,3 0,0 =5,9"
53 G«12553E7D5 s OR =6, 9 e

LL



Table VI

Changes in the Elastic Group Averaged Damage Energy Cross Sections
for Al Due to Different In-Group Weighting Schemes

8l

Standard Type of Weighting Standard Type of Weighting
Neutron Damage 1 2 3 Neutron Damage 1 2 3
Group Energy o(b-eV) % Change Group Energy o(b-eV) % Change
1 0+51100E 05 0.0 LY ] «0,e0 _?SE*—__ﬁi?ﬁgaIE oS 1s2 1e6~ '2?}2
2 048319k 0% Ne0 =04 =00 -1 Ve3HubB21E 05 -l g2 6,0 ~33,4d
TT3TTTTOSS0TIE 05 TG0 T T =0k 4 0.0 56 0eP2906E 05 6ol 8.9 48,2
a 0s82867E 05 0.0 w0eJ =0,0 57 0e54517E 04 =0, 0e0 «Q,6
5 D0+40105F 05 0.0 0,2 =040 58 0..,80524F 04 -l,d 0,0 =5,0
6 e 394 34E 05 0.0 042 =()e 0 TTS9T T (1. 31B2RET0S 0.9 De0 «27 44
B Ne3INIBSIE 0577777 0,0 77 Tl )T 0,07 60 0e20200E 08 4,8 Oe0 29,7
8 Ve 3B1B4E 05 ‘=040 el - (0,0 61 DeE2I29E 03 0,3 0.0 =048
9 0e37TGHBE 05 =0+ 0 Qe =0.0 62 QeBLTRYIE 0J Dot NeO Oel
10 0s405K4E 05 D0 =42 =040 TTBI T T 0.B538HE 03 0.2 Ne0 =19
11 Ded3IBAGE™ 05 «0e2 DB =0el ™ 64 Ue72058E 03 0.5 De0 -],
12 0eSN1P9E 05 =0 el ~0,2 65 0e¢5885HhE 03 04 0.0 - 04l
13 0.5‘)503E 05 -0|3 l.l =05 66 00905‘7E 03 2,7 Ne0 LB W]
1a QeHABHTE 0S5 =060 Vel =044 TBT T TTT0.3I6QHTE 037 0.7 0.0 0,3
1S T 0YH6599ET 08 Tl «“Dvd (e 68 0« 28H87E 043 0.5 060 Oel
1h Oe7ORIBE (S a,t 0,3 )¢5 s 69 Qe22748E 03 0¢% 0¢0 =04 ()
17 Ve 720H8E 05 =0e0 0.0 =065 70 O0el17843E 04 0.5 0,0 0.}
18 Nela4564E (S5 =] 0e3 =07 TTTLTTTTT013952E 03 U 0.8 T 060 T T T =062
“1g O0VA1GQ1QE~UY =, 0 [$ R -(d 72 O¢10R70E 03} oS 0.0 Oel
20 0sB7299E 05 =040 0.0 =0,9 73 0eB4291E 02 05 0e0 =0e1
21 0eBRA4GYE 0S5 =060 01 =0,7 74 VDeHUEHIBE 02 0e5 0e0 S
22 0+97407E 05 o041 0.0 w]W5 TTSTTTTC89234E 02 05 0«0 =0e¢3
23T 0 109858706 CI VX Y-SR ¢ 10 SNRNCER -2 76 CeInS3I7E 02 0.6 0.0 O
24 UeD1IBB0E 08 "' =08 v Nl TN 2,5 77 0e25989E 02 0.7 040 0,3
_25 0.1105’)E__0t‘ =040 0.0 "ln.Q__._ 76 00]69““: 02 140 0s0 Oubh
26 "Je 990 3SE nd Ne b - N ;3.3 TT79 T T 0.BY9790E Q] 148 0.0 1.3
27 0s955%9E 05 w0, 1 =0,0 ) 80 Ce2N905E 01 Se0 0«0 a,0
28 QeQ26416E 0S5 =02 =0,0 -1le7 8] 0.14813E=(2 1247 0.0 10.6
29 0sF1541E 05 -0l Ne0 2,2
30 0e¢B1575E 05 =0e2 0ol 1,3
31 0+10135E 06 =0,0 =060 2,4
32 Ve 7T49HBE 05 wQel =0s0 -z.0
33 Oe70654E 05 Qe0 0,0 =1,9
3¢ Ne22096E 0S =043 =0,2 =-2.8
-35 Vel 0O0GTE 1O 0.3 Ded e
Jb6 DeBABT2E S NDel ~ 0ol =le2
37 0.75""’315 05 Ded ° 0.3 -"l“
aa 0¢70321E 05 =042 =042 “3,8
39 0:7040%E705 Oe.$ 063 .ie2
40 0e658H2F 05 te8 =0, 3.2
41 Qe 7547HE 05 0,0 Q0,0 -t,0
a2 0e4B223E 05 =045 . =046 =21,6
-03 0‘.“34445-05 0;8 1.0 ‘10'9
44 VeD10MNE (R D3 “0ed 29
45 QeHHRTIHRE 05 0,3 Oed -]1,7
a6 Ne22025E 05 0.6 0,8 -G,2
-h7 0033595E-05 w065 .006 '208
a8 0sHS0631E 05 =0+ 3 =0e4 . -]led
49 0e313J34E 05 0.5 0.7 -3,2
50 0e33174E 05 «0+3 =0¢5 =165 __
751 0eBTIABE S “De2 “0e? -4, 9
52 0s59474E 05 0.8 1,1 “i0,3
53 el12544E (05 . O0eS 0.8 3,9



