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Abstract—The cross-section processing code NJOY has been modified
to calculate flux-averaged partially integrated differential displacement
kerma cross sections, or displacement kerma matrix elements, for neu-
tron interactions. These, and total displacement kerma cross sections,
have been calculated using ENDF /B-V and ENDL-84 data files for Si,
Ga, and As. The displacement kerma matrices for Si and GaAs allow
calculations of the distribution of displacement energy between displace-
ment cascades.

INTRODUCTION

ISPLACEMENT kerma cross sections are used to calcu-

late the energy deposited in the form of displacement
damage by neutron interactions. Damage caused by individ-
ual neutron interactions occurs along the tracks of recoiling
charged particles, particularly at the ends of these tracks. The
displacement kerma matrices, calculated in this work,
enable one to calculate not only the total damage energy, but
also the distribution of damage energy between charged
particle cascades resulting from individual neutron interac-
tions. This information is needed in order to account for
damage effects that depend not only on the total displacement
energy, but also on its distribution between discrete damage
structures. Some examples of applications of such results,
based on primary recoil atom (PKA) spectra, have been
previously cited by Kirk and Greenwood [1], who presented
damage energy distributions for Si, Ni, Nb, and Au irradi-
ated in a particular reactor facility.

The calculations in this work have been performed with a
modified version of the NJOY code [2], {3]. Displacement
kerma cross sections for specified ranges of damage energy
can be calculated using our modified version.

REevIEW oF PrEVIOUS WORK

Most predictions of the neutron-energy dependence of
damage in semiconductors have been based on the assump-
tion that the effects are a function only of the amount of
nonionizing or displacement energy deposited (e.g., ASTM
Standard E722 [4]). There are, however, some limitations in
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applying this assumption. These arise principally in two
ways.

Displacement-induced defects include simple Frenkel pairs,

other point defects created by diffusion and substitution pro-
cesses, and complex stable-defect structures, which are likely
to arise only in the highly disordered regions produced at the
ends of heavy recoil tracks. Annealing treatments 5], [6]
readily provide evidence of the different thermodynamic
properties of defects from different types of irradiation (and
hence of their different structures). Furthermore, the produc-
tion of stable defects from the initial displaced atoms does not
result in a one-to-one efficiency of stable defect production
from displacements [7].
" Different defect structures, in addition to having different
efficiency for their formation, may also have different effi-
cacy in producing macroscopic manifestations (“‘effects’’).
This is accounted for neither in the usual correlation of
effects with displacements energy, nor in the Gossick [8] and
Crawford [9] space-charge model, which does not take into
account the distribution of cascade size. Van Lint ef al. [10]
have proposed that, in clusters of neutron-produced defects,
it is not the number of defects but the area of the space-charge
region that is responsible for electronic effects. The area does
not scale linearly with the number of defects in the cascade.
In fact, the effect of cascade size on excess-carrier lifetime
scales differently from the effect on majority-carrier concen-
tration and, therefore, the correct correlation parameter may
be different for different semiconductor properties.

In spite of these arguments, in the case of silicon, exten-
sive previous and current efforts have validated the assump-
tion that damage effects on bipolar transistor gain, which
depend primarily on minority carrier lifetime, are propor-
tional to the energy deposited in the form of atomic displace-
ments (for example, see [11]-[14]). In [12], Summers et al.
refer to the agreement between their calculations and mea-
surements as ‘

surprising when it is recalled that the energy deposition has

been calculated only for the PKAs, that is none of the

subsequent solid state effects such as channeling, damage
cascades, or annealing have been considered.

They point out that their results are consistent with the
findings of the Monte Carlo calculations (e.g., [15]-[17])
that subcascade size distributions are similar for a wide range
of PKA energies. This is explained in [16] by the argument
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that, in Si, PKA’s of energy above 12 keV launch subcas-
cades resembling those formed by less energetic PKA’s, and
that this occurs on a faster time scale than that associated
with cascade collapse and annealing. Crucial to this argument
is the assumption that subcascades behave as independent
structures both in their annealing and in their electronic
effects.

Pease et al. [18] have also compared carrier removal rates
in Si with predictions based on damage energy deposition and
found good correlations between results for a wide range of
bombarding proton energies. Only at the highest proton
energy, 175 MeV, was the correlation not good. The authors
attributed this to a dosimetry problem, but the high-energy
result may have significant implications for fast neutron
damage in which the mean PKA energy is higher than for
protons, even of 175 MeV.

In the case of gallium arsenide less calculational data on
the structure of cascades are available, though PKA energy
distributions following proton bombardment have been pub-
lished by Hamm ef al. [19] and by Farrell ef al. [20]. The
latter point out that gallium arsenide reactions deposit more
energy (than Si reactions) in small sensitive volumes because
of the higher linear energy transfer (LET) of the recoils.

Experimental evidence on the correlation of damage effect
in GaAs with displacement damage energy has been pre-
sented by Luera ef al. [13] for fast neutron bombardment and
by Burke er al. [21] and Summers ef al. [22] for proton
bombardment. The latter also presented reanalyzed data of
earlier authors [23], [24] using electrons and heavy ions.
Luera et al. [13] suggested that the poor correlation between
reactor neutron effects and 14-MeV neutron effects, which
they observed for GaAs but not for Si, may be due to cluster
or cascade size effects in GaAs. Summers et al. found a good
correlation between displacement damage energy and effects
except for 188-MeV protons, which produce more high-en-
ergy recoils than other particles included in the paper, but not
so many as fast neutrons. They attributed the discrepancy to
nonlocal energy deposition owing to the small dimensions of
the test structures’ sensitive volumes relative to the PKA
ranges. They implied that a similar effect may explain the
result of Luera et a/. for neutrons, but this is not a plausible
explanation in that case because of the relatively large thick-
ness of the epitaxial layer on the Van der Pauw specimens

used.

