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I. INTRODUCTION AND BACKGROUND

The need for a definitive formulation of the relationship between

neutron energy and displacement damage has been noted by (Jonrad.l A
rigorously determined curve based on the physics of the neutron-material
interactions and the appropriate neutron cross sections, which can be ex-
tended to other materials where adequate cross section information is
available, is required. Experimental evaluations of the accuracy and

the range of applicability are also required. Some preliminary work on

this problem has been reported,z’3 and, in this memorandum, we present a
more detailed calculation of the energy dependence of neutron-induced
displacement damage in silicon. A computer code to calculate permanent
damage, specifically, the energy available for displacement damage using
Lindhard theory, has been prepared and used to calculate the damage in
silicon for incident neutrons from 0.1 MeV to 20 MeV using a neutron
energy spread of 5 keV. Considerable care has been taken (see Reference
3) to utilize all available neutron cross section information and the re-
sults presented here are based on silicon cross sections from a DNA file
tape, DNA-4151 MOD. 3 (obtained from RSIC, ORNL).

Early efforts to calculate the permanent damage in silicon include

the work of Smith et al.,4 who carefully considered the nuclear data avail-

able at that time, and Stein,s who noted a factor of two difference be-
tween the damage calculated for a realistic angular distribution (data for

aluminum were used) and that for an isotropic distribution. Holmes6 has

Iz.8. Conrad, "Comeideration in Establishing a Standard for Neutron Dis-

placement Energy Effecte in Semiconductors,'" IEEE Trans. Nucl. Sci., Vol.
NS-18, No. 6, pp 200-206, 1971.

o

W.R. Van Antwerp and J.E. Youngblood, '"Dieplacement Damage in Silicon
Irradiated with 6- to 10-MeV Neutrons,' Bull. Am. Phys. Soc., Vol 17,
p 678, 1972.

“J.E. Youngblood, W.R. Van Antwerp, and R.M. Tapphorn, "Displacement Dar-
age in Stlicon Irradiated with 6- to 10-MeV Neutrons,'" BRL Memorandwn Re-
port MR 2738, April 1977,

E.C. Smith, et al., "Theoretical and Experimental Determinations of Neu-
tron Energy Deposition in Silicon," IEEE Trans. Nucl. Sei., Vol. NS-13,
No. 6, pp 11-17, 1966. D. Binder et al., "Analytical and Experimental
Predictions of Fusion Neutron Radiation Effects," AFWL-TR-66-41, Vol. 1,
Hughes-Fullerton, 1966.

£

(%

4

9

H.J. Stein, "Energy Dependence of Neutron Damage in Silicon." J. Appl.
Phys., Vol. 38, No. 1, pp 204-210, 1967.

R.R. Holmes, "Energy Dependence for Carrier Removal and Lifetime Damage
by Fast Neutrons in Silicon," Bell Telephone Laboratories Weapons Effects
Studies, Report to ABMDA, Vol. II, Supplement III, pp 67-68, October 1,
1970. :

6

9
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made detailed calculations of damage using a cylindrical shape of clus-
ters of damage and his data have been considered in the procedures re-

commended by Thatcher and Green.7’8 More recently Guenzer and Manning9
have calculated the displacement damage in InSb for 1 MeV and 14 MeV
neutrons, and they compare these results with similar calculations for
silicon. InSb shows very little energy dependence and the ratio of dam-

age (14 MeV damage/1 MeV damage) was found to be ca. 1.05. Rogers et 31}0

have calculated both ionization and displacement damage in silicon for
neutron energies from thermal to 20 MeV. These authors partition the
kinetic energy of the reaction products and use a functional representa-
tion of the Lindhard displacement fraction in calculations similar to
those presented in this report. However, they use average values of
emitted-particle energy and the silicon recoil energy (actually a code-
generated average cosine). The results are compared with those of Holmes
and found to be about 25% lower in general. Rogers' value for the (14/1)
ratio is 1.8 as compared to Holmes' value of 2.0.

The effectiveness of radiation-induced defects in changing the elec-
trical properties of a diode, for example, is certain to depend on the
extent of recombination, other forms of annealing, the extent and geometry
of cluster formation, the stability of the clusters formed, and the nature
(in clusters or not) of the point defects (divacancies, A-centers, etc.).

Following the work of Gossick11 it is expected that a space-charge reg-
ion and a potential barrier will form at a cluster of defects. The im-
plications of clustering on the energy dependence of neutron damage in

7
R.K. Thatcher and M.L. Green, "TREE Preferred Procedures,'" DNA 2028H,
Edition No. 2, Battelle Columbus Laboratories, June 1972.

M.L. Green and R.K. Thatcher, "Preparation of a Standard Technique for
Determination of Neutron Equivalence for Bulk Damage in Silicom," IEEE
Trans. Nucl. Sei., Vol. NS-18, No. 6, pp 200-208, December 1972.

Y0.5. Guenzer and Tmiin Manning, "Caleculated Displacement Damage by Neu-
trons in InSb," IEEE Trans. Nuel. Set., Vol. NS-21, No. 6, pp 26-29,
December 1974.

10

v.C. Fogzrse, L. Harris, Jr., D.K. Steinman, and D.E. Bryan, "Silicon
Ionization and Displacement Kerma for Neutrone from Thermal to 20 MeV,"
IEEE Trans. Nucl. Sei., Vol. NS-22, No. 6, pp 2326-2329, December 1975.

(Also, see erratum, Op. Cit., Vol. NS-23, No. 1, pp 875-876, February
1876.

15, 5. Gossick, "Disordered Regions in Semiconductors Bombarded by Fast

Neutrons,” J. Appl. Phys., Vol. 30, No. 8, pp 1214-1218, August 1959.

10
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silicon have recently been reviewed by van Lint and Leadon.1 These

authors compare earlier work by the same group13 with available experi-
mental results for electron-, proton-, and neutron-induced radiation
damage, and they conclude that, when cluster damage is predominate,
carrier removal is a sublinear function of recoil energy while lifetime
degradation is superlinear. Specifically, it is concluded that carrier
removal scales more like the total energy available for displacements
(or, proportional to the number of point defects).

The evaluation of cluster formation and annealing has received con-
tinuing interest because of applications to ion implantation and heavy-
1ion simulation of radiation damage. Current work includes that by

Martynenko14 and by Vinetskii and Kondrachuk.15 The implications of
both these works are that there is much diffusion out of the clusters
that are formed, that this results in a limited significance for clus-
tering, and that it is sensible to define a threshold energy for the
formation of stable clusters. This last implication results from the
fact that stability increases with incident particle energy (defect den-

sity). For neutron-induced recoils in silicon it is concluded15 that
the stable-defect threshold energy is a silicon recoil of about 5 keV.

A complete evaluation of radiation effects, based on a dynamic model,
can be done by computer simulation, as first demonstrated by Gibson et
al.,16 and an up-to-date review of these techniques has been provided

by Jackson and Morgan.17 This technique can be expensive in an applica-
tion to a simple cubic structure to determine a single physical parameter

'“V.A.J. van Lint and R.E. Leadon, "Implications of Cluster Model of Neu-
tron Effects in Silicon," Lattice Defects in Semiconductors, 13974,"
Inst. Phys. Conf. Ser., No. 23, The Institute of Physice, London and
Brmgtol, pp 227-232, 1978.