Table VII

Changes in Various Partial Group Averaged Damage Energy Cross Sections
for Al Due to Different In-Group Weighting Schemes

Neutron
Group

Standard Type of Weighting
Neutron Damage 1 2 3
Group Energy o(b-eV) % Change
INELASTIC. RESOLVED
-—I- 6;679‘65—05 '000 00“ 0'0
2 0s72286E 05 w041l Ded 040
3 0.7H028BE 05 “04l .0eb 040
a 0.R4801E 05 -0, 0.8 0,0
_5 009;‘)11E 05 -Oo.l 0e5 0.0
-6 0,100Hm2E 06 «0ol 05 =00
7 0410217E 06 0.0 =0,2 0.0
8 0+99481E 05 040 =02 0,0
g 093609705 041 =0e5 0% 0
10 0eH75R3E 05 0.0 ()3 20,0
11 0WR4205E D5 Ne0 =0.2 0.0
12 DeHBIVHTE 05 =040 040 =0e0
13 De7R1GLE 05 01 “04b [V ]
14 Ne7120BE 05 Oal =()e 2 0e0
15 ()05’75"q NE 05 0.0 -002 -0.1
16 O 627g3E 05 O wlly? D,1
17T T0.56B44E705 0% «0e¢2 "0 0
18 0e52527€E 05 0! =0, 01
lg 0.4728‘3E 05 0.1 -0.2 0|0
20 0+,4203%E 05 0.1 -0l 0.0
—21 0«3ISS5IFYETQ5 0,2 “0e¢2 «0,0
22 0,2572RE 05 0,3 - w0D,2 0.2
.23 0e20531E 05 Oe2 =0l 04
24 VelbBAGOBE 0% Ne?2 =0l th_
TS T 014B01E705 0l 0,0 040
. 26 0¢13596E 05 O} «0e¢0 «0,3
27 0s1206BE 05 Oet ©0.0 042
28 Q0eP953R3E 04 0.3 0,0 0eb
—29 T 0.7322hET04 0.2 01 “D 1™
30 VeB7189E 04 0+2 O0s1 0.7
31 0.37623E 04 0¢5 0.3 Oed
32 Cv88904E 03 2e6 1.7 FE)
—33° Ce37024E 02 TTTT2.0 145 2¢2
3a 0'+55153E 00 8.0 3.2 2b.1
(n,2n).
45555 05 00 . =0,8 00
3 1437428 05 040 “0.5 =040
e T 0, 3BT4BE 05 701 7T 0.8 =050
a 0s29820E 05 Nel =), =0,0
) 0s19783E 0S 0.6 3,5 0l
6 0¢54067TE 04 1.2 =201 ele2
(n,T)
T TGl VRBYSETOG 04} -0y9 w{)e 0
2 0!15105& 04 0.1 -lob -0.0
3 c).lOBE-()E"OlA 0s.2 =2e5 ~0e0
q ND+SH874E 03 Ned =348 0,1
533 22393E 03 U8 =370 S0 T
3.4 -2Q-2 ‘-0.2