THEORY

The computational results presented in this paper were
obtained using a locally modified version of the NJOY
cross-section processing code [2]. The modifications were
introduced to provide an improved treatment of the emitted
charged particles from (n, particle) and (n, n’ particle)
reactions and to compute the differential displacement kerma
cross sections integrated over displacement energy groups.
The theory underlying these changes is summarized as fol-
lows.

Emitted energetic charged particles as well as the recoil
can produce displacement damage. The computational treat-
ment of the emitted charged particles is formally similar to
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that of the recoils. If the energy of the charged particle is E,,
the corresponding energy contributing to displacement dam-
age is computed as

Epy = EbL(Eb)
where L(E,) is the Robinson [25] version of the Lindhard

- [26] partition function for the particular charged particle in

the material under consideration. Conservation of energy is
assured by imposing that the emitted particle carries away the
portion of the available energy not taken by the recoil; this
also defines the particle energy distribution.

The damage due to one recoil (or one emitted charged
particle) may be regarded as a single cascade. The size (or
amount of damage) of a cascade can be characterized by the
energy of the recoil atom (or charged particle) that causes it.
The energy of the PKA causing the cascade can be used as a
rough quantifier of the amount of damage the PKA will
produce within the cascade, and hence of the ‘‘size’’ (in
terms of damage) of the cascade. Some insight into the size
distribution of cascades (i.e., the distribution of the amount
of damage) can therefore be obtained from the energy distri-
bution of the PKA’s or that of the emitted particles. In the
theory presented here, the distribution of damage due to
PKA’s as well as emitted charged particles is evaluated from
their respective energy, energy distribution, and the appro-
priate Lindhard partition function. The resulting measure for
the cascade size is the corresponding displacement kerma
matrix element or differential kerma factor.

Let K,(E, Ep)dEL be the differential displacement kerma
cross section for neutron collisions, which result in displace-
ment cascades with displacement energy between E, and
E, + dEj. In the NJOY code the quantity

KD(E) = meD(E’ ED) dEp

= o(£) [ EL(ENAE B dEp. (1)

where f(E, Ej) is the energy distribution of the recoil, is
computed and given as a function of the neutron energy £.
NJOY was modified to allow the computation of the partially
integrated quantities

jKD(E) = /

EDJ'

Epj+i1

KD(E’ ED) dED’ ’ J:

(2)

where the index j refers to the range [ Ep;, £}, ] of single
cascade damage energy.

In practice 'K ,(E) is computed within NJOY using inte-
gration over the recoil energy E, (or one or more related
variables), i.e.,

‘Kp(E) = /

ERj

j=1,-

ERj+1

KD(E:ER)dER: j:l"",J,

‘ (3)

where the limits Ej ., and Eg, are obtained from the
corresponding £, values for every type of recoil or emitted
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charged particle. Finally, in order to arrive at the damage
cascade size distribution, the various 'K ,( E) estimates are
summed over all the charged particles and/or reactions.

We propose to account for the effects of different cascade
sizes described in the previous section by means of a parame-
ter, which we shall call the damage macroeffectiveness and
which we assume to be a function of the displacement energy
expended in the formation of individual structures.

An observed effect F can be correlated to the displacement
kerma via

AF=AmMEﬂAmMEMKAEw&Jﬂ% dE (4)

where ¢(F) is the neutron flux density spectrum and where
w(Ep) is the continuous-energy macroeffectiveness factor. In
multigroup form this is written

F=3 6,2 w'Kp, (5)
g J
where the following definitions are used:

6= [ o(E) e (6)

Eg

g+1
JKDg l/ng ¢(E)
Eg
Epj+i1
U‘HKAE%M%}M,W

EDj

and
F,
Jm
¥ Z JKDg
g

where F, is the measured effect (i.e., the experimental

m
responsc)j attributable to cascades of damage energy in the
range [Ep;, Ep;, ] for the material under consideration in
the neutron field ¢(£). In practice F},, may not be available
for components of a given field ¢(E) and it may be neces-
sary to solve for the w; factors using a linear system obtained
using a number of fields.

The new approach presented here can be used to define a
1-MeV equivalent fluence as

oo

¢(E)K,(E) dE

> , (9)

#(1-MeV) = K (1-MeV)

where
oo

Kp(E) = Kp(E, Ep)w(Ep) dE)

5\3

= X w’Kp(E). (10)

The 'K »(E) terms are computed in NJOY as an intermediate
step in the computation of K 5, .
This definition of the 1-MeV equivalent fluence is equiva-
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lent to the one in current use when the multigroup macroef-
fectiveness factors w; are taken to be equal.

REsuLTS

The total displacement kerma cross sections for Si, Ga,
and As were calculated using the modified version of NJOY87
and nuclear data files from ENDF/B-V and ENDL-84. Si
and Ga evaluations are included in the general purpose file of
ENDF/B-V in files MAT1314 and MAT1358, respectively.
Arsenic is not included in the general purpose file because
ENDF/B contains only an incomplete evaluation. The mate-
rial MAT8302 of the Lawrence Livermore Library ENDL-84,
available from the Radiation Shielding Information Center
(RSIC) in ENDF/B-V format [27], was used for the As
calculations. The two target atoms in GaAs have nearly the
same mass and nearly the same displacement threshold en-
ergy. The displacement threshold energy £, used for Ga and
As was 10 eV. The data for the two target elements were
simply averaged to obtain GaAs displacement kerma cross
sections in units of electron volt barns per atom. For Si the
value 25 eV was used for E,.

Fig. 1 and Table I (presented in the Appendix) show the
calculated total displacement kerma cross sections for Si and
GaAs in the 620-group SAND group structure. The lengthy
table is included in this paper in order to make these data
available to users and owners of hardness testing facilities
and to provide complete documentation of our results. The
figure is similar to one by Luera et al., for which tabulated
data (Sandia data) were not printed [13]. Our Si data have
been compared with a recent version of the Sandia data and
agree with them to within 1% [14]. The GaAs data have not
been compared. Fig. 2 shows the same data as Fig. 1 but on
linear scales, which present the important higher energies
more clearly. The GaAs values are similar to the Si values at
1 MeV but are about 50% larger at 14 MeV.