72

“°V.A.J. van Lint, R.E. Leadon, and J.F. Colwell, "Energy Dependence of
Displacement Effects in Semiconductore," IEEE Trans. Nucl. Sei., Vol.
NS-19, No. 6, pp 181-185, 1972.

14, - » . e g
Yu. V. Martynenko, "Anrenling ard Clustering of Defects in Cascades,"

Rad. Effects, Vol. 29, pp 129-135, 1976.
1¢

"“V.L. Vinetskii and A.V. Kondrachuk, "The Kinetics of Formation and the
Parameters of Radiation Defect Clusters in Silicon," Rad. Eff Vol
30, pp 227-232, 1976.

't

16 2 . 5 &

“%J.B. Gibson, A.N. Goland. M. Milgram, and G.H. Vineyard, "Dynamics

Radiation Damage," Phys. Rev., Vol. 120, pp 1229-1253, 1960.

¥
D.

P, Jackson and D.V. Morgan "Computer Modelling of Collision Processes
in Solids,"” Contemp. Phys., Vol. 14, Nc. 1, pp 25-48, 1974.
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such as the threshold energy for displacements. The highly anisotropic
structure of silicon, the need to simulate several neutron reactions at
several energies, and the need to combine these statistically (the com-
puter simulation itself is not statistical) limit applications. However,
the contribution cited, the threshold energy of displacements, would be
invaluable. An evaluation by computer simulation of the 'stable-defect
threshold energy' suggested above would also seem worthwhile. Although
potentially useful refinements, these computer simulation studies are
peripheral to the present work and they have not been pursued.

A general statement of the need for a damage curve was given at the
start of this report. Some specific applications are: (a) to compare
with experiments (as to confirm results); (b) to evaluate experiments
(for example, to determine the energy range and the effective average
energy for damage experiments using an accelerator); (c) to normalize
simulator and threat spectra for evaluating simulator experiments; (d)
to evalvate threat spectra in scenarios (for vulnerability analysis, vul-
nerability reduction, etc.); (e) to provide a base for evaluation of the
sensitivity of the damage curve itself to the neutron cross section in-
formation used; and (f) to evaluate more approximate damage curves such

as those due to Messenger.18 (For a recent review of approximate func-
tions for calculating neutron-energy equivalence, see Reference 8). The
calculations presented here were in part precipitated by a need to evalu-
ate the requirements for cross section measurements (item e above) and a
requirement to correct in detail for the spread in neutron energy encoun-
tered in "monoenergetic-neutron' accelerator radiation effects experiments
(item b above). Even if interest in cross section measurements biased

the procedures chosen, it is now clear that the very detailed treatment

of available neutron cross section information has produced useful informa-
tion on the value of cross section details. Also, by modeling the damage
only to the extent of determining that part of the energy available for
displacements, a most-general result is obtained.

II. COMPUTATIONAL PROCEDURE

Some preliminary calculations on the energy dependence of neutron
induced displacement damage in silicon, using our own selection of cross

section data from current literature, have been presented.z’3 The pre-
sent report covers an extension of those calculations that includes some
minor corrections, modification of the program to permit direct use of
any evaluated neutron cross section tape in ENDF/B format, and calcula-
tions at many more neutron energies. In the following paragraphs the

18, p . ooy - . s
G.C. Messenger, "Displacement Damage in Silicon and Germaniwm Transis-

tors," IEEE Trans. Nucl. Sei., Vol. NS-12, No. 2, pp §3-74, April
19665.




program used for the preliminary calculations will be described and then
the changes will be discussed. The program presently in use is included
as an appendix.

A computer program was prepared that would accept coefficients for
a Legendre polynominal fit to the angular distribution of a particular
neutron reaction, determine the silicon recoil energy, and calculate the
Lindhard fraction of energy for displacement damage. The program would
iterate through 60 equal 3-degree intervals, find the appropriate solid
angle in each case, form the product of differential neutron cross sec-
tion, recoil energy, displacement fraction, and solid angle, and sum the
60 contributions.

The calculations of partial cross section, solid angle, and silicon
recoil energy are straightforward and need not be discussed. The silicon
recoil energy will be deposited in the silicon crystal in both ionization
(inelastic processes, or electronic stopping) and energy lost to displace-

ments (nuclear stopping). Lindhard, Scharff, and Schiott19 (LSS) have
suggested that the ionization scattering process can be represented by a
Thomas-Fermi potential and this provides a basis for determining the dis-
placement fraction of the recoil energy. To obtain the displacement frac-

tion an approximation was taken from Bertin et al.zo This approximation,
an empirical fit to the LSS nuclear energy loss, is given by

de e1/2
a‘gl . > (1)
nucl 0.67 + 2.07e + 0.03¢
where € and o are the dimensionless parameters defined by LSS as,
a A2 4n a2 N A1 A2
€ = 3 B, o= —= X (2)
ZIZZ e (A1 + Az) (A1 + Az)

in terms of particle energy, E and displacement, X. Here,

JQJ. Lindhard, M. Scharff, and H.E. Schiott, "Range Concepts and Heavy

Ion Ranges," Kgl. Danske Videnskeb Selskab, Mat. Fys. Medd., Vol. 33,
No. 14, pp 1-42, 1963.

20 : , s
M.C. Bertin, N. Benczer-Koller, G.G. Seaman, and J.R. MacDonald, "Elec-

58Ni," Phys. Rev., Vol. 183, pp 964-

tromagentic Transisition Rates in
977, 1969.
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21, A, = charge and mass of projectile

, A, = charge and mass of stopping medium

N = number of stopping atoms per unit volume
y - 3 - 213 2/3,1/2

a = 0.8853 a_/(Z, b At

a = the Bohr radius, 0.529 x 10-8 cm

e = the electronic charge

The LSS electronic energy loss is taken as proportional to the square roct
of the energy parameter,

o % E1/2 (3)

elec

where the constant of proportionality as given by LSS is,

y 21/6(0.0793)(21 22)1/2 (A, + A2)3/2 -
= 4
(lelz k 222/3)3/4 Al3/2 A21/2

The total energy loss is the sum of electronic and nuclear fractions,

e 4R e G5 1
de tot g nucl =

(5)
elec

These formulae for energy loss must be combined and integrated to find
the nuclear-stopping fraction. If we denote by €R the value of the di-

mensionless energy parameter e for a given recoil energy E, and denote by
e some smaller (subsequent in the scattering sequence) value of the para-
meter, the fraction of energy going into nuclear scattering is given by,

5, SE |
1 R dg 'nucl
BE . l de (6)
R € dp 'tot

or, by substitution of (1), (3), and (5) in (6)

de
1+ 0.67k + 2.07ke + 0.03ke>

] ‘R
(eR - €) fe (7)

14




B -

If we let A =1+ 0.67 k
B = 2.07k
C=0.03k
€
R
1 de
Then, F = / (8)
(6p - €} e A + Be + Cez

The integral is now a standard form and the equation has the solution,

el 1 2Ce + B - D,]°R

¥ = € - € [5 £n (ZCe + B + Dﬂ (9)
R €

where D = (B2 - 4AC)1/2

If we designate the argument of the £n term in Equation (9) as Arg
R for e = €r’ and Arg 0 for ¢ = 0, then the fraction of energy for the
full range of the particle is

Fouob. gnfMRR (10)

Equation (10) is in a form, with the constants defined, to be incorporated
into a computer program, and F is the Lindhard fraction used in the pre-
liminary calculations.