6 0¢16953E 02

Standard Type of Weighting
Damage 1 2 3
Eneray o(b-eV) % Change
L (n,p) e
T 0. 67959€ 04 =01 1,2 0.0
2 VeS5T282E 04 =0l 0.9 =041
3 Q0+hRORSE 04 “04l 0,8 =01
s 0.76115F 0Oa -0 o 0.7 040
5 TG R2273ETQ% =0l 07 - 01
6 0.S1H25E 04 042 1.0 =060
T 0e100NDGE 0% 0ol 047 «0,0
8 Ne10702E 05 0,1 Ne5 =0el
—g Gy 11 06ET(S CXV YY) 0.2 00
10 0. 10735 05 040 =043 0,0
11 D+94950€E 0& 0ol =045 040
12 0.79701E 06 01 =046 Oyl
13— 0.63995E7N4 041 =0T 0.2
16 DeaHI26E na 0e? =08 Qe
15 0¢35448E 04 0,2 =08 0.2
16 0+23622€ 04 0,8 «l,0 0,6
70V 14aB38ET 04 «-Uel Oe =0
18 NeBS5VUBIE 03 0,8 =144 1.0
19 04b5036E 03 =043 0.3 =0.2
) (n,D)
1 0. Jsznhs oa =0,0 0,9 0,0
2 0136939 04 -0l 0.6 -0l
—3 0e39970E” 04 040 et =0s0"
4 0.81436E 04 0,0 0,2 0.0
5 0.60819% 048 0.0 w02 =0e0
6 Qe 3GH0NHE 04 03 -2, 0.0
YT 0.22956E°°048 044 =3,3 0,07
a 0+121R4E 04 0e6 a6 Gl
.9 0e45135E_02 141 =6, N =0 0_
10 063686 g2 2,3 -13,2 w016
(n,a)
—1 0.59107€..04_ 0.2 1.5 0.0
2 0.75907€ 04 “0.1 1.0 0e0
3 0«946R2E 006 -0, 1,2 0.0 °
a 0.11576E 05 -0l 1e1 0.0
5 0.136Hh3E 05 -0,.1 1,0 Ol
6 0.154B2E 05 0,1 0,4 -0.0
7 0e15747E 05 040 -0 -
3 De14021E 05 04l -0:3 338
9 0,11691E 05 0,2 “1,0 0e0
h!o '00929565 04 0:2 -ln? w(l, 1
117 04651546704 70,87 a1 L, 87T 0,2
12 0e37520E 04 046 -2.3 0.3
13 0+17337€E 04 0.8 -3,0 1.1

6l



Table VIII

Changes in the (n,y) Group Averaged Damage Energy Cross Sections
for Al Due to Different In-Group Weighting Schemes