In Fig. 3 the calculated displacement kerma matrices for
selected displacement energy ranges are shown for Si. These
were computed in the same 620 neutron energy group struc-
ture. Displacement cascade energies E,, were represented in
seven energy ranges from zero up to the maximum displace-
ment energy that can be caused by a neutron of less than 18
MeV. The figure shows three of the displacement energy
ranges corresponding to small, medium, and large cascade
sizes. Damage energy ranges 1, 3, and 5 (as defined in the
tables of the Appendix) are shown. '

Data for the seven displacement energy ranges are shown
in Table II in the Appendix, in which the neutron energy
groups were condensed into multigroup form with the same
group boundaries as those of the 37-group DNA group
structure [28]. We believe that the 37-group representation is
sufficient for these data, though we also have them in 620-
group form. The fluence weighting function used for all the
data presented here is a ***U fission neutron spectrum joined
to a 1/E spectrum at 100 keV, and joined to a Maxwellian
thermal spectrum (300K) at 0.1 eV. This weighting is typical
of light water reactor spectra and is different from that of the
DNA 37 group structure, which uses strictly a 1/E joined to
a 300K Maxwellian at 0.129 eV.
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Table II contains the quantities K BE which are defined in
(7). These, when folded with any neutron energy spectrum
b tabulated in the DNA 37-group structure, may be used to
obtain the distribution D; (j = 1, 2, -+ J) of the displace-
ment damage energy between different cascade sizes:

Dj=2gj¢;KDg, Jim By, L (11)

Displacement kerma matrix coefficients for GaAs are
shown in Table III in the Appendix and in Fig. 4 for three
selected ranges. The displacement energy ranges that were
selected for GaAs are different from the ones used for Si
because, on average, the recoil energies and the displacement
energies are smaller for more massive target atoms. In order
to allow them to be combined, the displacement energy
ranges were chosen to be the same in the calculations for Ga
and As. In all cases the global range was chosen to cover all
possible causes of displacement damage.

Figs. 3 and 4 show that for both Si and GaAs, the larger
cascades are produced predominantly by the highest energy
neutrons. Small cascades (small displacement energy) are
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produced by neutrons of all energies, but especially by the
lower-energy neutrons.

Fig. 5 shows cumulative plots of the displacement kerma
matrix elements for Si. In this figure the total curve repre-
sents the damage due to all cascade sizes. Subsequent curves
represent damage in cascades above a certain size. The figure
illustrates the fact that threshold effects are observed in the
production of the most energetic cascades.

CONCLUSION

The first contribution presented in this paper is a tabulation
of kerma cross sections for Si, which constitutes a complete
revision of the data used in current standard practices. A
second contribution is the tabulated kerma cross sections for
GaAs. These two tabulations are intended to be immediately
useful to the radiation hardness testing community.

The distribution of damage configurations or displacement
cascade sizes, or alternatively, the displacement damage
kerma matrix elements computed in this paper, is a prerequi-
site to the further study of cascade size effects. The presenta-
tion of damage kerma in the (matrix) multigroup format
chosen here is a novel approach, which makes its use practi-
cal. The approach is more effective than the tabulation of
PKA spectra since it is facility-independent and is much more
concise, while it includes the cumulative effects of all rele-
vant reaction channels. The theory presented here is a contri-
bution to the still incomplete task of correlating microscopic
radiation damage configurations with observed macroscopic
effects. The tabulated displacement kerma cross-section ma-
trices for Si and GaAs allow the computation of effective
damage coefficients, provided the macroeffectiveness factors
can be established by theoretical or experimental means (i.¢e.,
by comparison of experiments in various fields).
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APPENDIX

TABULATED RESULTS

TABLE I
TotaL DispLaceMENT KERMA CrOSS SECTIONS
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5
5.
5.
6.

&

6
6
7
7
8
8
8
9
9
1
1
1
2
1
1
1
i
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3

2
2
2
3.000-1
3
3
3
3

4.000-1
4,
4.500-1

250-1

.750-1

000-1
250-1
500-1
750-1
000-1
300-1
600-1
900-1
200-1
600-1
000-1
400-1
800-1
200-1
600-1
000+0
050+0
100+0
15040
20040
275+0
35040
425+0
500+0
600+0
700+0
800+0
900+0
00040
10040
20040
300+0
40040
550+0
70040
800+0
000+0
200+0
400+0

2.

2.

i
1.
L.
L.
LR
1
1,
L,
1.
14
1
1.
1
L
Ly
1.
1.
1.
3l
5
1
1
1
1
1
1
1
9
g
9
e
8
8
8,

1

Si
.064+1
.985+1
.B13+1
.Bl4+1
T2I+T
641+1
570+1
500+1

L 43441
.370+1
.307+1

243+1
187+1
140+1
093+1
045+1
999+1
953+1
S07+1
864+1
821+1
772+1
730+1
693+1
656+1
620+1
583+1
548+1
514+1
480+1
446+1
405+1
365+1
327+1
290+1
253+1
216+1
180+1
150+1
120+1
094+1
071+1
048+1
024+1
960+0
682+0
46540
208+0
89340
510+0
332+0

3
3
3
3

mumummmwmm

3

3
3
3
3
3
3
3
3
3
3
2
2
2
2
2
2
2
2.
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

GaAs
.931+2
.894+2
.851+2
.796+2
.745+2
.688+2
650+2
.606+2
558+2
506+2

.458+2
.410+2
.371+2
.346+2
.321+2
3.
3.
.246+2
.22142
.196+2
.168+2
L137+2
s T4+
.086+2
. 06442
.04242
.019+2
.996+2
.971+2
.951+2
.936+2
.918+2
.8898+2
. 879+2