The treatment of nuclear stopping as a continuous process is only
approximate, as the energy lost in a single collision can be a consider-
able fraction of the total recoil energy. Also, in range calculations
the energy losses in individual collisions are spread, and, if they are
treated as randomly distributed (not the true distribution), then a
Gaussian distribution of ranges is obtained for a single initial recoil
energy. A similar spread must occur in the nuclear-stopping fraction.
At the same time, LSS has provided the fraction of energy of the primary
recoil that goes into nuclear scattering and no correction was made in
the preliminary calculations for multiple collisions. That is, no cor-
rection was made for energy lost to ionization in secondary, tertiary,
et sequence, collisions.

This completes the discussion of the preliminary calculations and
the following paragraphs will discuss the calculational procedures used

currently. The discussion will center on changes in the procedure pre-
sented above.

15
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The calculations of partial cross section, solid angle, and pri-
mary recoil were done in the same way as the preliminary calculations,
but with some added bookkeeping for obtaining the neutron cross sections
and angular distributions from a DNA tape. The calculation of the frac-
tion of the primary recoil energy available for displacements was changed
substantially for the present calculations. A correction was made for
the energy lost to ionization in the collision sequence and, for this, a
numerical-integration technique was used in an iterative process. As
many as 30 collisions were followed for the higher-energy recoils. The
technique was done for silicon recoils (in silicon) for use with (n,n)
and (n, n') reactions. Aluminum-, magnesium-, proton-, and alpha-recoils
were also done to provide for (n,a) and (n,p) reactions. A more detailed
report on calculations is planned by one of the authors (JEY). The sig-
nificance of the multiple-collision correction can be seen by inspection
of Table I. The values of the Lindhard fraction calculated by Equation
(10) above, the values obtained with the technique just described, and

values tabulated by Mayer et a1.21 are given for a wide range of (sili-
con) primary recoil energies, Er’ in Table I. It is clear that the mul-

tiple collision correction can be substantial for high energy neutrons.

TABLE I. Comparison of Estimates of Displacement Fractions
at Several Recoil Energies

E_ (keV) By (kev)? Ey (kev)® By (keV)©
1 0.91 0.79 0.83
3 2ul 2.3 2.4
10 8.8 7.0 7.3
30 25. 19. 19.
100 68. 50. 51.
300 141. 101. 100.
1000 240. 167. 170.

a. The energy going into displacements, Ed’ as calculated using
Equation (10).

b. Displacement energy as calculated for this report.

5
¢. Displacement energy as tabulated by Mayer et al."1

KIJ.W. Mayer, L. Eriksson, and J.A. Davies, "Ion Implantation in Semi-
conductors,”" p 68, Academic Press, NY, 1970.
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A comparison of the present results with the preliminary calcula-
3

tions® and with the calculations of others indicates general agreement,
however, at least four factors that affect these comparisons must be
mentioned. First, a mistake in the preliminary calculations led to the
(n, n) and (n, n') reactions being treated as (n, p) reactions with a re-
coiling Z = 13 ion. As might be expected, this produced only a very minor
change in the calculated damage (3% at 14 MeV, 2% at 4 MeV, 1% at 1 MeV).
Second, differences in the neutron cross sections used, and in the methods
of utilization, produce variations that can be quite irregular. Third,

a quite substantial change is introduced by including a correction for
multiple collisions in the Lindhard fraction. This change is quite regu-
lar with energy and, when averaged over a complete range of recoil ener-
gies produced by a single neutron energy, much less of a change results
than the changes for individual recoil energies given in Table I. Finally,
fourth, the proton- and alpha-recoil fractions (and energies and cross
sections) were tested in a few cases. These few cases confirmed that the
charged-particle products of the (n, p) and (n,a) reactions contribute

no more than 1 or 2% to the total damage and these contributions were not
included in the final calculations.

ITI. RESULTS

The general nature of the results for 0.1 to 10 MeV can best be seen
by inspecting Figure 1. This shows the total calculated damage as well
as the contributions from the various neutron reactions. Similar results
for the energy range 10 to 20 MeV are shown on Figure 2. Again contribu-
tions from the different neutron reactions are shown.

The calculations have been done for each 5 keV interval from 0.1 to
20 MeV and the results are stored on disc. To provide maximum flexibil-
ity in obtaining a set of average damage factors for any neutron energy
group structure of interest, the complete 5 keV interval results are tab-
ulated and average values for 25 keV intervals and 100 keV intervals are
also presented. Table II presents the calculated damage at 5 keV intervals
for 0.1 to 4 MeV. Table III continues 5 keV intervals for 4 to 8 MeV.
Tables IV and V are the 5 keV calculations for 8 to 12 and for 12 to 16
MeV, respectively. Tables VI and VII provide 25 keV interval averages for
0.1 to 16 MeV. Table VIII has 100 keV average values for the energy range
0.1 to 20. MeV. By using a combination of these tables, an average equal
to one based on the complete set of 5 keV results can be obtained rapidly.

To compare these results with the recent work by Rogers et al., as

10 -
corrected, average damage values were calculated for appropriate parts
of the 22-group structure (the first 9 groups include energies less than
0.1 MeV). Both the present work and Rogers' data were normalized to a
14 MeV damage of 1.000. The results are shown in Table IX, and the over-
all agreement is very good. The substantial (25%) and irregular varia-
tions are attributed to the manner in which the Lindhard fraction is

17
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TABLE IX. Damage Results in 22-Group Structure

Damage Damage Damage
i AE (Present (Present (Rogers'a Ratio
Group N Results) Results) Results) Rogers'/
Number (MeV) (MeV.mb) Gr 22=1.00 Gr 22=1.00 Present
10 o I 53 0.283 0.255 0.90
11 +55-1.11 84 0.449 0.387 0.86
12 1.11-1.83 97 0.519 0.405 0.78
13 1.83-2.35 125 0.668 0.721 1.08
14 2.35-2.46 103 0.551 0.707 1.28
15 2.46-3.01 127 0.679 0. 761 1,12
16 3.01-4.07 120 0.642 8576 0.90
17 4,07-4.97 151 0.807 0.793 0.98
18 4.97-6.36 153 0.818 0.855 1.05
19 6.36-8.19 158 0.845 0.807 0.96
20 8.19-10.0 166 0.888 0.868 0.98
21 10.0-12.2 176 0.941 0.942 1.00
22 12,2-15.0 187 1.000 1.000 1.00
10

aRogers. et al. - all these values obtained by dividing published values

11

by damage for Group 22, 7.36 x 10"~ Si Kerma [rad Si/(n/cm”)].
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averaged tor different recoil energies. There is a continuing interest
in defining a l-MeV equivalence for different neutron energies and spec-
tra. Several damage ratios, for 14 MeV/l MeV damage, are shown in Table
X. The first four values indicate how a 1-MeV equivalent definition
would depend on the energy width chosen at 1 MeV. The second set of
four values indicate some extreme ratios, not likely to be physically
realized. The last two values are practical energy widths, very near 1
MeV, that differ in damage produced by a factor of two.