Standard Type of Weighting Standard Type of Weighting
Neutron Damage 1 2 3 Neutron Damage 1 2 3
0
Group Energy o(b-eV) % Change Group Energy o(b-eV) % Change
1 0.13285g 03 0,1 =0,6 =0,0 54 D+12653E 02 1¢3 1.8 «1R,9
2 Ue11796F 03 041 =0e6 «0e40 56 0,93439E 01 w!ob - 14,6
3 04.10352€ 03 0.1 =-0e7 «0+0 56 0+52R68E 01 3.7 5.4 =30,7_
4 0.,89597€E 02 0.1 =08 =0,0 T8TTT T 0.22823E 01 0.9 060 ~1.8
TTETTTT0.79248E 02 0ol -] O 06 0 58 - 0,55515E 01 - 0De0 -h,R
(3 N«b27TROE 02 Ne2 1.1 Co0 59 De3IV3IRAE 02 w23 0s0 =37,8
7 0s521G5E 02 0,2 -1.0 =0,0 6n 0+HI1IBE 01 T 1ed 0e0 =76
8 Qo4 28H3E 02 0.2 =-1,0 0,0 ~617"0,42975E Ol del 0,0 0,2
YT (). 34975E 02 0,2 0,9 0.0 62 0e39198E 01 D40 040 0.0
10 0,28108E 02 0.2 =0.8 - 0,0 63 0.38803E 0} =J)e2 040 =0,
11 0,R22298E 02 0,2 -0,8 O,1 64 0.,40842€ 01 3,3 0,0 -0,0
12 Ue1728BE 02 0¢e2 0,7 Ol E85 T 0w GH3K0E 01 ®0e? TTTTTT0WN T T T eyl
1305 13082E702 032 =08 03 66 Qe 3IKGLE D2 =5,1 00 69,1
1a 0+95809E 01 0,3 =-0,8 - 0,1 67 0.5HA76E 0]} 0.4 0.0 -N,3
15 0+6H5B8E 01 0.3 =049 =0.2 : 638 0s64808E 0} 0,3 0.0 “0el_
16 0.s42113€ 0} 08 “}s0- 0,4 ¢ TH9 T G 3STH9E 01T 0.8 T T T 0,0 T T =0, 1
TI7TTTTOV3SNQBETOT 0.2 0.3 =00 70 0.29265€ 01 0,4 0.0 -0.0
18 o.anzase 01 w0el 0ol =0,) 71 DePGUINYE 01 03 0.0 N -
19 0+441B89€ 01 =041 0e2 =040 72 0¢2080%€ 01 03 0.0 ~0e0 _
20 0,47799€ 01 0,1 . TI3TTTTGL17812E 01 0.2 0.0 0,1
21 G+S0632E70Y BROLE 74 0,17619E 01 -0,2 0.0 0,4
22 0¢S28K9E 01 =0l 75 0¢18BBLIE 0F . -0 0s0 0.0
23 0.55A37E 01} Q63 76 0:2047HE (1 =02 00 *0.0
24 0.57290E 01 =Ne3 TYITTTT0.21855E7 01 0, 0.0 -0,
25 GeST4OBE (] =00 78 Ce234RAE 01 “-0e2 0D =0l
26 N.55N05%E 01 . 0,1 79 0e?25504E 01 “-0¢2 0.0 0ol
27 0.49B4T7E 01 0.0 0,0 . 060 80 Ve2735HE 01 0,42 0.0 =041
28 0,449KRE 01 040 ~0,0 040_ TBITTT 0e29445E° O w02 040 «04
29T DJO0RISETO 0,0 «0,0 =00 82 0+ 31Q49E 01 =042 NeO “0.1
30 0.37127¢ 01 040G =0,1 0.0 a3 0,35706E 01 -(ed 0.0 0,9
31 0.334K3E_01 Calk =04l De0— 84 Qed0IT3E O -0,3 0.0 082
32 0. 30C0K0NE O 0.0 ~0,0 0,0 TTB5T T 0«4S5675E 01 “0v3 00 0ei
33 T T0e34910E 01} =0¢b “Ded -0,2 - 86 0,51193€ 01 0,3 0.0 -0,0
34 0.45417E 01 “0e¢3 - =0.2 1,0 87 0¢57842E 01 “0e3 Oel -0l
35 0.51334E 01 «0,1 «0.1 0e3 - 68 0eb5191E 01 0,3 0.0 =041
36 0s51HAAZE 01 =Q0,1 w0l 0.0 89T 0, 732384F 01 =033 oD -Dy2
37 0+92170€E 01 “0, -0l 0.2 90 0,32545E 01 -0,3 0,0 -0,2
38 D+H50Q4RE 0O ®0el (0,1 -0es3 91 DeYIQTHE 01 w(}e d O« =02
39 0,649291€ 01 =01 =01 0.0 92 . 0s)0593E o2 =0e¢d Ne O el
a0 0.h5IV9E 01 =0,5 =05 =1.0_ T3 T 0,12001E702 0.3 =030 033
TR MGBI0GOETOI -0 ¥ =(,4 0,0 94 0, 13595E 02 =043 0,0 0.1
42 0,957b2€ 01 0,1t 0,1 0,2 S5 Ve15401E 02 w0Oed 0.0 =04
a3 Ge75300E O\ Oel 0.1 =044 95 0s17446E 02 “0e«3 D0 Do}
a4 VebG853E 01 01 0.1 0e5 _ YT OVIQTR3IETOZ =07y uvn =0T
45 UeS6TRAETOL 01 -0 ) 0ed 98 ‘0e223HYE 02 -1y 3 0¢0 -Ge2
46 0s59923€ 01 0.1 «0,2 =044 _9Y9____ 0,253H2E_02 =03 0l LRIy
a7 0.53660E Q1 0,0 =00 =042 100 0e2R731F 02 -0, 3 0,0 nv2
48 0e52256E 01 N0 =040 =0el 101 0,325%2€ 02 -0,3 «0,0 0.7
) 0eSU0OHETTY =0,3 -0,& 1.0 102 0e35892E 02 «0e3 0.0 - 0.0
50 OshhRBAIE 01 w0el -0.9 =1.3 . 103 0s41816E 02 =03 0.0 041
51 Gel1033E 02 -0.5 -0e7 =2 b 1048 0447398E 02 -0e3 0.0 =0,
5@ 0.12257€ 02 G 041 -l.2___ 108 0,16341E 03 - PR} 0,0 5.9
T83 7T 0.91559E 01 «0e0 =0l =36

0¢
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Table IX

Changes in Deposited Damage Energy in Al Due to the
Different In-Group Weighting Schemes

Type of Neutron
Environment

Type of Weighting
2 4

% change relative to deposited
damage energy obtained using
standard cross section set

First Wall CTR

HFIR PTP (z = 0.)

HFIR PTP (z

20. cm)

Fast Reactor

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

-2.6
-3.5
-3.8
-6.5
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