297+2
271+2

861+2

.839+2
.817+2
.796+2
77742
. 758+2
,739+2
.721+2
.705+2
.688+2
.668+2
.B45+2
.626+2
.B605+2
R o
.551+2
.525+2
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TABLE 1 (Continued)

P ENERGY  Si  GaAs GRP ENERGY  Si  GaAs GRP ENERGY  Si GaAs GRP ENERGY  5i GaAs
205 3.600+0 8,098+0 2.499+2 260 6.000+1 1.997+0 2.007+2 315 9.600+2 1.112+2 3.272+2 370 1.600+4 1.648+3 3,058+3
206 3.800+0 7.872+0 2.47342 261 6.300+1 1.851+0 1.956+2 316 1.00043 1.163+2 3.129+2 371 1.700+4 1.732+3 3.205+3
207 4.000+0 7.656+0 2.446+2 262 6.600+1 1.906+0 1.989+2 317 1.050+3 1.221+2 3.147+2 372 1,800+4 1.814+3 3.352+3
208 4.25040 7.454+0 2.416+2 263 6.900+1 1,862+0 2.087+2 318 1.10043 1.278+2 6.406+2 373 1.900+4 1.8890+3 3.489+3
209 4.50040 7.252+0 2.387+2 264 7.200+1 1.819+0 2.339+2 319 1.150+3 1.336+2 3.136+2 374 2.000+4 1,966+3 3.645+3
210 4.750+40 7.050+0 2.358+2 265 7.600+1 1.770+0 2.791+2 320 1.200+3 1.408+2 3.116+2 375 2,100+4 2.042+3 3.79343
211 5.000+0 6.873+0 2.338+2 266 8.000+1 1.727+0 3.555+2 321 1.275+3 1.495+2 1.851+3 376 2.200+4 2,110+3 3,939+3
212 5.25040 6.723+0 2.326+2 267 8.400+1 1.690+0 5.114+2 322 1.350+3 1.582+2 5.061+2 377 2.300+4 2.174+3 4.086+3
213 5.50040 6,574+0 2.314+2 268 8.800+1 1.653+0 1.995+3 323 1.425+3 1.669+2 1.375+3 378 2.400+4 2.254+3 4, 266+3
214 5.750+40 6.424+0 2.302+2 269 9.200+1 1.617+0 6.248+3 324 1.500+3 1.770+2 4.478+2 379 2,550+4 2,356+3 4, 456+3
215 6.000+0 6.281+0 2.290+2 270 9.600+1 1.580+0 8.8983+2 325 1.60043 1.B85+2 1.684+3 380 2,700+4 2.445+3 4.609+3
216 6.300+0 6.144+0 2.277+2 271 1.000+2 1,545+0 8,.842+2 326 1.700+3 2.001+2 6.180+42 381 2.800+4 2.549+3 4,789+3
217 6.600+0 6.007+0 2.264+2 272 1.050+2 1.511+0 7.835t2 327 1.800+3 2.117+2 1.363+3 382 3.000+4 2.682+3 5.03143
218 6.9800+0 5.874+0 2,252+2 273 1.100+2 1.478+0 7.135+2 328 1.900+3 2.232+2 9,020+2 383 3.200+4 2.815+3 5.272+3
219 7.20040 5.745+0 2.238+2 274 1.150+2 1,444+0 6.938+2 329 2.000+3 2.347+2 6.753+2 384 3.400+4 2,940+3 5,512+3
220 7.60040 5.598+0 2.222+2 275 1.200+2 1,403+0 6.185+2 330 2.100+3 2.459+2 5.188+2 385 3.600+4 2.987+3 5.752+3
221 8.000+0 5.464+0 2.207+2 276 1.275+2 1.362+0 5.185+2 331 2.200+3 2.572+2 5.318+2 386 3.800+4 3.688+3 5.991+3
222 8.40040 5,345+0 2.192+2 277 1.350+2 1.325+0 4.444+2 332 2.300+3 2.684+2 5.716+2 387 4.000+4 3.186+3 6.290+3
223 8. 800+0 5.226+0 2.177+2 278 1.425+2 1.288+0 3,866+2 333 2.400+3 2.825+2 7.026+2 388 4.250+4 3.003+3 6.649+3
224 9.20040 5.107+0 2.163+2 279 1.500+2 1,251+0 3.151+2 334 2.550+3 2.992+2 1.433+3 388 4.500+4 2.812+3 7.008+3
225 9.600+0 4.988+0 2.148+2 280 1.600+2 1,214+0 2.469+2 335 2.700+3 3.127+2 1.942+3 390 4.750+4 2.467+3 7.366+3
226 1.000+1 4.878+0 2.137+2 281 1.700+2 1.318+0 2.060t2 336 2.800+3 3.287+2 1.035+3 391 5.000+4 1.843+3 7,728+3
227 1.050+1 4,778+0 2.129+2 282 1.800+2 2.283+0 1.884+2 337 3.00043 3.502+2 0.304+2 392 5.250+4 1.489+3 8.094+3
228 1.100+1 4.678+0 2,121+2 283 1.900+2 3,401+0 1.828+2 338 3.20043 3,715+2 6.801+2 393 5.500+4 4.783+4 8.460+3
229 1.150+1 4.578+0 2.113+2 284 2.000+2 5,107+0 1.810+2 339 3.400+3 3.026+2 2.014+3 384 5.750+4 1,142+4 8.826+3
230 1.200+1 4.456+0 2.105+2 285 2.100+2 7.432+0 1.875+2 340 3.B00+3 4.137+2 1,35143 395 6.000+4 7.957+3 9.228+3
231 1.275+1 4.336+0 2.094+2 286 2.200+2 9.757+0 2.018+2 341 3.800+3 4,.347+2 2.118+3 396 6.300+4 6.952+3 9.67143