TABLE X. Damage Ratios, 14 MeV/1 MeV
Damage, 14 MeV

. ‘\ v 3 —
Ln (1 MeV =) Ratio, Damage, En
1.000 MeV + 5 kel ol
1.000 MeV + 25 keV 1.55
1.000 MeV + 100 keV 1.99
1.000 MeV + 200 keV 2.15
0.813 MeV + 2.5 keV 1,02
0.913 MeV + 2.5 keV 1,22
1.157 MeV + 2.5 keV 4.79
1.247 MeV + 2.5 keV 4.56
1.1 to 1.2 MeV 3.40
0.9 to 1.0 MeV 1: 70

IV. DISCUSSION

Neutron displacement damage in silicon has been calculated, as a
function of neutron energy, in a way that utilizes all details of the
available neutron cross section information. The results are presented |
in tabular form for 0.1 to 16 MeV in 5 keV intervals, for 0.1 to 16 MeV
averaged over 25 keV intervais, and for 0.1 to 20 MeV averaged over 100
keV intervals. A comparison with other current work has been presented,
as has a table of 14 MeV/1 MeV damage ratios. 1In the detailed treatment
of cross sections, the Lindhard fraction, corrected for multiple colli-
sions, has been calculated for each different recoil energy and for the
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‘ appropriate recoil ion, Si, Al, or Mg. For those reactions producing a
proton or alpha particle, the contribution of the small particle has not
been included. These small particles produce only a small fraction of
the displacement damage, and, since their ranges often exceed typical de-
vice dimensions, it would be necessary to calculate the balance of energy
flux of these particles out of silicon and flux into the silicon from its
| environment (probably not silicon).

The calculation of energy going into displacements is considered to

be quite reliable. Approximate calculation522 suggest that energy depen-
dence (ratios) are not very sensitive to the details of LSS at high ener-

gies, while the experimental confirmation of LSS by Sattler and Vook23 is
particularly good at low energies for the displacement fraction. Treat-
ment of the details of damage sites, point defects and clusters, has pur-
posely not been included. If these details do not create differences in
the annealing of damage or in the observable effects of damage such as
carrier removal and carrier lifetime, then they do not need to be in-
cluded. To the extent they do create differences, they confirm the con-

jecture of Lohkamp and McKenzie,24 that there is no single energy-dependence
relation.

The results presented have been used to plan and to evaluate accel-
erator experiments where the results of neutron exposures with fairly
narrow energy-spread have been analyzed. Utility in a wide-range of ap-
plications is anticipated and these efforts (e.g., the analysis of simu-
lator spectra) are in progress.

LX)
g4,

R. Shnidman, private communication.

=
°JA.R. Sattler and F.L. Vook, "Partition of the Average Enerqu Deposited
» g qY !

in Silicon as a Function of Incident Neutron Energy," Phys. Rev., Vol.
156, No. 2, pp 211-217, March 1967.

4J.E. Lohkamp and J.M. McKenatie, "Measurement of the Energy Dependence
of Neutron Damage in Silicon Devices," IEEE Trans. Nucl. Sci., Vol.
NS-22, No. 6, pp 2319-2325, December 19765.
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APPENDIX
1. Introduction

The computer program used for damage calculations follows in this
appendix. The program is presented as presently used, making use of
some tabulated material and containing a mixture of FORTRAN and assembly
language for use on an SEL-86 computer. Although its use is limited in
this form, it is presented here to aid in-house users and to aid others
in formulating similar programs. An unusual amount of redundancy and
error checking was included because the computer was in a state of dymamic
evaluation at the time the program was prepared. The main program is
followed by a program preparation routine and a number of sub-routines,
and these are largely self-explanatory.
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2. Listing of Main Program

COMMON F (200)95(200) +F (200) +D(200)

CCMMON/TSSWN/ISSWS,1SSwé

COMMON/REACT/E3¢S3¢QeLCToaNNsAQOIA(2S) «MLl M2 eMIgMLFLAGIXMIN
DIMENSTION TITLE(S) AL (25) 9AH(25) yAMAT (25925) oNBT3(10) »
1 INT3(10) «NBT4(10)«INT&4(10)

INTEGER 22424
REAL M)l eM2 M3 My

DATA FILESsCRleTY1/S 19243523100,4254593200/

CALL SETIO(FILESeTY1)
CALL POSTA39

100 CONTINUE
CALL SETIO(FILESsCR])

READ(Se1)MTeMTNUMGM] 9M2 gM3¢M& 4722924+ TITLE

Il FORMAT (21544F10,0921505A4)
CALL SETIO(FILESeTYI])

[F(MT.GE e2.0ReMTeLE«999) GO TO 105

WHRITE(Se31)MT

31 FORMAT (' TLLEGAL MT =%4]16)
PAUSE MT
GO TO 100

105 CONTINUE

110 WRITE (a1 1)MTesMTNUMeTITLE ML oM29yM39ML 922924

1] FORMAT (1H14'REACTION CODE

=V 9ISe 10Xy *REVISION® 9 1S920X 9544/

1 ¢ Ml =9,F]0.5010Xe"M2 =09F10,5S¢10X9"M3 =04F10,5910X9e"™4 =V ,F 10,5/
e Puxet7?2 =1 [54]15X424X0%24 =1415)

CALL FRACT(Z49M4el24M2)

CALL ENTER(MTeNI3TOTeNI4TOTWNISTOT)

REWIND 13 % REWIND 14
CALL SWITCH(MT)

READ(13+21)N139ZAsAWRILISHLFS

2l FORMAT(T1042F11,094111)

READ(13¢21)IN13eT9QeLToNINRIWNE3

0=0/1.F6
[F(NR3.6GT.10) PAUSF NR3

115 READ(13+22) (NBT3(1)oINT3(I)eI=]14NR3)

2¢ FORMAT (10Xxe6111)

WRITE(Ae12)ZAsAWRsQeLISILFSINES

12 FCRMAT (' ZA ='4FBs0s10Xe'AWR =04 JPE]12:5+10Xe*'Q ='90PF10,5/
1 * INITIAL STATE ='4I5+10Xs'FINAL STATE ='4]IS/
2 ' NUMBER OF ENTRIFS IN THE CROSS=SECTION TABLE ='416)
IF(LTeGTo140ReT.NEL,0e0) WRITE(6413)THLT

13 FORMAT (' NUCLEAR TEMPERATURE =0,]1PE12¢5010Xy"'LT =14]5)
WRITE(6914)NR3y (NBTI(I) 9 INT3(1) 9o1=1yNR3)

14 FORMAT (' THERE ARE'9I3+' INTERPOLATION RANGES'/(10Xs2110))

NTOTAL=0

NBLK=(

E=0.

S=0,

REWIND 37
11323+ (NR3+2)/3
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125
23

128

33

130

135

34

140

35
145

25
150

N3==2

READ(13+23)N13s(E(1)sS(I)el=m1y3)
FORMAT(I10¢6F11,0)

IF(I13,EQ.N13) GO TO 128

CALL POST13(I13+N13yN13TOT)

GO 70 125

I113=]13¢1

N3=N3+3

IF(E(3).GE.1.E5) GO TO 130

IF (N3+2.LT.NE3) GO TO 125

WRITE(S933)

FORMAT (' THERE ARE NO ENERGIES ABOVE 10 KEV,.!)
PAUSE EMIN

GO TO 100

N=3

IF(E(1)«GE+1.ES) GO TO 135S

E(1)=E(2) 3 E(2)=E(3) 3 E(3)=0,0

S(1)=S(2) % S(2)=S(3) 3 S(3)=0,0

N=2

IF(E(I)«GE.1.ES5) GO TO 135

E(})'E(?) $ E(2)=0,0 3 S(1)=S(2) 3 S(2)=0,.0
N=

IF(E(1)«GE.1.ES) GO TO 135

PAUSE ERR135

CONTINUE

E(1)=E(1)/1,E6 3 E(2)mE(2)/1,E6 3 E(3)=E(3)/1.E6
NSKIP=N3=Ne¢?

LTOTAL=NE3=-NSKIP

LBLK=(LTOTAL+99)/100

EL=0.0 ] EH=100, $ NL‘NH.I } AL'0.0 $ AH=0,0
IF(ISSWS.EQ.1+0OR.ISSW6.,EQe)) GO TO 155
READ(14921)N149ZA4 AWRGLVTWLTT

IF(LTT.EQ.1) GO TO 140

WRITE (S¢364) :
FORMAT(* ONLY LEGENDRE REPRESENTATION ALLOWED?)
PAUSE LTT

GO TO 100

READ(14921)N149ZA4 AWRG9sMoLCToNKoNM

AMAT=0,0

IF(LVT.EQ.0) GO TO 150

WRITE(S93S)LVToNKsNM

FORMAT (* LVT =9,13," NK =09]4,4° NM =%4]3)
PAUSE LVT

NT=NM+]

READ(14+25) ((AMAT(T9J) o I=1loNT) oU=19eNT)

FORMAT (10X96F11,0)

READ (14921 IN149ZA4 AWRG My JINRGyNEG

IF (NR4.GT.10) PAUSE NR4

READ(14+922) (NBTL4(I)9sINTG(I) oI=]yNR&)
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15

2‘0
151

154

155

15§

154

159
160

16
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e #

1
2
3

<

L
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WRITE (62 1S)LVToLTToLCToNKINMoNEGINRG s (NBTSL (1) o INT4(I)oI=]9NR4)

FORPMAT (' |LVT =015, 10Xe'LTT =0 ,1Se10Xe'LCT =0,]5/

C NUMBER OF ENTRIES IN CONVERSION MATRIX =%,]5,15X,
*HIGHEST ORDER POLYNOMIAL USED ='y15/

' NUMHKER OF ENTRIFS IN ANGULAR DISTRIBUTION TABLE IS'sIS/
' NUMBER OF INTERPOLATION RANGES IS'9IS5/7(10Xs2110))

AL=0.0

Ar=0.0

[la=4+ (NRG+2)/3+(NK*S5) /6

FORMAT(T10011XeF11,0022X9I11/(10Xe6F11.0))

READ (149 24)N14sELONLs (AL(I)9I=]14NL)

IF(NlI4,EQ.T14) GO TO 152

CALL POST14(I149eN14eN14TOT)

GC 1O 151

[la=114+1+(NL*5)/6

EL=EL/]1.E6H

KEAD (144 24)N14oEHINHy (AH(I) o I=] ¢NH)

IF(NI4.EQeIl4) GO TO 154

CALL POST14(I14eN149N14TOT)

68 1O 153

I14=]14¢]+(NH*5)/6

EH=EH/]1.E6

N&=2

NSCH4=1

INTGA=INTG ()

NET4A=NBT4 (1)

IF(NeGE&100) GO TO 160

IF (N3+2.GE.NE3) GO TO 159

IF(I13.6T.N13T0T) GO TO 300

NA=N+]

N=N+3

READ(13923)N139(E(I)eS(I)eI=NAWN)

IF(I13.EQ«N13) GO TO 158

CALL POSTI3(I13¢NI3sN13TOT)

GO T0 157

I113=113+1

E(MNA)=E (NA) /]l et b i E(NA+l)=E(NA*]1)/1.E6 § E(N)SE(N)/]1.EH
N3=N3+3

IF (N3+2.LE.NE3) GO TC 155

N=N+eNE3=-N3=2

CCNTINUE

F=0.0

D=0.0

wITE(Ae16)

FORMAT (/7 I ENERGY SIGMA DAMAGE ERROR?
’ EFF DAM EFF E4 EFF F CHECK ' o 1 1Xo'EL"eBXo'EH'Y
’ INT4 N3 N&' /)

DC 200 I1=14100

I=11

IF(I«GTeN) GO TO 201
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E3=E(])
S3=S (1)
165 IF(E3.LE.EH) GO TO 175
IF (N4.GE.NE4) GO TO 310
IF(I14.6GT.N14T0T) GO TO 3i0
EL=EH ¥ NL=NH § AL=0,0
DO 170 I=1eNH
170 AL(I)=AH(])
172 AK=0.0
READ(14¢24)N14sEHoNHe (AH(I) 9 I=]19NH)
EH=EH/]1.E6
IF(N14.EQeIl4) GO TO 174
CALL POST14(I149N14eN16TOT)
GO TO 172
17¢ J14=114+]1+(NH*S)/6
N4=N& ]
IF(NG.LE.NBT4A) GO TO 165
IF (NSCH&4 ,LT.NR4) NSCH&4=NSCH4+]
INTGA=INT4 (NSCH4)
NBT4A=NBT4 (NSCH4)
GO TO 165
175 IF(EL.LE.E3) GO TO 180
WRITE (S¢36)
36 FORMAT('E3 IS BELOW E4 LOW'/
® 'C TO TERMINATEs R TO IMMEDIATELY GET NEXT REACTION CODE.')
PAUSE E3LOW
180 CONTINUE
NN=MA X0 (NL o NH)
DC 18S I=]1sNN
CALL INTERP(E39ELSEHoAL(I)9AH(I) sAAsINT4A)
A(I)=AA®(J+]+]1)#0,5
185 CONTINUE
A0=0.5
CALL FSIMPO(X)
CALL DAMCAL (DAMAGE sERROR¢AVEDAMJAVEEGsFRACTIONSTEST)
I=11
D(I)=DAMAGE
F(I)=FRACTION
NUMBER=NTOTAL*I
N3A=NUMBER¢NSKIP
CALL SSWTCH(1041ISSW) } IF(ISSWeEQel) GO TO 200
WRITE (691 7)NUMBERSE (I) 9S(I)4D(I)sERRORYAVEDAMIAVEEG +F (T) ¢TEST
# ELsEHeINT4L4AWN3AING
17 FORMAT (I1X91492F11eS91PEL14eSy0PFB8e391P3EL1)e29EL10.195X90P2F10.49315)
200 CONTINUE
201 CONTINUE
NN=MINO(N+100)
IF (NN.,LE.,O) GO TO 230
NA=NTOTAL+]
NAA=NTOTAL *NN
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NELK=NHLK+)
JBLK=NHKLK
WRITE(39)MT eMINUMINBLK s LBLK¢NNoLTOTAL sNASNAAGM]L gM29MI9M4L 42202490
2 TITLES(FE(I)el=10100)e(S(I)eI=14100)¢(D(1)eoI=14100),
® (F(I)elI=14100),UBLK
WRITE (69202)NASNAAGE (1) 9S(L) 9D (1) 9F (1) oE(NN) 9S(NN) oD (NN) oF (NN)
20c FORMAT(///1X+130(1H®) /" TABLE OUTPUT FOR N=?4]1Se TO'9IS/
220X 'FIRST DATA E='9F10,595Xs'SIGMA=*9F10.5¢5X¢'DAMAGE=? 4 IPE12.5,
& SXe'EFFFCTIVE F=14612.5/20Xx9" LAST DATA E='30PF10.59¢5x,
® 1SIGMA=Y4F 10e5¢5Xe "DAMAGE=1 9 IPEL12eSeSXe'"EFFECTIVE Fmt4E12.5/
21Xe130(1H®))
NTOTAL=ENTOTAL *NN
N=N=-100
NA=Ne]
[F (INSKIP«NTOTAL,GE,NE3) GO TO 250
[F(N)Z23042204205
205 DO 210 I=1sN
E(I)=E(I+100)
210 S(1)=S(1+100)
220 CCONTINUE
DC 215 I=NA,200
E(I)=0.0
215 S(1)=0.,0
GO TO 15§
230 NN=NSKIP+NTOTAL
IF (NN.EQ.NE3) GO T0O 250
WRITE(S5+231)NNeNE3
231 FORMAT('POSSIBLE ERROR IN THE NUMBER OF ENERGIES CALCULATED'/
e P (NSKIP+NCALC) =1,I5¢" WHILE NE3 =015/
# 'C TO ACCEPT AS ISsy K TO RETRY ENTIRE REACTION')
PAUSE NERR
250 CONTINUE
N=]
260 CONTINUE
LHELK=SLRLK=NRBLK
LTOTAL=LTOTAL-NTOTAL
NTOTAL=NF 3=-NTCTAL=NSKIP
Ml=M]l eMZaMm oMy
[12=72=74
WHRITE (£ 4 37)MToMTNUMSLBLKsLTOTAL yNTOTAL ML IZ
37 FORMAT (/7 &8 TEST #8909 ,5159F10,3+15)
GC TO 1060
00 whITE(S«301)E (N)
101 FORMAT('ATTEMPT TO READ MORE THAN N13T0Te'/
® 'E(N) =0,]1PEL2,.5/ )
 'C TO USF AS ISsy R TO RETRY ENTIRE REACTION.')
PAUSE NI13
GC TO 160
3110 WRITE(3I11)E (N)
311 FORMAT(YATTEMFT TO READ MORE THAN N14TOTe'/
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® VE(N) =0 ,1PEL2,5/
#'C TO EXTRAPOLATE »
PAUSE Nla