232 1.350+1 4.225+0 2.084+2 287 2.300+2 1.208+1 2.741+2 342 4.000+3 4.584+2 1,004+3 397 6.600+4 7.159+3 1.011+4
233 1.425+1 4.114+0 2.074+2 288 2.400+2 1,490+1 2.395+3 343 4.250+3 4,856+2 9.885+2 398 6.900+4 6.813+3 1.055+4
234 1.500+1 3.995+0 2,062+2 289 2.550+2 1.716+1 3,406+2 344 4.500+3 5.104+2 1.487+3 399 7.200+4 6,580+3 1,106+4
235 1.60041 3.870+0 2.050+2 280 2.700+2 1.875+1 3,134+2 345 4.750+3 6,066+2 1.715+3 400 7.600+4 B6.2086+3 1,164+4
236 1.700+41 3.747+0 2.038+2 291 2.800+2 2.063+1 3.782+2 346 5.000+3 5,804+2 1.631+3 401 8.000+4 6,168+3 1,223+4
237 1.800+1 3.643+0 2.026+2 282 3.000+2 2.404+1 5.539+3 347 5.250+3 6,046+2 1.22643 402 8,400+4 6.023+3 1.282+4
238 1.900+1 3.541+40 2.014+2 283 3.20042 2.834+1 5.145+3 348 5.500+3 6.297+2 2,991+3 403 8.800+4 5.8289+3 1.341t4
239 2.000+1 3,455+0 2.003+2 294 3.40042 3.235+1 4.650+2 349 5.75043 6.548+2 2.108+3 404 §.200+4 5.587+3 1.399+4
240 2.100+1 3.383+0 1,993+2 285 3.600+2 3.442+1 3.891+2 350 6.000+3 6.824+2 2.644+3 405 9.600+4 5.404+3 1.457+4
241 2.200+1 3.31140 1.984+2 286 3.800+2 3.617+1 3.626+2 351 6.300+3 7.125+2 2.398+3 406 1.000+5 5.183+3 1.517+4
242 2.300+1 3.239+0 1.973+2 287 4.000+2 3.909+1 3,382+2 352 6.600+3 7.426+2 1.421+3 407 1.050+5 4,862+3 1.579+4
243 2.400+1 3,150+40 1.961+2 298 4.250+2 4,322+1 3.553+2 353 6.900+3 7.728+2 1.936+3 408 1.10045 4.419+3 1.641+4
244 2.550+1 3,055+0 1.947+2 298 4,500+2 4.735+1 8.541+2 354 7.200+3 8.070+2 1.688+3 409 1.150+5 3.971+3 1.703+4
245 2.700+1 2.989+0 1.934+2 300 4.75042 5.149+1 4.499+2 355 7.600+43 8.447+2 1.748+3 410 1.200+5 3.343+3 1.780+4
246 2.800+1 2.909+0 1.920+2 301 5.00042 5.524+1 4.915+2 356 8.000+3 8.824+2 2.067+3 411 1.275+5 2.545+3 1.871+4
247 3,000+1 2.812+0 1.902+2 302 5.250+2 5,861+1 6.518+3 . 357 8.400+3 $.202+2 1.833+3 412 1.350+5 1.865+3 1.963+4
248 3.200+1 2.724+0 1.883+2 303 5.500+2 6,198+1 4.752+2 358 8.800+3 9.579+2 2.262+3 413 1.425+5 1.347+3 2.054+4
249 3.400+1 2.638+0 1.862+2 304 5.750+2 6.535+1 3.711+2 350 9.20043 9.957+2 2.134+3 414 1.500+5 4.314+3 2.140+4
250 3.600+1 2.565+0 1.842+2 305 6.000+2 6.863+1 3,523+2 360 9.600+3 1.033+3 2.057+3 415 1.600+5 1.901+4 2.222+4
251 3.800+1 2.495+0 1.842+2 306 6.300+2 7.184+1 3.730+2 361 1.000+4 1.073+3 2.047+3 416 1,700+5 6.440+4 2.304+4
252 4.000+1 2.42840 4,878+2 307 6.600+2 7.505+1 1.825+3 362 1.05044 1.117+3 2.138+3 417 1.800+5 1.138+5 2.385+4
253 4.250+1 2.365+0 9.162+2 308 6.900+2 7.848+1 4 .046+2 363 1.100+4 1.162+3 2.230+3 418 1.90045 1.110+5 2.466+4
254 4.500+1 2.302+0 4.623+4 309 7.200+2 8.321+1 5.032+43 364 1.150+4 1.20743 2.308+3 419 2.000+5 '8.160+4 2.550+4
255 4.750+1 2.239+0 7.591+3 310 7.600+2 8,872+1 4,512+2 365 1,200+4 1.266+3 2,408+3 420 2.100+5 7.B46+4 2.639+4
256 5,000+1 2.183+0 6.666+2 311 8.000+2 9.368+1 8,870+2 366 1.275+4 1.338+3 2.531+3 421 2.200+5 6.957+4 2,727+4
257 5.250+1 2.137+0 4.840+2 312 8.400+2 9.806+1 3.459+2 367 1.350+4 1.410+3 2.653+3 422 2.300+5 6.390+4 2.817+4
258 5.500+1 2.090+0 2.510+2 313 8.800+2 1.024+2 3.294+2 368 1.425+4 1.481+3 2.776+3 423 2.400%5 5.831+4 2.927+4
259 5.750+1 2.043+0 2,252+2 314 9.200+2 1.068+2 1.807+43 369 1.500+4 1.560+3 2,910+3 424 2.550+5 5.482+4 3.046+4
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TABLE I (Continued)