GO TO 1758

END

o

R TO RETRY ENTIRE REACTION,')
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Listing of Subroutines

SUBROUTINE SWITCH(MT)
COMMON/ISSWN/ISSWS,1SSw6
CALL SSWTCHI(Ss]ISSWS) CALL SSWTCH(691SSW6)
IF (ISSW5.FQ.1+0ReISSWE.EQel) GO TO 10
[F(MT.FQ.16) ISSwe=1
IF(MT.EQ.22) 1SSwé=1
IF(MT,.EQ.28) ISSwé=1
IF(MT,FQ.106) ISSW5=1
IF(MT,EQ.102) ISSW6=1
10 CCONTINUE
IF (ISSWS.EQel) WRITE(641)
1 FCRMAT (/' REACTION IS FORCED TO BE ISOTROPICY/)
IF(ISSWE6.EQel) WRITE(642)
¢ FORMAT (/' HEAVY PARTICLE ASSUMED TO REMAIN AT REST IN CeOeMo'/)
IF (ISSWSeNE ol e ANDe ISSWENEe]l) WRITE(693)
3 FCRMAT (/' REACTION TREATED NORMALLY?'/)
RE TURN
END
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SUBROUTINE SETIO (FILE, DEVICE)

[This is an assembly language routine which dynamically assigns a
symbolic unit number (FILE) used in FORTRAN input/output statements to a
physical device (DEVICE). It is used to permit use of descriptor 5 for
both card reader and teletype. This was a temporary local requirement
because the number of symbolic input/output devices was less than the
number of hardware devices. ]

(SUBROUTINE ENTER (MTT, N13TOT, N14TOT, N15TOT)

[This is an assembly language routine which reads a BCD tape and
transfers the card images for the desired reaction code (MTT) to files 13
and 14. File 13 is the cross-section data from DNA file 3 and file 14
is the angular distribution data from DNA file 4. An integer card coun-
ter (I10) precedes the card images (20A4). This routine was a local re-
quirement because the computer used could not read BCD coded magnetic
tapes by means of its FORTRAN accessible device handlers. NI13TOT is the
number of cards in file 13 (DNA file 3); N14TOT is the number in file 14
(DNA file 4); and N15TOT is set equal to zero.]
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SUBROUTINE POSTI3(IWANT+NREADWNTOTAL)
WRITE(Se2) IWANToNRFADSNTOTAL
¢ FORMAT (' POST 13 WANT's[Se JUST READ'9ISe* OF THE'4ISo
® + RECORDS")
IF (IWANT (LE e 0eOR«IWANT.GT«NTOTAL) GO TO 50
N= ] WANT=NREAD
[F(N)10s15420
lu N=z=N
IF(NeGT2a10,0ReIWANTLT10) GO TO 30
N=N+1]
DO 12 I=]1sN
12 BACKSPACFE 13
RETURN
15> BACKSPACF 13
20 RETURN
30 REWIND 13
IF (IWANT,.EQs.]l) RETURN
N=]wANT =]
0Q 35 I=1eN
35 READ(1361)J
1 FORMAT(I10)
IF(JeEQeN) RETURN
WRITE(54+3)
3 FORMAT (' ERRUK POST 13 AUTOMATIC RETRY?')
N=IwWANT=-J
IF(N)10¢15420
S6 CONTINUE
IF (IWANT.LELO) GO TO 60
WRITE(S¢51)
S1 FORMAT (' REQUESTED RECORD EXCEEDS SIZE OF FILE 13%/
# ¢+ C TO RETRY R TO RESTART?)
GO T0O 70
60 WRITE(Se61)
61 FORMAT (' NON=POSITIVE KECORD NUMBER REQUESTED FOR FILE 13/
# ¢ C TO RETRY R TO RESTARTY)
70 PAUSE NI13 B RE TURN
END
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SUBROUTINE POST14(TWANT9sNREADSNTOTAL)
WRITE (S+2) IWANT«NRFADINTOTAL
2 FORMAT (' POST 14 WANT']S0e JUST READ'+ISe* OF THE'«IS»
# ¢ RECORDSY)
IF (IWANT.LE.0eOR«IWANTGT.NTOTAL) GO TO 50
N=IWANT=NREAD
IF(N)10+15+20
10 N==N =
IF(NeGTe10.0Re IWANT.LT.10) GO TO 30
N=Ne]
DO 12 I=]1sN
12 BACKSPACE 14
RETURN
15 BACKSPACE 14
20 RETURN
30 REWIND 1a
IF (IWANTL,EQ.]1) RETURN
N=]WANT=-1
DC 35 I=]eN
35 READ(l441)J
1 FORMAT(I10)
IF(J.EQeN) RETURN
WRITE (Se3)
3 FCRMAT (' ERROR POST 14 AUTOMATIC RETRY!)
N=]IWANT=J
IF(N)10+¢15+20
S0 CONTINUE
IF (IWANT,LELO) GO TO 60
WRITE (5451)
S1 FORMAT(* REQUESTED RECORD EXCEEDS SIZE OF FILE 14°'/
# ¢ C TO RETRY R TO RESTARTY)
GO T0 70
60 WRITE(S4+61)
61 FORMAT (' NON=POSITIVE RECORD NUMBER REQUESTED FOR FILE 14/
# ¢ C TO RETRY R TO RESTART!)
70 PAUSE Nl4 } RETURN
END
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SURROUTINE POST39
DATA IFLAG/0/
WRITE(S591)
1 FORMAT (' POSITION UNIT 39 FOLLOWING MToVERSION(2I3)?*)
IF(IFLAG.EQ.C) WRITE(S+2)
2 FORMAT (' USE MTn3C0 TO REWIND UNIT 39/
# ¢ USE MT=(Q0 IF UNIT 39 IS POSITIONED CORRECTLY?")
IFLAG=10
READ(Se3)MTA«MTNUMA
3 FORMAT(213)
IF(MTA)S,10,15
S REWIND 39
WRITE (546)
6 FORMAT(* UNIT 39 HAS BEEN REWOUND®)
GO TO 20
10 WRITE(Ss11)
11 FCRMAT(* UNIT 39 HAS NOT BEEN MOVED?)
GO TO 20
15 REWIND 39
18 READ(39)MT¢MTNUMs IRLK9sNBLK
IF (MT NE.MTAsCR,MTNUMeNE  MTNUMA ,OR« IBLK«NE.NBLK) GO TO 1R
WRITE (5416)
16 FCRMAT(* UNIT 39 HAS BEEN POSITIONED AS REQUESTED')
20 CONTINUE
WRITE (5+¢21)
21 FORMAT (' C TO PROCEED R TO RE-ENTER POST39¢)
PAUSE 39
RETURN
END
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SURROUTINE INTERP(E+ELEH9SL9SHsSeINT)
INT = 1 FOR Y CONSTANT FROM EL TO EH
INT=2 FOR Y = A + B * X
INT = 3 FOR Y = A ¢« B * LOG(X)
INT = 4 FOR LOG(Y) = A « B &
INT = S5 FOR LOG(Y) = A + B ® 0G(X)
IF (EL.EQ.EH) GO TO 10
IF (E«EQeEL+OREL,EQ,EH) GO TO 10
IF(INTeLTel1+s0RINT,GTeS) GO TO 11