GRP ENERGY

425
4286
427
428

443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

.700+5
,800+5
.000+5

20045

L400+5
.600+5
.800+5
.Q00+5
.250+5
.500+5
.750+5
.000+5
.250+5
.500+5
.750+5
.000+5
.300+5
.600+5
.900+5
.200+5
.B00+5
,000+5
.400+5
.800+5
.200+5
.600+5
.000+6
.100+6
.200+6
.300+6
. 40046
.500+6
.600+6
,700+6
.800+6
.900+6
.000+6
.100+6
. 20046

300+6

.400+6
.500+6
.600+6
.700+6
.800+6
. 90046
.000+6
.100+6
.200+6
.300+6

5y
=
5.
4,912+4
4.986+4
4. 961+4
5.188+4
5.178+4
5.254+4
5,339+4
5.529+4
5.729+4
7.773+4
1.243+45
5.820+4
5.251+4
5.517+4
5.665+4
5.918+4
6.440+4
8.778+4
1.365+5
7.815+4
8.766+4
1.113+5
1.116%35
T
6
8
8
9
L
1
7
1
1
9
1
1
1
1
1
1
1
1
9
1
¢
I
1

Si

243+4
120+4
011+4

554+4

.255+4
.884+4
.859+4
L877+4
.057+5
.628+5
.816+4
32915
.320+45
.528+4
.070+5
.058+5
L031+5
.192+5
L314+5
.159+5
07145
.349+5
. 890+4
L202+5
L3L14+5
L178+5
L140+45

w

3

GaAs

L 142+4
3.
3.
.531+4
3.660+4
3.774+4
3.886+4
4.,007+4
4.136+4
4. 263+4
4.387+4
4, 494+h
4.583+4
4. 669+4
4.751+4
4. 857+4
4,987+4
5.110+4
5.251+4
5.483+4
5.634+4
5.727+4
5.809+4
5.929+4
6.305+4
6.720+4
7.
7
7
7
7
8
8
8
9
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

257+4
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L243%4
L25714
.835+4
L432+4
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. 806+4
.533+4
.032+5
.052+5
.036+5
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.030+5
.036+5
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.138+5
L234+5
F245%5
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.400+6
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.600+6
.700+6
.800+6
.900+46
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.100+86
.200+86
.300+6
.400+6
.500+8
.600+6
.700+6
.800+6
.800+6
.000+6
.100+6
.200+6
.300+6
.400+6
.500+6
.600+6
.700+6
.B00+6
.900+6
.000+86
.100+6
.200+6
.300+6
.400+6
.500+6
.600+6
.700+86
.800+86
.900+6
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100+6
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.300+6
.400+6
.500+6
.600+6
.700+6
.800+6
.900+6
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.300+6

Si

GaAs

.278+5
.304+5

346+5

387+5
429+5

L470+5
.485+5
.502+5
.509+5
.515+5
.522+5
wO2ZFES
.532+5
.538+5
. 542+5

623+5

.799+5
.818+5
.837+5
.855+5
.874+5
.892+5
.910+5
.928+5
.945+5
.962+5
.971+5
.972+5
.972+5

972+5

.871+5
.871+5
.870+5
.969+5
.968+5
.8967+5
. 97445

989+5

.004+5
.019+5
.034+5

049+5

.064+5
.089+5
.174+5
L271+5
.320+5
.318+5
L 31545
.312+5

GRF ENERGY

525 8.400+6
526 8.500+6
527 8.600+6
528 8.700+6
528 8.800+6
530 8.900+6
531 9.000+6
532 9.100+6
533 9.200+6
534 8.300+6
535 9.400+6
536 9.500+6
537 9.600+6
538 9.700+6
539 9.800+6
540 9,900+86
541 1.000+7
542 1.010+7
543 1.020+7
544 1.030+7
545 1,040+7
546 1.050+7
547 1.060+7
548 1.070+7
548 1.080+7
550 1.090+7
551 1.100+7
552 1.110+47
553 1.120+7
554 1.130+7
555 1.140+7
556 1, 150+7
557 1.160+7
558 1.170+7
559 1,180+7
560 1.190+7
561 1.200+7
562 1.210+7
563 1.220+7
564 1.230+7
565 1.240+7
566 1.250+7
567 1.260+7
568 1.270+7
569 1.280+7
570 1.280+7
571 1.300+7
572 1.310+7
573 1.320+47
574 1,330+7

1
1
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1
1
1
1
1
i
1
1
1
1
1
: |
1
1
1
1
1
1
1
1
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1
1
1
1
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L
ey
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Si

.694+5
.683+5
.BB5+5
,482+5
4621+5
.789+5
. 766+5
.570+5
.542+5
.701+5
. 74245
.B82+5
.B15+5
.B679+5
.705+5
71445
74245
72145
.723+5
. 740+5
.B4B+5
.649+5
.662+5
.702+5
74615

72045

69245
.BB4+5
.706+5
77445
i g ]
.806+5
.782+5
.783+5
L7855

789+5
804+5
805+5
806+5
806+5
B07+5
B810+5
814+5
819+5
823+5
827+5
83045
829+5
829+5
B828+5
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
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2
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2
2
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2
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309+5
307+5

.303+5
.300+5
.296+5
29345
.280+5
.288+5
.285+5
.282+5
.278+5
.268+5
L25745
L249+5

240+5
231+5
243+5°
274+5
306+5
337+5
34445
336+5
328+5
32345
319+5
376+5
422+5
42345
426+5
429+5
433+5
43745
441+5
445+5
450+5
485+5
511+5
510+5
510+5
509+5
507+5
50545
502+5