S GO TO (10e11912913414)9INT

OO0

10 S=SL
IF (E«EQ.EH) S=SH
RETURN

11 S=SL+(SH=-SL)*(E-EL)/ (EH=EL)
RETURN

12 IF(EelEe0eOeORGELLEe0eO0sOREH,LE«O0,0) GO TO 11
S=SL+ (SH=SL)*ALOG(E/EL)/ALOG(EH/EL)
RETURN

13 IF(SLeLE«0e0eOR,SH,LE40.0) GO TO 11
S=ALOG(SH/SL)*(E=-EL) 7/ (EH=EL)
S=EXP (ALOG(SL) +S)
RETURN

14 IF(EelLEe0e0eORGELeLEeOe0sOREH,LE.0.0) GO TO 11
IF (SLeLE«0e0eCOReSHeLE«0.0) GO TO 11
S=ALOG(SH/SL)*ALOG(E/EL) /ALOG(EH/EL)
S=EXP (ALOG(SL) +S)
RETURN
END
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SURROUTINE FRACT(ZPsAP«ZTyAT)
CCMMON/TABLES/NTABJAEPSIETAB(S500) oF TAB(S00)
INTEGER ZPoZPA4ZT+ZTA
DATA ZPALZTA/1000+1000/
ZZ=FLOAT(ZP)®® (2,/3,)¢FLOAT (ZT)#®(2,/3,)
AEPS=32517.%AT/ ((AP+AT)#FLOAT(ZP#ZT)#SQRT(Z2))
AK=0,0793* (FLOAT(ZP)®#®#(2,/3,) ) #SQRT(FLOCAT(ZT))* (AP+AT)®%],5/
® (7228 ,7S5%pAP%e] ,SeSQRT(AT))
WRITE(693)ZPe2TsAPAT92ZyAEPSsAK
3 FORMAT (2(I892X) 92F10eS9F10e6S9F1069F10.7)
IF(ZP.EQsZPA) RETURN
WRITE(641)
1 FORMAT (!* READ NEW DAMAGE FILE?)
15 REWIND 37
20 READ(37+END=30)ZPAAPAsZTAsATANTAB, (ETAB(I) oI=1¢500)
*(FTAB(I),1I=1+4500)
IF(ZP.NE.ZPA) GO T0o 20
RETURN
30 WRITE(S+31)
31 FORMAT (' REAU EOF'/* C TO REWIND AND RE=READ?')
CALL STATUS(T79ISTAT)
PAUSE EOF
G0 10 15
END
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SURROUTINE DAMCAL (DAMAGE yERROR¢AVEDAMIAVEE4+AVEFRACTSTEST)
COMMON/EXTRA/SUMI] s SUM2

DOUBLE PRECISION SuM1sSUM2

COMMON/REACT/E +SIGMA9QeLCTINLIPOIP(25) oML oM2 e M3 oMesFLAGXLIM
DAMAGE =ERROR=AVEDAM=AVEEL4=AVEFRACT=TEST=0,0

IF (SIGMA.LE.0«0) RETURN

IF(FLAG«LT«=0.5) GO TO 10

IF (FLAG«GT.045) GO TO 20

PCTMIN=O0.1 3 MINPTS=100 $ MAXPTS=1000

XLOWER==1,.0 ] XUPPER=1,.0

CALL SIMP(XLOWER s XUPPERIMINPTS MAXPTSsPCTMINsANS+ERROR)
AVEDAM=ANS ] AVEF&4=SUMI ] AVEFRACT=ANS/SUMI]
SUMZ2=SUM2-1,D00 3 TEST=SUMZ