.503+5
52745
.554+5
.567+5
.562+5

558+5
5353+5

GRP ENERGY

575 1.340+7
576 1.350+7
577 1.360+7
578 1.370+7
579 1.380+7
580 1.390+7
581 1.40047
582 1.41047
583 1.420+7
584 1.430+7
585 1.440+7
586 1.45047
587 1.460+7
588 1.470+7
589 1.480+7
590 1.490+7
591 1.500+7
592 1,510+7
593 1.520+7
594 1.530+7
595 1.540+7
596 1.550+7
597 1.560+7
598 1.570+7
599 1.580+7
600 1.590+7
601 1.B00+7
602 1.610+7
603 1.820+7
B04 1.630+7
605 1.640+7
606 1.650+7
607 1.660+7
608 1.670+7
609 1.680+7
610 1.690+7
811 1.700+7
612 1.710+7
613 1.720+7
614 1.730+7
615 1.740+7
816 1.750+7
617 1.760+7
618 1.770+7
619 1.780+7
620 1.790+7
621 1.800+7

=

o

=

e

Si

828+5

.827+5
.825+5
.823+5
.821+5
.824+5
.B3B+5
.834+5
.831+5
1.829+5
1.827+5
1.827+5
1.829+5
1.832+45
1.841+5
1.851+5
1.858+5
1.861+5
1.864+5
1.866+5
1.869+5
1.872+5
1.875+5
1.878+45
1.887+5
1.897+45
1.803+5
3
I
1
1
1
1
1
1
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TABLE 11
Si DisPLACEMENT KERMA MATRIX

Ep group 1 2 3 4 = 6 7
range (eV) 0.0 - 5.964E+3 1.289E+4 2,.831E+4 6.168E+4 1.344E+5 1.872E+5 2.400E+S
Neutron
Energy
Group range

1 1.00E-5 1.341E+2 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+Q 0.000E+0

2 4 14E-1 3.464E+1 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0

3 1,13E+0 2.097E+1 O0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0

4 3.06E+0 1.199E+1 O0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0,000E+0

5 1.07E+1 6.833E+0 O0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0

6 2.90E+1 3.912E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0

7 1.01E+2 2.056E+1 0.000E+0 0.0C0E+C 0.000E+0 O0.000E+0 0.000E+0 0.000E+0

8 5.83E+2 9.854E+1 0.000E+0 0.000E+C 0.000E+0 0.0C0E+0 0,000E+0 0.000E+0

9 1.23E+3 2.418E+2 0.000E+0 0.000E+0 0.000E+0 0,.000E+0 0.000E+0 0.000E+0

10 3.35E+3 6.817E+2 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.0DO00E+0
11 1.03E+4 1,537E+3 0.000E+0 0.000E+0 0.000E+0 0.0C0E+0 0.00CE+0 0.000E+0
12 2.19E+4 2.164E+3 0.000E+0 O0.000E+0 O0.000E+0 O.0COE+C 0.00CE+0 0.000E+0
13 2.48E+4 2.748E+3 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.00CE+0 0.000E+0
14 5.25E+4 7.118E+3 1.532E+3 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0
15 1.11E+5 8.452E+2 1.936E+3 4.309E+1 0.000E+0 0.000E+0 0.000E+0C 0.00CE+O
16 1.58E+5 3.313E+3 1.347E+4 3,249E+4 9,249E+3 0.000E+0 0.000E+0C 0.CO0E+0
17 5.50E+5 1.823E+3 6.714E+3 2. 499E+4 4 . 919E+4 2.859E+2 0.000E+0C 0.0O00E+0
18 1.11E+6 8.939E+2 3.342E+3 1.423E+4 4,071E+4 3.825E+4 0.000E+0 0.000E+0
19 1.83E+6 1.036E+3 3.779E+3 1.602E+4 4,701E+4 4.861E+4 0.000E+0 0.000E+0
20 2.31E+6 5.470E+2 2.08SE+3 1.088E+4 4,303E+4 & .705E+4 0.000E+0 0.000E+0
21 2.39E+6 5.95B6E+2 2.296E+3 1.097E+4 4,099E+4 6.302E+4 0,.000E+0 0.000E+0
22 3.01E+6 4.673E+2 1.782E+3 7.545E+3 2.811E+4 7.812E+4 6.766E+0 0.000E+0
23 4 ,07E+6 4.263E+2 1.722E+3 7.602E+3 2.714E+4 9,487E+4 7.946E+3 0.000E+0
24 4, 72E+6 5.361E+2 2.077E+3 8.748E+3 2.787E+4 9.966E+4 2 .816E+4 0.000E+0
25 4 .97E+6 3.283E+2 1.298E+3 5.861E+3 2.234E+4 8.96BE+4 2.917E+4 0.D00E+0
26 6.38E+6 2.267E+2 8,795E+2 4.276E+3 1.684E+4 8.725E+4 4 . 026E+4 0.000E+0
27 7.41E+6 2.242E+2 8,730E+2 3.944E+3 1.494E+4 9.185E+4 5.981E+4 0.000E+0
28 8.19E+6 2.302E+2 1.019E+3 4.028E+3 1.424E+4 8.551E+4 6.020E+4 0.000E+0
28 9.05E+6 2.075E+2 7.767E+2 3.472E+3 1.232E+4 8.088E+4 6.768E+4 0.000E+0
30 1.00E+7 2.005E+2 9,027E+2 3.316E+3 1.135E+4 7.516E+4 7.817C+4 1.780E+0
31 1.11E+7 2.135E+2 9.613E+2 3.522E+3 1.142E+4 7.008E+4 B8, 944E+4 2.108E+2
32 1.22E+7 2.180E+2 8.162E+2 3.466E+3 1.144E+4 6.645E+4 9.658E+4  1.144E+3
33 1.28E+7 2.146E+2 B8.027E+2 3.429E+3 1.105E+4 6.191E+4 1.016E+5 2.597E+3
34 1,.38E+7 2.093E+2 7.853E+2 3.370E+3 1.074E+4 5.911E+4 1.039E+5 3.674E+3
35 1.42E+7 2.082E+2 7.818E+2 3,358E+3 1.058E+4 5.875E+4 1.063E+5 4.087E+3
36 1.49E+7 2.17SE+2 B8.199E+2 3.541E+3 1.105E+4 5.338E+4 1.127E+5 5.441E+3
37 1.69E+7 2.185E+2 8.264E+2 3.631E+3 1.161E+4 4.883E+4 1.173E+5 B8.032E+3
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TABLE III
GaAs DispLACEMENT KERMA MATRIX
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Ep group 1 2 3 4 5 6 7
range (eV) 0.0 - 6.438E+3 2.018E+4 6.327E+4 1.983E+5 2.924E+5 3.8B5E+5 4.B806E+5
Neutron
Energy
Group range

1 1.00E-5 1.018E+3 0.000E+0 0,000E+0 O0.000E+0 0,000E+0 0.000E+0 0.000E+0

2 4,14E-1 5,926E+2 O0.000E+0 0.000E+0 0.D00E+0 0.000E+0 0,000E+0 0.000E+0

3 1,13E+0 5,172E+2 O0.000E+0 0.000E+0 0.000E+0 0.O000E+0 0.000E+0 0.000E+0

4 3.06E+0 4.390E+2 O0.000E+0 0.000E+0 0,000E+0 O0.000E+0 0.000E+0 0.000E+0

5 1.07E+1 3.861E+2 0.000E+0 0,000E+0 0.000E+0 O0.000E+0 0.000E+0 0.000E+0

6 2.80E+1 5,542E+3 0,.000E+0 0.000E+0 0.000E+0 O0.000E+0 0.000E+0 0.000E+0

7 1.01E+2 1,777E+3 0.000E+0C 0.000E+0 O0.000E+0 0.000E+0 0.000E+0 0.000E+0

8 5,83E+2 1.485E+3 0.000E+0 0.000E+0 O0.000E+0 0.000E+0 0.000E+0 0,000E+0

9 1.23E+3 1.292E+3 0.000E+0 O0.000E+0 0.000E+0 0©0.000E+0 0.000E+0 0,000E+0

10 3.35E+3 2.058E+3 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0

11 1.03E+4 3,045E+3 O0.000E+0 0.000E+0 0.000E+0 0.000E+0 O0.000E+0 0.000E+0
12 2,19E+4 4.228E+3 0.000E+0 0.000E+0 O0.0Q00E+0 0.000E+0 0,000E+0 0.000E+0

13 2.48E+4 5.962E+3 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0 0.000E+0

14 5,25E+4 1.188E+4 0.000E+0 O0.CC0E+0 0.000E+0 0.000E+0 0.000E+0 0.D00E+0

15 1,11E+5 1.924E+4 0.0C0E+0 0.000E+0 O0.000E+0 0.000E+0 0.000E+0 0.000E+0
16 1.58E+5 1.105E+4 2.506E+4 3.727E+2 O0.000E+0 O0.000E+0 (0.000E+0 O.000E+0

17 5.50E+5 5,147E+3 2.564E+4 2,789E+4 9.435E+0 0.000E+0 0.000E+0 0.000E+0

18 1.11E+6 2.847E+3 1,598E+4 5.743E+4 2.B50E+3 0.000E+0 0.D00E+0 0.000E+0
19 1,83E+6 2,292E+3 1,007E+4 6.677E+4 2.375E+4 5.335E+0 0.000E+0 0.000E+0
20 2.31E+6 2.203E+3 9.194E+3 6.412E+4 2.781E+4 2.325E+1 0.000E+0 0.DO00E+0
21 2 ,39E+6 2.335E+3 9.476E+3 6.196E+4 3.245E+4 6.060E+1 0.000E+0 0.000E+0
22 3.01E+6 2.44BE+3 9.478E+3 5.180E+4 6.811E+4 2.570E+2 0.000E+C 0.00DE+0
23 4.07E+6 2.480E+3 1.016E+4 4.559E+4 9.303E+4 6,133E+2 0,000E+0 0.000E+0D
24 4 72E+6 2.498E+3 1.071E+4 4, 488E+4 9,.631E+4 8 .624E+2 2.213E+0 0.000E+0
25 4,97E+6 2 464E+3 1.067E+4 3.417E+4 1.393E+5 2.069E+3 2.488E+2 0.000E+0
26 6,.38E+6 2 400E+3 1.115E+4 3.256E+4 1.4B5E+5 4.576E+3 8.404E+2 0.000E+0
27 7.41E+6 2.356E+3 1.11BE+4 2.911E+4 1.571E+5 1.393E+4 1,.381E+3 0.000E+0
28 8.19E+6 2.309E+3 1.110E+4 2, 556E+4 1.685E+5 2.140E+4 1.754E+3 1.111E+2
29 9.05E+6 2,248E+3 1,108E+4 2,603E+4 1.B833E+5 2.220E+4 1.874E+3 3.741E+2
30 1.00E+7 2.191E+3 1.089E+4 2.421E+4 1.597E+5 3,238E+4 2.072E+3 6.165E+2
31 1.11E+7 2.075E+3 1.061E+4 2.063E+4 1.622E+5 4 .612E+4 2.379E+3 8.980E+2
32 1.22E+7 1.949E+3 1.011E+4 1,876E+4 1.669E+5 4 ,928E+4 2.6B8E+3 1.142E+3
33 1.28E+7 1.853E+3 9.698E+3 1.749E+4 1.661E+5 5.454E+4 4 580E+3 1.369E+3
34 1.38E+7 1.758E+3 9.259E+3 1.641E+4 1.698E+5 5.414E+4 5 215E+3 1.B627E+3
35 1.42E+7 1.705E+3 8.989E+3 1.558E+4 1.69BE+5 6.120E+4 6.409E+3 1.725E+3
36 1.49E+7 1.634E+3 8.289E+3 1.282E+4 1.62BE+5 8.885E+4 §,794E+3 1.870E+3
37 1.69E+7 1.51B6E+3 7.442E+3 1.062E+4 1.568E+5 1.111E+5 1.,429E+4 2, 011E+3

1.80E+7
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