DAMAGE=SIGMA*ANS

C THERE ARE TwWO FACTORS OF 2(PI) WHICH CANCEL.
C ONE IS THE INTEGRAL OVER THE POLAR ANGLE
€ THE OTHER ARISES IN THE DEFINITION OF THE LEGENDRE EXPANSION
(5 USED IN THE ENDF/B FILES.
RETURN
10 DAMAGE=0,0
€ THE REACTION IS ENFRGETICALLY IMPOSSIBLE
ERROR=100.
RETURN
20 DAMAGE=0,0
€ THE LIGHY PARTICLE 1S DOUBLE=-VALUED IN ENERGY.
C CALCULATION NOT SET UFP FOR THIS CONDITION
ERROR=100.
RE TURN
END
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SUBROUTINE SIMP(XA¢XBsNLeNHePCTMINsANSIERR)
DCURBLE PRECISION SUM]1sSUM29S01,+S02
CCMMON/EXTRA/SUMI] s SUM2
DOUBLE PRECISION S0eS1leXeDX
XL=XA
XH=X®
NMIN=NL
NMAX=NH
I[F (NMAX.LE.O) NMAX=999999
PCT=PCTMIN
IF(pCT.LE.OOO) pCT=10
ANSA=0,
SUM1=SuUM2=(0,00
SO=FSIMP (XL) *FSIMP (XH)
S01=SuMl 3 S02=SuM23% SUMI=0,D0 $ SUM2=0,00
DX=XH=XL
N=2
IF(DXeGTe0.0) GO TO 10
IF (DXeEQe0s0) GO TO 200
ERR=XL
XL=XH
XH=ERR
Dx==DX
10 CONTINUE
X=XL+0.5D0%DX
S1=0.0D0
20 CONTINUE
xXxX=X
S1=S1+FSIMP (XX)
N=N+1
X=X+DX
IF(XeLTeXH) GO TO 20
ANS=(S0+4,.,00%5S1)*Dx/6.D0
IF (ANS.EQ.0.) GO TO 150
ERR=100+* (ANSA/ANS=1,)
IF (ERR.GT«100¢) ERR=100,
IF(ERR.LT.-IOOQ) ERR='1000
IF(NeLTeNMIN) GO TO SO
IF(N.GT,NMAX) GO TO 100
IF (ABS(ERR) «LT<PCT) GO TO 100
50 CONTINUE
ANSA=ANS
S0=50+S1+S1
S01=S01+SUM]1+SUM]l § S02=S02+SUM2+SUM2
SUMI=SUM?2=0,D0
DX=0.500#DX
GO 10 10
100 CONTINUE
SUM1I=(S01+44,00#SUM])*DX/6.D08 SUM2= (S02+4,00%*SUM2) *DX/6.D0
IF (XB,GE +XA) RETURN
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150

200

ANS==ANS
SUM1==SUM] § SUM2==SUM?2
RE TURN
CONTINUE
IF (NsLTeNMIN) GO TO SO
CONTINUE
ANS=0,.0
ERR=Q,
SUM]=SUM2=0,D0
RE TURN
END




10

16

17

1>
16

20

25

26

FUNCTION FSIMP(X)
COMMON/ISSWN/ISSWS,ISSwé
COMMON/TABLES/NTABJAEFPSETAB(S00) oFTAB(50Q)
COMMON/REACT/E9SIGMA4QeLCTONLIPOIP(25) sMLoM2eM3I oML sFLAGyXLIM
CCMMON/REACT2/ETsAsBsCoDsAC,DB
DCUBLE PRECISION SUMIL»SUM2
COMMON/EXTRA/SUM] s SUM2
DIMENSION POLY (25)
REAL Ml oM2osMI oMb
E4=M4GoM] #E / (M] eM2) 002
IF (ISSw6.EQ.1) GO TO 17
IF(LCT.NE.1) GO TO 10
LCT = 1 X IS THE COSINE OF THE LABORATORY ANGLE
CON=DB=(le=X*X)
IF(CONeLT.0.0) GO TO 100
CON=SQRT (CON)
E3=B*ET® (X+CON) ne2
GC TO 16
CONTINUE
LCY = ? X IS THE COSINE OF THE CENTER OF MASS ANGLE
E3=ET# (B+D+ (AC+AC) #X)
CONTINUE
IF(E3.LT«0.0) GO TO 100
E4=FT=F3
IF(EG.LT.0.0) GO T0O 100
SIG=PO
IF (ISSWS.EQeleORsISSWEEQel) GO TO 18
(SED §
CALL LEGPOL(NLeUsPOLY)
DC 15 I=1sNL
SIG=SIG+P (1) ®#FPOLY(])
CCNTINUE
EPS=E4®AEPS
F=FTARB(1)
IF (NTAB.LE«1) GO TO SO
F=1,.
IF(E4.LTelet=20) GO TC SO
V=(ALOG10 (EPS)=ALOGIO0(ETAB(2)))%*3]1,+2.
N=V
IF (NeLTe2) N=¢
IF(N.GT.NTAB=1) N=NTAB=-1
IF (EPS.GT.ETAB(N®]l)) GO TO 2S5
IF(EPS.LT.ETAB(N)) GC TO 30

F=FTAB(N) ¢ (FTAB(N+1)=-FTAB(N) ) # (EPS=ETAB(N))/ (ETABiIN*1)-FTAB(N))

GC TO 50

NN+l

IF (NeLTeNTAB=1) GO TO 20

WRITE(6+426)EPSWETAR(NTAR)

FCRMAT (' REDUCED ENERGY EXCEEDS TABLEe. EPS ='4]1PE12.5.
¢ WHILE MAXIMUM VALUE IN TABLE IS'eFl2.57)
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F=FTAB(NTAB)*ETAB(NTAB) ZEPS
GO TO So
30 N=N-]
IF(NeGTal) GO TO 20
Ferle=(le=FTAB(2))® ((EPS/ETAB(2))#®0,166667)
GC T0O S0
S0 CONTINUE
SUMI=SUM] +E4*SIG § SUM2=SUM2+516
FSIMP=E4®*F&SIG
RETURN
100 CONTINUE
FSIMP‘0.0
RETURN
END
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SUBKOUTINE FSIMPO (X)
COMMON/REACT/E +SIGMAsQeLCTINL 9PO 9P (25) oMl oM2 e M3 oML sFLAGeXLIM
CCMMON/REACT2/ETsA4BeCsDyAC,DB
REAL Ml osM2oeMIgM&
ET=E+Q
IF(ET.LE.0.0) GO TO 1000
US1e/ ((M]eM2)® (M3eM4))
A=M]le#M4eE®y/ET
B=MleM3wEey/ET
UzM2eU® (] ,+M1*Q/ (M2*ET))
IF(UelLTo0.0) GO TO 1000
C=M3#
D=M4®y
AC=SQRT (A=C)
DB=D/B
XLIM=—1.0
FLAG=0.0
IF(DelLTeR.ANDeLCT<FQel) GO TO 1010
RE TURN
1000 CONTINUE
REACTION BRELOW THRESHOLD,
FLAGz'l .
RETURN
1010 CONTINUE

C THE ENERGY OF THE LIGHY PARTICLE IS DOUBLE-=VALUED.
C THE MINIMUM VALUE OF THE COSINE (XLIM) IS RETURNED TO THE CALLING
€ PROGRAM, ATTEMPTED USE WILL YIFELD A CALCULATION FOR THE
C HIGHER ENERGY BRANCH FOR THE LIGHTER PARTICLE (THE LOWER
C ENERGY BRANCH OF THE HEAVY PARTICLE OR INTEREST).

XLIM=0,.0

FLAG=1,0

u=l.-UR

IF(UeGTe0.,0) ALIM=SQRT(U)

RE TURN

END
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SUBROUTINE LEGPOL (NeXePOLY)
DIMENSION POLY(])
DOUBLE PRECISION VYsUsV
Y= X
IF(N) 10520430
WRITE(601)
FORMAT(* ERROR IN CALCULATION OF LEGENDRE POLYNOMIALS?!)
RE TURN
POLY(1)=0, } RETURN
DC S I=1,N
PCLY(I)=0.
POLY(1)=Y 3 IF(N,EQel) RETURN § U=]),D0 3 v=Y 1}
DO 40 I=],y
YE((Jelel)oxaV=1%y)/(]+]) ) (VE R ] V=Y
POLY(I+]1)=Y
RETURN
END
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